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Abstract

Areas affected by light hydrocarbon microseepages
present chemical and physical changes in soil, rocks and
vegetation. These alterations result in at least six possible
indicators which can be effectively detected by airborne
geophysics and remote sensing: (i) potassium depletion;
(i) increase of the uranium concentration, in relation to
the potassium concentraton (DRAD index); (iii)
accumulation of magnetic minerals (micromagnetic
anomalies); (iv) increase of kaolinite and (v) Fe?" ion
concentration; (vi) geobotanic anomalies. This study
shows the strategies to identify these typical attributes in
some portions of Remanso do Fogo area — MG, using
airborne gamma ray spectrometry and magnetic data,
integrated with remote sensing data. The geophysical
data were applied to detect subtle variations in
radiometric and magnetic data by minimizing the
infuence of recent sediments coverage and deeper
magnetic signatures, respectively. Therefore, the gamma-
ray spectrometry data were normalized by thorium and
yielded low residual potassium and high DRAD values
estimates. In the magnetic data, the amplitude of analytic
signal of the anomalous magnetic field, using the second
derivatives, was the main product to interpret shallow
signatures. These magnetic features were related to
possible gas pathways. The main geophysical products
were integrated using fuzzy logic classification and most
potential areas were confirmed by indicators founded in
the remote sensing images. Also hydrocarbon iso-
concentration curves and known occurrences of
microseepages validated the final results.

Introduction

Most of airborne geophysical data used in onshore
petroleum exploration was applied to define the basement
structural framework. Therefore, the surveys and the
technical procedures were typically design to detect deep
and regional signatures. With the advance of geophysical
researches, the feasibility for the detection of onshore
hydrocarbon seepages by geophysical data started to be
considered (Saunders et al. 1987, 1993; Glenn & Badgery
1998; LeShack & Van Alstine 2002). Parallel to this
development, the remote sensing was applied to detect

some other important indicators, also provided by
hydrocarbon influence (Schumacher & Abrams 1996).

Hydrocarbon microseepage is commonly explained as the
result of vertical ascent of colloidal gas bubbles of light
hydrocarbons through water filled networks of fractures,
joints, and bedding planes within overlying formations
(Saunders et al. 1999). These paths are affected by
physical and chemical changes which result in the
formation of the indicators group for the methods used in
this study.

Some of these changes are provided by the formation of
oxidizing and reduction zones (Saunders et al.1993). This
process can provide:

a) K depletion;

b) Decrease of U concentration, but not as pronounced as
K depletion process;

¢) Most Th-bearing minerals stay stable and can be used
as a lithological control to define “ideal” and “residual” K
and U values;

d) High concentrations of kaolinite;
e) Increase of the Fe®'/Fe** ratio;

f) Higher concentration of magnetite, maghemite, and iron
sulfides, called as micromagnetic anomalies;

g) Geobotanic anomalies.

Accordingly to these indicators presented above, the
gamma-ray data were analyzed to detect the variations of
K and U, and the magnetic data were used to provide the
detection of micromagnetic anomalies and related near-
surface geological structures which allowed the
percolation of gas to the surface. The remote sensing
data were applied to detect high concentrations of
kaolinite and Fe®, as well to identify geobotanic
anomalies.

In Brazil, the surveys for this type of application has been
mostly based on orbital remote sensing data (Oliveira &
Crosta 1996, Augusto et al. 2005, Souza Filho et al.
2008), whereas magnetometry and gamma-ray
spectrometry have been recently considered (Lugéo et al.
2009).

Therefore, in order to expand the use of indirect methods
to map onshore hydrocarbon occurrences, this study
shows the results achieved with the use of high-resolution
airborne  geophysics, composed by gamma-ray
spectrometry and magnetometry, integrated with remote
sensing data, in the detection of microseepages in the
Remanso do Fogo area.
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Study Area

This study was developed near and between the junction
of Paracatu and Sao Francisco rivers, located at NW of
Minas Gerais state, called Remanso do Fogo area.

This region has a significant amount of gas
microseepages (Fugita & Clark Filho 2001), many of them
along rivers, lakes and water wells, thus detected by the
bubbles that it causes (Oliveira 1998). It also has a history
of investigations carried out by Petrobras since the sixties
and stepped out since the nineties by the utilization of
direct and indirect prospecting methods, such as surface
geochemistry, well logs, geophysics and remote sensing.

The geologic scope of the study area is located in the Sdo
Francisco Basin, composed by the Bambui Group - S&o
Francisco Supergroup - and Sanfranciscana Basin. The
mapped lithotypes in the studied area are represented by
the Santa Fé de Minas geological map at the 1:100.000
scale (Ribeiro 2003) (Fig.1).

The 1-RF-1-MG well log was made in the study area by
Petrobras in 1992 which provided important information
about its stratigraphic profile, estimation of the basin
depth, and composition of the hydrocarbons (Fugita &
Clark Filho 2001). It has 1848 meter deep, with a
stratigraphic section that is composed, from the oldest to
the newest unit, as follows: (i) Macaubas Group, with
sandstones and siltstones; (i) Bambui Group, with
sandstones, siltstones, conglomerate, carbonates,
claystones, diamictites and shales; and (iii)
Sanfranciscana Basin, with sandstones and siltstones.

Geophysical Processing Methods

This study used the airborne geophysical data from the
Sao Francisco Project — ANP (Brazilian Petroleum
National Agency), acquired using north-south line spacing
of 500m and orthogonal tie lines spacing of 4,000m at
100m flight height. The data are comprised by gamma-
ray spectrometry and magnetic data.

In order to suppress regional contributions, such as
geology and weathering process, the Th-normalization
technique (Saunders et al. 1987, Pires 1995) was applied
for the K and U analysis. The gamma-ray spectrometry
database was separated according to different types of
lithology present in the studied area and regression
analysis between K vs Th and U vs Th associated to each
lithology was conducted. Regression equations were
used to obtain “ideal” K and U values (Eq.1, Eq.2).
Difference between ideal and original concentration
values yielded residual K and U estimates (Eq.3, Eq.4).

Ki=a+b *Thg; (Equation 1)
Ui=a+b*Ths; (Equation 2)
Kresi = Ks - Ki; (Equation 3)
Uresi = Us - Uj; (Equation 4)

Where K; and U; are the “ideal” or “predicted” K and U
values, Ks , Us and Ths are the original K, U and Th
values, and Kresi and U esj are the residual K and U values.

Lower residual potassium values were considered as part
of the desired indicators, whereas the residual U values
were compared to the residual K values to determine the
positive relation U/K. This relationship was calculated
using the DRAD index (Saunders et al. 1993), EQq.5).
Therefore, higher DRAD values were considered as an
additional indicator.

DRAD = Uresi - Kiesi (Equation 5)

The procedure used on the magnetic data enhanced the
high frequency anomalies, looking for near-surface
magnetic features. Therefore, most of the regional
information was subtracted from the total magnetic field,
resulting on the residual magnetic field. The second
derivatives (Dz, Dy and Dx) were used to produce the
amplitude of analytic signal, and it was the basis for the
interpretation of shallower magnetic responses.

Geophysical Spatial Analysis by Fuzzy Logic

As representatives of near-surface responses, the images
of residual K, DRAD and amplitude of analytic signal were
integrated using Fuzzy logic classification (Bonham-
Carter & Graeme 1994). This process was applied to
allow a dynamic observation of different classes of
favorability for microseepages. It was produced a
classification map using the MS Large fuzzy function in
the amplitude of analytic signal and DRAD images, as
well the Small fuzzy function was applied in the K residual
image (Sawatsky et al. 2004). Finally, the resulted
products were integrated using the “ADD” Boolean
operation.

Remote Sensing Processing Methods

The remote sensing data in this study was provided by
the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER). The spectral bands used
in this study belong to VNIR (bands 1-3), with 15m spatial
resolution, and SWIR (bands 4-9), with 30m spatial
resolution.

The Crosta technique (Crosta & Moore 1989, Loughlin
1991) was applied to detect kaolinite concentrations in the
studied area. This procedure uses the principal
component analysis (PCA) only for the bands which have
the desired spectral features. Therefore, it was chosen a
band subset comprised bands 1, 4, 5, 6 and 7 for this
purpose. The last components of the analysis were
selected to produce the kaolinite image.

In order to map Fe® ion distribution it was used the
mineral index by Rowan & Mars (2003) (Eq.6).

Fe®= (ASTERV/ASTER?2) + (ASTER5/ASTER3) (Equation 6)

And the geobotanic anomalies were detected by the
application of the NDVI - Normalized Difference
Vegetation Index (Rouse et al. 1974). Differently from the
first two ASTER products, the dark pixels variations in this
image were related as interesting regions, because they
can represent leaf mass loss or nutritional deficiency
caused by the microseepages.
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Results

The Remanso do Fogo area is dominated by alluvial
sediments and a relatively dense drainage network.
These characteristics lead to difficulties in direct
identification of areas affected by hydrocarbons and
cause the attenuation of near surface geophysical
signatures. Therefore, the achieved geophysical results
were based on suppressing most of the regional
information, emphasizing local signatures.

Normally in regions dominated by sediments coverage
and close to fluvial channels, K and U concentrations
display already low averages (Dickson & Scott 1997).
Because of this, the background suppressing procedure
taken to each lithology unit was definitely the main key to
find K and U local variations. The application of the Th-
normalization technique allowed the detection of the
lowest residual potassium values, reflecting local
potassium depletion areas and high DRAD values for
each lithotype.

The amplitude of the analytic signal showed the nearest
surface magnetic features accordingly to the data
resolution capability. Almost all the magnetic highs have
correspondence with the radiometric results and probably
represent the shallower structures of this sedimentary
basin portion, which may be controlling the passage of
hydrocarbons. It was not possible to discriminate these
types of magnetic responses as micromagnetic
anomalies; however these zones can be potentially
enhanced by the presence of diagenetic magnetite.

Therefore, the application of Fuzzy logic in the near
surface geophysical products allowed detecting favorable
areas for microseepages occurrences. Most of these
areas were validated by hydrocarbon iso-concentration
curves and known occurrences of gas. And considering
that some of the potential areas are located in portions
that were not covered by the geochemical sampling, they
may be indicating new microseepages occurrences.
Moreover, the irregular distribution of the geochemical
sampling causes common displacement errors in the iso-
concentration curves, while the geophysical sampling
displays a uniform distribution and may be indicating
more accurate positions for the hydrocarbon occurrences.

The three ASTER images final products (NDVI, Kaolinite
and Fe®") were analyzed using the pre-defined favorability
map, indicated by the geophysical methodology of this
study. Most potential areas showed important indicators
in the ASTER images.

The brightest pixels are the interest features in the
Kaolinte and Fe* images. It indicates higher
concentration of these elements, resulted from the
hydrocarbon effects in the environment.

The NDVI image showed the main vegetation domains in
the area, such as savannah, gallery forest, and
eucalyptus plantation. However it was possible to observe
spectral and texture untypical variations inside these
domains which are represented by darker pixels and
sinuous shapes. It can be indicating leaf mass loss and
possible nutritional deficiency features caused by the
microseepages.

The meeting of all indicators provided by the integration of
the geophysical and remote sensing products allowed the
selection of potential areas for microseepages, validated
by the geochemical data and known gas occurrences.
Three of these areas are illustrated in this manuscript
(Figs. 2, 3 and 4), which suggests subsequent detailed
investigations.

Conclusions

Due to the availability of geochemical data, the most
favorable areas for microseepages evaluated in this study
were validated. In addition, other portions of the study
area showed analogous potential indicators, suggesting
the possibility of new occurrences of light hydrocarbon
leak on the surface.

The positive assessment of the presented results has
shown the efficiency of the methodology used in this
study, allowing its application on other onshore
exploration fields. Thus, the essential procedures that
provided the indication of potential areas for
microseepages in this study were:

a) The thorium-normalized technique applied to the
gamma-ray spectrometry data relative to each lithology of
the study area allowed the observation of K depletion and
its lower values compared to U concentration (DRAD
values). Despite the presence of alluvial sediments in a
large proportion of the area, this method was very
efficient, suppressing most of regional contributions.

b) The amplitude of analytic signal, using the second
derivatives, applied to the magnetic data detected near-
surface signatures that are represented by possible intra-
sedimentary structures and micro-magnetic anomalies.
These structures had a significant correspondence with
the radiometric anomalies, indicating possible gas paths.

¢) The application of Fuzzy logic provided the gathering of
all geophysical indicators and the production of a
favorability map which showed the potential areas in an
easy way of visualization.

d) The ASTER images allowed the addition of other
important indicators to the favorable areas indicated by
the geophysics, such as high concentration of Kaolinite
and Fe®", and the presence of geobotanic anomalies.

The continuity of this study must focus on checking these
potential areas in the field and apply other tools for
prospection in greater detail.
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Figure 1 — Geological map of the studied area, Remanso do Fogo (Ribeiro 2003). Bambui Group - Lagoa do Jacaré and
Serra de Santa Helena Formations: NPbc3: Siltstones with subordinate sandstones and mudstones, often with carbonate
cement, and locally, lenses of limestone; and NPbcl: Predominance of calcarenites fine to very fine with subordinated
sandstones and siltstones. Bambui Group — Trés Marias Formation: NPbb2: Siltstones associated with arkosean
sandstones; and NPbb1: Gray-green arkosean sandstones, siltstones and argillites. Areado Group: Kai - Friable sandstones,
with levels of calcitic sandstone and conglomerates. Chapaddo Formation: QPHi: Eluvial-colluvial coverage; QHi: Alluvial
Terraces; QHa: Alluviums.
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Figure 2 — Schematic figure outlining the relationship between the indicators for microseepages, validated by the
hydrocarbon iso-concentration curves and gas occurrences. A: Geological map showing the potential area n° 01; B: high
DRAD values and low residual K, overlaid on the amplitude of analytic signal which indicates high magnetic features; C:
classes of Fuzzy favorability for microseepages; D: NDVIimage, where the indicators are comprised by dark pixels.

Twelfth International Congress of the Brazilian Geophysical Society



STRATEGIES FOR DETECTING HYDROCARBON MICROSEEPAGES 6

Geology

Kaolinite |
+

.Amplitude of
— Analytic Signal

= (nT/m)
o High DRAD
O Low residual K

Fuzzy favorability
for microseepages

Bl High
Il Medium

Low

T
R

Hydrocarbon — 4,25 ppm
Iso-concentration| — 3,05 ppm
curves (>C2) 1,85 ppm

~——— 0,64 ppm

Figure 3 — Schematic figure outlining the relationship between the indicators for microseepages, validated by the
hydrocarbon iso-concentration curves. A: Geological map showing the potential area n® 02; B: high DRAD values and low
residual K, overlaid on the amplitude of analytic signal which indicates high magnetic features; C: classes of Fuzzy
favorability for microseepages; D: NDVI image, where the indicators are comprised by dark pixels; E: Fe** ion image, where
the indicators are comprised by bright pixels; F: Kaolinite image, where the indicators are comprised by bright pixels.
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Figure 4 — Schematic figure outlining the relationship between the indicators for microseepages, validated by the
hydrocarbon iso-concentration curves. A: Geological map showing the potential area n® 03; B: gas occurrences overlaid on
the amplitude of analytic signal which indicates high magnetic features; C: classes of Fuzzy favorability for microseepages;
D: NDVI image, where the indicators are comprised by dark pixels; E: Fe*" ion image, where the indicators are comprised by
bright pixels; F: Kaolinite image, where the indicators are comprised by bright pixels.
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