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STRATIGRAPHIC ASPECTS OF THE ALTER DO CHAO FORMATION
IN THE NORTHERN REGION OF MANAUS, BASED ON GEOELECTRIC INFORMATION

Jodo da Silva Carvalho', Javier Tomasella?, Shozo Shiraiwa® and Rutenio Luiz Castro de Araujo®

ABSTRACT. The geoelectrical survey was conducted in a portion of the northern edge of the Amazon Sedimentary Basin, between the kilometer 38 and the kilome-
ter 96 of the BR-174 highway, dominated by sediments of the Alter do Chao Formation. We performed eight vertical electrical soundings (Schlumberger) and an electrical
imaging section (dipole-dipole), using a portable resistivity (Syscal R2). The field data were processed using IPI2Win and RES2DINV softwares, resulting in the devel-
opment of profiles and sections of electrical resistivity, which allowed the identification of lithologies and structures (faults) that affected this lithostratigraphic unit, as
well as their contact relations with the rocks of the Manacapuru Formation, in this portion of land. In the Alter do Chdo Formation, the highest resistivities are related
to weathered materials of the superficial layers and sandstone in the deeper strata, which appear interspersed with thin layers of pelitic material. The results of electrical
imaging performed in the portion of the northern boundary of Alter do Chdo Formation, show the horizontal behavior of strata, highlights geological features (faults) and
the south slope of its substrate, towards the center of the basin.

Keywords: geological features, lithology, electrical resistivity.

RESUMAO. 0 levantamento geoelétrico foi realizado em uma porgao da borda norte da Bacia Sedimentar do Amazonas, entre os quilometros 38 e 96 da rodovia
BR-174, onde predominam exposicoes sedimentares da Formagao Alter do Chao. Foram realizadas oito sondagens elétricas verticais (Schlumberger) e uma secdo de
imageamento elétrico (Dipolo-dipolo), por meio de um resistivimetro portatil (Syscal R2). Os dados de campo foram processados por meio dos soffwares IPI2Win e
RES2DINV, que resultaram na elaboracdo de perfis e secdes de resistividade elétrica, o que permitiu a identificacdo de litologias e estruturas (falhas) que afetaram as
rochas dessa unidade litoestratigréfica, assim como suas relages de contato com as rochas da Formagdo Manacapuru, nessa porgéo territorial. No ambito da Formagao
Alter do Chao, as resistividades mais elevadas estdo relacionadas com materiais de alteragdo, nas camadas mais superficiais, e a estratos arenosos mais profundos, 0s
quais aparecem intercalados com finas camadas de material pelitico. Os resultados do imageamento elétrico, realizado na porcdo do limite norte da Formagao Alter do
Chao, mostram o comportamento horizontal dos estratos, e destacam fei¢des geoldgicas (falhas) e a declividade para sul do seu substrato, no sentido para o depocentro
da bacia.

Palavras-chave: feigOes geoldgicas, litologias, resistividade elétrica.
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INTRODUCTION

This study was conducted in a portion of the northern limit of the
exposition of cretaceous sediments of the Alter do Chao Forma-
tion, along the federal highway BR-174, involving an area that
goes from kilometer 38 up to near the Urubu river (on kilome-
ter 96), as shown in Figure 1, and consisted of the execution of
a horizontal electrical imaging section and various vertical elec-
trical sounding. The main objective of this survey is to check
the lithological behavior of the subsurface layers, as well as the
identification of the lower limit of this unit, which rests discor-
dantly on units of the Paleozoic sequence of the north edge of the
Amazon Basin, represented by the Tapajos and Trombetas Groups
(Caputo etal., 1972; Cunha et al., 1994; Cunha et al., 2007).

Locally, the Trombetas Group is represented by clastic sedi-
ments (sandstones fine to medium) and pelitic sediments (shales
and laminated sillstones) of the Manacapuru Formation, depos-
ited during periods of marine ingression/regression which oc-
curred during the sineclise stage of the Amazon Basin evolution,
and which is part of the great Ordovician-Devonian depositional
sequence (Cunha et al., 1994, 2007).

The Alter do Chao Formation (Caputo etal., 1972) consists of
fine to medium sandstone, clayey, unconsolidated and eventually
conglomeratic, positioned discordantly on older units (Tapajos
and Trombetas Groups) and covered by quaternary deposits. In
general, the sediments of this stratigraphic unit form intercalary
and discontinuous layers, which are superficially altered to a
latossolic mantle, eventually with concretionary levels (Souza &
Nogueira, 2009).

These units are tectonically deformed, manifested by the oc-
currence of a system of normal and inverse flaws, which are lo-
cally responsible for the formation of waterfalls (like the water-
fall ASFRAMA at kilometer 96 of the BR-174 highway) and addi-
tionally produce structures in the shape of grabens and horsts
and promote relationships of contact with other units (Souza,
1974; Nogueira & Sarges, 2001; Silva, 2005; Reis et al., 2006;
Souza & Nogueira, 2009).

WORKING METHODS

In this survey, eight vertical electrical sounding (VES) were per-
formed, along the BR-174 highway and local roads, with use of
Schlumberger configuration, plus a horizontal electric imaging
with use of dipole-dipole configuration.

For the acquisition of the field data, it was used a digital
resistivimeter (Syscal R2, manufactured by Iris Instruments)
which allows simultaneous measurement of apparent resistivity
and polarizability, besides allowing control of the efficiency in

the contact resistance electrode/ground whenever necessary
improved by the addition of salinated water. The location of the
measurement points was determined by GPS and distances mea-
sured by tape.

The vertical electrical sounding method (VES)
The vertical electric sounding method aims to investigate the ver-
tical distribution of apparent resistivity at depth, beneath a par-
ticular point on the topographic surface. The application of this
technique, by configuring Schlumberger, consists of obtaining
measurements of apparent resistivity from a linear distribution of
electrodes on the surface topography, so that the electrodes of
the current circuit (A and B) are positioned at the extremes and
the electrode potential circuit (M and N) within the distribution,
symmetrically positioned in relation to the common center (0)
according to the order AMNB (Fig. 2). In accordance with this
procedure, the greater the distance between the electrodes A
and B (dag) is, the greater will be the density of current which
will flow at greater depths, which allows to determine apparent
resistivity values for different depths (Orellana, 1972; Dobrin &
Savit, 1988; Telford et al., 1990).

The apparent resistivity (p,,) for this electrode configuration
is determined by the formula:

pa = m.a*.(AV/I)/2.b

where, a = AB/2 and b = MN/2.

Preliminarily, the depth of investigation (z) is estimated to
be around 1/4 of the total opening between the electrodes of the
current circuit, i.e. z = AB/4 (Telford et al., 1990), this ratio
being dependent on the electrical conductivity contrasts between
lithologies.

In this survey the vertical electrical soundings were made
with electrodic openings (AB) from 2.0 m to 1.000 m, defined by
physical (topographic surface) and instrumental limitations, while
the distances between the potential electrodes (M and N) ranged
from 0.3 m to 10.0 m. The VES were strategically placed along
the BR-174 highway and local roads (extensions), as the follow-
ing locations: (VES 1) on km 38 — Experimental Farm of Uni-
versidade Federal do Amazonas (UFAM); (VES 2) on km 41 (west
bank), (VES 3) on km 50 (extension ZF2); (VES 4) onkm 57 (farm);
(VES 5) on km 63 (extension ZF3): (VES 6) on km 78 (extension),
(VES7) on km 94 and (VES 8) on km 96, as shown in Figure 1.

The horizontal electrical imaging method (HEI)

Research by horizontal electrical imaging (HEI) consists in ob-
taining measurements of apparent resistivity (p,) along a given
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Figure 2 — Schematic representation of the technique of vertical electrical sounding by
Schlumberger electrode configuration (Source: Braga, 2007).

alignment, through the lateral displacement of the electrode array
positioned on the land surface (Braga, 2007). The execution of
this survey, with use of dipole-dipole configuration, consists of
the linear distribution of electrodes, forming two distinct dipolar
circuits, one current (A and B) and a potential (M and N), in that
order, keeping a constant distance between the electrodes of the
dipoles, as schematized in Figure 3.

In practice, the research consists of, for each fixed position
of the current dipole (AB), making as many () measures for dif-
ferent positions of the potential dipole (MN), keeping regular dis-
tances (na) between the two dipoles, which allows the construc-
tion of an apparent resistivity section (formally called pseudo-
section of apparent resistivity).
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The apparent resistivity (p,) in this case is determined by
the formula:

pa = (AV/I).w.zn(n+1)(n+ 2)

where:

x = distance between the electrodes of the dipole (m);

n = multiplicative factor of = which determines the distance
between the dipoles and corresponds to the depth level of inves-
tigation (n =1,2,3,4,...)

As Braga (2007), the depth (=) of investigation is determined
as the order of half the distance between the centers of the dipoles
(= = R/2, where R is the distance between the centers of the
dipoles AB and MN).
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Figure 3 — Schematic representation of the dipole-dipole electrode configuration for HEI lifting (Source: Adapted from Braga, 2007).

For this survey, two sequential sections were conducted, with
distance between electrodes of dipoles (x) of 20 m, totaling
840 meters in superficial length, with 5 levels of investigation
(n = 5), aiming to reach depths (theoretically) ordered up to
60 m.

Data processing

Data from vertical electrical soundings were processed through
IPI2Win software (Bobachev et al., 2001), which allows, through
iterative actions, determining the resistivity and thickness of each
stratum, according to the configuration of the curve of apparent
resistivity obtained in the field and supported by local geolog-
ical information. In turn, the data from electrical imaging were
processed in the RES2DINV program (methodology proposed by
Loke & Barker, 1996), which allows quick and efficient inver-
sion of resistivity data based on the least squares method and
smoothing that, theoretically, produces a model of 2-D subsur-
face, caused by the geometry of the electrode arrangement used
(Gallas, 2000; Cutrim et al., 2004).

RESULTS
The results of the geoelectrical survey, by means of vertical elec-
trical sounding and electrical imaging, within the limits of the
investigated depth range, allowed to verify the lithostratigraphic
behavior of the Alter do Chdo Formation, as well as their relation-
ships of contact with the Manacapuru Formation, in the portion
of the boundary between these units.

The vertical electrical sounding, with an estimated depth
range of up to 170 m were calibrated based on data from two
wells drilled for groundwater extraction (Experimental Farm

UFAM, 150 m deep, and DELTA Construction, 110 m deep). The
inversion process of the electrical imaging data were supported
by information on exposures of rocks near the investigated site,
including exposures of sandstones and shales of Manacapuru
Formation (Trombetas Group).

Results of vertical electrical sounding (VES)

For evaluation purposes, the vertical electrical soundings were
arranged along a segmented section and distributed from S-N,
being VES 1 (UFAM's Experimental Farm, on km 38 of the BR-
174 highway) further south, and VES 9 (ASFRAMA, on kilometer
94) to the north, as schematized in Figure 4, totaling a distance
of about 60 km. The coordinates (in m) of the topographic sur-
face in each VES, determined by surveying with GPS, are: VES 1
(98.8 m), VES 2 (75.2 m), VES 3 (121.2 m) VES 4 (128.1 m),
VES 5 (130.2 m), VES 6 (131.8 m), VES 7 (98.2 m) and VES 8
(71.7 m), respectively.

In general, the results of vertical electrical soundings show
a predominance of sandy materials to sandy clay, interspersed
with clayey materials in layers with a maximum thickness of about
5 m. In this study, they were identified models of four and five
layers, where the top is usually the product of alteration (includ-
ing lateritic soils) and others form intercalated layers of sand
to clay. In this case, according to the classification of Orellana
(1972), the VES 7 correspond to the model of three layers (type
K), the VES 1, 3, 5, 6 and 8 correspond to the model of four
layers, of the type HK (p1 > p2 < p3 > p4); the VES 2
and 4 fit the model of five layers, where the VES 2 HKH-type
(pl > p2 < p3 > pd < p5) and VES 4 of the type KHK
(pl < p2 > p3 < p4d > pb).
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Figure 4 — Positioning of VES along a segmented topographic profile (SRTM) through all points of the soundings.

The result of the processing of VES 1, developed at UFAM's
Experimental Farm (km 38 of BR-174 highway), identifies the
configuration of a 4-layer system (Fig. 5), where the upper layer
has resistivity of the order of 620 €2.m and thickness of about
1m, representative of a clay material (compacted soil), passing
to a layer with resistivity ranging between 150 and 706 €2.m and
total thickness of about 27 m (to a depth of about 28 m) of clayey
to clayey-sandy constitution. Under this, there is a layer with re-
sistivity of about 2,700 £2.m and thickness of about 72 m (depth
of approximately 100 m), sandy, with interleaving of clayey levels,
and at the bottom, a layer eminently clayey, with resistivity of the
order of 88 Q.m.
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Figure 5 — Interpreted profile of the VES 1 (Experimental Farm UFAM — km 38
of BR-174 highway).

The VES 2, located at km 41 of BR-174 highway shows a sys-
tem of five layers (Fig. 6), where the first (1 to 4 in the order of
the model) shows resistivity ranging from 300 £2.m to 920 Q.m
and total thickness of approximately 14 m, referring to a sequence
of clayey-sandy material, intercalated with sandy-clayey material,
which is superimposed to a thick layer (over 120 m), a sandy for-
mation with resistivity on the order of 2,300 €2.m.

The VES 3, held at km 2.6 on the extension ZF2 (km 50 of
BR-174 highway), shows a four layer model (Fig. 7), as fol-
lows: (1) layer with resistivity of the order of 1,600 £2.m, sandy-
clayey constitution, compressed, with about 0.5 m of thickness,
(2) clayey-sandy layer, with resistivity ranging between 170 and

Brazilian Journal of Geophysics, Vol. 32(1), 2014

370 ©.m, with thickness on the order of 5 m; (3) layer with resis-
tivity of the order 2,600 €2.m, sandy, about 55 m thick; (4) sandy
to sandy-clayey layer, with resistivity ranging between 637 and
960 ©2.m and thickness of the order of 114 m.
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Figure 6 — Interpreted profile of the VES 2 (km 41 of BR-174 highway).
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Figure 7 — Profile of the VES 3 (Extension ZF2 — km 50 of BR-174 highway).

The profile of the VES 4 (km 57 of BR-174 highway) shows
the configuration of a system of five layers (Fig. 8), as follows:
(1) Layer eminently clayey (resistivity of the order of 55 .m)
and thickness of 0.3 m; (2) sand layer, with resistivity of the or-
der of 3,640 ©2.m and thickness of about 0.3 m; (3) layer of low
resistivity (on the order of 30 ©.m), clayey, about 1.4 m thick;
(4) layer with resistivity ranging between 1,270 and 2,560 ©.m,
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sandy-clayey to sandy formation, about 140 m thick, and (5)
layer of low resistivity (of the order of 120 ©.m) and clayey
composition.
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Figure 8 — Interpreted profile of the VES 4 (km 57 of BR-174 highway).

The VES 5, held at km 01 of the extension ZF3 (km 63
of BR-174 highway), is a four layer model (Fig. 9), being: (1)
layer of clayey-sandy formation, with resistivity of the order of
583 Q2.mof 1.2 mthick; (2) clayey to clayey-sandy layer with mod-
erate resistivity (ranging between 95 and 438 €2.m) and a thick-
ness of the order of 17 m; (3) layer of higher resistivity (the order
of 2,140 ©.m) of sandy nature, about 100 m thick, and (4) low
resistivity layer (approximately 77 €2.m), clayey formation.

838 2.m and thickness of the order of 40 m, (3) high resis-
tivity layer (about 5,400 €.m), sandy, compact, with approxi-
mately 58 m of thickness, and (4) sandy layer, probably finer
grain, with resistivity of the order of 3,830 £2.m, with resistivity
tended to decrease with increasing depth.

10000] I

H H H H a
VES km 78 - Elev.: 131,8m P
N P h d [Elev. | b
(Q@.m) [(m) [(m) | (m)
1 388 1,3[1,3 [130,5
2 |221-838|38,8{40,1| 91,7
3| 5400 58 |98,1| 33,7
14 ] 3835
1000
"""" //
AB/2
100
1 10 100 1000

Figure 10— Interpreted profile of the VES 6 (km 78 of BR-174 highway).

The VES 7 (west bank of the BR-174 highway - km 94) is
a system of three main layers (Fig. 11), with intercalations, be-
ing: (1) layer of clayey-sandy constitution, with resistivity ranging
from 310 to 926 Q.m and total thickness of approximately
23.0 m, (2) sand layer, with resistivity of the order of 5,460 2.m
and thickness of about 40 m and (3) layer with a resistivity of
about 192 ©2.m, eminently clayey.
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Figure 9 — Interpreted profile of the VES 5 (Extension ZF3 — km 63 of BR-174
highway).

The profile of VES 6, located at km 78 of the BR-174 high-
way, shows a four layer system (Fig. 10), with intercalations, be-
ing: (1) layer of soil (clayey-sandy), with resistivity of the or-
der of 388 ©.m and estimated thickness of 1.3 m, (2) clayey
to clayey-sandy layer, with resistivity ranging between 221 and
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Figure 11 — Profile of the VES 7 (km 94 of BR-174 highway (east bank).

The VES 8, located at kilometer 96 of BR-174 highway
(in front of the waterfall ASFRAMA) on sediments of the Mana-
capuru Formation, shows a four layer model (Fig. 12), with in-
terbedded levels, being: (1) surface layer of sandy constitution,
with high resistivity (of the order of 3,700 €.m) and thickness
of approximately 1.0 m; (2) layer resistivity of about 1,900 €2.m,
whether sandy to sandy clay with a thickness of about 4 meters;
(3) high resistivity layer (ranging from 4,234 to 3,180 Q.m) of
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Figure 12 — Profile of the VES 8 (km 96 of BR-174 highway — ASFRAMA).

formation sand with a thickness of about 74 m and (4) low resis-
tivity layer (120 €2.m) of constitution clayey.

Figure 13 shows the stratigraphic correlation between the
columns of VES, which is taken into account the different strata
geoelectrical, compared to the geological information available
on wells, and considering possible interference of geomorpho-
logical and geological features (geotectonic) along the trajectory
of section.

The geoelectrical configuration of VES 3 (km 50), highlight
the prevalence of moderate resistivity materials to greater depths,
characteristic of sandy clay sediments, intercalated with clayey
levels. This point is located at the headwaters of the Cuieiras
and Preto da Eva rivers and the Taruma Agu and Tarumd Mirim
streams, which is a feature of high relief, showing drainage pat-
tern with eccentric radial configuration.

From the results of the VES 6, located at kilometer 78 of
BR-174 highway, it was noticed the occurrence of layers of high
resistivity, representing sandy materials, compact, with different
behavior from those of Alter do Chdo Formation, and meet affected
by tectonic processes.

The VES 8, located at km 96, is in the land of the Manacapuru
Formation (Trombetas Group), where higher resistivity materials
dominated, related to the high degree of grittiness still occurring,
at greater depths, materials with pelitic features, like the shales
that outcrop in the km 98 of this highway.

Results of horizontal electrical imaging (HEI)

The results of the electrical imaging performed at kilometer 94
of BR-174 highway, near the surface boundary of the cretaceous
sediments of the Alter do Chdo Formation with paleozoic rocks
of the Trombetas Group, allowed the construction of a section of

Brazilian Journal of Geophysics, Vol. 32(1), 2014

electrical resistivity with inverted model (processed in RES2DINV
software), with use of dipole-dipole configuration (& = 20 m)
and research on 5 levels deep.

Figure 14 shows the pseudo-section of apparent resistivity
obtained in the field (top), the pseudo-section of apparent resist-
ivity calculated by the model (middle) and inverted model (bot-
tom), obtained through 3 iterations (with error estimated in about
15%), resulting from the processing of data from a section of
electrical imaging performed at the northern limit of exhibitions
of the Alter do Chdo Formation, which makes superficial contact
with Manacapuru Formation’s sediments. In this section, there is
a stratified sequence, with increasing resistivity with depth, high-
lighting a high resistive layer, which occurs at about 25 m deep,
which tapers towards the boundary of the Alter do Chdo unit.
This behavior is consistent with the configuration of the strati-
graphic distribution model proposed by Petrobras and CPRM, and
corroborates the data obtained in the vertical electrical sound-
ing. It was also noticed the presence of discontinuities in the
sequence, caused by the existence of tectonic features (faults),
which promoted the individualization of blocks of sandstones of
the Manacapuru Formation.

CONCLUSIONS

The results of this survey allowed identifying geoelectric fea-
tures perfectly correlated with lithologies commonly found in this
portion of the Amazon basin, as observed in wells with avail-
able lithostratigraphic information, including data from Manaus
Stratigraphic Well — PETROBRAS (Aguiar et al., 2002), which still
is the best stratigraphic reference available for this region. The
calibration of electrical resistivity data was based on information
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from the wells UFAM Experimental Farm and DELTA Construc-
tion, supported by lithological exhibitions along the investigated
stretch, and allowed a better evaluation of results regarding the
spatial distribution of geoelectric and lithostratigraphic units, as
well as their sizing parameters, especially thickness and depth.
Thus, the high resistivity values obtained for shallower lev-
els in the field of Alter do Chdo Formation, are due mainly to the
presence of weathering products (latosols and lateritic concre-

tions), deposits of sandy material (sand) or compressed soil as
a result of human intervention. In the northern portion (VES 8),
in the field of Manacapuru Formation (Trombetas Group), these
high values are related to the occurrence of sandy material from
this unit, latosols or ferruginous concretions, or the levels of
thick texture (conglomeratic sandy), as observed locally. More-
over, the high resistivity anomalies observed at depths (VES 6
and 7) are related to the occurrence of sandy rocks (sandstones)
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of the Manacapuru Formation (Trombetas Group), which con-
stitute the substrate of the ASFRAMA waterfall, at km 96 of
BR-174 highway.

In general context, the VES show interleaving of pelitic sed-
iments (clayey) within the sand layers, as well as their lateral
discontinuities, related to the processes of formation of these
products, as well as to vertical displacements produced by fault-
ings.

The geoelectric section held at km 94, the boundary zone of
Alter do Chao Formation with Manacapuru Formation (Trombetas
Group), shows the relationships of contact between these units,
as well as the inclination to southern substrate of the Alter do
Chao Formation and subhorizontal bedding of its strata. It was
noticed, also, the presence of faults, which individualize blocks,
possibly with subvertical gaps. Likewise, the presence of pelitic
rocks below the sandy package can signal the presence of con-
tact with other oldest stratigraphic units from the basin, just as
occurred in VES 1 and 2 (possibly shales of Nova Olinda Forma-
tion) and VES 7 and 8 (shales of the Manacapuru Formation).

The predominance of clayey-sandy to sandy land materials in
the field of Alter do Chao Formation has great hydrogeological
importance, since it is a constituent part of the aquifer system of
the same name. However, the discontinuities and lateral displace-
ments produced by faults may influence greatly on the storage and
flow of the water inside the materials. Moreover, because it is a
free aquifer type system, the preservation of this territorial portion
has great environmental importance, not only to maintenance of
normality in the process of reloading it, but also for the preserva-
tion of the sanitarian characteristics of this important and strategic
source of water of good chemical quality. Therefore, it is neces-
sary to develop further studies on the stratigraphic and structural
aspects of these plots, with improvement of direct information
(geological mapping of surface and wells’ data) and indirect in-
formation (geophysical), allowing establishing a more refined
hydrodynamic model, which considers not just the hydrogeo-
logical parameters, as well as the kinematic of tectonic processes
affecting such land.
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