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ABSTRACT: One key factor for the advance in the study of flu-
vial deposits is the application of geophysical methods, being the
Ground Penetrating Radar one of special value. Although applied
to active rivers, the method is not extensively tested on the rock
record, bearing interest for hydrocarbon reservoir analogue mo-
dels. The Sao Sebastiao and Marizal formations were the subject of
previous studies, which made possible the comparison of Ground
Penetrating Radar survey to previous stratigraphic studies in or-
der to identify the best combination of resolution, penetration
and antenna frequency for the studied subject. Eight radar facies
were identified, being six of them related to fluvial sedimentary
environments, one related to eolian sedimentary environment
and one radar facies interpreted as coastal sedimentary environ-
ment. The Ground Penetrating Radar data showed compatibility
to sedimentary structures in the outcrops, like planar and trough
cross-stratified beds. It is noted that the obtained resolution was
efficient in the identification of structures up to 0.3 m using a
100 MHz antenna. In this way, the Ground Penetrating Radar
survey in outcrops bears great potential for further works on flu-
vial depositional architecture.

KEYWORDS: radar facies; Ground Penetrating Radar; fluvial

system; Sao Sebastido Formation; Marizal Formation.

RESUMO: Unm fator-chave para o avango no estudo de depdsitos fluviais é a
aplicagio de mérodos geofisicos, e 0 Radar de Penetragio no Solo é um método
de especial valor. Embora amplamente aplicado em ambientes de rios ativos,
em ambientes fluviais consolidados esse tipo de estudo é mais escasso, em con-
trapartida hd uma grande importincia em mais estudos de modelos andlogos
de hidrocarboneto. Por essa motivagio, o presente trabalho aplicow o Radar
de Penetragio no Solo em afloramentos jd estudados estratigraficamente nas
Formagées Sio Sebastido e Marizal e comparou ambos os resultacos, além de
definir se a resolugdo, a penetragio e a frequéncia da antena foram adequadas
na drea de estudo. Por meio dos resultados, é possivel identificar oito radar
Jécies diferentes, dos quais seis estio relacionadas a ambientes fluviais, uma
a ambiente edlico, e a iiltima a ambiente costeiro. Observou-se que houve
compatibilidade entre os refletores encontrados nas secoes Radar de Penetracio
no Solo e as estruturas sedimentares observadas em afloramento, como con-
juntos de estratos cruzados preenchidos por estruturas planares ou acanaladas.
Nota-se que a resolugio do método foi muito eficiente e identificoun estruturas
decimétricas de até 0,3 m com uma antena de 100 MHz, porém com menor
penetragio de sinal em comparagio com trabalhos de rios ativos. Dessa forma,
0 Radar de Penetragio no Solo mostrou-se de grande potencial para estudos
Sfuturos sobre a arquitetura deposicional das unidades investigadas.

PALAVRAS-CHAVE: rudar ficies; Radar de Penetracio no Solo;
sistema fluvial; Formagdo Sio Sebastido; Formagio Marizal.
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GPR investigation of sedimentary deposits

INTRODUCTION

The Ground Penetrating Radar (GPR) is a geophys-
ical method that uses high frequency electromagnetic
waves to create high resolution imagery, making it possi-
ble to recognize sedimentary structures through patterns
and terminations of reflectors (Neal 2004). As a result,
the interpretation of radar facies from GPR data is fre-
quently used in the interpretation of sedimentary struc-
tures in active river deposits (e.g. Gawthorpe ez al. 1993,
Best ez al. 2003, Skelly ez al. 2003, Wooldridge & Hickin
2005, Sambrook Smith ez a/. 2006, 2009), being respon-
sible for substantial advances in the characterization of the
internal structure of bars.

Studies that used GPR as a tool to interpret sedimen-
tary structures in fluvial deposits date back to Gawthorpe
et al. (1993), which introduced the concept of radar
facies in fluvial environments through the use of inter-
pretation techniques similar to seismic surveys. Recent
works (e.g. Best ez al. 2003, Sambrook Smith ez a/. 2009)
use an approach based on the combination of a series of
survey lines in active rivers, parallel and perpendicular
to the river flow, in order to build depositional models
of fluvial bars.

Notwithstanding the importance of this technique, it
has being seldom applied on ancient fluvial deposits. One of
the few studies that used GPR on outcrops was carried by
Corbeanu ez al. (2001), who surveyed fluvial channel depos-
its from the Coyote Basin, USA. The authors determined
four radar facies based on the termination of reflectors and
signal amplitude, which enabled further classification of the
sedimentary units.

The target study area includes outcrops of the Sio
Sebastido and Marizal formations, Barremian and Aptian
(respectively) of the Tucano Basin, Northeastern Brazil,
which were previously studied in regard to the depositional
architecture of the deposits (Figueiredo 2013, Freitas 2014,
Figueiredo er al. 2015, Carrera 2015). The quality of the
exposures and the existence of previous sedimentological
studies make the area an ideal target for studies regarding
the applicability of geophysical surveys to the investigation
of fluvial depositional architecture in sedimentary rocks,
with implications for hydrocarbon reservoir analogue stud-
ies (Tatum & Francke 2012).

The main goal of this study was to enhance the inter-
pretation tools of radar facies through the comparison of
GPR data to sedimentary structures and architectural ele-
ments visible in outcrops of the same beds, considering the
resolution and limitations of the method, so that it can be
assessed if GPR surveys can be securely used in locations

deprived of outcrop exposure.
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GEOLOGICAL SETTING

The Tucano Basin is located at the Brazilian northeast,
and is the main basin in the Recéncavo-Tucano-Jatobd (RTJ)
rift, with an exposed area in excess of 45,000 km?. The onset
of the basin is related to early stages of the South Atlantic
opening, at the beginning of the Cretaceous (Magnavita
et al. 2003). The rift can be subdivided in the north, cen-
tral and south sub-basins, bounded by the Vaza-Barris and
Itapicuru structural highs. Shifts in the position of the mas-
ter faults between the north and central sub-basins caused
shifting of depocenters (Milani & Davison 1988; Fig. 1).

The sedimentary succession deposited throughout the evo-
lution of the RT7 rift reaches a total thickness near 10,000 m,
deposited between the Neocomian and the Barremian.
The basin encompasses alluvial fan deposits (Salvador
Formation), lacustrine deposits (Candeias Formation), deltaic
deposits (Ilhas Group), and fluvial deposits (Sao Sebastiao
Formation) (Magnavita 1992, Magnavita et al. 1994, Costa
et al. 2007a, 2007b), covered by the Marizal Formation, a
thin succession of fluvial deposits with a record of marine
incursion (e.g. Arai 2014, Amaral & Brito 2012), deposited
during a late reactivation of the rift (Figueiredo ez al. 2015).

Among the sedimentary units found in the rift, the Sao
Sebastido and Marizal formations have the best exposures,
encompassing essentially sandstone and conglomerate, with
limited siltstone and carbonate, interpreted as fluvial, allu-
vial fan and lacustrine depositional systems (e.g. Magnavita
& Cupertino 1988, Milani & Davison 1988, Costa ez .
2007a, 2007b, Freitas 2014).

The Sao Sebastido Formation has limited exposures at
the basin border and at the Vaza-Barris River valley. The sed-
imentary succession is laterally interfingered to the Salvador
Formation (Viana et a/. 1971), has a transitional contact
to Ilhas Group at the base (Santos e /. 2010), and bears
conglomeratic sandstone, with subordinate mudstone and
heterolithic beds, reaching a thickness up to 3,000 m (e.g.
Costa et al. 2007a, 2007b, Santos ez al. 2010, Figueiredo ez al.
2015). The age of the succession ranges from the Barremian
to the early Aptian, according to its ostracode content (Viana
et al. 1971). The majority of the deposits represent fluvial
bars, formed by tabular beds with inclined, meter scale cross-
sets, often with convoluted beds, which locally are covered
by fine-grained sandstone, siltstone and heterolithic beds,
interpreted as bar top and small channel deposits, with rare
record of large scale cross-stratified sandstone, interpreted
as eolian dunes deposits (Figueiredo 2013).

The up to 300 m thick Marizal Formation overlies
the Sao Sebastido Formation on a regional unconformity,
being bounded at the top by carbonates from the Santana
Formation in the North Tucano sub-basin and the Jatobd
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Figure 1. Geographic location of the Reconcavo-Tucano-Jatoba rift and geologic sketch of the basin (after Freitas 2014).
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Basin (Magnavita ez al. 2003, Costa et al. 2007a, 2007b,
Silva ez al. 2007, Santos ez al. 2010). The sedimentary suc-
cession is Aptian in age, determined by its fossil content
of palinomorphs, fish and ostracode (Almeida Filho ez al.,
2002; Reis et al., 2007; Alvarado-Ortega & Brito, 2010;
Amaral & Brito, 2012). The base of the Marizal Formation
records a large scale river, bearing sandstone deposits with
large-scale inclined cross-sets, with subordinate mudstone
and heterolithic beds (Freitas, 2014, Almeida ez a/., 2015),
which is covered by a marine incursion, represented by mud-
stone and heterolithic beds, with renown fossil assemblage
(Almeida Filho er al., 2002; Reis et al., 2007; Alvarado-
Ortega & Brito, 2010; Amaral & Brito, 2012). The upper
part of the Marizal Formation records unconnected fluvial
channel deposits isolated by proximal and distal floodplain
deposits, with the larger channel deposits being similar to
the sandstone deposits found at the base of the succession
(Freitas 2014).

Composition of the siliciclastic rocks of the Marizal
Formation is notably less mature than the Sdo Sebastio
Formation, with sandstone tending to be richer in feldspar
and lithic fragments, which is also reflected in the richer
variety of lithotypes found in the conglomerates of the
Marizal Formation in comparison to the quartz rich con-
glomerates of the Sio Sebastidio Formation (Freitas 2014,
Figueiredo ez al. 2015).

METHODOLOGY

Ground Penetrating Radar

The GPR is a non-destructive geophysical method that
uses high frequency electromagnetic waves, in the 10 MHz
to 2.5 GHz range. Pulses of electromagnetic waves are gener-
ated by a transmitting antenna into the ground and reflected
waves are captured by a receiver antenna also placed on the
surface (Gawthorpe ez /. 1993). Such setting allows the GPR
to achieve high resolution images of the shallow subsurface.
The data are simultaneously displayed at a control station
and recorded in hard drive (Porsani 2011).

The chosen setup for this study is the Common Offset,
which used a pair of 100 MHz RIS antennas, manufactured by
IDS. The starting parameters were inserted in the acquisition
software K2, with record length of 250 ns, 512 samples/scan,
and an offset of 4.8 cm. The antenna offset remained con-
stant, which enabled real time visualization of the profiles.

The velocity values were obtained from the hyperboles
found in the profiles (v = 0,11m/ns). The obtained values
were also concordant with values found in the literature for
sandstones (Jol & Bristow 2003).

The data was later processed in the Reflexw software,
which included the correction of the zero time, dewow,
adjustment of gain, filters (bandpass and f-k, frequency

wavenumber), topographic correction.

Interplay between resolution, signal
penetration and antenna frequency

One relevant feature arises from the interplay between
the penetration depth and frequency employed for each
situation. The depth of penetration and the profile image
resolution are inversely proportional and dependent on the
employed frequency. In this way, it is necessary to delimit
the size of the targeted subject in order to determine the
most suitable frequency for a given survey.

When using high frequency antennas, the obtained
resolution will be high, however with shallow penetration,
while when using low frequency antennas, the result will
be opposite (Tab. 1). The depositional environment and
pore saturation might as well impair the signal penetration
(Tab. 2).

The vertical resolution is the property related to the dis-
tinction of two signals adjacent in time, which is directly
related to the antenna frequency (Reynold 1997). The ideal
theoretical vertical resolution is described as a quarter of
wavelength. Inside such vertical length some reflections will

Table 1. Interplay between antenna frequency and
depth of penetration (Annan 2001).

Center frequency (MHz) Depth(m)
1000 0.5
500 1
200 2
100 7
50 10
25 30
10 50

Table 2. Speed and signal attenuation relative to
changes in lithology and pore saturation for antennas
with frequencies in the 80 to 120 MHz range (adapted
from Neal 2004).

Lithology Velocity (m/ns) Att(zr;;::)i on
Unsaturated sand 01-02 0.01 - 0.014
Saturated sand 0.05-0.08 0.03-0.05
Unsaturated clay 0.09 - 0.12 0.028 - 300
saturated clay 0.05 - 0.07 0.028 - 300
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constructively interfere with each other, resulting in one sin-
gle observable reflector (Tab. 3; Neal 2004).

The vertical resolution of the radar reflection profile has
a relevant implication for sedimentological interpretation,
as the property determines the scale of observable sedimen-
tary structures. Considering that each laminated bed has a
thickness below 0.01 m, and that a high frequency antenna
surveying a material with low signal loss, such as sand, will
reach a maximum resolution in the 0.02 to 0.08 m range,
it is possible to determine only the main surfaces or a set
of laminated beds, and not each discrete laminated bed

(Neal 2004).

Radar facies interpretation

The concept of radar facies is based on the methodology
applied to seismic stratigraphy surveys. The interpretation
techniques are the same for both methods, even with such
different reflectors scales. The main reason behind this is
that for clastic sedimentation the contrasting physical prop-
erties that produce reflectors are the same irrespectively of
the scale of the survey. Also, the geometrical behavior
of hierarchical features is similar both for very small scales
(such as lamination) and sedimentary basin scales. Thus,
the terminology used for radar facies is similar to the ter-
minology used for seismic stratigraphy surveys, with minor
modifications. According to Neal (2004) and Gawthorpe
et al. (1993), the features can be classified based on the
shape of the reflection, the dip of the reflection, the ampli-
tude of the reflection, and the relation between the reflec-
tions and their continuity.

Considering the resolution applied for GPR surveys, it is
possible to interpret sedimentary facies and facies associations
through the reflection profile of the radar, which are useful
for the interpretation of depositional environments (Neal
2004). In the present study, structures directly observable
in outcrops were imaged with GPR in order to access the
interpretation potential and of the technique when applied
to the rock record, and to compare the results with pub-
lished data on unconsolidated deposits from similar depo-
sitional environments.

Table 3. Antenna frequencies and their corresponding
vertical resolution (Porsani 2011).

Theoretical vertical

Center frequency (MHz) T o i)

200 0.125-0.25
100 0.25-0.5
50 0.5-1.0
25 1-2

RESULTS

Comparison between radar facies and
sedimentary structures found on outcrops

The GPR surveys were obtained at the South- and Central-
Tucano sub-basins, with locations summarized in the Figure 1.

In order to assess the reliability of the radar facies inter-
pretations, a set of outcrops was surveyed (Fig. 1), which
were the subject of previous studies regarding the sedimen-
tology and architecture of the deposits (Figueiredo 2013,
Freitas 2014, Figueiredo ez al. 2015, Carrera 2015), so that
the direct comparison to the GPR data were possible.

Point A

This outcrop is a fresh road cut of the BR-235 road,
located near the locality of Brancos, at the municipality of
Jeremoabo, Bahia, with its medium- to coarse-grained sand-
stone deposits attributed to fluvial bars of the Sao Sebastido
Formation (Figueiredo 2013). Three GPR profiles were
obtained right beneath the outcrop walls, two of them nearly
parallel to the paleocurrent direction, while the third one was
obtained in an oblique direction. The western part of the
outcrop is dominated by medium-grained sandstone with
sparse granules, organized in trough cross-sets 15 to 35 cm
thick, with paleocurrent approximately parallel to the sur-
vey. The structures were detected by the GPR as reflectors
representing inclined and sub-horizontal bounding surfaces.
Towards the eastern side of the outcrop, the profile (Fig. 2)
shows sets of planar cross-stratified sandstone, with discrete
segregation of very coarse-grained sandstone at the cross-bed-
ding, which shifts laterally to very coarse-grained sandstone
arranged in cross-sets thicker than 1.5 m. The GPR survey
was successful at detecting radar facies that could be directly
correlated to outcrop structures, in this case the large-scale
cross-sets. However, it was also suggested sedimentary struc-
tures that could not be correlated to the nearby outcrop,
which include reflectors interpreted as inclined and paral-
lel bounding surfaces of planar cross-sets (Fig. 3). The last
profile, obtained in an oblique direction between the two
previous profiles, reveals medium- to coarse-grained sand-
stone, with sparse granules and pebbles, with strong grain
segregation. The cross sets are at least 2 m thick, with planar
cross-stratification marked by strong grain sorting (Fig. 4).

The profiles have sufficiently high resolution to make
possible the identification of sedimentary beds and their
internal structures, like trough and planar features. There was
reasonable penetration of the radar signal, which reached
4.5 m depth in the first profile. In a few small segments of
the profile, the radar signal is absent, which can be explained
by the roughness of the rocky surface.

Brazilian Journal of Geology, 46(1): 15-27, March 2016
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Point B

The next outcrop is located at the municipality of
Canudos, Bahia, in the Vaza Barris river valley, which are
attributed to the Sao Sebastido Formation, interpreted by
Figueiredo (2013) as deposits of fluvial bars. The survey
was undertaken right on top of the outcrop, which shows
medium- to coarse-grained sandstone with inclined pla-
nar cross-sets 20 cm thick. At the upper half of the pro-
file a laterally continuous surface, positioned less than 1 m

from the top, separates a series of inclined cross-sets from

an overlying series of cross-sets with low-angle bounding
surfaces. The GPR profile (Fig. 5) depicts the same surface
as a continuous, slightly concave upwards reflector, above
which other reflectors onlap. The majority of the reflectors
represents cross-sets bounding surfaces, with a few recogniz-
able low amplitude reflectors, which suggest that the imaged
cross-strata are near the limit of detection of the survey.
The signal penetration was shallow, reaching up to 2 m,
and the resolution was also poor, although some low ampli-
tude trough structures are still visible between low angle

Time (ns)

Figure 2. Ground Penetrating Radar survey at Point A, Profile I. Four different patterns of reflectors are ascribed
to sedimentary structures: (A - B) trough cross-strata sets with inclined set boundaries; (C) not exposed, which is
interpreted as inclined set boundaries between planar cross-strata; (D - E) boundaries of large scale planar cross-
stratified beds; (G - F) coarse-grained sandstone, with bed thickness in excess of 1.5 m.

E Distance (m)

50

(w) yadaq

Figure 3. Ground Penetrating Radar survey at the Point A, Profile II. Both the Ground Penetrating Radar profile
(A) and the outcrop (B) shows sub-horizontal surfaces bounding trough cross-stratified beds.
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reflectors. The shallower signal penetration combined to
the loss of resolution in the acquisition can be the result of
water saturation of the substrate, due to precipitation during
the Ground Penetrating Radar survey.

Point C

This is outcrop is located at the municipality of Jeremoabo,
Bahia, bearing sandstone and conglomeratic sandstone from
the Sio Sebastido Formation, interpreted as the record of flu-
vial bars by Figueiredo (2013). The survey was made parallel
to the outcrop depicted in Figure 6, at a distance of about
15 m from the outcrop walls, at the other side of the road.

The outcrop bears 20 to 35 c¢m thick sets of planar
cross-stratified sandstone, bounded by gently inclined sur-
faces. A number of these bounding surfaces can be seen at
the GPR profile, although the interval between the inter-
preted surfaces is larger than what is observed at the out-
crop. This could be an artifact of insufficient resolution of
the survey, which resulted also in a lack of detection of any
cross-strata. The truncation found among reflectors and
the onlapping against meter sized concave-upwards reflec-
tors were interpreted as the infilling of channelized features,
which were in turn compatible to channels filled by lami-
nated and cross-stratified sandstone found at the outcrop.

Distance (m)

Time (ns)

(w) yadag

Figure 4. Ground Penetrating Radar survey at the Point A, Profile III. Two different patterns of reflectors can be
identified: (A) not exposed plane-bedding bounding surfaces to planar cross-stratified beds; (B) high angle inclined
reflectors, correspondent to outcrop in Fig. 4c; (C) planar cross-stratified beds at least 2 m thick, with strong grain
segregation on the foresets.

NE Distance (m) SW

Time (ns)
(w) ydeg

Figure 5. The Ground Penetrating Radar profile was obtained approximately at the same level as the crew on the
picture. The lower part of the profile shows inclined cross-sets, which are truncated at the depth of 80 cm by a
set of low-angle reflectors. The high amplitude reflectors are interpreted as set boundaries, while low amplitude
reflectors are recognized as cross-stratification.
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Both the signal penetration and the resolution were poor,
failing to sample sedimentary structures at the centimeter
scale, like cross-bedded stratasets, with only metric scale
channelized geometries being imaged. This profile was the
only one obtained on a dirt road, in contrast to the profiles
obtained directly over the rocky surface.

Point D

The outcrop is located at environmental protected area
Toca Velha das Araras, at the vicinity of the municipality
of Canudos, Bahia. The outcrop consists of fine-grained
sandstone cemented by iron oxide and large scale cross-
strata, from the Sao Sebastido Formation and interpreted as
eolian dune deposits by Figueiredo (2013). The fine-grained
sandstone is well sorted, with cross-stratified bed thickness
ranging from 2 to 6 m, predominantly planar, with reac-
tivation surfaces and pin-stripe lamination. In addition of
the large scale cross-strata, plane-bedding fine-grained sand-
stone is also present, indicating preservation of interdune
deposits. The main sedimentary structures, namely the large

scale cross-stratification of the eolian dunes and the nearly
horizontal, planar bedding of the interdune deposits, can
be identified in the GPR profile (Fig. 7). The sedimentary
structures are depicted by large amplitude reflectors in steep
angles with 5 m spacing, while the onlap reflectors repre-
sent interdune intervals.

This profile had the deepest penetration of the radar sig-
nal, reaching depths up to 5.0 m. One possible explanation
lay on the fact that this is the only profile on eolian deposits,
which has better sorting and lower content of clay matrix and
detritic feldspar grains. In spite of that, there is a segment
with a complete loss of signal, in a topographic low, which
might have been water saturated due to previous day rain.

Point E

This outcrop is found near the locality of Raso, at the
South Tucano sub-basin, and is positioned in the Marizal
Formation, with its fine-grained sandstone deposits inter-
preted as wave dominated coastal deposits by Freitas (2014).
The medium- to large-scale geometry of the deposits is

Distance (m)

Figure 6. Ground Penetrating Radar profile at the Point C, with details of two of the main channel forms (A and
C) and their corresponding outcrop (B and D, respectively), showing truncations among the reflectors and onlap
terminations against concave-up reflectors (Figueiredo 2013).

Distance (m) SW

(w) ydeq

Figure 7. Ground Penetrating Radar survey at Point D. The profile allows the identification of large scale cross
stratification (A), with reactivation surfaces. The deeper penetration of the radar signal enabled the recognition
of cross-strata up to 5 m thick. Sub-horizontal reflectors interpreted as plane-bedding lamination and the toplap
truncation of inclined reflectors suggest erosive basal surfaces for the interdune deposits.
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assessable at the outcrop, which is dominated by sandstone
with low-angle cross-stratification, planar-bedding, and
cross-laminated sandstone. The GPR profile (Fig. 8) depicts
undulated reflectors with low-angle truncations, which are
interpreted as correspondent to the main bounding surfaces
of the deposits. Sedimentary structures of centimeter scale,
like the cross-laminations, are below the resolution of the
survey, and thus are not present in the profile.

The penetration of the radar signal was relatively shallow,
with low resolution. As a result, only the bounding surface of
cross-laminated beds was imaged. The reflectors were identi-
fied as wavy reflectors with low-angle truncations. This was
the only profile in the Marizal Formation where the GPR
had enough resolution to identify sedimentary structures,
which was also the only profile in this study interpreted as
deposited in a coastal environment, which would result in
better sorting and mineral maturity than in a fluvial deposit.

Radar facies

Eight radar facies were described, some of which have
the same environmental interpretation since they are set
together in the outcrop, although they may bear particular
angle and reflector termination, which were used as criteria
for their distinction.

1 — Low angle inclined reflectors or 2 — Well-
defined continuous horizontal reflectors with
internal low amplitude inclined reflectors
Description: 1 — Sets of high amplitude reflectors with
low-angle inclination or 2 — sets of well-defined continuous
horizontal reflectors, with spacings close to 0.5 m (Tab. 4).
These reflectors bound sets of low amplitude reflectors, which
have steeper inclination and decimeter spacing. The depth

of investigation was below 4 m.

Interpretation: The high amplitude reflectors repre-
sent surfaces bounding sets of planar cross-stratified beds,
which in turn are related to the low amplitude reflectors.
‘The bounding surfaces are interpreted as the result of migra-
tion of subaqueous dunes, while the cross-sets are the result
of partial preservation of the lee side of 2D subaqueous
dunes. 1 — The inclination of the bounding surfaces to the
same direction as the cross-sets indicates migration of dunes
on the downstream flanks of a fluvial bar, with downstream
accretion. 2 — The parallel setting of the set boundaries indi-
cates the dune migration orthogonal to the GPR profile.

3 — Low angle inclined reflectors or 4 —
Sub-horizontal, high amplitude reflectors
with internal low amplitude concave up
discontinuous reflectors

Description: Sets of high amplitude reflectors and spa-
cings between reflectors around 0.5 m 3 — inclined at low-
-angles or 4 — showing sub-horizontal inclination (Tab. 4).
The high amplitude reflectors bound low amplitude reflec-
tors with discontinuous concave-up shape, and lateral con-
tinuity of 1 to 2 m. The depth of penetration of the radar
signal was close to 4 m.

Interpretation: The high amplitude reflectors represent
low-angle set boundaries, which bound trough cross-sets,
represented by the low amplitude, discontinuous, concave-up
reflectors. The set boundaries are interpreted as the result of
dune migration, while the trough cross-sets are the record
of the lee side of 3D dunes. 3 — The subtle inclination of
the set boundaries in the same direction as the trough cross-
sets is suggestive of migration on the downstream flanks of
fluvial bars. 4 — The parallel setting of the high amplitude
reflectors indicates also that the GPR profile is orthogonal
to the paleoflow.
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Figure 8. Ground Penetrating Radar survey at the Point E. The outcrop (A) has beds with low-angle cross-stratification
that are correlated to the undulated reflectors with low-angle truncations at the Ground Penetrating Radar profile.
Features at smaller scale, like ripple marks and cross-laminations, are below the resolution of the survey.
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Table 4. Summary of the radar facies identified in this study, with correspondent description and interpretation.
Each radar facies has a Ground Penetrating Radar profiles combined with line drawing of the correspondent

geological interpretation.

Radar facies

Description

Interpretation

1 ( a) Distance (m)

Low-angle inclined
reflectors with internal
lower amplitude
inclined reflectors

Plane-parallel reflectors

with internal lower

amplitude inclined
reflectors

Compound cross-
stratified beds with
even bounding surfaces,
in view parallel to

straight crested

dune migration.

Distance (m)
1(b) o 6 ,
e =]
= 3
15
23
NSl
I ~
2(a) Distance (m)
0 10
—_— = 1 0 "E’
= =
Z—— - 1 3
—
=2 N

Low-angle inclined
reflectors with internal
lower amplitude
reflectors with concave
upward shape

Compound cross-
stratified beds with
inclined bounding
surfaces, in view
perpendicular to
sinuous crested
dune migration

(w) ydeq

Slightly undulated
reflectors, with internal
lower amplitude
reflectors with concave
upward shape

Compound cross-
stratified beds with
slightly undulated
bounding surfaces, in
view parallel to sinuous
crested dune migration

3

High- angle inclined
reflectors with
decimeter spacing, with
each set of reflectors
thickness above 1 m

The inclined reflectors
are large scale cross-
strata, with cross-
stratification angles
and scale compatible
to avalanche facies of
unit bars

4 Distance (m)
0 10 20

30

(w) ydeq

Concave upward
reflectors covered by
horizontal reflectors

with onlap terminations

Cut and fill structures
with channel forms
filled by plane-parallel
beds, or by cross-strata
below survey

Distance (m)

(w) ydeg

High angle, high
amplitude reflectors,
wit toplap terminations
on sub-horizontal high
amplitude reflectors

The high angle
reflectors are large scale
cross-sets formed by
eolian dunes. Sub-
hozizontal reflectors
are plane-parallel
laminated deposits
from interdunes

%
:%%

Discontinuous, slightly
undulated reflectors,
with low-angle
truncations

Sub-horizontal surfaces
bounding plane-parallel
and rippled lamination
below the survey
resolution
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5 — High angle inclined
reflectors disposed in meter sets

Description: Sets of high amplitude reflectors inclined
at a steep angles and with decimeter spacing, which is often
more than 1 m thick (Tab. 4). Discontinuous and smaller
reflectors can be found locally, with onlap terminations on
the high amplitude continuous reflectors. The depth of the
signal reached 2.5 m.

Interpretation: The high amplitude inclined reflectors
are interpreted as large-scale cross-bedding. The steep angle
and the thickness of the cross-sets, in excess of 1 m, are com-
patible with avalanche foresets in unit bars. The smaller and
discontinuous reflectors are attributed to subtle variations
in the direction or inclination of the bar faces, thus associ-

ated to reactivation surfaces.

6 — Slightly undulated concave-up reflectors covered
by horizontal reflectors with onlap terminations

Description: Sets of reflectors with concave-up shape,
often discontinuous, that have a lateral extent larger than 2 m
(Tab. 4). Inside the concave-up reflectors there are series of pla-
nar reflectors with onlap terminations and spacing of approx-
imately 0.3 m. This depth of the profiles was close to 2 m.

Interpretation: The concave-up shapes are interpreted
as cut-and-fill channel-shaped structures, while the inter-
nal reflectors with onlap terminations are the infilling of
the channel scours by deposits with plane-bedding, or
cross-sets that have thickness below the method resolu-
tion. Thus, this radar facies is interpreted as abandoned
small channels, filled by sandstone or mudstone, in a flu-
vial bar top setting.

7 — Meter-scale high amplitude
high angle inclined reflectors

Description: Sets of high amplitude reflectors with high
angle inclined reflectors. The spacing between high ampli-
tude reflectors is up to 0.5 m (Tab. 1). The high amplitude
reflectors have toplap terminations against a set of sub-hor-
izontal reflectors with decimeter spacing. The depth of the
survey was slightly over 5 m.

Interpretation: The inclined reflectors are interpreted as
the result of large-scale cross-strata formed by aeolian dunes.
The sub-horizontal reflectors are interpreted as even, paral-
lel laminated deposits of interdune settings. The toplap ter-
mination of the high amplitude reflectors indicates erosive

surfaces at the base of interdunes.

8 — Slightly undulated
reflector with low-angle truncations
Description: Sets of continuous undulated reflectors,

with some of the reflectors presenting low-angle truncations,
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and spacing between the reflectors of nearly 0.5 m (Tab. 4).
The depth of penetration of the radar signal did not surpass
the 2.5 m mark.

Interpretation: The undulated reflectors are interpreted
as sub-horizontal surfaces bounding cross strata with thick-
ness below the resolution of the survey. These sandstones
were interpreted as wave dominated coastal deposits by
Freitas (2014).

DISCUSSION

Previous contributions in the field indicate that the most
used antenna on the study of fluvial deposits are the 100 MHz
antennas (Best ez a/. 2003, Sambrook Smith ez /. 2006,
2009). This device provides an intermediary frequency that
balances good resolution and reasonable signal penetration
(Tab. 1), noting that this relation is dependent on the sur-
veyed depositional environment (Tab. 2). In addition to
the 100 MHz antenna, it was also employed a 200 MHz
antenna. However, it did not result in an expected higher
resolution and had more hyperboles. As the 200 MHz
failed to provide usable profiles, this study favored the use
of 100 MHz antennas, which provide a resolution better
suited for the comparison to known sedimentary features
in the studied area.

The study of outcrops of the Sao Sebastido and Marizal
formations in the Tucano Basin share some characteristics in
common with previous surveys in active rivers, particularly
the sedimentary structures interpreted in part of the radar
facies. In fact, the main radar facies found in the Tucano
Basin are frequently described in active fluvial systems else-
where: inclined planar and trough cross-stratified sets, iso-
lated channels, and high-angle cross strata in unit bars (e.g.
Best er al. 2003, Skelly er al. 2003, Wooldridge & Hickin
2005, Sambrook Smith ez /. 2006 e 2009). The main differ-
ence regarding the study of outcrops concerns the depth of
penetration. The literature shows signal penetration depths
ranging from 6 m, with a 200 MHz antenna, in a survey at
the Saskatchewan River (Sambrook Smith ez a/. 2006), up
to 15 m, in a survey at the Jamuna River with a 100 MHz
antenna (Best ez a/. 2003). The present study, on its turn,
reached a depth of 4.5 m in lithified fluvial deposits with a
100 MHz antenna. The penetration of the radar signal in
eolian deposits was slightly deeper, reaching 5 m with the use
of a 100 MHz antenna, while a survey in eolian active sys-
tems reached the depth of 40 m, with the use of 2 30 MHz
antenna (Tatum & Francke 2012).

The fact that unconsolidated sediments yield better pen-
etration of the radar signal in comparison to sedimentary

rocks indicates that diagenetic processes may be a factor of
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attenuation of the radar signal in sedimentary rocks. In a
previous study, Daniels (2004) pointed that penetration of
high frequency electromagnetic signals can be imparted by
clayeyness, which can be a product of diagenetic processes,
such as growth of clay minerals in pores or the alteration
of detritic feldspar. The investigated deposits bear detritic
feldspar in the framework of the sandstones, and the degree
of weathering of the rocks is variable.

On the other hand, the resolution of some of the profiles
was noticeably high, allowing the identification of sedimen-
tary structures at a scale of 0.4 m in the case of cross-strat-
ification. Previous studies (e.g. Best ez /. 2003, Sambrook
Smith ez al. 2009), although using antennas with the same
frequency, did not acquire resolution better than 1.0 m.

The difference in penetration depths between eolian and
fluvial deposits can be attributed to the higher heterogeneity
of sedimentary facies in fluvial deposits, with frequent alter-
nation of sandstone and mudstone beds, thus with higher
clayeyness interfering with the radar signal, which contrasts
to the eolian deposits, with better grain selection and lower
clay and detritic feldspar content.

The same effects can explain difference in the answer to
GPR between Marizal and Sio Sebastiio formations. The
Marizal Formation, with the exception of one outcrop, was
particularly problematic regarding the acquisition of GPR data,
due to low penetration of the radar signal in the outcrop or to
low resolution of the signal. On the other hand, all the stud-
ied outcrops of Sdo Sebastiao Formation yielded GPR profiles
where sedimentary structures could be recognized. According
to previous studies (Figueiredo 2013, Freitas 2014, Figueiredo
et al. 2015), the Marizal Formation sandstone has a more feld-
spathic composition than the Sao Sebastiio Formation rocks,
combined with the presence of immature conglomeratic com-
position in the former. As a result, the near surface weathering
or previous diagenetic alteration of the investigated rocks could
result in a higher content of neoformed clay minerals in the
deposits of the Marizal Formation. In fact, the only outcrop
of the Marizal Formation that was successfully imaged is inter-
preted as coastal deposits (Freitas 2014), which bears higher
mineralogical maturity than the fluvial deposits.

CONCLUSIONS

Eight radar facies were recognized in the South and Central
Tucano sub-basins in the Sao Sebastido and Marizal formations.
Seven radar facies were recognized in the fluvial and eolian depos-
its attributed to the Sao Sebastido Formation, while one was cor-
related to a discrete marine interval of the Marizal Formation.

The comparison between the studied outcrops and the
profiles obtained through GPR survey attested the success
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of the GPR survey, with strong compatibility between the
GPR profiles and the nearby outcrops. One of the most
remarkable features of the GPR survey was the high res-
olution obtained in the study of the deposits, which were
superior in resolution to what has been obtained in previous
GPR surveys in unconsolidated sediments (e.g. Best ez al.
2003, Sambrook Smith ez a/. 2009). Nevertheless, the GPR
depth of survey did not penetrate beyond the mark of 5.0 m
with 100 MHz antennas, restricting the application of the
methods and equipment to investigations to a depth that,
despite being relatively shallow, are still on par to the scale
of outcrop investigation.

The limitations imposed to the use of the GPR on con-
tinental siliciclastic rocks are directly related to amount of
mudstone or clay minerals in the deposits. This limitation
is the reason why the deposits of the Marizal Formation
enabled profiles with very poor resolution or a too shallow
penetration, in spite of the similarities between the deposits
of the Marizal and Sao Sebastido formations.

Thus, given the satisfactory results obtained for the out-
crops of the Sao Sebastiao and Marizal formations, the use
of GPR survey and radar facies interpretation as a tool for
subsurface investigations has great potential for future strati-
graphic and sedimentological studies in similar successions.
However, it is important that the targeted sedimentary rocks
do not record frequent interbedding of fine-grained deposits,
appreciable content of clay cementation, or that the weath-
ering of feldspathic and lithic fragments, if present, are not
intense enough to result in strong clay mineral neoforma-
tion on the exposed outcrops. The use of 100 MHz anten-
nas for the study of sandstone deposits proved to be a good
compromise between depth of investigation and resolution,
allowing the investigations to reach decimeter scale detail,
while maintaining a depth of penetration of the radar signal
that is comparable to most outcrop investigations.
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