Nonlin. Processes Geophys., 20, 2338 2013
www.nonlin-processes-geophys.net/20/231/2013/
doi:10.5194/npg-20-231-2013

© Author(s) 2013. CC Attribution 3.0 License.

$S900y uadQ

Application of wavelet transform for evaluation of hydrocarbon
reservoirs: example from Iranian oil fields in the north of the
Persian Gulf

M. R. Saadatinejad? and H. Hassant

1 Amirkabir University of Technology, Mining, Metallurgical and Petroleum Engineering, Tehran, I. R. Iran
2NIOC, Tehran, I. R. Iran

Correspondence td4. Hassani (hhassani@aut.ac.ir)

Received: 21 May 2012 — Revised: 10 February 2013 — Accepted: 18 February 2013 — Published: 8 April 2013

Abstract. The Persian Gulf and its surrounding area arepaleo-depositional environments. Spectral analysis, which is
some of the biggest basins and have a very important rol@ quick and important method in seismic interpretation, pro-
in producing huge amounts of hydrocarbon, and this potenvides a strong tool to study these types of subsurface layers.
tial was evaluated in order to explore the target for geoscien- Seismic data, being non-stationary in nature, have varying
tists and petroleum engineers. Wavelet transform is a usefulrequency content in time. The time—frequency decomposi-
and applicable technique to reveal frequency contents of vartion (also called spectral decomposition) of a seismic signal
ious signals in different branches of science and especially iraims to characterize the time-dependent frequency response
petroleum studies. We applied two major capacities of con-of subsurface rocks and reservoirs. Castagna et al. (2003)
tinuous mode of wavelet transform in seismic investigations.used spectral analysis to detect low-frequency shadows be-
These investigations were operated to detect reservoir geaieath hydrocarbon reservoirs. Since time—frequency map-
logical structures and some anomalies related to hydrocarboping is a non-unique process, various methods exist for
to develop and explore new petroleum reservoirs in at leastime—frequency analysis of non-stationary signals such as
4 oilfields in the southwest of Iran. It had been observed thafast Fourier transform (FFT), continuous wavelet trans-
continuous wavelet transform results show some discontinuform (CWT), S-transform, and matching pursuit decomposi-
ities in the location of faults and are able to display themtion (MPD). This paper aims at investigating the wide usages
more clearly than other seismic methods. Moreover, contin-of CWT in seismic studies (Sinha et al., 2005).
uous wavelet transform, utilizing Morlet wavelet, displays Over the past two decades, wavelet transform has been
low-frequency shadows on 4 different iso-frequency verticalapplied in many branches of science and engineering. The
sections to identify reservoirs containing gas. By comparingcontinuous wavelet transform (CWT) provides a different ap-
these different figures, the presence of low-frequency shadproach to time—frequency analysis. The continuous wavelet
ows under the reservoir could be seen and we can relate theseansform utilizing a complex Morlet analyzing wavelet has
variations from anomalies at different frequencies as an indi-a close connection to the Fourier transform and is a power-
cator of the presence of hydrocarbons in the target reservoirful analysis tool for decomposing broadband wave field data.
A wide range of seismic wavelet applications have been re-
ported over the last three decades (Liner, 2010).

The objectives of this investigation are to use abilities of
1 Introduction CWT methods for describing how CWT much better identi-

fies (1) geological structures such as faults and (2) the pres-

Many geophysical studies have been done to analyze thence of hydrocarbon in reservoirs than the other seismic
structure of subsurface reservoirs; these have lead to explomethods. These reservoirs are located in different locations
ing many new petroleum reservoirs, as they help us to simin onshore and offshore oilfields of the Persian Gulf in the
ulate images from reservoir stratigraphy and understand the
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SW of Iran. All target formations had more complexities in  AE
structure than stratigraphy.

2 Geology

2.1 Geology of the Abadan Plain

2.1.1 Stratigraphy and structural geology

SE-trending thrust-related folds in the NE (Zagros fold and e T

== Eahliyan

belt) (Abdollahie Fard et al., 2006). .
A useful field of structural analysis called inversion tec- -
tonics was used. Such a tectonic scenario requires a homoge‘e:';.e;;e»e
neous basement plate undergoing deformation that does not
contain any significant inherited fault zones that might be re-Fig. 1. (a) Seismic line showing flattening at the top of the Sarvak
activated within the applied stress field. formation.(b) Seismic crossline showing flattening at the top of the
Figure 1 shows two seismic profiles which cross the Kazhdomiformation (Saadatinejad and Sarkarinejad, 2011).
Abadan field orthogonally. The profile in Fig. 1a is flattened
at the top of the Sarvak formation and the profile in Fig. 1b is
flattened at the top of the Kazhdomi formation. This flatten-
ing helps to establish possible kinematics. These figures indi
cate that there was no significant tectonic activity during de-

the Persian Gulf sedimentary basin into the northern and
southern basins with somewhat different sedimentary envi-

" tthe f X derlving th Kf ' ~~ronments and even hydrocarbon habitats. This region holds
position of the formations underlying the Sarvak formation. o ety thirds of the oil and one third of the gas reserves dis-

Deformation of the Gotnia and younger stratigraphic section.,vered in the world. This is due to a combination of some

occurred prior to deformation of the Sarvak, and older rOCI(Sfavorable factors in this region. The most important factor

above the Gotnia detachment and the Gurpi and Pabdeh fofé the prolonged and almost uninterrupted sedimentation his-

mations show thinning in 'ghe crest of th_e a_mticline (pOSSiplytory since Precambrian time. Sedimentation of prone source
in late Cretaceous to Tertiary) (Saadatinejad and Sarkarmer—ockS and numerous good quality reservoir and cap rocks,
jad, 2011). combined with the presence of super-giant structures, salt
halo kinesis and the Zagros orogeny are among the other ma-
jor favorable factors.

The Persian Gulf constitutes what is referred to in the plate 1€ Persian Gulf Arabian Plate basin is an asymmetric

tectonic literature as the ‘Arabian Plate’ and/or the “Middle Pasin in which the crystalline basement floor has a gentle
East sedimentary basin” which is approximately 3000 km indip to the northeast (about 20 degrees). The deepest part of
length and 2000 km in width. It is bound from the north by the basement floor is some 14-15 km below sea level, which

the southeastern Turkey Bitlis suture, to the west by the RedS NOW located under the foot of the Zagros Mountains. The
Sea, to the east by the Zagros Mountains (Zagros thrust), anplate boundaries exh!blt all types of tectonl_c regimes, from
to the south by the Gulf of Oman and Owen Fracture Zone inth€ Séa floors spreading from the Red Sea in the west to the
the Arabian Sea. Zagros collision zone to the northeast.

The major structural features of the area, with their roots in
the Precambrian basement, are the results of two major te2.2.1 ~ Stratigraphy and structural geology
tonic stages. The first tectonic phase is the Amar collision,
which occurred 620-640 million years ago along the north-The Persian Gulf basin is located within the regional tec-
south-trending Amar weak zone in the Saudi Arabian Shieldtonic frame of the Arabian and Iranian plates. The Per-
The second tectonic stage corresponds to the Najd rift systersian Gulf forms the northeast portion of the anticlockwise-
with about 300 km width and a general northwest—southeasinoving Arabian Plate. It is perhaps the archetype Holocene
trend (parallel with the present Zagros Mountains trend) thatarid carbonate ramp, extending northeast across the gently
took place about 530-570 million years ago. These two masloping Arabian Shield as water depth increases from largely
jor tectonic events, especially the former one, are responsiemergent sebkhas to depths in excess of 80 m along the Za-
ble for the formation of the Qatar/Fars High, which divides gros Mountains’ foredeep of Iran (Ghazban, 2007).

2.2 Geology of the Persian Gulf (northwestern)
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The Persian Gulf occupies a classic foreland basin, filledin  The basis of the spectral decomposition procedure is the
part by the terrigenous sediments delivered axially by riversthin-bed tuning effect, which occurs when traces from top
from the northwest, and in part from allochthonous carbon-and down layers have a constructive interface. In this effect,
ate sediments generated across the ramp surface. During thiee peak amplitude response will occur at 1/4 wavelength of
evolution of the Persian Gulf, development of salt depositsthe dominant period. So, in this state, traces have the high-
in the Persian Gulf basin is considered as one of the majoest amplitude value and become highlighted, while thickness
geological events; in fact, it was formed during periods of layers less than this are not detectable in the seismic sections.
intense evaporation. Salt deposits with a thickness of abouln addition, there is an inverse relation between wavelength
4000 m are known to occur in the surrounding region and un-and frequency for thin bed detection and spectral decompo-
derneath the Persian Gulf. The formation of the Persian Gulfition used from this relation, i.e., with frequency increasing,
can be seen in context of three events: wavelength (or minimum thickness detectable) decrease and

vice versa.

1. Movement of the Arabian Plate into its present position. In fact’ Spectra| analysis converts seismic data from the

. . time domain to the frequency domain. One basic concept

2. Influence of tectonic movements on the longitudinal ¢qiq pe both examining data in the time domain at different

morphological features on either side of the Persiangequencies and comparing the response to provide signifi-
Gulf. cant insight into the details.

3. Formation of submarine platforms during the Holocene

) 3.2 Synthetic and laboratory models
transgression.

CGas-bearing zones have an important role in attenuating seis-

tonically evolved during the late Tertiary. The steep slopemIC 5'9”?"5’ and Fh's effect appears below the gas-including
on the Iranian side is related to the folding of the Zagroszone' This effect IS called low-frequency shadows unf:ier hy-
orogeny, whereas the low dipping on the Arabian side is dueﬁ_rocarbon reservoirs, and tends to attenuate the amplitudes of
to gentier tectonic movements (Ghazban, 2007). igh frequencies. Ggloshublp etal. (20.02) cqnducted a §et of
The most important oil fields in Iran are adjacent to the Iaborat_ory uItra_—sonlc experiments to mvgsngate the differ-
other countries on shore of the Persian Gulf from the west tc €S IN re_:fle<_:t|ons from dry, water and oil-saturated layers.
east. The lithology of the main reservoirs in the Persian GquThe !nve§t|gat|on was done in such away that the wave prop-
and it surroundings is limestone, and the main oll reservoirsaga}t'or,‘ in the Iaborator.y model approxmated wave propa-
are members of the Sarvak formation (Cenomanian), espe'gatlon n stapdard practice. The phy3|callm0dellng dqta were
cially Mishrif. The lithological column of southwest Iran that '€Corded using a common offset gathering observation sys-

has been used for the oil field of the Persian Gulf is displaye em shown in Fig. S_a for both water and O”. sa_t_uration_, and
the offset was practically equal to zero. A significant differ-

Nowadays, the Persian Gulf is a shallow depression that te

in Fig. 2. . o
ence is seen between the seismic response of the porous layer
dry zone, water-saturated zone, and oil-saturated zone. The
3 Theory and methodology very low frequency “bright spot” with phase shift is associ-
ated with oil saturation. For realistic data, 2-D seismic data
3.1 Spectral analysis were used to investigate the low-frequency effects from oil-
saturated reservoir zones. The frequency-dependent process-
3.1.1 Basic concepts of spectral decomposition ing was done to get low-frequency images of the reservoirs.

In Fig. 3b, wavelet transforms were used for frequency de-
Spectral decomposition provides a better method for quantipendent velocity analysis and imaging in oil fields of West-
fying and visualizing subtle seismic features and allows theern Siberia. As can be seen in this Figure, the oil-saturated
geoscientist to analyze and map features using tuning effectdomains of both parts of the reservoir create low-frequency
and delineating phase. This improvement in seismic process-< 15 Hz), high-amplitude effects (red) for reflected seismic
ing and interpretation procedures is achieved by assumingnergy.
that time series are non-stationary and then decompose the In another study, Burnett and Castagna (2004) studied this
seismic signal into discrete frequency components in a honsubject by constructing a laboratory model to illustrate the
stationary sense This allows the geoscientist to analyze andxamination of the detailed reflectivity and published their
map seismic features as a function of spatial position, travetesults as a plot of frequency changing vs. amplitude for oil,
time, frequency, amplitude and phase. This method pertaingas and water reservoir bearing. According to their study,
to a novel approach in geophysical data processing and inanomalies usually highlighted distinguishably between 8 to
terpretation of seismic data, which allows the interpreter to20 Hz and 28 to 35 Hz for gas and oil reservoirs, respectively,
visualize, interpret, and quantify the seismic response to arand differ for limestone and sandstone reservoirs. Figure 3c
extent that was previously unattainable. shows a classical bright spot gas reservoir from the Gulf of
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Fig. 2. General stratigraphic column in the Persian Gulf (Ghazban, 2007).

Mexico shelf. Spectral decomposition produces a time fre-support, which shifts toward higher frequencies. Similarly,
guency gathering that shows the progressive drop in pealkarger time support decreases the frequency support, which
frequency with record time caused by attenuation, and alsahifts toward lower frequencies. Thus, when the time resolu-
shows the abnormally low frequency of the reservoir reflec-tion increases, the frequency resolution decreases, and vice

tion (Castagna and Sun, 2006). versa (Mallat, 1999). It provides representations of the fre-
guency band from the scaled wavelet and has an advantage as
3.3 The CWT method it does not relate to a fixed window (Castagna and Sun, 2006)

that caused high resolution for CWT as this method repre-
CWT is used as an applying method in many sciences an@ents a good and clear image from reservoir structural charac-
provides a different approach to time frequency analysisteristics and detects low-frequency shadows (Castagna et al.,
(Sinha et al., 2005; Dimri et al., 2005). The CWT is an alter- 2003) under petroleum (affected by gas) reservoirs. Due to
native method for analyzing a signal. In the CWT, waveletsthis ability, we used the CWT method to identify the hidden
dilate in such a way that time support changes for differentand undefined structural (fault and fracture) systems in reser-
frequencies. Smaller time support increases the frequencyoirs and below formations (Saadatinejad and Sarkarinejad,
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Fig. 3. (a) Laboratory seismic reflection experiment (left panel),
and data filtering resultgb) low-frequency results that show the
presence of oil in wells (black circles) in the West Siberian oil
field (Goloshubin et al., 2002), an@) time—frequency analysis
using spectral decomposition for a seismic trace containing a gas
reservoir. The white line illustrates the progress reduction of the
peak frequency due to attenuation. The gas reservoir has anom
lously low peak frequency (Castagna and Sun, 2006).

?fig. 4. Comparison between two main methods of spectral decom-
position.(a) FFT and(b) CWT results. Red dashed lineglin dis-

play the abilities and advantages of the CWT technique in fault de-
tection and illustration better than the FFT method.

2011). The study was conducted on the use of a spectral de-

composition method for the purpose of direct hydrocarbon

detection through frequency anomalies in a geologically and

seismically challenging area. According to our investigations, the Gaussian wavelet has re-
sults similar to FFT results and therefore is useful for stratig-
3.3.1 Choosing the suitable wavelet raphy studies. From the results of our experiences, Morlet is

suitable for structural (fault) and hydrocarbon potential stud-
The wavelet accounts for the most important part in theies, and finally, Mexican Hat has an average result compared
wavelet transform procedure and a good selection affects theo the two other wavelets mentioned. In this investigation,
results of the transform. In geoscience studies, especially itMorlet is a more applicable wavelet, and therefore all of our
seismic investigations, three wavelets play important rolesresearch has been carried out by using this wavelet.

www.nonlin-processes-geophys.net/20/231/2013/ Nonlin. Processes Geophys., 2022812013
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Fig. 6. The representation of results from spectral decomposition
(CWT) in (a) the Sarvak formation in Iran (north of the Persian
Gulf) (White, blue and black arrows represent spectral anomalies at
the base of the reservoir formation (Saadatinejad and et. al., 2009)
and(b) in another field in the Persian Gulf.

We can introduce the abilities of Morlet wavelets in two
orders: velocity dispersion and energy attenuation of signals.
Fault features disperse the signal that is reflected from it;
this effect is known as velocity dispersion (Saadatinejad and
Sarkarinejad, 2011). Therefore, wavelet transform can detect
structural features (faults) better when the Morlet wavelet is
used. In the case of energy attenuation in gas zones, crossing
seismic signals through the reservoir causes energy absorp-
tion of gas, and Morlet wavelet effects in this situation are
more than other wavelets. This phenomenon applies to de-
tecting the area under reservoirs where attenuation of energy
in high frequencies affected by gas creates low-frequency
shadows.

4 Discussion

Fig. 5. (ay CWT result at a 10Hz frequency timeslice. Yellow 1 Reservoir structures detection
dashed lines display the abilities of the CWT method in fault system

detection on data of the Persian Gyb): a map that resulted from The CWT has more applications for detecting tectonic fea-
fault interpretation (graben) similar to our results in this investiga- tures, whereas FET has more use for detecting stratigraphic

tion, and(c): combination displayed from three iso-frequencies by h fs. Fi h . b
using the RGB multi-displaying technique as red, green and bmefeatures such as reefs. Figure 4 shows a comparison between

colors are equal with low (10 Hz), medium (15Hz) and high fre- the two main methods of spectral decomposition. Figure 4a

qguency (20 Hz), respectively (Saadatinejad and Sarkarinejad, 2011flisplays spectral results of the FFT method and Fig. 4b is the
results of CWT on the same timeslice. In fact, this figure dis-

plays usage of the CWT technique in mapping some different
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structural geology events and showing some types of faults oarrows are at the boundary between lower members. It is ob-
ruptures. Red dashed lines indicate the number of extensionaerved that the interface between the Mishrif (target member)
faults on CWT results in slicéh) better than FFT results in  and Ahmadi member acts completely differently than the
slice (a). Furthermore, this figure illustrates one of the most surrounding limestone when viewed at discrete frequencies.
frequent applications of CWT in structure detection’s specialThis is even more apparent when all of the frequency maps
fault systems. By tracking and then mapping these rupturesire viewed as a movie. The CWT technique has distinctly
in different timeslices, it is possible to identify various types different dynamic frequency responses than the background,
of structural events and it can be a major key for geologicalprobably because the hydrocarbons have changed the reflec-
interpretation, petroleum engineering studies, and reservoitivity of the reservoir. The anomalies at the left of this fig-
development. Figure 5a displays CWT results on a timesliceure are bright at 10 Hz, while the anomalies at the right of
from the Persian Gulf data at 10 Hz frequency, and by pick-the figure exhibit no apparent anomalies compared with the
ing the CWT and fault interpretation, the results showed aleft anomalies. A high-energy low-frequency shadow zone
graben map similar to our results in previous investigation incan be observed under the Mishrif member in the left of
the Fig. 5b (Saadatinejad and Sarkarinejad, 2011). the figure. In the 14 Hz section, both left and right anoma-
Now and in an innovative experiment, we can animatelies stand out, and the difference between them becomes rel-
three frequencies together by using the RGB technique aatively weak; yet, the left anomalies are still brighter than
a quick and effective interpretation tool; this technique wasthe right anomalies and the background. At a frequency of
tested successfully in previous studies (Saadatinejad et al24 Hz, the left anomalies become completely invisible, and
2011). In this technique, we show three different frequenciesn the high-frequency 32 Hz section, the right anomalies are
with three basic colors (red, green, blue) to illustrate varia-more explicit and brighter than the left anomalies. In the left
tions of suitable geological events, and we correspond thesanomalies, frequency shadows associated with anomalies are
colors to low, mid- and high frequencies, respectively, andobservable in the low-frequency range, while right anomalies
therefore they illustrate a trend from the thick to the thin- stand out in the frequency ranges between 24-32Hz. The
ner parts. Now this multicolor composite displaying (RGB) anomalies at the right of this figure indicate the presence
can simultaneously show the distribution of stratigraphic andof hydrocarbons in this reservoir in the reef structure (Saa-
structural features such as extensional systems (Fig. 5¢). Theatinejad et al., 2012).
main body of events are shown in red, the middle parts are Another field in the Persian Gulf has the same results. Fig-
visible in green, and the filling and thin parts of the body are ure 6b shows the CWT method that was applied on the ver-

obvious in blue. tical seismic section in an iso-frequency map. It also shows
that low-frequency shadows have higher amplitudes beneath
4.2 Hydrocarbon exploration the reservoir, and these highlighted anomalies are indicated

by a green arrow.
Although different geoscientist groups have already studied Although adapting the CWT by using the Morlet wavelet
many parts of the formations of the studied area, their find-in an area including velocity dispersion and energy attenua-
ings did not have satisfying results. In fact, they could nottion is better than other spectral decomposition methods, es-
attain any geological and seismic evidence to support thapecially FFT, its computing speed and flexibility in display-
they succeeded in mapping the formation completely and dising reservoir stratigraphy in comparison with FFT is weak
covered the object structure in others formations. Thus, ouand powerless (Saadati Nejad et al., 2009).
attempts concentrated on utilizing CWT as a useful and fea-
sible spectral analysis method to get acceptable results from
the investigation of the structural system and evaluation of its5  Conclusions
hydrocarbon in the mentioned formations, respectively.

To show the seismic responses in different frequenciesWavelet transform (especially continuous mode) is an effec-
scientists usually animate and display some different isotive method with extensive uses in the petroleum engineer-
frequency maps, and thus we used this technique for soming industry. As a result of these wide applications, effective
Iranian oil fields in the Persian Gulf. In Fig. 6a we showed structural systems are visible in the horizontal section rather
the application of CWT in four different sections to detect than in CWT vertical results, and some important oil reser-
the exploration of hydrocarbon in a potential reservoir in avoirs have been mapped in Iran. The CWT is able to detect
field north of the Persian Gulf. Frequency cubes were exfault systems and hydrocarbon in reservoirs better than the
tracted at frequencies of 10, 16, 24 and 32 Hz on the SarvalkEFT method while in stratigraphy studies, the FFT has better
formation and picked the top and base of the reservoir memresults than the CWT.
ber (Mishrif) to check low-frequency shadows. On the other hand, CWT is used for showing the pres-

Accordingly, different iso-frequencies from CWT anoma- ence of hydrocarbon by using the so-called effect of low-
lies are shown with black-, blue- and white-colored arrowsfrequency shadows under gas reservoirs. One can clearly see
at the boundary of the target member, while green and pinkhat the hydrocarbons are responsible for the high amplitudes
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at and around 32 Hz and the associated dimming at 47 HzCastagna, J. P. and Sun, S.: Comparison of spectral decomposition

They are also responsible for subtle changes in reflectivity at methods, first break, 24, 75-79, March 2006.

other frequencies. Dimri, V. P., Vedanti, N., and Chattopadhyay, S.: Fractal analysis
The Morlet wavelet with special and useful characters, ©f aftershock sequence of Bhuj earthquake — a wavelet based ap-

rather than other wavelets such as Gaussian and Mexican Proach. Curr. Sci., 88, 1617-1620, 2005. o

Hat, is suitable for this kind of study according to our in- Ghazban, F.: Petroleum Geology of the Persian Gulf, University of

vestigational experiments. prever, the CWT with the Mor- Go-ll—ce)giziglr:SzNM964Kgri::v2(i/3AZO::d Vingalov, V. M.: Seismic
let wavelet shows results with lower _rgsolunon than other low-frequency effects from oil saturated reservoir zones, SEG
wavelets and other spectral decomposition methods. The rea- |ternational Exposition and 72nd Annual Meeting, 2002.
son could be related to the presence of more sidelobes in theiner, C.: An overview of wavelet transform concepts and applica-
Morlet rather than the other wavelets. tions, University of Houston, 1-17, 26 February 2010.

Mallat, S.: A wavelet tour of signal processing, Academic Press,

London, 178, 1999.
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