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ABSTRACT

Theoretical rock physics modelling and synthetic time lapse seismic data are used to explore the use of attenuation
to indicate saturation in hydrocarbon reservoirs. Given the time variant changes in saturation and the properties of
the reservoir rock, the patchy saturation mechanism and the theory of modulus-frequency-dispersion are applied to
formulate a theoretical curve that describes the dynamic effect of saturation on seismic attenuation. Attenuation is
measured in time lapse synthetic seismic records and the theoretical curve is used to estimate the approximate
saturation that gave rise to the Seismogram-derived Attenuation (SdA). Results show that SdA can be used to
indicate the changes in reservoir saturation if a relationship between SJA and saturation is known. The saturation
values predicted by the theoretical model are consistent with the saturation values inverted from SdA. This study
also shows that seismic attenuation depends on porosity, mineral content of the rock, and the property of the
saturating fluid(s). For the case study, at a saturation of 0.7, a 10% reduction in porosity caused a 5.9% rise in
attenuation; and a 10% reduction in the bulk modulus of the saturating fluids caused an 11% reduction in
attenuation.
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INTRODUCTION

Attenuation is the phenomenon that is responsibieefiergy dissipation in waves as they travel ickso The

associated physical process causes amplitude dionuphase dispersion, and waveform distortiors@ismic

waves. Attenuation is a combination of energy gttsom and energy redistribution. The level of attetion a wave
experiences depends on the degree of anelasticityttze scale of inhomgeneity in the rock it passesugh.

Attenuation is sensitive to the presence of flu@ikgree of saturation, porosity, pressure, andniineral content of
the rock. Despite the compelling evidence from tabary and theoretical studies [1, 2, 3] that iaseein saturation
(up to a critical saturation level) will cause iease in seismic attenuation, predicting saturdtimm SdA is still a

difficult endeavour.

The observed changes in amplitude and frequencteobof seismic signals recorded from a resenaikras its
saturation changes make it theoretically plaudiblese attenuation measured in seismic data (Sgismmoderived
Attenuation, SdA) to monitor saturation in hydrdzam reservoirs. However, a relation between SdAsatdration
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is still unknown. The patchy saturation model isnooonly used taexplain the physical phenomenon that causes
seismic attenuation in waves travelling in an igpit porous medium saturated with two or more Buidhe
phenomenon is explained by the movement of fluidts vow compressibility (e.g., water) in and out gfaces
accommodating a more compressible fluid (e.g., ga® to the changes in pressure created by thegass
seismic waves. The process causes attenuation deeeapart of the energy of the passing wave isdrstbly
converted to heat during the movement of fluid i @ut of confined rock pore strucéuiThe patchy saturation
model plausibly describes the volumetric disponitiof fluids having different compressibilities [1{nd it is
suitable for describing the mechanism of attenuaitioreservoir rock which usually contain two or m@aturants
(e.g., water, oil or gas). The theory of moduluegfrency-dispersion typically describes the dynasfiect of
saturation on attenuation in a porous isotropi& intaining two or more fluids [4]. The model Heeen applied to
the study of attenuation in real hydrocarbon resies\[5 & 6]. A detailed knowledge of attenuatienkieneficial to
seismic data processing and pore fluid discrimamatiThe low frequency shadow associating with atéion has
been exploited to identify hydrocarbon bearing tay|g & 8]. A combination of P- and S-waves atteinrahas
been applied to discriminate gas sand from oil sand oil sand from water sand [9 & 10].

The increase in reservoir saturation with time &&nobserved in time lapse saturation logs. Saturatalues
obtained from well logs can be combined with thesgt moduli of the rock using [11]equation and sitendard
linear solid model [1], to create the attenuatiatugation character curve for the rock under ingesion. This is
plausible because changes in reservoir saturatitbraffect the amplitude, frequency content, anavél time of a
wave travelling through the reservoir. Therefotee effects of changes in saturation should be mehbkuin
seismic waveforms in terms of attenuation. Ampktutiminution and frequency down-shift in waves faxa prints
of seismic wave attenuation and they have been wgsetkasure attenuation in seismic records [e)&13]. This
study adopts the patchy saturation mechanism apliedhe theory of modulus-frequency dispersiostiow the
effect of change in saturation on the attenuatibeetsmic waves. Theoretical curve formulated framuok elastic
moduli is used to invert the saturation that gase to seismic attenuation. Further to this, thegshows that other
material properties of rock (porosity, fliud comgsaility or bulk modulus of fluid, mineral comptien) affect
wave attenuation in rocks. The assumptions in thdysare as follows: (i) saturation is the sole seawf the
attenuation measured in seismic data, (ii) therétexal curve from the modulus-frequency-dispergiescribes the
approximate relation between attenuation and s#uaréor the rock model under study.

THEORY AND METHOD

Patchy saturation model is known to be the pririggpacess responsible for attenuation and disperisiceismic

waves at frequencies similar to those used in seisrploration [14]. | adopt the patchy saturatinachanism, and
applied the theory of modulus-frequency-dispersmmbserve the dynamic effect of saturation onnaiion. A

modelled reservoir rock used for this study cossidttwo parts: the patches, and the backgrounkl moatrix. The

Patches are fully saturated with water, while thekrmatrix is partially saturated with gas. Thepeuies of the
reservoir rock and their numeric values are dedditethe appendix. The effect of pore fluid changaghe elastic
moduli of the rock is estimated using the rock mies that can be obtained from well log data kadmbratory

measurements, and related by rock physics fornanl4fil]. The maximum attenuatio@;{%,) is related to the rock
moduli-versus- frequency using the Krammer-Kromiation and the standard linear model [1] as:

Qr_n}zx = (MOO_MO)/Z\/ MOOMO’ 1

whereM,, is the high frequency compressional modMlj,is the low frequency compressional modqljL, is also
known as the maximum inverse quality factor. At lisaquency, the effective pore fluid is the mixtafewater and
gas at pore scale. The bulk modulus of the fl&gl) (s the harmonic average of the moduli of watest gas [15].
The bulk modulus of the partially saturated rodk:)(is estimated using the formulation of [11] whilee
compressional modulus of the partially saturatex is estimated as:

4
M, = K, +§GDRy, 2
OKpry—(1+@)KrKpRy/Ks+KF
K, =K 3
0 S (1-@)Kp+0Ks—-KpKpRry/Ks
1 _Sw 1=Sw 4
Kr Ky Kg '
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At high frequency, fluid distribution in the rock assumed to be at a patch-scale. The concepfecfieé pore fluid
is no more applicable. The bulk moduli of the fulmter-saturated patcl(f) and the partially gas-saturated region
(Ksw=o) are estimated individually using [11]. The congsienal modulus of the entire rock at high frequeisc
estimated as the harmonic average of the wategasdaturated regions of the rock. Assuming shedutus is the
same for the water saturated and gas saturatednssgiompressional modulus of the entire rock Isutated in
term of the bulk and shear modulus[16] as:

1 Sw 1-Sw

= + 5

- 4 4 1
MsATo0o0 Kp+§GDRy Kﬂy=o+§GDRy

whereSy, is the volume of water in the patch ahé s, is the volume of gas in the background rock matrix

K. = K OKpry—(1+D)KwKpRy/Ks+Kw 6
P 5 (1-@)Kw+0Ks—KwKpry/Ks

K. =K PKpry—(1+@)KGKpRry/Ks+Kg
sw=0 = Bs—/— —
(1-0)KG+PKs—KGKpRry/Ks

Equation 1 applies porositg), saturationg, , 1 — s, ), the bulk modulus of fluidKx), bulk modulus of gask(,),
bulk modulus of waterk,), the elastic modulus of the dry rodkp(.,, Gp,y, ), and the bulk moduli of the minerals
(K,) to provide analytical solution for the effectigkastic moduli of a water-gas-saturated isotropakr The black
curve in figure 1 shows the dynamic effect of saiion on attenuation for the modelled reservoirkrdd7]
simulated plane wave propagation in a patchy setdreock model containing water with gas inclusidimey
showed that the dynamic effects of saturation enatitenuation of seismic waves propagating in ehyasaturated
rock can be explained by a curve similar to the sim@wn in figure 1. The curve (Fig. 1) is usedhis tstudy to
surmise a first order approximate relation betwegismogram derived attenuation (SdA) and saturalibe black
curve in figure 1 is hereafter known as the thécaktcurve. Because: hydrocarbon reservoirs arelyrdully
saturated, and attenuation increases with sataratidshe partial saturation range, | consider theial saturation
part of the curve. The blue circles in figure 1 tire values of attenuation and saturation selefctethe time lapse
seismic study. The values of attenuation and sébuareepresented by the blue circles are listet@libe 1.
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Fig. 1: Attenuation (QnL,) plotted as function of saturation, using the thetical model of Mavko et al. (1998). The blue pots are the
attenuation values selected for the time lapse stud
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Table 1: Saturation and the corresponding attenuatin extracted from the theoretical curve (blue cirats) in Fig. 1

saturation | 0.11 | 0.1E [ 0.1 | 0.2z | 0.2¢ | 0.4z | 052
QL 0.025| 0.034] 0041 0050 0067 0.1p0 0125

Amplitude Amplitude

0 =0.025]

Time-depth x 102 {ms)

Time-depth x 102 {ms)

Fig. 2: Time lapse seismic data showing increasedalitude diminution, waveform distortion and time-thickness in the reservoir section
(red box) due to the time-variant increase in resemir saturation. Q! is the value of the attenuation in the reservoir.

Seven (7) synthetic seismograms were computedpiesent the time lapse field seismic data recomest a
period of seven years in the same vicinity of thedelled reservoir rock. The field seismic model gists of five
layers. TheQ;.L, in table 1 is assigned to the fourth layer of eatlthe time lapse seismograms to model high
attenuation due to the reservoir saturation, whig™* value of 0.005 is used to model low attenuatiame(tb the
absence of fluid) in the other layers. A MATLAB gramme is developed to generate attenuated seisanes for
the Earth seismic model, by incorporating the chalssorption model [18] into the plane wave refl@etalgorithm
[19]. The programme can generate attenuated P®, 3P, S-S events, their multiples and randomendite
programme is suitable for generating realisticreegrams for absorptive/attenuating Earth modelsidBan noise
is about 10% of the maximum primary signal ampkut@io avoid ambiguity, the synthetic time-lapsesisgigrams
are hereafter known as field seismograms. Fouhefseven time-lapse field seismograms are shovfigune 2.
The physical effects of increased attenuation am fibld seismograms (Fig. 2) include increased dogs
diminution, wavelet distortion and phase delay,eesly in the signals corresponding to the basthefreservoir.
The red box in each seismogram captures the signalssponding to the top and the base of theveisénterval.
The continuous decrease in the signal amplitude dbaesponds to the base of the reservoir indicatereased
attenuation due to increased fluid saturation.dased reservoir thickness in the time-lapse fieishsograms is the
effect of phase delay due to velocity dispersiat thsually characterise attenuation. Attenuatioestimated in the
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time lapse seismic data using the SFVQM algoritB6i.[The attenuation measured in the reservoirvatgQ;?)

of the seven time-lapse seismic records are 0.02737, 0.043, 0.056, 0.061, 0.081 and 0.105 reispbet
Saturation is predicted for each of the attenuatimasured in the time lapse seismograms by usithtioretical
curve shown in figure 1. A plot of the SdA with tberresponding saturation is shown in the red gollodigure 3.
The saturation equivalence of the seismogram dgrateenuation, SAA (red circles in Fig. 3) can b¢éamed by
tracing each red point to the abscissa. The attiemuestimates for the highest input saturatiodi@iated by the red
arrows) in figure 3 significantly differ from thaput model (the blue circles indicated by the a®ws). This is
because: (i) the effects of seismic noise is végy h the amplitude of the signal correspondinghe base of the
reservoir has been drastically reduced by attemwiaid the noise is now about the size of the elgsieismic signal
(see figure 2d); (ii) the attenuation measuringodathm is less reliable for predicting attenuatiwhen theQ—?
model> 0.10. The influence of the two factors mentioned in fidgii) caused significant error in the saturation
predicted from the attenuation measured in the eismograms. To reduce the uncertainty in saburastimates
due to the effect of seismic noise, the seismia dan be treated for noise by a frequency-neultgalithm such
that the process of de-noising does not affectréguency profile of the primary signals. In thise, the effect of
noise on attenuation measurement is reduced byumegsattenuation in noise free synthetic seismmgran
addition to the one measured in the field seismuogreSBynthetic noise-free seismograms are genefatexhch of
the time lapse seismic data using the MATLAB progrze described earlier. Attenuation estimates irrélservoir
section of the noise-free synthetic seismograg@js') are 0.023, 0.033, 0.040, 0.053, 0.069, 0.105 @Aa&1,
respectively. To reduce the uncertainties in saturation estimales to the effect of noise on attenuation
measurement, saturation is predicted from the rattanuation @;,;!). Mean attenuation is computed as the average
of @zt and@;*. The plot ofQ;;! and the corresponding saturation is shown in &gur
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Fig. 3: Seismogram-derived attenuation plotted wittsaturation (red circles). Saturation is inverted fom the SdA using the theoretical
curve. The blue circles are the plots of attenuativand saturation from the theoretical curve in figue 1.

The saturation values inverted from the SdA afterecting for the effect of noisé¢s) (red circles in Fig. 4) and
the saturation predicted by the theoretical mdtig} (the circles plots in Fig. 4dre compared in table 2. Results
show that correcting the effects of noise on atition measurement shows significant improvementhim
saturation estimates: the saturation values prsdiitbom SdA after reducing the effect of noise m@e consistent
with the saturation computed using the theoretivadiel.

Table 2: Saturation values predicted for the seisriderived attenuation §4s) and the theoretical rock physics modelSqyy)

N

b2
b4

Som | 0.11| 0.15] 0.18 0.22 0.2p 04
Sgs | 0.11| 0.15] 0.18 0.23 0.3p 0.3

0.
0.

©
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Effects of Other Reservoir Parameters on Seismic Agnuation
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Fig. 4: A plot of SAA versus saturation after correting the effect of noise on attenuation (red plojs Saturation is inverted from the SdA
using the theoretical curve. The blue circles arehe plot of attenuation and saturation from figure 1

i. Porosity, Bulkmoduli of Fluid and Mineral Composition

Apart from saturation, attenuation depends on gpneperties of rock and fluid. These factors inelymbrosity and
mineral composition of the rock [21, 22]; the coegsibility and viscosity of the fluid [23, 3]; abeinperature [24,
25]. To study the influence of other material propert¢ rock on attenuation, | kept saturation cortstéaad perturb
the porosity, the bulk modulus of the fluids, ahd tmineral composition of the rock, one after ttreeg by 10%, in
contrast to the values used to compute the cunfigime 1. Figure 5 shows the effects of these ipatars on
attenuation as predicted by the theoretical mddadontrast to the black curve (reproduced frorrfiégl), the green
curve shows the effects of 10% reduction in poyosiie blue plot is the effect of altering the mislecomposition-
reducing the quartz composition by 10%, and inéngaslay composition by 10%; and the red plot shdles

effects of reducing the modulus of the fluid by 10Pke results plotted in figure 5 show that: tharae in mineral
composition has the least effects on attenuatitire -blue curve almost completely overlay the thiécak (black)

curve. At 0.17 attenuationQfl,) and 70% saturation (shown in black horizontal aedtical lines), a 10%
reduction in porosity increased attenuation by 3.while a 10% reduction in the fluid moduli cadisn 11%

decrease in attenuation.

ii. Scattering Effects and Tuning Thickness

The assumption that the attenuation measured iresves/the sole contribution of saturation is noha always
valid. Attenuation measured from seismic data isombination of the intrinsic and scattering attdimma The
relationship can be defined [26] as:

1/Q = 1/Q; + 11Q,. 8

Where 10; is the intrinsic attenuation, and@}l/is the scattering attenuation. Scattering attéomaand tuning

effects caused by thin layers can influence the nitage of attenuation measured in seismic data. NAthe

thickness of an attenuating layé) (s less than a quarter of the dominant wavele(itdd), the layer is referred to
as a thin layer. The scattering attenuation cabyea thin poroelastic layer can be estimated sthiegmodel [27]

as:
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_ kh
Qsc%:s Tanw2n2 9

1+k2h2 "’

whereS = {€?). e is the correlation function for the fluctuationtbe impedances is the wave number aridis the
thickness of the layer.
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Fig: 5: Attenuation estimate versus saturation — Stwing the effects of other material parameters ofeservoir on attenuation. For
examples, at 70% saturation (the black vertical lie), the attenuation value of 0.17 changes to 0.16c~0.18 due to the 10% change in
the fluid bulk modulus and porosity respectively. he green plot is when the porosity is reduced by ¥ the red plot is when the fluid
bulk modulus is reduced by 10%, while the blue plots when the mineral composition (clay and quartzjs altered by 10%. Please note

that the blue curve is overlaying the black curveThe black curve is from figure 1.

The model can be used to estimate the scatterieguation due to thin layer. In order to quantife tsole
attenuation induced by saturation, the attenuatioe to scattering should be deducted from the wdtém
measured in the seismic records. The resultamuwat®n should then be used to predict saturatiodescribed in
earlier sectionln seismograms recorded from thin layers, the aftimes of the incident and transmitted signaés ar
close, and thus make it difficult to reliably congpthe signal spectra required for attenuation oreasent.

RESULTS AND DISCUSSION

Theoretical rock physics model and perturbatiomaivbird modeling is applied to study the possibilifyusing
attenuation to indicate saturation in reservoiksodresults show that the time variant changestiaration can be
observed in attenuation measured in seismograrosdedt at the reservoir interval. The relationstipeasved in the
theoretical curve is used to describe the saturatigpendence of seismic attenuation for the madiekservoir
rock. Attenuation measured in seismic records psitiio the theoretical curve to invert the satoratquivalence
for the SdA. The higher the attenuation measureskiamic records, the higher the saturation indeftem SdA
using the theoretical curve. The results show thattime variant saturation increase in reservaiks can cause
increased seismic wave attenuation that is medsigr@atime lapse seismic data, and that attenoatém be used
to monitor saturation in reservoirs. If the actrehtionship between seismogram derived attenuatimhsaturation
is known, attenuation can be used to a first oaggroximation, to predict hydrocarbon saturationeiservoirs.

Aside saturation, attenuation depends on some ialgpeoperties of rocks. These properties affeetrttagnitude of
attenuation estimates using rock physics theoteaticalel and the saturation predicted from the cuRg the case
study, a 10% reduction in porosity caused a 5.3% in attenuation, while a 10% reduction in thekbnbdulus of
the saturating fluids caused an 11% drop in attémal hese changes have corresponding effecthesdturation
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predicted from the seismic-derived-attenuation, $dkg the theoretical curve. One important obg@mdrom the
study is that an x degree of saturation can caifssreht magnitude of attenuation in different rectfue to the
variation in the material properties and conditadrthe rock. Depth of burial, effects of overburdeaterials, and
temperature may cause variation in porosity anderaincomposition of reservoirs found at differeepths, it is
possible that reservoir rocks found in the same &g at different depths can have different atition, even if
they have similar saturation. It also follows tlthfferent attenuation values may be measured isnsei data
recorded from two reservoir rocks having similartenial properties and saturation, but differentkhiesses. It is
therefore important to note that every attenuatiaturation case should be treated individually thase the
properties and condition of the rocks. Separater#iial curves should be computed for differertksy and the
theoretical curve should be used to invert satomdior the attenuation measured in seismic dater efmoving the
contribution of scattering attenuation.

CONCLUSION

Porosity, saturation, mineral composition, and dflutdompressibility are important rock propertiesttipday

significant roles in the process of attenuatiors@fmic waves. The effect of these rock propedieattenuation is
studied using a what-if pertubational forward mtdgltechnique. Results show that: saturation carinverted
from seismic attenuation using a theoretical cubase on rock-fluid elastic modulus theory. In additto

saturation, porosity, mineral composition, anddlaiodulus influence the degree of attenuation aeveaiperience
in a rock.

APPENDIX
The Definitions and Numerical Values of the Propeiies of the Model Rock

Bulk modulus of water, Kw = 2.64 GPa

Bulk modulus of gas, Kg = 0.08 GPa

Porosity,6 = 0.3

Proportion of clay in the roclfclay = 0.05

Proportion of Quartz in the rockquartz = 0.95

Bulk modulus of clayK,,, = 1.45

Bulk modulus ofK;y4r¢, = 37.9

Bulk modulus of the minerals, Ks fdlay * K.qy) + (fguartz* Kquartz)
Bulk modulus of the dry rock, Kdry = 2.6 GPa

Shear modulus of the dry rock, Gdry = 3.2 GPa
Compressional modulus of the dry rock, Mdry = Kd#§3*Gdry
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