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OVERVIEW OF GEOMAGNETIC DEEP SOUNDINGS (GDS) AS
APPLIED IN THE PARNAIBA BASIN, NORTH-NORTHEAST BRAZIL

B. R. Arora'*5 N. B. Trivedit, I. Vitorello?, A. L. Padilhat, A. Rigoti? & F. H. Chamalaun®

Geomagnetic Deep Sounding (GDS) is an electromagnetic method of geophysics, which is
capable of imaging the Earth’s interior in terms of electrical conductivity using natural
geomagnetic transient variations. The method is particularly suited to map geological structures
marked by large lateral conductivity contrasts. An overview of the methodology is presented for

a magnetometer array study undertaken within and around the intracratonic Parnaiba Basin,
north-northeast Brazil. The article describes the sequential steps of data processing, the results
of numerical modeling, and the related geological/tectonic implications of the inferred
conductivity distribution. In the initial stages of data processing, an advanced robust regression
technique is applied to derive transfer functions used to diagnose the lateral conductivity
distribution in the study region. The presentation of the transfer functions in the form of induction
arrows helps to identify regions of enhanced conductivity. Contour plots and pseudo-sections
of the anomalous vertical fields, estimated from the hypothetical event analysis on transfer
functions, are essential to characterize the orientation and dimensionality of the electrical
conductive structures of the region. The analysis of various frequency and polarization parameters
indicates that an anomalous behavior of the magnetovariational field, with periods longer than
one hour, is determined by currents induced in the seawater, and perhaps in the raised
asthenosphere beneath the oceanic region. Yet, anomalous signatures observed at periods shorter
than one hour are primarily controlled by concentrated currents in two inland conductive
structures. They are the Parnaiba Basin Conductivity Anomaly (PBCA), that follows the trend
of the Transbrasiliano Lineament in the eastern part of the Parnaiba Basin, and the LINK anomaly,
that extends from the central part of the basin to the Marajé Graben. A non-uniform thin sheet
modeling has mapped the lateral extent and estimated the depth-integrated conductances of
PBCA and LINK to be of the order of 2000 S and 1000 S, respectively. The overall pattern of
the inferred conductivity distribution helps to visualize the LINK anomaly as relics of a probable
sedimentary channel connecting the Parnaiba Basin and Marajo Graben, and which could have
acted as a gateway for sea transgressions during early stages of the basin evolution. The combined
inversion and forward modeling of the GDS response functions provides the PBCA structural
cross-section as an ensemble of a graben-like structure in the basement and a highly conducting
block confined to the deeper central part of the basin, with an embedded resistive body in the
middle. The existence of a broad conducting block confined to the central part of the basin is
also consistent with magnetotelluric data, and the graben-like structure in the basement is
corroborated by aeromagnetic data. The origin of graben-like structures in the basement could
be possibly related to an extensional tectonism, whereas the resistive body is tentatively interpreted
as a diabase dike or a recrystallized magmatic body intruded during a Cretaceous magmatic
event. Carbon bearing sediments are suggested as an alternative to hydrated siliciclastic sediments
to account for the high conductivity of the central block. A hydrothermal event associated with
the Cretaceous magmatic activity may be the likely process to produce carbon through the
pyrolysis of hydrocarbon-saturated Paleozoic sediments.
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44 Overview of Geomagnetic Deep Soundings (GDS)

INTRODUCTION series of publications (Rigoti, 1994; Arora et al., 1997, 1998a,
b, 1999).

Geomagnetic Deep Sounding (GDS) provides a view
on the internal conductivity distribution, of a region of PHYSICAL PRINCIPLES
interest, from measurements of the geomagnetic transient
variations at discrete geographical points. Here, we discuss In GDS, the deduction of the internal conductivity
the application of this technique to map the internal and distribution is based on three time-varying geomagnetic field
deeper structure of the intracratonic Parnaiba Basin, north-components, the geographic north (X), the east (Y), and the
northeast Brazil. vertical (Z) components. These time-varying

This is the first GDS experiment anywhere in Brazil magnetovariational fields have their origin in the electrical
(Rigoti, 1994), although the pioneering work of Schmucker current systems flowing in the ionosphere and the distant
(1969) across the Andes, in Peru, was critical in putting the magnetosphere (Parkinson, 1983; Rao, 1997). These current
GDS on solid footings. Over the decades, the subject hassystems which result from the complex interaction of solar
seen manifold transformation, right from the mode of data radiation and plasma fluxes with the Earth’s main magnetic
acquisition, in terms of data processing techniques, to thefield act as a natural source of electromagnetic (EM) fields.
more significant numerical data interpretation. Further, the As the associated EM waves penetrate downward into the
causes and generating mechanisms of enhanced conductivitfarth, they induce currents in the electrically conducting
in various tectonic environments are much better understoodlayers of the Earth, which in turn produce their own surface
than before (Adam, 1997). These advances have placed thenagnetic fields. The depth of penetration is controlled by
entire range of natural source electromagnetic methods aghe skin deptid relationship expressed as follows:
an independent geophysical tool capable of imaging the
Earth’s interior in terms of electrical conductivity
distribution. With recent parallel advances in magnetotelluric 0= v (2/pwo) , @)
(MT) techniques, the attention has tended to move away
from the use of GDS as a method to map local structureswherew = 2p fis the angular frequency of the external
(Banks et al., 1993). Instead, the GDS is getting a new scopeEM field, mis the permeability ansl (S/m) is the
as a fast and economical tool to investigate large-scaleconductivity of the medium. In its simplified forrd, is
conductivity anomalies of continental scales. The EMSLAB written as:
(Electromagnetic Sounding of the Lithosphere and Beyond)
experiment, and the AWAGS (Australian Wide Array of
Geomagnetic Stations) are some of the outstanding examples 0 =0.5{pT, @)
that have given new dimensions to GDS studies. The former
employed 84 magnetometers across the Juan-de Fuca Ridg@herer is the resistivity inM.im andT is the period in
(Gough et al., 1989) and the latter covered the entire seconds. This relationship implies that the penetration depth
Australian continent (Chamalaun & Barton, 1993). Further, . . :
when combined with( even limited MT results, m)uch more Ceases W'thﬁ’ but the actual depth of penetration

information on the structural configuration can be gleaned depends on the unknown electrical conductivity distribution.
(Banks et al., 1996). In theory, the relationship between external and
These aspects become quite evident in the context ofinternal magnetic fields, at a range of frequencies, holds
the present study, which offers an illustrative case history information on the radial conductivity distribution. However,
from NNE Brazil. The focus of this article is on the overview the presence of lateral electrical conductivity differences at
of data processing and interpretation steps, and highlightsdepth perturbs the flow of induced currents and produces
the resolution capabilities and limitations of the technique. frequency-dependent anomalies in the X, Y and Z
For reasons of brevity, only the central theme of the components. The detection of such anomalies can be
technique, which provides the basis for the numerical facilitated by correlating data from closely spaced sites,
quantification, is discussed, but more details can be found recorded preferably by an array of simultaneously operating
in Arora (1997). For the purpose of completeness, the magnetometers. The detection and interpretation of these
physical principles of the GDS are included at the very frequency-dependent anomalies, related to lateral electrical
beginning. The geological and tectonic setting of the inhomogeneities, form the basis and objectives of the GDS
Parnaiba basin is briefly outlined to emphasize the basictechnique (Schmucker,1970). In an alternative sense, the
rationale and layout of the magnetometer array experiment. GDS combines the principle of both, soundings (depth) and
The most immediate geological and tectonic implications Profiling (lateral), to image lateral conductivity
of the mapped conductive structures are also summarizedinhomogeneities at varying depths. Therefore, the method
The detailed account of data processing, conductive imagels alternatively referred to as a magnetovariational profiling
building, functional induction modes and significance ofthe (MVP)(Rokityansky, 1982), or simply as a
mapped conductivity distribution have been reported in a magnetovariational (MV) study.
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GEOLOGICAL AND TECTONIC SETTING

The oval shaped Parnaiba Basin is a major geologica
unit of the Brazilian continent, covering an area of about
600,000 km in the north-northeast Brazil. Like its
contemporary Amazonas and Parand Basins (see inset
Fig. 1 for locations), the Parnaiba is composed mainly by
Paleozoic sediments. All these basins are considered t
represent intracratonic troughs formed over a lithosphere
that underwent a major tectono-magmatic event during the
late Proterozoic and early Paleozoic, i.e. during the Brasilianc
orogenic cycle (Almeida et al., 1981). Thus, the Parnaiba i
bounded by amalgamated fold belts that either separate tt
basin from surrounding cratonic regions or plunge
underneath the Paleozoic sediments. In the west, the nortl
south trending Araguaia-Tocantins fold belt is sub-parallel
to the basin and makes the transition to the Amazonas Crato
In the north, the southeastern trending Gurupi fold belt
delineates the southern limits of the S&o Luis Craton, bu
plunges under the basin. In the southeast, the Rio Pretc
Riacho do Pontal fold belt trends to the northeast, sub-paralle E77 [l [eea] L] 7 7]
to the basin’s border and to the S&o Francisco Cratot e TR r B n
(Cordani et al., 1884).

Also, the remarkable NE-SW trending Transbrasiliano Figure 1- Map showing the layout of the magnetometer sites (solid
Lineament crosses the basin from the Médio Coreau-Curu-dots) in relation to the geology of the study area (modified from
Independéncia fold belt, in the basin’s northeast, to the Mesner & Wooldridge, 1964, and DNPM, 1971). The geological
Brasilia fold belt, in the southwest. The lineament is classification was adopted from Goes & Feij6 (1994), and the inset

. . . raphic legends represent:(1) Cenozoic; (2) Jurassic-Cretaceous;
cpmposed .by faults and dikes that cut geological units of gS) FI)\/Iesoz%ic volca?nics; (4() I)_ate Carbon(iférous-Permian-EarIy
distinct periods, and has been related to several baseme

.~ Triassic; (5) Devonian-Early Carboniferous; (6) Silurian, (7)
grabens found at both NE and SW ends of the basin. zraguaia fold belt; (8) undifferentiated Precambrian; (9)

Cunha(1986) has shown that this important feature reflects magnetometer site locations and respective code names; (10) ocean
continental tectonic events, which affected the basin depths; (11) traces of fault lines; and (12) locations of two
throughout its evolutionary history. conventional magnetotelluric profiles. The profile AA’ along the

In the northwest, the basin has been sectioned off from eastern line of magnetometers has been used in the numerical
the Marajé Graben by the Paleozoic Tocantins Arch, modeling, the BB’ line is the geological cross-section shown in
whereas, in the north, the Cretaceous Ferrer-Urbano Santo§'9: 128, and T.B.L. stands for the Transbrasiliano Lineament.
Arch separates the Parnaiba from the S&o Luis and-0Caton of the long period MT site (MAU) is shown in the NE

. . . . part of the basin. The inset shows the location of the study area
Barremnhas_ continental _margmal basms_ (Cunha, 1986). and the three intracratonic basins of the Brazilian shield, namely:
Formed during the opening of the Atlantic, these coastal | . Amazonas: Il — Parnaiba and Il — Parana.
basins have accumulated from 3 to 6 kilometers of Mesozoic

and Cenozoic sediments, in some places over Paleozoi

cl15_3alsas (Late Carboniferous-Permian-Early Triassic) Groups.
rocks. Structurally, the Marajé Graben is bounded by an hese roclfs outcrop alo_ng the gastern and southern portion
: . of the basin.These sedimentation cycles are separated by
extensive system of normal faults where older Paleozoic . . : S . .
i . widespread regional discontinuities that indicate the action
sediments are also believed to have been preserved (Mesner. . - . . .
. T of slow vertical oscillations in the tectonic evolution of the
& Wooldridge, 1964; Bigarella, 1973). P .
: ' . . .. Parnaiba basin (Cunha, 1986). Near the central part, the Serra
The stratigraphic evolution of the Parnaiba basin is

considered to have started with wide-spread Silurian Grande, Canindé and Balsas Groups account for about 2.7

) ) : . ~_km of the total thickness of 3.5 km.
sediments deposited over older Late-Proterozoic (Riachdo . : .
. . L ) . Jurassic and Cretaceous sedimentary and volcanic
Formation) and Cambrian-Ordovician (Mirador Formation) .
. : : . rocks are found covering the western, central, north, and
sediments preserved in graben-like structures in the basement

. . northwest portions of the basin, but rarely exceed 800 m
(Goes & Feijo, 1994). These troughs have been interpreted, -, s T .
as evidence of extensional tectonism at those periods (Cunh Goes etal,, 1990, 1993; Goes & Feijo, 1994). The Mesozoic

1986; Goes et al.,1990). The basin comprises about thre 1gneous act|V|t|gs are fpund n two major areas. A_Iate
) . . ?nassw—Jurassw manifestation (Mosquito Formation)
thousand meters of Phanerozoic sediments mostly deposite

during the Paleozoic, represented by the Serra Grandepredomlnates along N-S structures in the western part of

. o . ; the basin, whereas a Cretaceous volcanism (Sardinha
(Silurian), Canindé (Devonian-Early Carboniferous), and Formation) is found mostly in NE-SW and E-W structures
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located in the northeastern and eastern portions of the basiDATA COLLECTION AND PROCESSING
and along the Transbrasiliano Lineament (Cordani et al.,

1984). The Flinders’ digital fluxgate magnetometers
(Chamalaun & Walker, 1982), with new built-in solid state

GEOLOGICAL RATIONALE FOR THE memory (Chamalaun & Mcknight, 1993), were deployed

ARRAY EXPERIMENT DESIGN simultaneously at 29 stations of the array to measure the

MV fields in vertical (Z) and two horizontal components

While the stratigraphy and sedimentation history of resolved to the geographic north (X) and east (Y). The
the basin has been studied from outcrops and 36 scatteredh€asurements were carried out over a period of roughly 12
exploratory wells, the basement structural configuration is Weeks, beginning in November 22, 1990. The
much less known from 21 wells that were drilled below the Magnetometers sampled the total field values of the three
Serra Grande sediments (Cordani et al., 1984). Geophysicafomponents at 1 minute intervals, with a resolution of 1 nT.
inputs have begun to appear only recently, from localized The operational details and initial reduction and editing steps
MT soundings (Oliveira & Fontes, 1991; Vitorello & are outlined in Rigoti (1994).
Padilha, 1993 ; Lima et al., 1996), regional gravity modelling
(Sousa, 1995, 1996; Sousa & Oliveira, 1995; Vidotti et al., Separation of MV Fields into Normal and
1995), and integrated magnetometry-gravity-seismic data Anomalous Parts
(Nunes, 1993). These studies have indicated a basement of

very complex structural configuration. The preparation of MV data for the quantitative
Thus, the application of GDS techniquesis very timely. analysis and interpretation requires the separation of fields
The electrical conductivity (or its reciprocal resistivity) of into parts related to its external and internal origins. Since
near-surface rocks is mainly due to the electrolyte (saline gppservations are made even with a large-scale array that
water) filling the interconnected pores. The conductivity covers a relatively small area in comparison with the spatial
variation resulting from the large porosity contrast between wayvelength of the external source fields, a separation into
the thick sequence of sediments and non-fractured crystallineexternal and internal parts is either not possible or lacks
basement rocks can be useful in revealing the structuraladequate precision. This problem is circumvented by the
framework of the basement as well as the control of the separation of the field into its normal and anomalous parts.
adjoining Precambrian structures in the origin and sych procedure is quite distinct from separating the field
sedimentation history of the basin. into its external and internal parts. In the adopted sub-
In the absence of adequate information on the deepijvision, the “normal” field is defined as a vector sum of the
structural configuration, the present GDS experiment was contributions from the external sources and that part of the
planned to provide a regional coverage extending over ajnternal fields which results from the induction in the
great portion of the Parnaiba Basin and contiguous areastratified (one-dimensional) conductivity distribution model
Fig. 1 shows the layout of the magnetometer sites in relationfor the study region. The “anomalous” part is entirely due
to the major litho-tectonic units of the basin and adjoining to the induction in the lateral electrically inhomogeneous
tectonic features. media. The identification and characterization of the
A large part of the Parnaiba Basin falls under the anomalous fields, in GDS studies, are facilitated by the
influence of the intense band of Equatorial Electrojet (EEJ) following physical considerations:
currents flowing in the E-region of the ionosphere, centered (j) The induced currents in the stratified Earth portray a
at the dip equator. The presence of the EEJ introduces gyeometry that is simply a mirror image of the source currents.
strong limitation in GDS applications. In the equatorial ynder these conditions, the magnetic effects of external and
regions, this current system dominates the daytime behaviofinternal currents at the Earth’s surface reinforce each other
of external source currents and even modulates the induction, the case of horizontal components, but have a tendency
process (Agarwal & Weaver, 1990, Chandrasekhar & Arora, to cancel each other in the vertical field component. In the

1994; Padilha et al., 1997). The adopted solution was the|imit, over a perfectly conducting half space, the X and Y

use of data restricted only to the nighttime interval, which zre doubled while the Z is annulled.

eliminates data with longer periods. Consequently, the (jj) At low and mid-latitudes, the spatial scale-lengths of the

analysis of the present study tends to be confined to the uppeexternal source fields is typically several thousand kilometers
crust. In order to comply with considerations over the souce ang, therefore, permits the plane-wave approximation for

field geometry and another major objective of the array, the source fields. Under the quasi-uniform character of the
related to the establishment of parameters of the EEJ currentssoyrce fields, the normal component of the vertical field

the layout of the magnetometers was arranged along threqzn) is negligible.

profiles running across the dip-equator. Henceforth, these A net consequence of these two factors is that
three profiles will be referred to as western, central, and anomalous effects arising from the presence of a lateral
eastern profiles, respectively. conductivity contrast are more evident in the Z variations.

This property of the Z component is much exploited in the
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detection and mapping of lateral electrical inhomogeneities
of the region. However, it may be noted that anomalous
effects are not negligible in X and Y but, in proportion to
the amplitude of the normal field, their contribution is usually
small.

This classification of decomposing the observed MV
fields into the normal and anomalous parts, first introduced
by Schmucker (1970), is analogous to the separation of =
gravity and magnetic fields into regional and residual fields
in the space domain. Any formulation developed in gravity ==
and magnetic methods for this purpose can be adopted ir =
GDS. Although sophisticated numerical techniques based
on the Fourier series expansion have been developed (e.g
Wang et al., 1987), there is a more practical method of
estimating the normal field. It is based on the horizontal
fields recorded at a station or group of stations at a very " T
remote distance from the anomalous zones. R AR AR ARSI ) niNihe

magnetovariational fields in th-e- nortr; (X) —e;ast (Y), and vertical
Stacked Plots of Magnetograms (Z) components, for 2115-0545 UT on November, 26, 1990.

_ ) i . the most significant differences. This behavior can be
The assumption of spatially uniform source is 4ribyted to the well-known coast effect resulting from the
fundamental to the GDS method. This assumption is ¢qncentration of induced currents in the seawater due to the

invalidated in the region of the present array due to the o istanding conductivity contrast between the seawater and
presence of the intense band of equatorial electrojet (EEJ}ne |and mass (Menvielle et al., 1982). In fact, the direct

currents, centered over the dip-equator during the daytime.infi ence of such currents on the inland stations can be a

It is known that due to the enhanced ionospheric Cowling maior hazard in the detection and quantification of the inland
conductivity, the source currents in all frequencies, ranging ¢onductivity anomalies. Therefore, the correct appraisal and

from micropql_sations (Trivedi et al., 1997) to daily variations quantification of the coast effect becomes an integral step
(Onwumechili, 1967), are augmented and, thus, have a nons gps data processing and numerical modeling.

uniform character. However, during the nighttime, in the A careful inspection of the stacked plots of

absence of the EEJ, the MV fields are predominantly of agnetograms, or when alternatively examined in the form
magnetospheric origin and can be considered uniform atleasiyt Foyrier transform maps, not only provides an initial
for the dimension of the area. o _ diagnosis of the conductivity distribution, but is also helpful

_ Fig. 2 gives atypical example of nighttime MV fields, i, the identification of stations or group of stations relatively
which form the basic input entities used to infer the gee from the anomalous effects. Details of these aspects, in
conductivity distribution. In the example, variations were reference to the present array, were discussed in Arora et al.
recorded on the night of November 26, 1990, when a (1997), put are omitted here for brevity. However, it may be
magnetic disturbance was in progress, following the suddeny,gteq that the horizontal fields in the area around station
commencement (SSC) at 23h and 32m UT. The co) are located in the region of the smallest spatial gradient

magnetograms are stacked for three N-S profiles with the 5n4 hence, could be used as a reference site to define normal
northern most station of each profile at the top. Both X and fjg|q components.

Y has a consistent waveform across the array, and

particularly no spatial change is seen which would be a Transfer Function

manifestation from the EEJ-like concentration of the source anster Functions
currents, centered over the dip-equator. This behavior The transformation of MV fields into frequency-
sugges_ts t_hat_th_e b_a_3|c assumpnon_ of the_ pl.ane_wavedependent response functions suitable for quantitative
approximation is justified for the nighttime variations and interpretation is achieved through the use of a transfer
the large differences in Z traces, among the stations, can : .

L function formulation presented by Schmucker (1970). A
reasonably be related to the local conductivity structures consequence of the linearity of Maxwell's EM field
marke_d by the Iatc_aral cor_wdu_cnvny contrast. The SSC z_and equations is the relationship between the anomalous and
following short period oscillations present a reversal of sign normal field components (Schmucker, 1970; Beamish,1977)
in Z between a group of stations on the eastern profile as_ . ; N ' ! '

) which at a given frequency (period) is expressed as:
well as between the stations SAL and GRA. Such reversals 7=T X+T Y+ T 7+
are suggestive of conductive structures straddling between a  zx’h 2y 'n 2zt € ®3)
groups of stations with opposite Z variations. For the longer

period Z fluctuations, station BRA is the one that presents Where the subscripta” and'n’ refer to the anomalous and
normal parts of the respective field components. The

g

SITEEEANY FYUPBERELE INEGCE
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assumption of a quasi-uniform external source field permits fields have been processed.

to neglectZ, as it tends to be negligibly small. Also, in a

linear system, the components of the normal horizontal field [Induction Arrow Presentation

(X, andY ) are the input, and the anomalous vertical field

(2, is the output determined by the response characteristics 7o display and isolate the information contained in
(set of T's) of a filter represented by the unknown the transfer functions on the conductivity distribution in the
CondUCtiVity structure. A reference site could be chosen V|C|n|ty of the measuring sites, maps of induction arrows
whose fields could be taken as a measure of normal fields.are, by far, the best manner to make the presentation. The
The transfer functions so defined are referred to as the inter-complex transfer functions are used to define a pair of
station (common reference) transfer functions. When only jnduction arrows, each corresponding to the real and

data from single sites, operated one at a time, are availableguadrature parts. The magnitude of the real and quadrature
the functional assumption is that anomalous parts of theinduction arrows is given by:

horizontal fields are small and, hence, the observed
horizontal fields at individual sites can be substituted for

theX_andY,. Transfer functions calculated in this manner S =J(RT.))? +(RET))’
are termed single-station transfer function. According to F.
E. M. (Ted) Lilley (personal communication), sometimes S= \/(Im(sz))z +(Im(T.))* , (4)

the anomalous parts are not small and may reach 10% or
even more than 20%. In such cases there is a significantyhereas the corresponding azimuths are obtained as follows:
error introduced when the transfer function estimates are
subsequently used in the hypothetical event tecnique. The .
present work avoids this difficulty because it has 0. =tan" (Re(T)/Re(T)),
simultaneous array data and takes station GOI as reference R
station for the horizontal field variations. 6 =tan (Im(T)/Im(T).
The spectral formulation by which array data may be ] ] ] ]
processed to obtain transfer functions has been describedin ~ ItiS @ usual practice to reverse the azimuths so that, in
detail in Schmucker (1970) and Everett & Hyndmann (1967). their graphical presentation with respect to the geographic
Most of the variant methods adopted to estimate transfer North, arrows point at right angle to the current concentrations
functions have relied on the least square solutions (LS), in@nd, hence, define the strike directions of the conductive
the sense that a best fit to the above expression (Eq.(3)) cafiructures causing concentrations of the mduced_ currents
be found so that the error terna ) is minimized. In the ~ (Gregori & Lanzerotti, 1980). Their lengths (magnitudes),
present study, the evaluation of the statistically reliable P€ing a measure of the anomalous vertical field normalized
transfer functions was carried out using the state-of-art {0 the strength of the inducing field, are the requisite GDS
technique of robust regression (Egbert & Booker, 1986). (MV) response function charaptenzmg the electrical and
The technique does not make any assumption on thegeometrical parameters of the involved structures.
Gaussian error distribution, implicit in LS methods, as well
as down weights the influence of high power events, which CONDUCTIVE IMAGE BUILDING
tend to dominate in the LS approach. . i
In the adoption of this method to the present dataset, ~ Fig- 3 gives the maps of the real and quadrature
data of some 52 nighttime segments were used. The choicdnduction arrows for three periods. The arrow maps at the
of the segments was based on their wide frequency contenghort periods of 12 minutes bring out evidence on the
and varied polarization. In the computations of inter-station Présence of many conductive zones within the study region.
transfer functions, the horizontal fields recorded at the station The salient induction features of the involved conductive
GOl were reckoned to be the measure of normal field. The Structures are summarized below:
complete computational details are given in Arora et al. ) o
(1997, 1998a). Basically, a three level decimation by a factor & The Parnaiba Basin Conductivity Anomaly (PBCA)
of four was successively used so that a fixed 128-point FFT .
window, with a 25% overlap, enabled an estimation of On the extreme south of the eastern profile, the real
transfer functions for 13 bands in the period range of 6 to induction arrows, shown in the upper left diagram of Fig. 3,
132 minutes. This choice of the range of frequencies (period) t Stations SJP and BBR, point to the NNW, clearly indicating
analyzed was limited by the following factors: the sampling & Current concentration to the north along an ENE-WSW
interval of 1 minute and the sensitivity of 1 nT of the Path. Further up on the eastern profile, the arrows at the
magnetometers, determined the resolution of the shortest>TE; COC and SIN stations are directed SSE, limiting the
period (~6 min). The limiting factor on the longer period Position of the current concentration to within S!N (o_r BA_C)
was the source field geometry that restricted the data to@nd BBR, where arrows directed in the opposite directions
nigthtime segments. To minimize the effects of non-uniform attain the maximum magnitude. This anomalous pattern in
sources, only variations not influenced by the daily variation the southeastern part of the array is referred to as the Parnaiba

®)
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Marajé Graben towards the PBCA anomaly, at the central

pointing arrows at SNE and GRA define the southwestern part of the Parnaiba Basin, as evidenced by the near zero
terminal edge of the PBCA on the southwest. The near- magnitude arrow at PAR. This anomalous pattern extending
vanishing real arrow at BDC, with Z tending to zero, suggests from the region of the Marajé Graben towards the Parnaiba
the proximity of the station to the axis of the PBCA. The Basin has been named the LINK anomaly. Perhaps, under
station BDC is located close to the center of the basin wherethe influence of the current concentration in this structure,
the thickness of the sedimentary column is largest, permitting the induction arrows at all stations point uniformly in the N-
an inference that induced currents must be flowing in the NE direction.

sedimentary columns. A rather unusual but persistent feature

of the arrow pattern associated with the PBCA is that, nearc) The influence of the Atlantic Ocean

the central part of this anomaly, the induction arrows at ARC

and BVI point away rather than towards the central axis.

The near-north pointing arrow at BRA represents the

This arrow pattern is considered to mark the presence of aconventional geomagnetic coast effect related to the
localized heterogeneity, such as a resistive body embeddedoncentration of induced currents in the conducting sea-
within the PBCA. The reversal in the direction of the water. This influence of such oceanic currents is found to
induction arrows between GRA and SAL may be seen as aincrease at increasingly longer periods (upper panels in Fig.
narrow linear elongation of the PBCA between this pair of 3). For example, the real induction arrows at stations BLV,

stations.

b) The LINK anomaly

STE, and COC, in the northwestern part of the array, swing
from their directions at 12 minutes to a perpendicular position
to the nearest coastline, at 43 minutes. The geographical
area over which this rotational behavior is noticed gradually

In the extreme northwestern corner of the array, the S- expands land-wards, until the real arrows at all array stations
SW pointing arrow at TOM, as opposed to the N-NE directed tend to point uniformly in the northeastern direction, towards
arrows at TAIl, suggests the presence of another elongatedhe deep Atlantic ocean, at a period of 79 minutes, or higher
structure between the stations TOM and TAI. The structure (Menvielle et al..1982). The dominance of this behavior at
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the

induction arrow patterh at the 12 minutes beriod marks the location of two high conductivity zones (PBCA and LINK anomigltes). O
code names of stations that help to define the two anomalies are shown.
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induction in the raised asthenosphere beneath the oceanic Z=1Im(T,) cogy + Im(TZy) sing . (7)

region is also an important component. This technique was termed Hypothetical Event
Analysis (HEA) by Bailey et al. (1974). The predicted values

d) The Southern Structure of Z (orZ) ata given period and polarization can be utilized

to produce maps of the anomalous fields. The advantage of
The presence of a detached structure, south of the mairthe HEA approach is that multiple stations transfer functions
anomalies and approximately aligned with the trend of the obtained from non-simultaneous sub-arrays, run either with
Transbrasiliano Lineament, is indicated by the southeasterna common reference site or only one at a time, can be
pointing induction arrows at BAL. However, the absence of combined to generate large synthetic array maps (Beamish
other stations SE of the study region prevents the & Banks, 1983). In case only single station transfer functions
determination of the position and the extent of the current are available, sophisticated techniques have been developed

concentration associated with this conductive feature. to estimate anomalous vertical fields free from the bias due
to the presence of anomalous horizontal fields at individual

ELECTRICAL CHARACTERISTICS OF sites (Banks, 1986; Parkinson, 1989)

THE STRUCTURES The interest to simulate such maps stems from the fact

that the study of the changing response of the conductive
The accompanying quadrature arrows (lower panel in structures to a varying azimuth of the incident horizontal

Fig. 3) at short periods, for example at 12 minutes, portray aﬁeld can be a useful guide to infer the strike and the

spatial pattern that corroborates the interpretation offered geometnca_l dimensionality of the involved structures.
by the maps of real induction arrows. However, the In an ideal 2-D case, the strongest response would be

guadrature arrows do not exhibit the rotational dependence‘seen when the horizontal field is polarized at right angles to

at longer periods, shown by the real arrows. Instead, even afhe str_ike, while th(_a response would vanish for the orthogonal
long periods, they continue to define the inland conductive d:crehctlon. Fig. 4 g(l;/es thﬁ contgudr pl?tlgrffﬂ_r the reg|r(])n h
structures, identified by the short period arrows. This distinct of the present study, at the period o minutes, when the

period-dependent behavior of the real and quadrature arrowsaZimUtrf] ?::g_?_?]ged progressfivr:e Iypféocrg NﬁgtLolNNs OE, in i
derives from their varied sensitivity to the electrical type, steps o € présence ofthe an anomalles

either reactive or resistive, of the conductors carrying the are seen as pairs of twin-vortex of positive and negative

induced currents (Gough et al., 1974). In structures Whosevalues,_in the sogtheas@ and northwest parts of _the_array,
electrical properties are dominated by inductance rather thanrﬁSpeCt'Vely' The immediate fe:ture to catghhat';]entlcr)]n 1S t.h at
resistance, the induced currents would be largely in—phaset EIE v_orte_x pa;[ter:n \r/]va>_<es aT fi V\ll:n_?_f] with the ¢ apg;]ng
with the inducing fields. In such cases, only the real induction PO arlzgtlon of the O”Z‘?”ta 1€ld. The response o the
arrows would prevail. However, in sedimentary basins PBCA is best developed in association with the horizontal
where the resistance exceeds the inductance, a considerabliéeldr?ma”ﬁed N3EIW’ \:vhgree_ls thgpa_tltejn al;]“nost dnffuses
phase difference would occur between induced and inducing or the orthogonal polarization. Similarly, the maximum
fields, leading to substantial quadrature arrows that response of the LINK anome_lly IS seen W'th a polarization
accompany the real arrows. In the light of this expected of N3OE and a corresponding minimum is found for a

behavior, it can be surmised that at short periods both real'OOIa”Z"Jltlon of NGAN. .
and quadrature arrows are controlled by currents in These observed response characteristics suggest that

sedimentary columns of the basin. But as the periodsthe induction responses of the PBCA and LINK anomalies
increase, the real arrow behavior is predominantly are compatible with the elongated structures orignted
determined by currents in the oceanic regions, where therespec’uvely NG and N6QW. Large gradients in the region

induced fields are in-phase with the inducing fields (Gough gf sta_tions %AL anthRAf are indic;)ative of a_Iarg(;a cu_r;]ent
& Ingham, 1983). Nevertheless, quadrature arrows still point e”S'tY and are, there ore, to be associate V_\”t an
to the near inland sedimentary structures due to theirexceptlonally high conductivity contrast andfor with an

sensitivity to the out-of-phase currents intense geometrical concentration of currents.
HYPOTHETICAL EVENT ANALYSIS A PSEUDQ-SECTION OF ANOMALOUS
VERTICAL FIELDS
Returning to the linear system analogy, knowing the o o
transfer functions in Eq. (3), the output can be determined A quallitative idea on the depth extent of each individual
for a given input. Say, for example, that the r@gl¢nd the conductive structure can be obtained from a pseudo-section
imaginary Z) parts of the anomalous verticarl fields, that Of the real and/or quadrature parts of the anomalous vertical

would be produced by the horizontal field of unit amplitude, field (Z/Z)). The sections can be obtained for the

at an azimuth (polarization) gf° with respect to north, are ~ Polarizations of the incident source field that maximizes the
given by: induction in the involved structure (Gough & Ingham, 1983).

Z = Re(T,) cogy + Re(T,) sing, (6) For example, in Fig. 5a, the \Values, corresponding to the
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of horizontal field polarization.
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polarization of N30V, are estimated by performing the HEA
on all the 13 bands of the transfer functions, for a group ¢
stations on the eastern profile. In the pseudo-section, tl
horizontal scale is the distance of the sites along the profi
and the vertical scale is the square root of the period (T),
function of the penetration depth (Eqg. 2). Consistent witl
the sign convention for the induction arrows, the sign, of Z
has also been reversed on the pseudo-section, and, thu
negative zone indicates a conductive source to the right, a
a positive zone indicates a source to the left. At perioc
shorter than an hour, a well-defined couplet of positive an
negative contours in Fig. 5a indicates a high conductivit
zone embedded between the locations of extrenaaldes

at stations SIN and BBR.

Although the pseudo-section does not provide
information on the true depths of the conductive zones, tt
dominance of the measured response at relatively low perio
can be construed to infer relatively shallow depths of th
involved structures. Similarly, the observation that &
pronounced negative zone, extending over stations COC
BVI, wanes at higher periods implies that the structure
associated with the PBCA narrows down in width, bu
extends to greater depths only beneath the BAC-ARI
stations. The profiles & at some selected periods, shown

later in F|g.13, are also useful modes of (_ilsplayl_ng the anomalous vertical field (Z100) associated with unit amplitude
observed induction response for comparison with the horizontal field polarized in N3W, shown in (a), and in N6B,

numerical response of the geo-electrical models to be shown in (b). Arrows point towards regions of higher conductivity.
developed. Such profiles also clearly show the small-scale

features that are not well enhanced on the pseudo-sections ]
in Fig. 5, due to the dominance of the regional anomalies. Structure for the sedimentary column above the basement

Polarization at N6, corresponding to the pseudo- (Fig.6b). The upper two Iayers_, with resistivities oVgn.
section in Fig.5b, is not a favorable direction to show the @nd 10W.m, present appropriate values for the exposed
response from the PBCA, but is appropriate for the indication Jurassic-Cretaceous formations and underlying Balsas
of electric currents in the oceanic region. The high values of Group, respectively. The third layer, with a resistive value
the Z seen beneath the BRA station and its decaying trendWell below 1W.m is the most dominant feature of the
away from the coast line can be attributed to the coast effectSedimentary section above the basement. The other profile,
(Menvielle et al., 1982). The fields of these oceanic currents MT2, near the fringe of the basin, indicates the presence of
are superimposed and tend to dominate the magnetic fields? "elatively less conducting layer, of aboutWen, above
associated with the inland structures at periods greater tharfh® sediment-basement interface (Lima et al., 1996). This
an hour. As a consequence, at these long periods, thé)bsgwat!on suggests that the highly PBCA condugtwe zone
induction arrows at all stations (Fig. 3) point NE towards IS Primarily confined to the central part of the basin.

= T T Fenod . men

AR T | Ferd mafi

T
b

[eitarcs (km

Figure 5 — The eastern pseudo-section of the real part of the

the current flowing in the deep Atlantic ocean (Arora et al., ‘This evidence of a highly conducting structure
1997). confined to the central part of the Parnaiba Basin, both by
MV and MT techniques, known respectively for better lateral
RELATION TO MAGNETOTELLURIC and vertical conductivity resolution, has_: important cognitive
SOUNDINGS consequences (Banks et al., 1996). First, the MV response

measured in a 2-D spatial domain is a valuable manner of

determining the lateral extent and overall conductance by

The anomalous electric character of the Parnaiba Basin,[he recourse to the thin-sheet modeling. Second, the high
was also indicated by conventional magnetotelluric (MT) agq|ytion resistivity-depth distribution provided by the

soundings made by OIiveirg& Fontes (1991). These authors|y.ajized MT surveys can be used as a guide to interpret
made MT measurements in the frequency band of 500 Hz\ymerically the MV response in order to constrain the
to 0.01 Hz, on two short profiles in the central and grical configuration of the structure associated with the
southeastern portions of the basin, marked in Fig.1 as MT1pgcA. Theses considerations form the basis for the

and MT2, respectively. Fig.6a gives the typical apparent ,,merical interpretation of the GDS response function,
resistivity and phase sounding curve of the profile MT1. iscussed in the following section.

The 1-D inversion of the sounding curves presents a 3-layer
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down to several hundred kilometers. Therefore, the
parameters of shallow structures have to be inferred from
the range of frequencies where the effects of shallow
structures are greatly blurred.

A net consequence of the above factors is that the GDS
depth resolution is poor. A good depth constraint can be
provided by available magnetotelluric data. Furthermore,
the validity of the proposed geo-electrical model should be
tested in the light of the geological background of the area
and available geophysical information.

Inversions of the GDS response functions to a
conductivity model suffer from the fact that they are not a
well-posed inversion problem (Sriniwas, 1997). Banks
(1979, 1986) has shown that the 2-D inversion of a MV
response to an equivalent current distribution is a more
tractable problem than the direct deduction of conductive
distribution models. The technique, which locates such
current concentrations, effectively defines the structural
boundaries of the region of enhanced conductivity. This
property can be a useful guide in defining the structural
configuration at least for the purpose of approximating the
initial conductivity distribution models to be tested by a
comprehensive 2-D forward modeling. The combined
approach of 2-D current inversion and 2-D conductivity
forward modeling is applied below to model the GDS
response of the PBCA on the eastern profile, where the
induction response is found to be compatible with the

" induction in a 2-D structure.
Wiltiiiied Applications of full 3-D algorithms, although available,

(continuous lines) data; in (b) it is shown the inverted 1-D electrical are less popular due to their requirements on large computer

section of the MT sounding.

NUMERICAL MODELING

time and memory storage, even when only a simple 3-D
geometry is modeled. Instead, an alternative approach to
simulate a 3-D structure, or where the presence of multiple
interactive conductors is indicated, is the use of a 3-D thin

The information on the geometry and electrical sheet formulation to quantitatively constrain the depth-
parameters of the involved structures can be gleaned byintegrated conductance of the mapped structures. In view of
seeking forward- and inverse- solutions of the GDS responsethe known success of this approach to model electromagnetic
functions established both in spatial and frequency domains.effects in sedimentary basins (Menvielle et al., 1982;
In GDS, modeling exercises have mostly relied on 2-D and Agarwal & Weaver, 1990), the thin sheet formulation has
3-D forward schemes. The 2-D forward modeling is now been used successfully to develop the regional conductance
routinely used but they lack uniqueness. The major map of the north-northeast Brazil with estimations of the

uncertainties result from the following inherent limitations:

extension and conductance values of various conductive

(i) Because a separation of fields into internal and structures inferred by the present array of magnetometers.

external parts is not possible, the change of conductivity
with depth in the survey area remain unknown. The Thin Sheet Modeling

numerical modeling of anomalous fields has to be
approximated by lateral conductivity changes within a

The thin sheet formulation considers that the

preconceived layered conductivity distribution. To place conductivity anomalies are confined to a single layer at the
realistic constraints, radial CondUCtiVity distribution must be surface of the Earth. In such cases, the mathematical model

inferred from independent sources.

used comprises an infinitesimally thin sheet of varying

(ii) Even at the shortest period commonly used in GDS syrface conductance underlain by a layered half space (Fig.
(~5 minutes in the present study), the penetration depth7). |n modeling regional data, it is usual to assign an
exceeds several tens of kilometers. Hence, frequenciesequivalent thickness, such that the conductance may be
(periods) that yield a distinct response of the top and bottomthought of as the conductivity integrated vertically through
of a very shallow structure are not available. Further, the the thickness of the sheet. The limit on the thickness of the
measured response at longer periods is dependent on thgheet is provided by the conductivity of the material

conductivity distribution to the full skin-depth, which goes
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constituting the sheet as well as by the linked eletric
substratum so that, at the periods of investigation, tl
horizontal electrical field remains constant over the thickne
of the sheet (Weaver, 1982). This statement implies t P L
condition that the thickness of the sheet should be sm s - S, et
compared with the skin-depth of the diffusing EM wave, i 2 S S -
the layer immediately beneath the sheet, at the conside e ,,.’? - i
period. A second condition is that the sheet thickness sho i sovennccavatocen galr P
be very small in relation to the skin-depth in any materii ~""3"™" '[__ — " &
included in the sheet. a I i
In agreement with these conditions, a thin sheetw  *"" | ' o
assigned a thickness of 6 km that allowed a reasona . ! INRIRERARERRES 51
incorporation of the thick strata of inland sediments aswe "™ | "
as an ocean with different depths. The thin sheet w N L | "
considered to be overlying a four-layer conductive Ear | SRRl T “r
model, shown in Fig. 7. The choice of the backgrour THT

i Haim slieei 1 ormsuladm=i

layered-structure was based on the geo-electrical mot ]
determined by the long period MT sounding made at tt 4 BOfm )
station MAU (Fig.1), some 200 km east of the station BA! [ ! il el = 17,9

(Stoerzel, 1996).
At present, there are two well-known algorithms for Figure 7 - lllustration shows the adopted model of the thin sheet
numerical solutions of induction in non-uniform thin sheet, configuration and of underlying layered structures, for north-
developed by Vasseur & Weidelt (1977) and Mckirdy et al. nort_heast Brazil. The thin shee_t with an eq_uivalen_t thickness of 6
(1985), respectively. The algorithm of Vasseur & Weidelt km is represented by 44x44 grid, with a grid spacing of 27.5 km.
(1977) requires that the anomalous domain in the sheet
should be surrounded entirely by a uniform region. The sheet satisfied the conditions necessary to validate the thin
algorithm of Mckirdy et al.(1985) requires that the outward sheet approximation (Weaver, 1982).
gradient of the conductance should vanish at infinity. The initial model which considered the conductance
In the present study, the algorithm of Vasseur & distribution symmetric with respect to the deepest part of
Weidelt (1977) is adopted because it needs lessthe Parnaibabasinand closely followed the isopach contours
computational time and memory storage. The total areacould not explain the most salient features of the observed
shown in Fig.1 was considered in the analysis, in order to induction pattern. Recognizing that the existing information
minimize the effect of artificially confining the anomalous on the regional variation of the thickness of sediments
observational domain by a uniform structure. The total areaprovides only a crude approximation, conductance values
is much larger than the actual observational domain. A large of certain cells, particularly in the central part of the Parnaiba
continental shelf and oceanic region is included to reproduceand Maraj6é Basins and their lateral configurations, were
the oceanic effect. changed in a trial and error procedure. Fig. 8 shows, in coded
For the purpose of numerical computation, an area of form, the distribution of depth-integrated conductance
roughly 1F x 11° was divided into 44x44 grid with a node  values, whose induction responses reproduced the observed
spacing of 27.5 km. The geological features guided the induction pattern quite satisfactorily. The comparison of the
boundaries of the variable conductance whereas themodel and observed induction arrows, both in its real and
assignment of conductance values to the cells relied on thequadrature parts, is shown in Fig.9. The modeled real and
information from the magnetotelluric surveys in the central quadrature arrows provide a reasonable good fit to the
part of the Parnaiba Basin (Oliveira & Fontes, 1991) as well observed pattern, which enhances the confidence in the
as in the adjacent Parand Basin (Stanley et al., 1985). Fodeduced conductivity distribution pattern. The overall picture
the purpose of assigning initial conductance, estimates onof the conductance distribution in the study region is shown
the thickness of individual geological units and total in Fig. 10.
sedimentary columns in the Parnaiba Basin and Marajé In the attempt to reproduce both directional and spatial
Graben were based on the contour maps of isopachs ananagnitude patterns, the thin sheet model approximates the
geological cross-sections (DNPM, 1971; Caputo & Lima, PBCA as aroughly 200 km wide NE-SW elongated structure
1984; Goes et al., 1990). The conductance values of thewith a conductance of 2000 S in the central part. The
cells over the oceanic region was proportional to the meansouthwestern terminal edge is seen as an arc with a minor
depth of seawater between successive bathymetric contouNW elongation on the western flank, which is able to account
lines. The complete procedure and basis for the initial for the sharp reversal of the induction arrows between
conductance distribution are described in Arora et al., 1998a).stations GRA and SAL. A low conductance (resistive) strip
The different categories of conductances as well as within the PBCA reproduces the reversal of arrows at ARC
geometrical parameters (thickness and grid size) of the thinand BVI and suggests a local heterogeneity near the central
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part of the PBCA. conducting strips with the linear conducting zone on the
In the NW part, when the conductivity distribution in  western flank of the PBCA. Perhaps, the induction effects

the Marajo Graben was solely guided by the isopach, theof these narrow strips coupled with the response of the LINK

resulting induction pattern failed to reproduce the reversal anomaly give the spatially uniform arrow pattern on the

of the arrows between TOM and TAI . However, when the western part of the array.

conductivity distribution (Fig. 8) was allowed to follow the A narrow NE-SW trending conductance zone,

graben-like structure bounded by normal faults (shown in introduced in the thin sheet model to explain the behavior

Fig. 1), the resulting arrow pattern reproduced the reversalof the induction arrow at BAL, is aligned with the

between TOM and TAI (Fig. 9). The thin sheet model traces Transbrasiliano Lineament. Additionally, a little enhanced

the path of this LINK anomaly and its linkage with the PBCA conducting zone, aligned NE-SW, was required to account

near stations COC-SIN (Figs. 8 and 10). The overall depth- for the SW pointing arrow at the station STE.

integrated conductance of the LINK anomaly is close to 1000

S, only about half of the value estimated for the PBCA. This The 2-D Sheet Current Inversion

is consistent with the disappearance of the anomalous

signatures of the LINK anomaly at longer periods. The magnetovariational response of the PBCA along
On the central-western part of the array, a model the eastern profile is now inverted in terms of a steady sheet

response consistent with the observation was achieved bycurrent flowing at some depth below the surface. Following

incorporating two narrow conductive strips, sub-parallel to closely the formulation described by Woods & Lilley (1980),

the LINK anomaly (Fig. 8). The inferred conductance the adopted inversion scheme simulated the sheet current

distribution model favors the linkage of these narrow by a finite number of current elements of infinite lengths

Conductance Map - Regional Model

Logarithmic scale
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Figure 10- The overall distribution of conductance values, in logarithmic scale, obtained from the thin sheet model.

Revista Brasileira de Geofisica, Vol. 17(1), 1999



Arora et al.

57

along the strike direction. Individual current elements were the unidirectional sheet current were found to be
represented by current bands of variable intensities. Theincompatible with the observed pattern. Thus, because the
magnetic effects above a single current element wassheet represents the integrated current flow in the depth
calculated from the Bio-Savart law and the total horizontal range of 10 km, it is reasonable to visualize that the bulk
or vertical field at any point on the surface was expressedcurrent flow would be concentrated in the conductive
as a linear combination of fields from all current elements. sedimentary sequence of the basin in the depth range of 5
If the total number of points, at which the entire field is km. Based on this hypothesis, the inversion of frequency-
known, is greater than or equal to the number of current domain profiles was carried out by placing the sheet current
elements, then a direct matrix inversion of the field produces at the depth of 5 km (Fig. 11b). Both inversions produce

a current distribution in the ground.

current density distributions identical in their principal

The inversion scheme and simplifications introduced features. Noting this persistent behavior, Arora et al.(1998b)
to obtain smooth and stable solutions are provided by Aroraobserved that the spatial pattern of the inverted current
et al. (1998b). Inversion solutions were obtained using distribution could be geologically viewed as a graben-horst-
profiles of anomalous fields, both in time (Fig. 11a) and graben structure in the basement ( Fig. 12b), or more simply
frequency (Fig. 11b) domains. The inverted current density as a sediment filled broad graben-like feature enclosing a
distribution, that reproduces the observed induction responseresistive body ( Fig. 12c). This later condition can also be
is given in the lower panels of Fig. 11. Current inversions simulated by a conductive block intruded by a resistive zone
of the time-domain profiles were obtained by locating the within the central part of the basin ( Fig. 12d). These models
model current sheet at varying depths of 5, 10 and 15 km.served as the initial starting models in developing a more
For the sheet located at depths greater than 10 km, thequantitative 2-D geo-electrical model by a trial and error
inverted current distribution requires a narrow belt with a procedure. The inverted current distribution is also used later
current flow in a direction opposite to the main broad band. in this article to make a correlation with other geophysical
From the induction point of view, the existence of concurrent response functions.

zones with a reversed current flow is physically implausible
(Woods & Lilley, 1980), so depths greater than 10 km for
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The 2-D Conductivity Model for the PBCA similar to the observed one was probed using a 2-D trial
and error forward modeling approach developed by Cerv et

In order to constrain further the structural configuration al- (1987). The numerical scheme permits the simulation of

of the PBCA, in a vertical plane across the strike direction, quite complex conductive structures by a grid of variable
a 2-D electrical conductivity modeling of the MV response horizontal and vertical mesh. This procedure facilitated the
along the profile AA’ was undertaken. The conductivity transformation of the geological cross-section of the basin

distribution model that produces an induction response (Fig. 12a) into an electrical section composed by simple
step structures (lower panels of Figs. 13 and 14). The

\ assignment of resistivity values was again governed by the
& %:1 o (;DG";\"\ “:D P“:&Bd o et MT soundings. The two upper layers of the electrical section,
R ! 400 K obtained from the 1-D interpretation of the MT sounding
T [Ieses =i (Fig. 6b) for the exposed Jurassic-Cretaceous formations and
=4 T0 0 920000 02 e underlying Balsas Group, were assigned resistivities of 50
: (0) W.m and 10W.m, respectively. The underlying Paleozoic
sedimentary sequence, represented jointly by the Serra
Grande and Canindé Groups, was characterized by the

Decth [ Km)
W =

(i G 3 = 5K resistivity of 7W.m, in agreement with the extensive MT

JURASSIC BALSAS CAMINDE SERMA GRANDE PRE-S|LUAIAN
CRETACEQUS Gr L Or

surveys in the adjoining Parana Basin (Stanley et al.,1985).
Owing to the well-known problem of non-uniqueness

associated with forward modeling technique, the range of

numerically tested models was restricted by the information

provided by the sheet current inversion. The oceanic coast

effect in the electrical models probed was simulated by
(b) introducing a conductive sheet extending seaward from the
surface position of the coastline on the NW end of the profile.
Further, consistent with the MT sounding near the central
part of the Parnaiba Basin, the source of the anomalous
conductivity in the geo-electrical model was considered to
be seated in the deeper parts of the basin (Fig. 13). The lateral,
vertical extent, and the resistivity values of the block(s) in
the deeper parts were adjusted in a trial and error process to
find a match to the observations. The attempt was to find
the model that could satisfy the observed response at a wide
range of periods. This requirement greatly restricted the
range of qualifying models. For example, conductive
structures, with well-defined geometry beneath the central
part of the basin, in conjunction with the oceanic layer, could
satisfactorily reproduce the spatial characteristics of the
response observed at the 12 minutes period. However, such
model would fail to reproduce all the features of the observed
response at the longer periods of 26 and 43 minutes (dashed
curves in Fig. 13).

In fact, the level of misfit appears to become worse at
increasingly longer period, on the NW flank of the profile.
When an additional extended conducting slab was introduced
at depth in the oceanic part of the profile, the revised response
(solid curve) was accountable for the observed response at
all periods. TheZ, values on the NW corner of the pseudo-
section (Fig. 5) attain largest values at longer periods above

one-hour, rather than at the shortest periods. The inclusion
b;sm obtained along thse Ilng BB’ (marked on Flg 1) (a) cross- of a conducting slab at depth on the oceanic side of the
section based on outcrops and exploratory wells (adapted fromCcoastline, in addition to the conducting seawater, is consistent
Caputo & Lima, 1984); (b), (c), and (d) cross-section options based with this behavior of the ZOf the several tens of models
on the inverted sheet current distribution for a depth of 5 km, shown investigated, the one qualifying model that largely
in the lower panels of Fig.11; (e) final PBCA model, based on the reproduced the spatial as well as the period dependence of
deduced 2-D electrical conductivity distribution model, as shown the observed response is shown in Fig. 13. The comparison
in the lower panel of Fig.13. of the observed and calculated response at three

Depth ( Km )

Degth (Km) Cepth { Km )

Depth (Km)
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representative periods is also shown. resistive body. The presence of an anomalous conducting
The overall picture of the mapped conductive zone horizon within the main body of the basin is unequivocally
(hatched area) can be viewed as an ensemble of three blocksgletected by MT surveys (Oliveira & Fontes, 1991). This 2-
(i) a roughly 240 km wide tabular block within the deeper D geo-electrical model is used to update the geological/
central part of the basin, (ii) a localized highly resistive (700 structural cross-section of the Parnaiba Basin in Fig. 12e.
W.m) block embedded in the above central conductive block,
and (iii) a narrow sediment filled graben-like structure THE SOURCE OF THE ENHANCED
extending into the basement. The central block with a CONDUCTIVITY IN THE CENTRAL PART OF THE
resistivity of less than W.m accounts for the long  BASIN
wavelength anomaly pattern with minimum/maximum near
stations COC-SIN and BBR. The induction responses of the Moderately raised conductivity values, commonly
graben-like structure and intrusive resistive body, found in sedimentary environments, are often explained by
respectively, produce the sharp rise of the MV response electrolitic conduction through sedimentary rocks, in contrast
between BAC and ARC and introduce a short wavelength to the resistive crystalline basement. However, the likely
anomaly between ARC and BVI. The combined induction mechanisms responsible for the anomalously high
response of these blocks is able to account for the spatiakconductivity detected in the deeper central part of the basin
characteristics of the observed response at various periodsre very elusive. The generation of high conductivity, of the
(Fig.13b). Some further numerical experimentation showed order of 1 S/m, by ionic conduction through an extensive
that a resistivity of less thanViim was essential to account interconnected network of saline filled pores would require
for the frequency (period) dependence as well as to produceporosity values higher than 12 per cent (Jones & Craven,
the short wavelength anomaly by the presence of an intrusivel990). They are very high values to sustain for the required
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for the PBCA, along the AA’ profile. The hatched area marks a
high conductivity zone with an intruded resistive block. The values
included in the different blocks denote electrical resistivityim.

long period of time, or even in a primordial basin
environment. Furthermore, the presence of very saline fluids
or of a thick sequence of black shales, another probable
candidate, has not been detected on deep wells, yet these
wells are not in the area of the anomalies.

Nevertheless, the correspondence of the zones of high
conductivity with the regions of Mesozoic magmatism
seems to indicate a probable causal relationship between
the two phenomena. Hydrous fluids released during the re-
crystallization of the magmatic intrusions could contribute
to the enhanced conductivity of the sediments (Stanley et
al., 1990). It also seems plausible that the anomalous
conductivity, pervasive on a large region, might have been
thermally enhanced, in association with the magmatic event.
Laboratory measurements by Bucha (1980) have shown that
when hydrocarbon-saturated sediments are heated above the
temperature of 200° C, carbon films are produced by
pyrolysis reactions associated with diagenesis. The presence
of interconnected carbon films can enhance the conductivity
of the medium. Apart from the generation of carbon films,
the pyrolysis reaction was also shown to produce secondary
magnetite that could produce concurrent anomalies in a
magnetic data. The existence of an apparent relationship
between conductivity and magnetic anomalies was reported
by Bucha (1980), in studies of the outer flysch belt around
the Carpathians mountain range. Similarly, Duba et al. (1988)
have illustrated the case where light hydrocarbons would
be driven off or destroyed during diagenesis.

Fig. 14 gives the total magnetic intensity (IGRF
removed) anomaly map of the Parnaiba Basin, based on
aeromagnetic data collected by Petrobras. The outline of

The upper three profiles compare the observed (solid circles) andthe high conductance zones (PBCA and LINK anomaly) as
the calculated response of the geo-electrical model (continuousmapped by the thin sheet model has been superimposed.
lines) at the three indicated periods. The broken curves show theThe broad magnetic high in the north, associated with the
calculated response when a deeper conductive oceanic slab, showgontinental margin, and the almost continuous, yet narrower,
in the left side of the lower diagram, is not considered. NE trending magnetic high overlying the regional

Revista Brasileira de Geofisica, Vol. 17(1), 1999



60 Overview of Geomagnetic Deep Soundings (GDS)

-4.8 ~46 ~-4.4 - 472
— . : —r
O -
0 |
Q|
|
(@)
L
=
S i‘
<t |
O, *
o |
3 |
.t.i- i
=
O |
=k
I
1
oo | 4]
! s+
Lo o e [ L L

et
Longt?tude (Degree)

Figure 14— lllustration of the total field aeromagnetic anomaly map overlain by the high conductance zone (PBCA and LINK anomaly)
mapped in the present study. The magnetometer site locations and respective code names are also shown.

Transbrasiliano Lineament tend to dominate the magnetic |ocation of the graben-like structure mapped by the 2-D
anomaly map. In the intervening region of these two model. Further, the surface location of the intruded resistive
prominent features, the magnetic anomaly pattern is pody in the 2-D model is marked by a magnetic low. Also
characterized by a sequence of NE trending highs that,in the northwestern part, the LINK anomaly, with some
beginning from the central part of the basin, stretch towards offset, aligns with magnetic highs which on this part
the northeast and enclose many scattered lows. It is to bepreferentially strike in the NW direction. The apparent crude
noted that the high density aeromagnetic data provide a mucteorrelation between conductive and magnetic signatures tend
more detailed picture of the sub-surface configuration thanto suggest a common source mechanism, such as the
that permitted by the conductance distribution map (Fig. 10), simultaneous generation of carbon and magnetite by
deduced from widely spaced magnetometers. Given pyrolysis reaction triggered by magmatic thermal events.
allowance for this difference in the resolution of the two However, quantitative interpretation of magnetic anomalies
maps, the broad magnetic high, in respect to the orientationwould help to establish the structural and physical
and spatial extent, tends to outline the high conductancerelationship between the conductivity and magnetic
PBCA zone. It is noteworthy that an intense magnetic high, anomalies.

centred between stations BAC and ARC, coincides with the
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GEOLOGIC AND TECTONIC interpreted as an intrusive body. A number of wells have

IMPLICATIONS OF THE MAPPED indeed detected the presence of a large number of intrusive
bodies in the basin (Mesner & Wooldridge, 1964). The
CONDUCTIVE ZONES IN THE present study, however, provides evidence on the possible

EVOLUTION OF THE BASIN dimension of these intrusive bodies.
The smaller Southern Structure anomaly, based on

The regional pattern of the conductivity distribution  results from the BAL station, roughly coincides with a large
(Fig. 10) suggests a complex structural configuration area where several deep wells reached immature sediments
although, in the surface, the Parnaiba Basin presents a simplgeneath the Serra Grande, southeastern of the widespread
quasi-elliptical distribution of the geological units. The two  jyrassic eruptives (Cordani et al., 1984; Cunha, 1986).
main anomalies (PBCA and LINK) fall in a region where The Bouguer map shown on Fig. 15 presents two
no well reached the basement. According to a basement maRlongated gravity lows with amplitudes from -50 to -100
from Cordani et al. (1984), the anomalous area would crossmGal trending in the N-S direction, parallel to the Araguaia-
the Gurupi fold belt and a postulated internal cratonic block, Tocantins fold belt in the western side, and in the NE-SW
underneath the sediments, in the center of the basin. direction, in the eastern side, partly enclosing the

The most dominant conductivity feature (PBCA) is Transbrasiliano Lineament. They form a slanted V pattern
marked by a NE-SW trend that coincides with the projection \ith the lower tip positioned near the Southern anomaly.
of the Grajau Fault line, on the western side. On the easterngges et al. (1990, 1993) have indicated that the geographic
side of the anomaly, the trend coincides with the land ward grea of the V shaped gravity anomaly coincides with a zone
projection of the Parnaiba River Lineament. The parallelism of cambro-Ordovician, Middle Proterozoic, and Late
of this trend with the Transbrasiliano Lineament suggests aproterozoic graben-like structures. Except for the Southern
control of the NE-SW oriented tectonic elements on the strycture, the western portions of the E-W trending LINK
evolution of this portion of the Parnaiba basin from early and of the narrower parallel conductive belt below the LINK
stages. The results also indicate that the NE-SW featuresanomaw, the other magnetometer stations of the western
are present much further west than the currently mappedarray profile (Fig. 1) failed to indicate a major western N-S

lineament. The 2-D numerical model has approximated the conductive anomaly, coincidental with the western branch
structural configuration of the PBCA as a graben-like of the gravity low.

structure in the basement and a tabular high conductivity Sousa (1995), however, has suggested that an

block confined to the central part of the basin with an anomalous dense material placed at mid-crust depths would
embedded resistive body. While the existence of a wide gccount for the observed regional gravity anomaly. In this
conducting block confined to the central part of the basin is case, the inference of underplating related to extensional
consistent with the magnetotelluric data, the graben-like processes does not conflict with the above suggested
structure in the basement is corroborated by the thermal pulse responsible for the conductive anomalies.
aeromagnetometric data. The overall inferred conductivity distribution also
Furthermore, the development of graben structures asprovides geophysical evidence on the possible direction of
precursors to the subsidence of the Parnaiba basin has beega connections during the geological evolution of the basin.
suggested by many researchers based on interpretations fronthe induction arrows at TOM and TAI in the NW corner
geological and geophysical data (Brito Neves et al., 1984; (Fig. 3), despite their favorable locations, do not point
Cunha, 1986; Goes et al., 1990). Nunes (1993) has inferredowards the Marajé Graben, where sediments, largely of
a series of isolated basement grabens of Proterozoic age ifesozoic and Cenozoic age, present a thickness of about 6
the PBCA area, yet with NW-SE trends. Nevertheless, the km. Instead, the arrow pattern indicates a structure running
graben structures probably formed depositional sites for thepetween them and striking N&U. In fact, the structure
pre-Serra Grande volcanic-sedimentary sequences. Also, the.ausing this concentration of induced currents appears to
narrow elongated conductive belt mapped on the westernpe aligned with mapped fault lines within the Marajé region
flank of the PBCA (Fig. 10), perhaps marks another graben (rig.1). The continuation of the conducting path along the
where pre-Serra Grande sediments have been preserved. InjNK anomaly may be seen as a prolongation of this
the region of the Transbrasiliano Lineament, the existencestrycture underneath the Parnaiba Basin. In such a scenario,
of graben-like structures with sediments possibly older than the LINK anomaly may be seen as relics of a sedimentary
the Serra Grande Group, has been inferred from MT andchannel which might have acted as a pathway for sea
gravity data (Sousa & Oliveira, 1995). transgressions and would have connected the Amazon Basin
The positional correspondence of the broad PBCA and ith the Parnaiba Basin through the Marajé region.
the elongated LINK anomaly with zones of major Cretaceous The linkage of the Marajé and Parnaiba regions is
magmatism suggests the occurrence of channeled activitiesmdependenuy corroborated by the gravity Bouguer
in part, along pre-existing basement structures possibly agnomaly map (Sousa, 1996) shown in Fig. 15. Composed
associated with the PBCA and LINK anomalies. In this by low density sediments, the Marajé region is marked by

tectonic scenario, the resistive bOdy found embedded in thea pronounced gravity low, whose center Corresponds to the
conductive host within the central block of the basin may be thickest column of sediments. Eurther southeast of the
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Figure 15— Bouguer anomaly map (adapted from Sousa, 1993) overlain by the high conductive zone mapped by the present study.

Marajo Graben, the region of the Arch of Tocantins is CONCLUSIONS
characterized by a gravity high with a dividing low. The
TAIl, GUR and ITI stations are over the southwestern high, The efficacy of the GDS in providing the regional
VMR is over the northeastern high, and TOM and PAR are picture of the internal electrical conductivity distribution has
located within the dividing low. The axis of the gravity beendocumented in the context of the intracratonic Parnaiba
low, beginning in the Maraj6 region and passing through Basin. In contrast to the simple oval shaped configuration
the gravity low located between the gravity highs overlying of the surface geoloy, the inferred conductivity distribution
the Arch of Tocantins, traces the path of the high conductivity is marked by well-defined patterns probably reflecting the
zone (LINK anomaly). On the hypothesis that the gravity trends of the basement structures.
low implies the occurrence of a thicker sequence of The most dominant feature is a NE-SW high
sediments relative to the gravity high, an enhanced conductive belt (PBCA) in the east-southeast portion of the
concentration or channeling of the currents in the sedimentsbasin, whereas the second prominent trend runs NW-SE
could explain the correlation of the gravity low with the (LINK) from the Maraj6 Graben to the Parnaiba Basin. The
conductivity high. NE-SW trending anomaly in the east-southeastern part of
This connectivity also permits to infer that, during a the basin could be ascribed to tectonic events associated
certain phase of the geological evolution, the geographicalwith the Transbrasiliano Lineament, in the early evolution
extent of the seawater was much more ample and had crossedf the basin. The transverse LINK anomaly probably
over the Arch of Tocantins. In this line of reasoning, the demarcates a basement structure that has preserved
position of the LINK-PBCA anomaly is in agreement with  sediments from sea instructions from the Marajo6 during some
the suggested seawater connections, by Cunha (1986), obf the early stages of the basin evolution.
the Parnaiba region with the basins located in the west and The deduced picture of conductivity distribution in the
east, respectively, of the Sdo Luis-Western Africa Craton, vertical plane across the PBCA provides evidence on the
in the Gondwana continent. presence of a graben-like structure in the basement. This is
consistent with the aeromagnetometric data. The modeled
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