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OPTIMIZED CHARACTERIZATION OF GAS CHIMNEYS
BASED ON SPECIAL SEISMIC PROCESSING

José Paulo de Melo Goulart', David Lopes de Castro? and Wander Nogueira Amorim?

ABSTRACT. A new computational methodology was developed to facilitate the interpretation of gas chimneys in seismic sections by analyzing the frequency spectrum
of the seismic signal in the Hilbert Domain. Gas chimneys are structures associated with the migration of hydrocarbons or free gas, causing vertical chaotic disturbances
inthe seismic data. Its occurrence in oil reservoirs is considered an important indicator of the presence of an active petroleum system and its mapping is useful to reduce
exploratory risks, increasing the probability of success of the pioneer wells. Standard seismic processing does not favor the recognition of gas chimneys, since their
characteristic seismic signature is treated as noise and the low frequency is strongly attenuated already in the period of the seismic acquisition. The set of reflections
is calculated to enhance the low frequencies of the seismic signal, making the gas chimneys easily identifiable in the seismic sections where they were not previously
even perceived. The special processing flow was applied to seismic data from the Parnaiba Basin (NE Brazil). This Paleozoic basin is especially rich in gas chimneys,
which were favored by transcurrent tectonics associated with the Transbrasiliano Lineament. The gas chimneys interpretation could be validated by the observation of
correlated seismic, topographic and geochemical features.

Keywords: special processing, petroleum system, exploratory risk, Parnaiba Basin.

RESUMO. Uma nova metodologia computacional foi desenvolvida para facilitar a interpretago de chaminés de gas em secGes sismicas por meio da andlise do
espectro de frequéncia do sinal sismico no Dominio de Hilbert. Chaminés de gas sdo estruturas associadas a migragdo de hidrocarbonetos ou gas livre, provocando
perturbagdes cadticas verticais no dado sismico. Sua ocorréncia em reservatorios petroliferos é considerada um importante indicador da presenga de um sistema
petrolifero ativo e seu mapeamento € dtil para reduzir os riscos exploratérios, aumentando a probabilidade de sucesso dos pogos piongiros. O processamento sismico
padrdo ndo favorece o reconhecimento das chaminés de gas, uma vez que Sua assinatura sismica caracteristica é tratada como ruido e a baixa frequéncia é fortemente
atenuada ja no periodo da aquisigdo sismica. O conjunto de reflexdes é calculado para realgar as baixas frequéncias do sinal sismico, tornando as chaminés de gas
facilmente identificéveis nas segdes sismicas onde antes nao eram nem percebidas. O novo fluxo de processamento foi aplicado em dados sismicos da Bacia do Parnaiba.
Esta bacia paleozoica é especialmente rica em chaminés de gés, cuja presenca foi favorecida pela tectonica transcorrente associada ao Lineamento Transbrasiliano. As
chaminés de gés interpretadas puderam também ser validadas pela observacao de feigdes sismicas, topograficas e geoquimicas correlatas.
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INTRODUCTION

Despite the extraordinary technological advances of the last
decades, the failure rate of oil well drilling still remains
high, especially in new exploratory frontiers of poorly known
sedimentary basins. The mapping of geological features
indicating the presence of hydrocarbons in seismic data is a
fundamental condition to increase the discovery potential of new
oil reservoirs. In this context, Gas Chimneys (GCs) are associated
with upward migration of fluids and have being considered an
important hydrocarbon indicator (Heggland, 1998; Ligtenberg,
2005). Their studies may often have applications such as
gstablish the migration path, distinguish between charged and
non-charged prospects or sealing versus non-sealing faults,
thereby achieving a reduction in exploratory risk (Aminzadeh et
al., 2001). Another problem that can be solved by the study of
the gas chimneys of a frontier basin is a better definition of the
petroleum systems, confirming areas of possible hydrocarbon
generation where previously there were only doubts.

The GC causes vertical disturbances of the seismic
response, characterized by low amplitudes, low trace-to-trace
similarity and lateral discontinuity of the reflections (Fig. 1). This
typical seismic signature is not highlighted in standard seismic
processing and is often treated as noise to be eliminated from
seismic data with new processing steps (Aminzadeh et al., 2002).
This work presents a new processing technique that enhances
the GCs in the seismic sections, extrapolating the frequency
spectrum of the seismic signal from the Hilbert Transform and
makes a comparison with the processing technique known as
Pre-Stack Time Migration (PSTM). This technique was applied
in seismic data from the Parnaiba Basin (NE Brazil), revealing
a substantial number of gas chimneys and, thus, considerably
increasing the exploratory potential of this new frontier basin.

GEOLOGICAL CONTEXT

The special processing for gas chimney enhancement was
applied to seismic data from the Parnaiba Basin, which is located
in the northeast region of Brazil and occupies an area of about
670,000 km?2 (Cordani et al., 2009; De Castro et al., 2014). This
is a Paleozoic intracratonic basin, although Mesozoic deposits
occupy large areas (Mesner & Wooldridge, 1964). The maximum
thickness of the sedimentary basin turns around 3,500 m in
its depocenters. However, rifts systems of Cambrian-Ordovician
reach depths of 4500 m, buried by Silurian to Early Triassic
tectono-depositional sequences (De Castro et al., 2016). It
is regarded as an exploratory frontier basin, considering its
extensive area and the small volume of oil research activities

so far developed. The diabase sill acts as the main constructor
element of the hydrocarbon traps, sealing the accumulations of
the known gas fields (Cunha et al., 2012).

METHODOLOGY

Seismic Processing to Optimize the Identification of Gas
Chimneys

The lack of knowledge of the presence of GC in the studied
area is often the reason that seismic processing geophysicists
try to force too much coherence filters in the seismic data to
overcome the lateral discontinuity of the reflectors caused by
gas circulation. In some cases, seismic sections show an abrupt
loss of the excellent quality of their reflectors in their shallow
part, becoming completely chaotic, whereas the deeper reflectors
remain with their good continuity (Fig. 1), proving that there
are no problems with the parameters used in the acquisition
and processing stages of the seismic data. In many cases, the
degraded seismic response is due solely to the presence of GC, as
pointed out in Gulf of Mexico and West Africa basins (Aminzadeh
gt al., 2001). Therefore, it is necessary and important that the
professionals involved in seismic processing are aware of the
presence of GC in their work area.

Many efforts in seismic processing have been devoted
to solving the problem of quality degradation and filtering the
impact of gas chimneys on seismic sections (Dunbar et al., 1998;
Englehart et al., 2001). In addition to the filtering techniques,
tomography, seismic acquisition of shear waves and neural
network that combine the use of different seismic attributes
with this purpose (Aminzadeh et al., 2002). The procedures
suggested here seeks, differently, to highlight the visualization
of the GCs. Therefore, a special processing flow is proposed
to improve GC visualization, based on spectral filters aimed at
the enhancement of low and high seismic frequencies, which
highlight characteristic patterns of these desired structures.
They are called Low Frequency Enhancement (LFE) and High
Frequency Enhancement (HFE).

The High and Low Frequency Enhancement technique is
an alternative to optimize the identification of subtle geological
features in seismic data. Techniques to enhance high frequencies
are commonly employed in the mapping of sub-vertical fault
slip, reflection terminations or even flat spots, as they allow
an increase in the vertical resolution of the seismic sections
(Bhandari & Cividin, 2008). In contrast, the amplification of
the low frequencies can be done to emphasize sub-vertical
discontinuities, like faults or even to highlight more clearly the
lack of reflections, as in the case of GCs.
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Figure 1 — Seismic section showing a 12 km wide GC (red rectangle), with abrupt loss of quality of the
shallow reflectors, while the deeper ones (> 800 ms) maintain intact their lateral continuity.

It is well known that the frequency spectrum of the seismic
signal has limited bandwidth both for low and high frequencies
(Bulh@es & Amorim, 2005). At low frequencies, the limitation has
two main reasons: a) the geophones and hydrophones do not
respond adequately to frequencies below 6 to 8 Hz. In addition to
introducing a significant phase distortion, the amplitudes in this
environment are greatly attenuated; and b) the low frequencies
are very affected by the surface noise, which is very rich in this
frequency range, especially in the Brazilian sedimentary basins.
At high frequencies, the frequency spectrum limitation of the
seismic signal has another reason. Sedimentary rocks have little
elasticity and the propagation of seismic waves causes friction
between adjacent grains and crystals, and seismic energy quickly
turns into heat (absorption effect). This effect is greater with the
increasing of the vibration frequencies and in this way the rock
acts as a fairly efficient low-pass filter (Hays, 1980).

To overcome or at least mitigate these limitations, it is
possible to calculate and introduce frequencies that enrich the
reflections that have been recorded, resampling the seismic
signal, which caracterizes the geological layers and aid in the GC
identification along the seismic sections. The sedimentar units
or sequences, thus defined, bring together sets of reflections
that have common peculiarities of the acoustic impedance of the
geological column. In the present work, we propose the Low
Frequency Enhancement (LFE) and High Frequency Enhancement
(HFE) techniques.

The calculation of the frequencies that will be introduced in
the seismic data is done by means of a spectral analysis of the
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existing frequencies in the data itself in the Hilbert Domain (Taner
gtal., 1979, Egs. (1) and (2)). In other words, the complex seismic
trace is calculated, and, in this domain, an analysis of the present
frequencies is realized. After this analysis, an extrapolation was
made for the harmonic and subharmonic frequencies, amplifying
the seismic signal content for frequencies beyond the original
bandwidth of the data, both for low and high frequencies (Fig.
2). An extrapolation was made for the harmonic and subharmonic
frequencies based on a linear extrapolation of straight lines on the
flanks of the first derivative reflectance spectrum.

The amplitude ratios, as well as the signal phase, are not
altered, either in the lateral or in the vertical direction. Thus, it is
possible to guarantee that this new processing step is reliable,
brings good advantages in GC mapping and does not alter the
seismic properties of the reflections in the seismic section.

F(r) = %P.V. / : %m, ()

where the integral of P.V. means the Cauchy principle value,

0o 1—& +oo
P.V./ lim [/ + .

—o0 1% | J —o0 t+e
The processing methodology is performed trace by trace
and can be applied at any stage of processing. As the purpose of
this study was only to identify the gas chimneys, the methodology
was applied in the final migrated seismic section, that is, the one

that is by now ready for interpretation.

Figures 3 and 4 show a stretch from a seismic section
containing gas chimneys and their frequency spectra for the

(2)
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Figure 2 — Flow chart showing the processing sequence of the special processing

applied to the seismic data.

original and filtered data with low (LFE) and high (HFE) frequency
enhancements, respectively. The seismic data with standard
seismic processing (PSTM) is shown in Figure 3. Note that the
original seismic data has a frequency content centered between
10 and 40 Hz, as shown in the frequency spectra. When applying
the LFE filter it is possible to verify that the low frequencies
have been added to the seismic data, since the frequency zero
Hz (Fig. 4B). The effect of the addition of the low frequencies
causes a relief aspect on the seismic data, as if the strongest
reflection coefficients represented reflections with positive relief
(leaving the plane of the section) (Fig. 4A). The application of
the HFE filter promotes the enhancement of high frequencies,
raising the spectral content of the seismic signal up to 70
Hz (Fig. 4D). The effect of extrapolating to high frequencies
(Fig. 4C) is the compression of the wavelet, increasing the
vertical resolution and allowing a better identification of reflector
terminations when compared to the original section (Fig. 3A).
Finally, Figure 4E shows the result of the enhancement of the
low and high frequencies together in the seismic signal, whose

frequency spectrum now varies from 0 to 70 Hz (Fig. 4F). The high
relief aspect remains as in Figure 4A, but the reflections are more
compressed. Thus, the seismic pattern of vertical zones of low
amplitude is highlighted, allowing a more efficient identification
of the gas chimneys.

The appearance of the seismic section filtered using the
proposed technique (Fig. 4E) is close to the Amplitude Volume
Technique (TecVA) response. However, the new methodology is
not the same as TecVA attribute. Mainly because the data phase is
almost perfectly preserved, such as the polarity of the reflections,
while these two parameters are largely distorted in the TecVA
attribute.

Figure 5 shows a comparison between a seismic section
before and after the application of low frequency enhancement
processing (LFE). One can observe that the seismic section in
Figure 5B allows much more precise and direct visualization of
lateral discontinuities and the remarked loss of seismic signal,
which indicate a 4.0 km wide and 1.2 s high GC in the right side
of the seismic profile. The analysis of only the section shown in

Brazilian Journal of Geophysics, 37(4), 2019
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Figure 4 — Filtered seismic data with Low Frequency (A) and High Frequency (C) enhancement. The seismic section in E presents with emphasis of the Low and High
Frequency filtering enhancement together. The respective frequency spectrums are shown in B, D and F.
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Figure 5— A - Seismic section with standard processing (PSTM) and B - the result with the application of special processing for low
frequency enhancement technique, highlighting the gas chimney (yellow dashed lines).

Figure 5A would lead the interpreter to believe that there was a
sudden loss of seismic quality in certain parts of the section, even
raising questions about processing steps.

Seismic Pattern of Gas Chimney and Associated
Features

A very large number of gas chimneys have passed and remained
unnoticed in the seismic sections in several Brazilian sedimentary
basins. The seismic section of the Parnaiba Basin, shown in
Figure 5, is a good example of how this special processing can
unambiguously reveal the gas chimney (GC). Currently in the
Parnaiba Basin the GCs, dikes, the fracture zones associated
with transcurrent events and mainly sill jumps are reviewed
and interpreted as important exploratory objectives to be tested
(Cunha et al., 2012). The systematic identification of this type of
exploratory play increases, therefore, the number of exploratory
opportunities in the basin and, consequently, the oil potential of
the basin.

A large number of seismic and topographical features
associated with gas chimneys was revealed by the processing
and interpretation methodology described above. In sedimentary
basins, the vertical migration of fluids and free gas through GCs
causes distortions in the lateral continuity of the amplitudes
and phase of the seismic reflections (Fig. 1) (Dangerfield, 1992;
Heggland, 1997; Arntsen et al., 2007; Logan et al., 2008).
Low amplitudes and low coherence mark its typical seismic

response. GCs occur associated with gas escape features such
as pockmarks, mounds, up-bending reflections (UBR), pull-down
reflections and Hydrocarbon Related Diagenetic Zone (HRDZ).
Pockmarks are crater-like depressions that occur on the surface
in varied forms, mostly elliptic or rounded, usually in soft, fine
grained sediments (Loseth et al., 2009) that vary in terms of
sedimentary environment from the slope and continental shelf to
gstuaries and lacustrine environments (Webb, 2009). Its origin
is related to the explosive or continuous escape of gas in the
surface, generating the topographic lows that characterize this
feature. In the seismic sections, the pockmarks are located mainly
above the GCs (Virs, 2015) (Fig. 6). Figure 6 also shows a flat
gvent (FE), which occurs at the apex of a set of reflections to the
left part of the section, characteristic of zones of contact between
accumulations of hydrocarbons (gas/oil) or between different
fluids (hydrocarbon/water). The presence of FE reinforces the
possibility of the pockmark to have its generation associated with
GCs nearby.

Cementation processes can generate topographic highs
associated with GCs, which are known in the literature as
mounds (Hovland et al., 1994; Naeth et al., 2005). These
glevations are formed by banks of biogenic carbonates or
carbonate-cemented sandstones, usually located on regions
where hydrocarbon accumulation is associated with faulting
(Logan etal., 2008) (Fig. 7). In the record of tectono-sedimentary
sequences deposited over geological time, mounds with similar

Brazilian Journal of Geophysics, 37(4), 2019
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Figure 6 — Seismic section with special processing showing gas chimneys (GC) and pockmark on the surface. Reflectors with time pull-down at the GC base indicate

a decrease in seismic velocity due to the presence of gas. FE= flat event.

characteristics have been described from the Miocene of the
Piedmont Basin in northern Italy, through the carbonate mounds
of the Cretaceous-Gampanian of Colorado (USA), and in the
Jurassic sedimentary sequences of the Southeastern Basin in
France (Moore & Wade, 2001). Many oil and gas wells in
the onshore basins are located beneath the topographic highs
associated with gas chimneys, because they are more resistant
to erosion in face of the increase of cementation on the reservoirs
(Saunders et al., 1999).

Up-bending reflections are the result of mechanical
deformation due to upward leakage of the fluids or may be only
an artifact generated by the velocity field, since a progressive
increase of the seismic velocity in the direction of the GC center
occurs (Westbrook et al., 2008; Plaza-Faverola et al., 2010) (Fig.
7). However, pull-down reflections are often seen as low velocity
zones associated with interstitial gas (Logan et al., 2008) (Fig. 6).

HRDZs are formed when hydrocarbons escape from
reservoirs, through fault reactivations, and trapped in normally
sandy aquifers. Then they are biodegraded by the bacteria
action, producing an intense carbonate cementation which, in
turn, is responsible for the seismic amplitude anomalies in the
upper part of the feature (Cowley & O'Brien, 2000). Among its

Brazilian Journal of Geophysics, 37(4), 2019

main characteristics observed, in addition, there are up-bending
reflections (Fig. 7) and also the same chaotic, low amplitude
column of events typical of gas chimneys (Fig. 8).

Transbrasiliano Lineament, Thermogenic Anomalies
and Gas Chimneys

According to De Castro et al. (2016), the Transbrasiliano
Lineament (TL) controlled the formation of an extensive
Cambrian-Ordovician rift zone in the eastern portion of
the Parnaiba Basin. Subsequent reactivations deformed
post-rift tectono-sedimentary sequences (Fig. 9), including
post-Devonian tectonic inversions (Destro et al., 1994). In the
studied region, thermogenic anomalies were identified based
on surface geochemical data acquired by the Agéncia Nacional
do Petrdleo, Gas Natural e Biocombustiveis — ANP (Brazilian
Petroleum Agency) and it was found that they coincide with
gas chimney and also with the presence of transcurrent faults
belonging to the TL, reactivated in the Cenozoic (Fig. 9).

Geochemical Sampling

By facilitating the mapping of the gas chimneys, the proposed
seismic processing also helps to optimize the process of



456 PROCESSING FOR GAS CHIMNEY

Distance(Km)

500 250

Timelms)

750

1000

Figure 7 — Seismic section with special processing showing gas chimney (GC) associated to a high topographic (mound). Typical
seismic patterns of GC can be observed as: loss of lateral continuity of reflections with signal degradation, Hydrocarbon Related
Diagenetic Zone (HRDZ) and up-bending reflections (UBR).
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Figure 8 — Seismic section after special processing (LFE), highlighting the typical seismic pattern of a gas chimney (GC) in an area
with sill jumps and Hydrocarbon Related Diagenetic Zone (HRDZ).
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Figure 9 — Seismic section with the special processing in the Parnaiba Basin, with gas chimneys (yellow dashed lines) showing a

good correlation with the Transbrasiliano Lineament faults (TL) and the thermogenic anomaly (white dashed line, according to Alves,
2013).
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Figure 10 — Seismic section with special processing crossing a structural high, flanked by two gas chimneys. One with top marked

by a sill jump (SJ — left flank), and the other extending up to the surface (right flank). Red circles are the suggested locations for
geochemical sampling.
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choosing the geochemical sampling points on the surface (Fig.
10). This is a relevant subsidy to the exploratory process in
the Parnaiba Basin, since, in this way, by evaluating the points
where the gas chimneys reach the surface, the probability to
have associated thermogenic anomalies are high (Sechman et al.,
2014).

DISCUSSION

The systematic application of this processing methodology in
the various sedimentary basins with gas chimneys will create an
important procedure for the identification, mapping, study and
utilization of gas chimneys as an exploratory tool, mainly in the
frontier basins where the understanding of the petroleum system
becomes fundamental along with the consequent reduction in
exploratory risks.

The tectono-sedimentary setting of the studied area
suggests that the faults associated to the TL served as preferred
conduits for the migration of the hydrocarbons, thus forming this
large amount of gas chimneys. In fact, according to Gonnolly
gt al. (2008), faulting systems, when reactivated in transcurrent
tectonic regimes, can create expansions along releasing bendings
of strike-slip faults, which would be potential paths for migration
of hydrocarbons and thus generate the gas chimneys, such as
those observed in the seismic section (Figs. 5 to 10).

The observed seismic and topographic features associated
with the gas chimneys served to validate the performed
seismic interpretations. In addition, HRDZs are important in oil
prospecting because they indicate the existence of nearer, deeper
accumulations of hydrocarbons, and also because they are a
reliable parameter in exploratory risk assessment, particularly
with respect to hydrocarbon trap saturation and whether the fault
is sealant or not (Cowley & O'Brien, 2000). HRDZs are also
enhanced by the proposed seismic processing.

Thermogenic anomalies are due to the rise of hydrocarbons,
especially in the gaseous form, to the surface. Therefore, an
adequate mapping of gas chimneys in seismic data, provided by
special processing, can be used to guide surface geochemical
surveys.

CONCLUSIONS

The application of special low frequency (LFE) and high frequency
(HFE) enhancement processing highlights very well the typical
seismic patterns of gas chimneys when compared to the results
of standard seismic workflow (PSTM). As the identification
and mapping of these structures is facilitated, the seismic

processing and interpretation procedures gain a greater reliability.
It is therefore essential for those who work as processors and
interpreters of seismic sections to know the precise location of
the gas chimneys in their areas, thus avoiding that they are treated
as noises and seek its elimination from the seismic data. The
new methodology introduces frequencies to the seismic data that
enrich the recorded reflections, highlighting the lateral contrasts
of acoustic impedance between the chaotic events of the gas
chimneys and the continuous and stratified reflections of the host
rocks. The sedimentary sequences, thus defined, bring together
sets of reflections that have common peculiarities of the acoustic
impedance of the geological layers. These features enhanced by
the proposed processing may also indicate possible hydrocarbon
migration routes until they are trapped at the sill jumps with trap
integrity.

The presence of the gas chimneys, identified with the
application of special processing, was confirmed by the
observation of correlated topographic features such as pockmarks
and mounds. Other seismic patterns associated with gas
chimneys were also identified. These are: Hydrocarbon Related
Diagenetic Zone (HRDZ), up-bending and pull-down reflections.
Finally, gas chimneys mapped in seismic sections in the
Parnaiba Basin, perpendicular to the Transbrasiliano Lineament,
are coincident with thermogenic anomalies, detected with surface
geochemical data. Therefore, gas chimneys trapped by sills, sill
jumps, and dikes can really be considered important exploratory
plays in the Parnaiba Basin. In addition, gas chimneys, when
clearly mapped to the surface, are highly recommended points
for geochemical sampling.

By revealing the presence of numerous gas chimneys
in seismic sections, this methodology was able to increase
the exploratory potential and, consequently, reduce the high
exploratory risks inherent from frontier basins such as the
Parnaiba Basin. Gas chimneys should no longer be seen as
undesirable noises in the seismic section but rather as signals
belonging to a new technique of great help in the exploration of
hydrocarbons.
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