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clainms the benefit of U S. Provisional Application No. 60/633,675 filed 6
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generally to the field of geophysical ,prospecting and, nore particularly,
to rock physics nodeling and nethods for predicting and relating elastic
properties, which affect seismc data and therefore can be deduced from
seism c data, and petrophysical properties. Specifically, the invention is
a nmethod for constructing a rock physics nodel of a subterranean region

that accounts for FNFESRATED ANISOTROPKD RECRERPSHNESHIOBEL | NVENTI ON
[0003] Rock physi CS_WUGF%_T_W[_E_MI nversi on and
interpretation by providing a critical |ink between petrophysical properties
(e.g., porosity, shale volune, water saturation, etc.) and seismc

properties (e.g., P- and S-wave velocities, attenuation and frequency

content). It is, theRESS REFERENTE YO RELATED APPIDMUATIONS accurate and

robust rock physics nodel that represents the conbined effect of the key
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fluid type ter satura con m neral ogy, stress,

t enper at ur e AppllcgtivreNbr 605633 8@ filked|6 Deeembi- zqun/m that sedi nentary rocks
(the type of rock where petroleumcan often ‘be found) are anisotropic in

nature. That is, their elastic properties vary with direction. Recent

published literature shows thag t ' Is a primary factor
controlling the anplitude- versus 3?‘5&“5}3& -E[etﬂgvi or. In a CWw
(common-m ddl e point) gather, the anplitude of a seismc reflection froma

particul ar i[00@2]f ace Vidis daventidn abfades gendrally denthe field of geophysical
prospecting and, more particularly, to rock physics modeling and methods for
predicting and relating elastic properties, which affect seismic data and
therefore can be deduced from seismic data, and petrophysical properties.
Specifically, the invention is a method for constructing a rock physics model

of a subterranean region that accounts for anisotropy in the region.
BACKGROUND OF THE INVENTION

[0003] Rock physics modeling plays a critical role in seismic inversion
and interpretation by providing a critical link between petrophysical properties
(e.g., porosity, shale volume, water saturation, etc.) and seismic properties
(e.g., P- and S-wave velocities, attenuation and frequency content). It is,
therefore, extremely important to build an accurate and robust rock physics
model that represents the combined effect of the key controlling factors, such
as porosity, pore geometry, pore connectivity, fluid type (or water saturation),
clay content, mineralogy, stress, temperature and anisotropy.

[0004] It is well known that sedimentary rocks (the type of rock where
petroleum can often be found) are anisotropic in nature. That is, their elastic
properties vary with direction. Recent published literature shows that seismic
anisotropy is a primary factor controlling the amplitude-versus-offset (AVO)
behavior. In a CMP (common-middle point) gather, the amplifude of a

seismic reflection from a particular interface varies with offset or incident



WD 2006/ 062612 PCTI US2005/ 039002 2 angl e. The behavior of the anplitude
change with offset can be linked to fluid content in the rock. For exanple,
typi cal gas sands overlain by shale are often characterized by a "C ass
11" typevoek/od262. , negative polarity at the interfaceceushoniaIvessi ng
anplitude with offset. G| sands may display Cass Il type AVO i.e., very
weak anplitude at the near offset and st4ong anplitude at the far offset.
The present inventors have found that thHe anisotropy effect is particularly
i nportant for high-inpedance sands (the acoustic inpedance of the sands is
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This is particularly true for incident angles larger than 30 degrees. The results

also demonstrate that a theoretical rock physics model with anisotropic

capabilities is highly desirable.

[0005] There are two important types of anisotropy in clastic
sedimentary rocks: (1) shale anisotropy and (2) stress-induced anisotropy.
Shale anisotropy is common in clastic rocks. Shale anisotropy is the most
common anisotropy in sedimentary rock. This is simply because over 70% of
sedimentary rocks are shale. Shale anisotropy is caused by the preferred
orientation of the pore space between the clay particles. Stress-induced
anisotropy is caused by the differential stresses in the earth crust. In general,
the three principal stresses are often different from each other due fo the
tectonic movement of the earth crust and overburden effect. In a typical
relaxed sedimentary basin, assuming negligible tectonic movement, the
vertical stress is often much higher than the two horizontal stresses. In the
major principal siress direction, the rock is compressed more in comparison
with the compression at the other two directions. This differential compaction
will result in a differential closure of soft pore, or cracks, in the rock. Cracks
aligned perpendicular to the major principal stress have a higher tendency of
being closed than cracks aligned in other directions. Consequently, the

compressional wave will travel faster in the major principal stress direction.



with the conpression at the other two directions. This differential
conpaction wll result in a differential closure of soft pore, or cracks,
in the rock. Cracks aligned perpendicular to the major principal stress
have a hiyBenogieedancy of being closed than cracks al i geFAIS200508%062
directions. Consequently, the conpressional wave will travel faster in the
maj or principal stress direction. W 200/ 062612 PCTI US2005/ 039002 3 [0006]
In general, shale anisotropy is strong (higher than 10% . Seisnc
anisotropy is typically neasured using Thonsen paraneters, 6, yand S, which
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direction anghidt atddetioyy dsiidien. Simlarly, y neasures shear-wave
- anisotropy. S controls the P-wave and SV- wave velocity profiles at

i nt ermedi ate angl es between the fast and slow direction. Typically, 6 or 5
is used to quantify gei sn{g‘g ani sotropy. A characterization of 20%

ani sotropy thus neans—that>the P- or S wave vel ocity in the fast direction
i s about 20% faster thdfghat in the slow direction. [0007] Because shal e
anisotropy is strong, it has a larger effect than stress-induced ani sotropy
on AVO nodeling. Stress-induced anisotropy is

y = C66 - C44
2C,,

5= (c13 +C44)2 "(Css '*C44)2
2C33(C33 —C44)

Here, Cy is the elastic tensor of the anisotropic rock. The quantity &
approximately measures the P-wave anisotropy, i.e. the relative change
between P-wave velocity in the fast direction and that in slow direction.
Similarly, y measures shear-wave anisotropy. & contirols the P-wave and SV-
wave velocity profiles at intermediate angles between the fast and slow
direction. Typically, £ or J is used to quantify seismic anisotropy. A
characterization of 20% anisotropy thus means that the P- or S-wave velocity
in the fast direction is about 20% faster than that in the slow direction.

[0007] Because shale anisotropy is strong, it has a larger effect than
stress-induced anisotropy on AVO modeling. Stress-induced anisotropy is
commonly seen in shallow unconsolidated sands where the vertical effective
stress can be significantly higher than the horizontal effective stresses. In
cases where there is little tectonic movement, stress-induced anisotropy
cannot be measured using cross-dipole logs since the two horizontal stresses
are more or less the same. In areas where the tectonic movement is large,
azimuthal anisotropy exists and can be measured using cross-dipole logs.
Unlike shale anisotropy, stress-induced anisotropy is more difficult to predict
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is discussed by H Il in Journal of Mechanics an Physics of Solids 13,

213-222 (19abgories] arg thearefosei walid ondy hior Pdijute Sonmdantration, of §%r@e2.THiE977) .
Ho , eith h drasti cal | down. t h i cal tion. It
Wout o be dediHaED, Mages 1B drsfFordks AP tes 1 TG PraglitRL sa nTBS MG Mo
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shal e ani sotropy and stress-induced ani sotropy sinmultaneously. The present
i nventi on saelfsédnsistent (BOY scheme. nBENS is dEanssedtlnyi Nishidawa irk Jphiysil of

model s are Vl\él?jgigalﬁaer?h iSB, t3'3?-§twj ?1% ééél) and by Hornby, et al. in Geophysics 59,
1570-1583 (1994). SC is discussed by Hill in Journal of Mechanics and
Physics of Solids 13, 213-222 (1965) and by Willis in J. Mech. Phys. Solids
25, 185-202. (1977). However, either scheme drastically slows down the
numerical computation. It would be desirable, to speed up the calculations
while maintaining the accuracy of the method. Furthermore, there is no
model that can handle both shale anisotropy and stress-induced anisotropy
simultaneously. The present invention satisfies both of these needs.

[0009] Empirical rock physics models are widely used in the industry
due to their simplicity. These empirical models typically assume a linear
relationship between P- wave (or S-wave) velocity, porosity and/or shale
volume. Despite some limited success of such models, there are increasing
concerns about their applicability to seismic inversion (i.e., solving for
petrophysical properties using seismic data) since they are data-driven.
Without a large amount of data to calibrate these empirical models, they often
provide incotrect, sometimes even misleading, results. In many exploration
and/or development circumstances, one often does not have the data needed
for the calibration. Another major drawback with the empirical models is that
they provide little physical insight. For example, one may find a simple
relationship between permeability and velocity and conclude that permeability



due to their sinplicity. These enpirical nodels typically assune a |inear
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pet rophysi cal properties using seismc data) since they are data-driven.
Wthout a |l arge anobunt of data to calibrgte these enpirical nodels, they
often provide incorrect, sonetines even™m sleading, results. In nany

expl oration and/or devel opnent circunstances, one often does not have the

data needed . for the calibration. Another | or .drawback with the enpirical
model s i s t H&t@ Majey coptsoling factor far B‘ﬁ@gﬁtlbgﬁ{qnméﬁ' dagt, %F%N\émyrpﬂr@,"%n‘é may

- find a sinpl | afi ] n pe bk and | t C | ude
that permoadf19ey) e SBberbeBSpshic /A LRIRRcrbisbhan  bERAOEh HoRBty Rl g
factor for vsdrasddbilitpherakes npémedabilithelovk! e Gy cohrollingi Rctdrafaelsloeiysed by
-porosity. A good correlation between Eorom ty and %er neabi | i t.g;Ema.kes

per meabi | i t yPemasabililyenattetsntublusually naswoseqandane effect on velagitye dbinally,y
matters, but_usuall.y has secondar ffect an.velocity. Finally, .a

enpiri cal rro%fe"lpdﬂgﬂrﬂwd%a?ﬂﬂ 8”&%%\‘@9 P YRy @W'tr‘?ﬁrmﬂpb%'f oﬁﬂ“?%rlss ,tm“iﬁ’gﬁycal ly
fewer than tfere. r q;%m ' ' i ' o]
consi der the cont)tlrlfﬁlgdthe 'e'é?pg?ﬁig\gﬂééﬁ\& P‘g%fke)ﬁ??gg?ﬁgﬂg%eg'\%}%u%?a?'ltEi d
cont ent (wat eonsideruthe i combineduetfecto nfparosity, oporep types uskealet eolpienegt fluid and
frequency. [0010 here are | im,ted nunber of theoretical roc hysi cs
model s in tf& Ph Z‘F’é{%r%tuﬁ%‘fmi&wgl EOMURICAYOR, PreSHEsy ie'BPe[ﬁ'K‘HE%@QFIi on of
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the literature. For example, M.A. Biot, “Theory of propagation of elastic
waves in a fluid saturated porous solid,” Journal of Acoustic Society of
America 28, 168-191 (1956); G.T. Kuster and M.N. Toksoz, “Velocity and
aftenuation of seismic waves in two-phase media, Pari1l: Theoretical
formulation,” Geophysics 39, 587-606 (1974). In general, these models can
be used to explain the elastic behavior ohserved in the laboratory. However,
it is often difficult to apply these models to real cases (e.g., well logs). Xu and
White developed a practical model that simulates the combined effect of a
number of factors on P- and S-wave velocities. (“A new velocity model for
clay-sand mixtures,” Geophysical Prospecting 43, 91-118 (1995); and “A
physical model for shear-wave velocity prediction,” Geophysical Prospecting
44, 687-717 (1996)) But the model does not handle the anisotropy effect.
Homby, et al. propose an effective medium model to simulate shale
anisotropy (Geophysics 59, 1570-1583 (1994)). But, their mode! is limited to
pure shales only, not applicable to sandy shales or shaly sands. This greatly
limits the applicability of their model since sedimentary rocks are made of not
only shales but aiso other rock types, such as sandstone, siltstone, limestone,
etc. Also, Hornby's approach is valid for high frequencies only and it is,
therefore, always Gassmann-inconsistent. Gassmann’s theory has been
widely used in the oil industry for fluid substitution (hypothetically substituting

pore fluid in reservoir rocks from one type to another, e.g., from water to oil).



be used to explain the elastic behavior observed in the | aboratory. However,
it is often difficult to apply these nodels to real cases (e.g., well logs).
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of reservoir fluid. Traditionally, different fiuid phases, e.g. gas and brine, are
mixed using the Wood Suspension law before they are put into the rock using
Gassmann (1951) equations. This approach puts fluid mixtures uniformly into
all the pore space, regardless of the pore size, wettability and permeability of
the rock. Laboratory measurements demonstrate that the approach is
probably applicable to rocks with relatively high permeability and at relatively
high effective stresses where micro-cracks are closed. It is highly
questionable if the approach is valid in shaly sands, in which micro-pores tend
to be water-wet due io the capillary effect.

[0013] Thus, there is a need for developing an anisotropic rock physics
model, which has a fundamental physical basis. The model should be
Gassmann-consistent and correctly freat the capillary effect on different fluid
phase distribution at pore scale. The model should be accurate and efficient
enough to be applied to well log analysis and/or seismic inversion. In
particular, the model should be able to handle different kinds of anisotropy
(e.g., shale and stress-induced anisotropy). The present invention fills this
need.
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Its enbodi nents present invention Is a nethod for generating an
ani sot r opi ¢ vohurke phgis oetbodmanaprising! (ayotieting the mﬁﬁfsrpmmiurmeglm t hat

si mul at es bot h s | e ani sotro d, stress-induced, ani s nodel
having a por @AY iR &?@ RPT€Ral %gfﬁbr"{]ﬁfgd RPIESs m&grgﬁr@c §a| @XnﬁFﬁﬁg
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be made quansttlrets%tallr;/desﬁg]%e\?lolapnee éé)t?()aht ﬁlsth%fsfbvtg{rgplégﬁ r|]'eg|on (c) mixing sand
grains with clay particles in said model using a first mixing law; (d) adding wet
clay pores with a preferred orientation distribution to the clay-related part of
the pore volume of said modet; (e) adding empty sand pores and aligned
microcracks to the sand and microcrack parts, respectively, of the pore
volume of said model; (f) mixing hydrocarbons with water using a second
mixing faw; thereby forming a fluid mixture within said model; {g) placing the
fluid mixture into the sand pores and microcracks of said model using
anisotropic Gassmann theory; and (h) calibrating parameters in the model
using measured data.

[0015] In one embodiment of the invention, the aforesaid mathematical
relationships are selected as follows: the portion g, of the model's pore

volume ¢ that is clay-related pores is given by ¢C,ay =V, ¢r: the portion g,
that is sand-related pores is given by ¢, =(1-V,)¢,, the portion ¢, that

is microcracks is given by d.,... = d,,¢">; and the portion ¢2°, that is sand-

related pores with random orientation distribution is given by
50— Bea — Ber » Where Vg, is the shale volume normalized by grain matrix,
O = Beiy + Psng + crack + Pra 1 initial crack porosity at zero overburden siress

o,, and g is pressure gradient in the subterranean region.



stress and shal e volunme fraction in the subterranean region; (c) mxing sand
grains with clay particles in said nodel using a first mxing |law, (d)
adding wet clay pores with a preferred orientation distribution to the

cl ay-rel sd@ebopac¢2610f the pore volune of said nodel; (ePCEIS§ONY sand
pores and aligned mcrocracks to the sand and m crocrack parts,
respectively, of the pore volune of saig nodel; (f) m xing hydrocarbons
with water using a second mxing law, thereby formng a fluid m xture
within said nodel; (g) placing the fluid mxture into the sand pores and

m crocracks of said nod i l ry; and (h)
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sand- rel at SHAWERASINWRIET andom ori entation distribution is given by O saad
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The present invention and its advantages will be better understood by

referring to the follow ng detail ed description and the attached draw ngs
in which: Fig. | Fig &igedew ¢har&§t19\am4§etb?@wesﬂeév§tofmer%laoam%'atqfdw on

the reflectjyl Of ‘.Fig. 2 is a flow chart showi ng the basic
st eps of Ong"é%%%ﬂﬁ‘ﬁ%’#p’%’?’gﬂ?&

Fig. 3 is a schematic diagram further illustrating the flow chart of Fig. 2;

Fig. 4 is a flow chart of a differential effective medium scheme, as
modified in the present invention, for proportionally adding different pore
types to the model during construction of the model;

Figs. 5A-5E illustrate the effect of stress-induced anisotropy on S-wave
and density predictions; and

Figs. 6A-6C illustrate the effect of anisotropy on a well-to-seismic-
gather tie (Fig. 6A1 is a duplicate of Fig. 6A).

[0017] The invention will be described in connection with its preferred
embodiments. However, to the extent that the following detailed description
is specific to a particular embodiment or a particular use of the invention, this
is intended to be illustrative only, and is not to be construed as limiting the
scope of the invention. On the contrary, it is intended to cover all alternatives,
modifications and equivalents that may be included within the spirit and scope

of the invention, as defined by the appended claims.



present inventive nethod; Fig. 3 is a schematic diagramfurther illustrating
the flow chart of Fig. 2; Fig. 4is a flowchart of a differential

ef fective nedium schene, as nodified in the present invention, for

proporti owal2oge/@mekizcng di fferent pore types to the nodelPCAMFS2pu5/038093t r uct i on
of the nodel; Figs. 5A-5E illustrate the effect of stress-induced anisotropy
on S-wave and density predictions; and [ggs. 6A-6Cillustrate the effect of
ani sotropy on a well-to-seismc- gather tie (Fig. 6A1 is a duplicate of Fig.
6A). [0017] The invention will be described in connection with its preferred

s spedi 11 ¢ to DecaESarScRE N SHEPRERARRENERBGOMENIST N o

this is intended to be illustrative only, and is not to be construed as

limting t he{ 0" ngltolevgfs Theﬁ%rgggﬁmdmuo% gbﬂeéoé‘ﬁ lidfeYratel aﬁ.sbﬁagedﬁ%kt 0

cover all I cations and equi val enf’s that may I ncl uded
wi t hi n the sphysi¢ts anddscdpat sirhulabes ibotenshale, aa&oﬁvbynaddb;tré@mhmedded

clainms. WO 2006/ 06261 PCT[ US2005/ 3900% P TAI SCRI g\lf%: I—}E
PREFERRED EMBUBPHERT ST glastioso 3 el alspehan ﬁsﬁ vaQ:IB '"& ¢RI ted
ani sot ropi ¢ p t t

stress-i nducé@%5 k¥f| gfé?rog?% WER?I %&Pgﬂéigﬁ e’#ﬁgﬁn'%dzem éfﬂ%%
conbi ned ef f il cmmipdiicionyon Fhadred Golvave veliities maawmiswnt INaBRBHT @,
tenperature, and pore fluid comunication on P- and S-wave velocities in a

consi st ent nimrmpdel and s suiydarizeghin aguatiointl)i ti\@dotai poR ¥ElUGHe (Slqlvrdeﬁle

Share vol unehi ekl pecdpigletnb dsfinatad shafyalhfsdnd BrelfveSimSFer ot e
pores, and (@) dByFeIGEARE 6resqR)Sand-Felatcliepsrard afa By AfiBiocracks (mainly in

the sand component).

Pr = Pepay + Bsona + & crack | (1

The model simulates shale anisotropy via the preferred orientation of clay-
related pores (¢cny) and stress-induced anisotropy via the preferred
orientation of microcracks (¢c.), which is controlled by the differential

stresses. Laboratory measurements or well logs are needed to establish a
relationship between crack density and the effective stress.

[0019] The pore space is partitioned into the clay- and sand related
pores using the scheme proposed by Xu and White:

¢cray =V 4fr (2)
Psans = Fr — ¢czay (3)

where ¥V is the shale volume normalized by grain matrix. The anisotropy in
shale is assumed to be caused by a preferred orientation distribution of the
ciay-related pores, which can be described by, for example, a Gaussian
distribution. The sand pores are further divided into two types: (1) primary

Iso

porosity, ¢.;, which has a random orientation distribution, and (2)

microcracks, éc... Which have a preferred orientation distribution. The



7r = 7cny + 76and +' (' Crack (1) The nodel sinulates shale anisotropy via the
preferred orientation of clay- related pores (q ,,) and stress-induced

ani sotropy via the preferred orientation of mcrocracks (l,,,ck), which is
control | &) wpe/péme1di fferential stresses. Laboratory neBETUSHEONIWIB wel |

| ogs are needed to establish a relationship between crack density and the
effective stress. [0019] The pore spaceqgs partitioned into the clay- and
sand rel at ed pores usi ng the schene proposed by Xu and Wite: ocny = VAOT
(2) GCsand = - ony (3) where Vh, is the shale volune nornalized by grain

ori ent at i on pﬁ”' B A1 e AL S R, R BRI, B PLBIEHEY,
by, for exa%ﬁbﬁtati@n%ﬁﬁbaﬂon dbft thieb yhicRibradite mdtﬁéoraaclarﬁoﬁdsnyhafe

divided into two types: primary porosity, Osod , as a random
orientation det@"mlnmnhydhe 1552 pﬂpcnpﬁi ghressesckin ﬁwcared@red genlogicah aetting,

preferred orientati stri.bu WD 2006/ /USZ S/039 02 10
primary sand® p8?‘6'§\p§)‘§/ &? gl?ﬁi(f?&egsb'é Wmféﬁgnf&e T IF rétET IZpRia
orientation s%?.%éé byhitAR ?érﬁchﬁarrﬁafs'éo‘?ﬁ@%&?aa&dt%ﬂbet& P@C!Srlé’rﬂéﬂsxiérﬁcé}\’ye
determ ned by t hree principal stfesses e rel axed geol ogi ca
setting, fds aresyt d-wave velocitycteindstiodses fasier inpthealdriicali difeetion than e t wo
hori zont al stres?’;s. In this. artlcul ar case, mcrocracks tend to be

I

ori ented velth§ tup hprizonfal direetioNls: | p-wave vel ocity tends to be faster in the
vertical direction than in the two horizontal directions. [0020] Laboratory

t t ' |
Cvar bur don. J0O2PNSC 1 Teboatbly TACHERENTS HnfofBirabe tdeigtk pRrddfy can

Y?ni (e- Pa. (b&)linked to the overburden stress using an empirical relation. For example,
¢Crack = ¢fm'!e_ﬁa° (4)

where g is the initial crack porosity at zero overburden stress (o) and g is
the pressure gradient. Finally, the primary sand porosity with random pore
orientation can be written as,

.;:Zd = Gama = Pcrack (5
In short, the model simulates shale anisotropy via the preferred orientation of
clay-related pores and stress-induced anisotropy via the preferred orientation
of microcracks, which is controlled by the differential stresses. Laboratory
measurements or. well logs may be used to establish a relationship between
crack density and the effective stress.

[0021] Figure 2 is a flow chart showing how the model works. The
model is more graphically illustrated by the schematic diagram of Fig. 3. In
step 21, the sand grains are mixed with clay particles using a mixing law (e.g.,
the Voigt-Reuss-Hill average). In step 22, the clay pores are added to the
matrix using the differential effective medium (DEM) scheme or using the
anisotropic dry rock approximation (ADA) scheme, which will be described
later, in order to consider the mechanical interaction between the pores. The
added clay-relaied pores are assumed to always be water-wet due to the

capillary effect (see discussion below). In step 23, the primary sand pores



where 01,i, is the initial crack porosity at zero overburden stress (a.) and
Yis the pressure gradient. Finally, the primary sand porosity with random
pore orientation can be witten as, Y 0'so S. ,d ,kSand ,,kk _ W- QOCntk
(5) I'n sheotpostdezsirodel sinmul ates shal e ani sotropy vi a POF/UYNRESHEI
orientation of <clay-related pores and stress-induced ani sotropy via the
preferred orientation of mcrocracks, wych is controlled by the
differential stresses. Laboratory neasurenments or well |ogs may be used to
establish a relationship between <crack density and the effective stress.

[0021] Figure s a flow chart .shqQw ho rks, Th del is

nore graphi c,aaﬂqzt)bq W‘iﬁg?fra&_{‘%&f%ﬁf’?ﬁg\%gﬁ%ﬁxﬁe_w& g&ﬂﬁhﬁ%&aéﬁaﬂ%‘%&ﬂﬁ‘a& ep

+ 21, the Sanclhaf@ispﬁoémdrms& bfest bR\ordidks! ioch@ addld® theTsydtaen hathiée. 9.
the Voi gt-Reuss-H || average). In step 22, the clay pores are added to the
mat ri x usi ngpdihie din fstep &4t iydredarbens age makied nwigiDibvinedwahtersisimg @simigng he
ani sotropic rock apprqxi nation

d ADA which will h i.bed
later, in orlﬂrv sugh @sniiegieyo SM?E%aﬁlp%aﬁlgggf‘é(\g{@pb%ns\é\%ﬁmanﬁé&%ﬁgs_

The added chay-Jel@ r o the
capillary eﬁlg%?gs%gégﬁgﬁl’%gﬁﬂél g'?\%l?g?ow; . gﬁﬁ%s@edp}aggcpf ﬁ!@fg‘?iﬁéﬁbd@igﬁg%or es
WO 2006/ 062aHavis;Tet IR0 EAAREA 0dnivérsiyn(f 396); the NsigbReassuHill atldedge dst he

systemin a simlar manner, except that there is no fluid in those pores or
cracks to bedigeurs@d ont page yki7emf dhet fage papkd. Innsiepeg524he ngniselseriBons

Slepensi on rAermapGAE s Rt Rude 1B Rt LSl Boidsnduting on

i ver ity (o T ot B T B oy Rene 127 of

t he same booWf ¢lastic pregertiss of mepenails doek pincthe compressibility of the pore fluid,
Geophysics 40, 608-616 (19753)). P- and S-wave velocities and Thomsen
parameters may then be calculated (step 26 of Fig. 3) from the effective
elastic constants that can be obtained using the rock model created by the
above-described procedures. Further features represented in Fig. 3 are the
division of the modef's pore volume into a part 31 containing fluid (brine) filied
clay-related pores 32, a part 33 containing empty sand-related pores 34, and
a part 35 containing empty microcracks 36. Various features of the inventive

method of Figs. 2 and 3 will next be discussed further.

Effect of micro-porosity on fluid phase distribution and fluid substitution

[0022] The present inventive method treats micro-porosity and fluid
distribution at the pore scale differently than traditional approaches do.
Traditional Gassmann fluid substitution models assume uniformly mixed fluid
phases and put the fluid mixiure into the pore space regardless of the pore
sizes. The anisotropic micro-porosity model of the present invention, on the
other hand, assumes that micro-pores, or pores associated with clays, tend to
be occupied by the water phase because of their smaller size compared to
sand pores. This is mainly because the capillary pressure in clay pores is
significantly lower than the capillary pressure in sand pores. That concept is
implemented by adding clay-related pores to the system with brine/water

(Step 22.). This can be expected to give a high-frequency response for the



Gassmann nodel is then used to put the fluid mxture in sand pores
(including mcrocracks) into the system (See Brown and Korringa, "On the
dependence of elastic properties of a porous rock on the conpressibility of
t he por ewfd tbsles263eophysi cs 40, 608-616 (1975)). P- andeCFABANes0PCi ti es
and Thonmsen paraneters may then be calcul ated (step 26 of Fig. 3) fromthe
effective elastic constants that can bggobtai ned using the rock nodel
created by the above-described procedures. Further features represented in
Fig. 3 are the division of the nodel's pore volunme into a part 31

oty Sang- PEVAPIASHRTEs . toffly o MY AT ofehisine nfe B8 RILES "5
Various feathddftfestdsdunfe isviftetipore spaedod of Figs. 2 and 3 will next be
di scussed further. Effect of mcro-porosity on fluid phase distribution and

fluid substitution [0022] The present inventive nethod treats mcro-porosity
and fluid @80623]i buti dtowevarhetheorsarst aperesi f(inaledingy cracls)t eseli tieated

h Traditi I fluid bstjtuti del
PO 02ChES oM S SBSTETR e SA B b TBSE LT ¢ pace
regardl ess %E{éo%pﬂ?@%sg@iaﬁ@f%%u:ﬁﬁgﬁgiré%Ea@ﬁbg)di‘ffﬁ'id)ﬁﬁﬁhfé% in¥o fﬁéjg}rnp the

present I nvention, on't assunes that mcro- pores, ores

associ at ed potds/clamks, Sid Casshmnocthepried agsurhe equatizefhpore prssuse of
their smaller size conpared to ?Iandagores. This is mainly because the
capi | 1 ary pRE¥Ng dhensandypeissesthiss cad; §gi expasiedy to cglie Bhlaw-IeEUBRBY | | ary

pressure in oncept is inplenented by adding clay-rel ated
pores to théé VS s%%O&%?Ha— rltr%ée:'/vvater (Step 22.). This can be expected to

give a high-frequency response for the WO 2006/ 062612 PCT/ US2005/ 039002 12
clay-rel at ejogdles i n Arisomosit Gassrhant Fldill eubtittion feads the eolipliahdse DEM

t heori es assune 1sol ated pore space. [0023] However, the sand pores

(i ncl udi ng derssNf thesolidsaglsly as input parameters. For traditional Gassmann fiuid
substitution, this is straightforward. In the present inventive method, however,
this is more complicated since fluid substitution is performed for the sand
pores only assuming that clay pores are water-wet. In this case, the clay-
pores are treated as part of the “solid matrix,” and the compliance tensor of
the equivalent “solid matrix,” which contfains all the clay-pores, is calculated
using the differential effective medium theory or the anisotropic dry rock
approximation method to be described below. The calculated compliance

tensor is then used for anisotropic Gassmann fluid substitution.

Differential Effective Medium (DEM) theory

[0025] Nishizawa showed how to calculate the effective elastic
constant tensor for a solid embedded with parallel pores. (“Seismic velocity
anisotropy in a medium containing oriented cracks-Transversely isotropic
case,” Journal of Physical Earth 30, 331-347 (1982)) The present invention
extends Nishizawa’s theory to the case where the pores may have a preferred
orientation distribution and formulates the differential equations in the

approach suggested by Hornby, et al.

x/22r
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differently. As stated above, they are added to the systemfirst and then
the anisotropic Gassmann equations are used to put fluid mxtures into the
enpty pores/cracks. Since Gassmann theories assune equalized pore pressure
anong t heweaotk/@eéies, this can be expected to give a | owdVEREN3Y002r eSponse
for sand pores. [0024] Anisotropic Gassmann Fluid substitution needs the
conpliance tensor of the solid matrix afsinput paraneters. For traditional
Gassmann fluid substitution, this is straightforward. In the present

i nventive nmethod, however, this is nore conplicated since fluid

substitution is performed for the sand .pores only assumng that clay pores
are wat er - wedherlenaiisitke @spect ratio. of a(ﬁ(ﬂ)d’gﬁll% p&@@h'”@ﬁ%'mg‘i%ﬁﬂn tar thee
"solid matrix," .and the coppliance tensor of . the equivalent "solid trix,"
whi ch cont ai w@ergﬁioq rfﬂsﬁﬁ’ygg'ao?ﬂaor?@’@&f‘%u?%q e‘gangs?n@ret IQQ‘aHi pRYIECAPA )
effective rreg.{ fg@tropic dry rock approximtion nethod to
" be descri bed 'm@b%%%c%'mﬁﬁgfﬁgbm iance tensor is then used for

ani sotropi ¢ Gassnmann fluid substitution. Differential Effective Medi um ( DEM
t heory [0025] N shizawaishowed how to cal cul ate the effective elastic
constant tensor for a so|Foephiddged] wi th parallel pores. ("Seismc (/glocity
ani sotropy in a medi umgcbntai ning oriented cracks-Transversely isotropic
case," Journal of Physical Earth 30, 331-347 (1982)) The present invention
extends Ni shizawa's theory to the case where the pores may have a preferred
orientation Fugher, Puisithe cordplanosdeatesof the effédtiveantdiim ¢s batdetdsminedt he
approach suggested by Hornby, et al. x12 2a J JFa(B,rp)H'(9, p)Adrpde (6)

do 1-0. 0 O &wi pEORP®SHB.12 PCTI US2005/ 039002 13

¥ 3 Z
H a (9’ gp)ijkl =1:}klnlnqu(a)JJJ;:pq 9 (8)
iy
Y
-
and finally, “’
X
I;J‘kimnpq = Kr‘ijnKkalq (9)
cos(B)cos(p) —sin(p) sin(0)cos(p)
K ={cos(8)sin(p) cos(¢) sin{8)sin(p)
— 5in(6) 0 cos(8) (10)
Q(a)=KCo -c! )S(“)‘Cu]—l [CI ’Col (11)
[0026] Tensor @ is calculated in the local coordinate system, where its

z-axis is chosen parallel to the symmetry axis of the inclusion. Here Cp and ¢
are the elastic constant tensors of the solid and fluid phases, respectively. S is
the Eshelby (1957} tensor, which is a function of the pore shape (aspect
ratio). (“The determination of the elastic field of an ellipsoidal inclusion, and
related problems,” Proceedings of Royal Society of London, Series A 241,
376-396 (1957)). S can be calculated using equations given by Eshelby



where a is the aspect ratio. Fa(Ocp) is the probability density function
for the orientation distribution of pores/cracks and Band V are pol ar angle
and azinmuth, respectively. Therefore, 2ar s f JFa(0,rp)dedrp=1, (7) O

Fur t her , wi to86/0d2e12conpl i ance tensor of the effective neBCTHBIES/BHIRt er m ned
and is porosity, 11Z r0 H (, c1 )Dk! =TjklmpnQa) mpq (8) 8 Y and
finally, t9 ZXV T, ké6nnpg = Kim Kjn KkpKig (9) cos(O cos(op) -sin(op)

Si n(O)cos(rp) K= cos(O)si n(cp) cos(cp) sin(Osin(tp) -sin(O 0 cos(B) (10)
Q a)=gCo-C ~(a)-Co] Ilci’ Ooj (11) [0026] Tensor Qis calculated in the

symret ry. axIbepnSRERRadl Sl idsatfo ahg oS REN AILE 25 Mifeglienn,
tensors of iHa;ebaelkgr@uﬁa%d‘lnhu|sc&rW§el [SGPRSE] ﬁluy SSahg MbRe Es'mly

(1957) tensor, I's a function of he pore shape (aspect ‘ratio). ("The
det er ni nat i Gtatus Sdileﬂ dapist, 281++28% (HH73h el | i psoidal inclusion, and related
probl ens, " Proceedi ngs of Royal Society of London, Series A 241, 376-396

I(:é'?'?ZJ)S)ZOOSI gan ge cabcuk%cﬁ(%p%srmrg aef.% a(tAIEPA}SMg}h% by Eshel by WD 2006/ 062612

[0027] The differential effective medium theory described above gives

reasonably accurate results, but it is computationally expensive. In order to
improve the efficiency of the code, the present invention extends the dry rock
approximation method developed by Keys and Xu (2002) to the anisotropic
case. (“An approximation for the Xu-White velocity model,” Geophysics 67,
1406-1414 (2002)) For dry rack, C’ = 0, and the 4™ order tensor Q defined by
equation (11) can be written as,

ole)=[s(a)- 11" (12)

Here, I is the identity tensor. The key idea is that the S tensor is
approximately independent of porosity in a dry rock and, therefore, remains
constant. In this case, the differential equation (5) can be written as,

Eﬁ:_"_pA
¢

¢

w/22n
where P=Y. [ [F,(6.0)H,(6.0)ipdo .
a 0 8

Solving the differential equation yields

=(I1-¢) 4, (13)

where 4, is the compliance tensor of the solid matrix. A4 is the compliance

tensor of the effective medium. Note that P is a fourth order tensor rather than



when the background solid is isotropic and those given by Lin and Mira when
t he background solid is transversely isotropic. (Lin, S. and Mura, T., Phys.
Status Solidi, (a)l5, 281-285 (1973)). Anisotropic Dry Rock Approximtion
(ADA) Metwodeds@63673 The differential effective medi um t rewmgeesswiobed above
gi ves reasonably accurate results, but it is conputationally expensive. In
order to inprove the efficiency of the de, the present invention extends
the dry rock approxinmation nethod devel oped by Keys and Xu (2002) to the
ani sotropic case. ("An approximation for the Xu-Wite velocity nodel,"
Geophysics 67, 1406-1414 (20Q2)) For, dry rqck, C = 0,,and.the 4th order
tensor Q defd ﬁ@ﬂabyTh@(ﬂl'ﬁWtB?P'?Ib regh apRro¥IMation ‘é@,‘“ﬁféﬂyz inasegses the (12
Here, 1 ist ' | ensor. The key idea is that the S tensor is
approxinatef%mﬁwgggéﬁgﬁﬁ' of porosity in a dry rock and, therefore, remains
constant. In this case, the differential equation (5) can be witten as,

-=-PA d~ l-i;pleméntatiohesfeh&eftfelediial(d¥celive tibdigmdhdory inca Pokbusol vi ng t he
differential equation_yields A=(1-OYAO (13) where AO is the conpliance
t ensor of ttMQﬁMgmLﬂ“—qﬂW&sﬂfﬁO@érrpliance tensor of the effective
medium Note that P is a fourth order tensor rather than WO 2006/ 062612

cramat 1 oal 1 ORE easea™ 4oy Wifif PhRR BRRI of berds” e HRIckiGARlLR br

the differential effective medium scheme is straightforward. See Hormnby et

al., or O. Nishizawa, "Seismic velocity anisotropy in a medium containing
oriented cracks -- Transversely isofropic case,” Journal of Physical Earth, 30,
331-347 (1982). In a system with multiple pore fypes, different types of pores
are typically added to the system sequentially using the DEM scheme (e.g. Xu
and White, 1995). Thus, steps 22-24 in Fig. 2 may use the DEM scheme
instead of the ADA scheme. The DEM theory is implemented in this way to
make the subsequent Gassmann fluid substitution easier. However, this
makes the final effective elastic compliance tensor asymmetric, i.e., the final
effective elastic compliance tensor depends on the order in which the pores
are added. Suppose that one has a bi-modal distribution of compliant and
stiff pores. The result obtained by adding the compliant pores first will be
different from that obtained by adding stiff pores first. To solve this prablem,
the present invention discloses a different scheme to implement the DEM
theory. In this scheme, all pore types are added proportionally at each
iteration. {The DEM scheme divides the total porosity into N groups. N can
be, for example, 50 or 100 depending on the ratio of porosity to the aspect
ratio. DEM then adds groups of pores o the system sequentially (one after
another). At a particular stage when a group of pores is added to the system,
the resultant effective medium in the previous stage is used as the
background medium for this new stage. Each stage is referred to above as
an iteration because the matrix elastic constants are updated at each
iteration.) A three-step procedure is employed, as illustrated in the flow chart
of Fig. 4. At step 41, the effective elastic compliance tensor for the solid with

clay-related pores (water wet) only is calculated. At step 42, the effective



| mpl enentation of the differential effective nmediumtheory in a porous
conposite with nulti-groups of pores [0028] In a systemw th a single group
of pores, the inplenentation of the differential effective nmedium schene is
st rai ght fnay ys@s26Bee Hornby et  al., or 0. Nishizawa, "BeTRISR@SHE400Li ty

ani sotropy in a nmediumcontaining oriented cracks -- Transversely isotropic
case, " Journal of Physical Earth, 30, 3?61 347 (1982). In a systemwth

mul tiple pore types, different types of pores are typically added to the
system sequentially using the DEM schene (e.g. Xu and Wiite, 1995). Thus,

steps 22-24 in Fig. 2 may use the M sche | nstead of the ADA schene. The
PEM theor y. elaStiepfemalRee fosasior (R SoiR ik al R RTBS Wikt WehiSAh 11 ui d
substitutio [ I hi SrT‘BJﬁS i na | Veyie {i ‘
conpl i ance gﬁ%%r%%ym\éﬁrieg?nﬁ g.ﬁfe t he%f idr—él]’ifks]3 elgf ggﬁlag&g] a%ti (L;’ onpl'i ance
t ensor depenmisctropit duier sleystitutionhis gerformedarsisg i elagtid edmpliappe senddret one
has a bi-nodal distribution of conpliant and stiff pores. The result
obt ai ned by calpuilagdiahoveonpl i ant pores first will be different fromthat
obtained by adding stiff pores first. To solve this problem the present
I nvention di S (lj'i ge 1o, ) Ml ¢ .theory. In this
schene, all et ypes—a dtret—pT o bHaTY gtion. (The DEM
schenme divides the total porosity into N groups. N can be, for exanple, 50
or 100 depengi on t WeNE \t ; ' en
adds groupsr[g?ﬁglores [Tgn % %g@;@?g%qgg%‘e%@g} IE?/@EJI gﬁ@qg “agrﬁ{éaﬁ%?lﬁ?yl)tw& a
particul ar wrdgrtropie dnarakoapprokinpations The tedder (1-9) € live Eguatiom(13) & be
resultant effective nediumin the previous stage is used as the background
nedi um f or td@figeddly beRpversaliessORFRsioN referred to above as an iteration
because the matrix el astic constants are updated at each iteration.) A
three-step procedure is enployed, as ||| ustrat in the flow chart of Fig.
4. At step 41, the eff f;tgg)t’ezgtoasmg;im&%gpensor for the sol i((e;|4 i th
f

clay-related pores (water wet) only i% cal gqul ated. At step 42, the ective

The tensor P in Equation (14) is isomorphic to a 9 x 9 matrix. That is, there is
a one-fo-one transformation from the space of tensors of rank four onto the
space of 9 x 8 matrices that preserves multiplication and addition.
Consequently, the tensor P in Equation (14) can be replaced by a 9 x 9 matrix
P, so that the power series in (14) is defined by ordinary matrix operations.

[0030] An estimate for the dry rock approximation can be obtained by
truncating the series (14) after a sufficient number of terms. Numerical
testing shows that Equation (14) gives accurate results if the power series is
truncated afier 30 terms.

Examples

[0031] The present inventive method was applied to log analysis and
seismic modeling, and significant improvements were observed in S-wave
prediction and well-to-seismic gather tie. Figures 5B-E compare the
measured (darker curve) S-wave 52 (Fig. 56B) and density 54 (Fig. 5C) logs
with the calculated (63, 55) using the traditional isotropic rock physics model.
A consistent bias can be observed between the measured and the calcuiated

over the sand intervals 51, corresponding to low values of 7, the shale



WD 2006/ 062612 PCTI US2005/ 039002 16 el astic conpliance tensor for the solid
with all the pores (water wet for clay pores and dry for sand pores and
cracks) is calculated. At step 43, anisotropic fluid substitution is

per f or redvaigoaagsezehz el asti c conpliance tensors cal cul aPET/USHOFHING02

| mpl enentati on of the nodel with anisotropic dry rock approxi mati on [ 0029]
The conpliance tensorA(4)in Equation (13)7is the heart of the anisotropic
dry rock approxi mation. The tensor (1-0) P in Equation (13) can be defined
by the power series expansion: (1 0)P _ens(l-mP (log(1-0))k Pk. (14)

k--0 V The E | That
I's, there |ts"%ﬂ'§8%rfgéctt@n %ﬁd %ngéorma f%nﬁﬁgﬁﬁpﬁ%e?&gne%c# %glén?@% \K?a r ank
four onto t igtensiets® & theXefletBlof i SPSsd-ivduced eagicBRBpYLint lulﬁbbﬁ@élldéiﬂe@nd
addition. Consequently, the tensor P in Equation (14) can be replaced by a

9 x 9 matrisands. so Figtres hid W@ean@sS n(q@mty) showt ithati the presiendr y

mat ri x operatl ] rratefor the dry.ro pJ. 0X tjon,can be
obt ai ned by D 'ﬂW@aF\[eﬂbo(?ﬁiéa@@ﬁ {FPRYOVES; dgreg tft?%ctw ﬂ\?ﬂﬁnﬁ l?g eder ns.
Nurneri cal S é&égg@é lts if the
power seri eer?ﬁslké‘tQ?uér}égé’tﬁggﬁégn ter OaggFén%i)sE?Lﬁr/rp es |ir6'8ér?f #}é present

I nventive nmethod was applied to | og anal ysis and seism c nodeling, and

si gni ficant [00BZpvenerhsmoes eiemélseshm-WaveSamdv@nsmyeldgstcam benpredicted
well -to-seismc gather tie. ures 5B-E ¢ nmeasur ed (darker

curve) S veEmA PFnga\@a oo et o R oies bpurag danaive g, SR

Concrarer o 53 HYeBoh" Al RROed 00 SracYin Resoatel,
Prospecting 44, 687-717 (1996)). In addition, elastic properties and density of
the pore fluids are also required, which can be calculated using the
correlations published by Bazile and Wang (Geophysics 57, 1396-1408
(1992)). To make the prediction, one also needs two more parameters for the
isotropic rock physics model. They are the aspect ratios for sand-related and
clay-related pores, respectively. For the anisotropic rock physics model, one
needs 4 additional parameters. They are the aspect ratio for microcracks, a
standard deviation for the orientation distribution for clay-related pores
(assuming Gaussion distribution), a standard deviation for the orientation
distribution for microcracks (again assuming Gaussion distribution) and crack
density. The crack density can be calculated using eguation (3). Those
parameters can be calibrated using laboratory measurements and/or well logs

(e.g. cross-dipole S-wave logs).

[0033] Figures BA-C show the effect of anisotropy (both stress-induced
and shale anisotropy) on seismic modeling. A seismic gather at the well is
shown in Fig. 6A (Fig. 6A1 is a duplicate of Fig. 6A). Figure 6B shows a
synthetic gather generated by a traditional isotropic earth model. Figure 6C
shows a synthetic gather generated by the anisotropic earth mode! of the
present invention. Obviously the anisotropic earth model improves well-to-
seismic gather tie at far offset dramatically. In more detail, to judge if a well-
to-seismic gather tie is good or poor, one has to compare the synthetic gather
with a seismic gather at the well. Comparing the synthetic gather generated



over the sand intervals 51, corresponding to | ow values of Vsh, the shale WO
2006/ 062612 PCT/ 0s2005/ 039002 17 vol une fraction, which is shown as a
function of depth in Fig. 5A. This was interpreted as the effect of

st ress- i maumesoa@vizsot ropy i n unconsol i dated sands. Fi gecPEsSHls/(®o0emve) and
5E (density) show that the present inventive nethod dranmatically inproves
agreenent between the cal culated resul 57, 59 and the neasured data 52,
54 in the sand intervals 51. [0032] In nore detail, shear-wave and density

| ogs can be predicted fromthe P-wave | og (not shown) and the shal e vol une

( Goophysi calrormeiisk et eah aaey I0u/EobaY yafl A ieiniq e Al dnd eif

properties it i r i i gh_omn be
cal cul at ed @g%%et@ﬁ% é{nc%E)P g%@??gqysﬁpﬁ%qéibgﬁee@ agytﬁ%j% r?ﬁagr%?%n%ﬁt( ggop ysi cs
57, 1396- 14fiGceq)1 BiR)the sEismizkeespbases atiifat offset (ast H0-20 inacsy) loolo very e
paraneters for the _isotropic rock hysic?_‘ nodel . They, are the, aspect ratios:-
for sand-r epiifesentand hesetaye, @F‘ﬁt@d’sgéﬁ‘t@it eeWgddeisgignic gatherie ko6 8 r opi ¢
rock physic dei .1 r e t spect
ratio for mﬁsgr gﬁagegﬁﬁgoagfg%é’rog' gﬁ%}ﬁgnpﬁ)ﬁﬁg Fﬁg-, §n éfﬁ@%ﬁis &f‘o@

di stributi oagfeementant ralil affssts pomaerefons sthel neliGowsidmic datherithuforothe a
standard deviation for the orientation distribution for mcrocracks (again
assum ng Ga8BispErPta eaith mrdel iy veyaeadackhe deswt indicatee thataniseleanyt isya can be

cal cul ated i ' N e . meters can be calibrated using,

| aboratory ﬁﬁ@%\‘ i%ﬁ{ to(?%ﬁiﬁ%'? %&?“W%‘ﬁgﬁ%@% cross-di pole S-wave | ogs).

[ 0033] Figures 6A-C show the effect of anisotropy (both stress-induced and

shal e ani so aomg) on THeSHrégdTRE Ypplisatich &CHREERAYR! Particalar dhtbdbients

shown in FiE}. 6A (Fig. 6Al iégs agduﬂpﬁ“i cate of Fig. GA@Fi gure 6B shows a

synt.hetic gaf te pgesantdneention fortthadiurposaiof ilbustradingdt.e 4 will be dpparéhtgure 6C
however, to one skilled in the art, that many modifications and variations to
the embodiments described herein are possible. All such modifications and
variations are intended to be within the scope of the present invention, as

defined in the appended claims.



shows a synthetic gather generated by the anisotropic earth nodel of the
present invention. Cbviously the anisotropic earth nodel inproves well-to-
seismc pe.at far offset dramatically. In nore detail, to judge if a
wel | - toggle)ir}géﬁﬂ}gbﬁgét her tie is good or poor, one has toR %5"}35@2
synthetic gather wth a seismc gat he.g at the well. Conparing the synthetic
gat her generated WO 2006/ 062612 PCT/ US %05/ 039002 18 fromthe isotropic
earth nmodel (Figure 6B) with a seismc gather at the well (Figure 6A), one
observes gvBdClIRAIMenent at the near-offset (the first 10-20 traces). But
the seismc responses at far offset (last 10-20 traces) | ook very

different. Therefore, one nust |abel the well-to-seismc gather tie for the
i sotropic earth nodel as poor. Conparing Fig. 6Cto Fig. 6A, there is good

agreenent at all o@ffsegs. fore, | -to-seispic gather.tie for the
ani sotropic earth?rmdeb |g]-£\t/|£°rr°§ gcgodgé%gm%es&h ?ﬁé?@'gsq{%glphﬁ%sotropy
is a prinaryofutadonhbmoil sofi 8 sudbtetane@ni regidn $hat asienul$te® Ith THiald or egoi ng
application is di rectea to particylar ef\nbodi nts f the present invention
for the purpSREoHPPRY BN s%"reég‘l' Geg anigotgpy Sﬁﬁ %Q%?'@HH‘S a RBIRVYRHMEt 0 one

skilled in tfaes,h%!évolamétaﬁwyaﬁm%;mne%éue&?et%uﬂca,ﬁﬂi@hgons to the
h ble. Al no

enbodi nents descri bed herein are possi . suc ifications and

variations are intended to be within the scope of the present invention, as
defined in the appended cl Avginaipe Joeds's gpea yokiny U 63 HeRterbporesg  WE

CLAIM 1 A ”%EHQ%IL%J%‘@&H rﬂ&ﬁ@d?a&&i sotropi c rock-physics conputational
n

nodel of a subterrane region that sinulates both shale anisotropy and
stress-induced ani sotropy, said nodel having a pore volume, a shale volune
and a sand vol une, sai ) netselettognpnathemptical  relationships  whereby  said

dvision of the pore volume into three parts can be made quanttative based
on estmates of overburden stress and shale volume fraction in the

subterranean region,

(c) mixing sand grains with clay particies in said mode! using

a first mixing law,

(d) adding wet clay pores with a preferred onentation

distribution to the clay-related part of the pore volume of said model,

(e) adding empty sand pores and aligned microcracks to the
sand and microcrack parts, respectively, of the pore volume of satd model,

H mixing hydrocarbons with water using a second mixing

law, thereby forming a fluid mixture within said model,

(g9) placing the fltid mixture nto the sand pores and

microcracks of said model using anisotropic Gassmann theory, and
{h)  calbrating parameters in the mode!l using measured data

2 The method of claim 1, wherein the clay pores, sand pores and
microcracks are added to the model using a differential effective medium

scheme



(a) dividing the nodel's pore volune into clay-related pores, sand-related
pores, and m crocracks, (b) selecting mathematical relationships whereby

'said division of the pore volune into three parts can be nade quantitative
based on"@2%4tHE of overburden stress and shal e vol uFETYR04FEHR N ¢t he

.subterranean region, (c) mxing sand doali ns with clay particles in said
nodel using a first mxing law, (d) adding wet clay pores with a preferred
orientation distribution to the clay-related part of the pore vol une of

said nodel, (e) adding enpty sand pores and aligned m crocyacks to the sand
and microcrack parts,q‘F‘GgE@\é\qdv‘éfl%}?'”b?' vheraspthe délerpmtialefiegtive magm ()

m Xxi ng hydr | i X t formng a
fluid m xt urggﬁévmrﬁgﬁﬁ%sé{h?%ﬁ@ ,%( g§ %T@?ﬁ(ﬁ?ﬁ‘éypﬂg?ﬂhfﬁwypu%&@%l nto the sand
pores and mcrocracks of said nodel using ani sotropic Gassmann theory, and

(h) calibrating paranher meatmod hd ctavie!1, wshevgimehs unedetisitpore 2rolineenst hod of
claim1, wherein the &I ay pores gand pores and m crocracks are added to

the nodel udMdpdacrardBgdatesimaled shaleolumpaiand eledvestigss2006/ 062612
PCT/ US2005/ 039002 20 3 The nethod of claim?2, wherein the differential

effective nediu sch | | Lk ' | | f
appr oxi mati on schene jﬂ%h@étrm@t odélé#ﬁgl gr;ﬁ%&?n §%€ﬁi§i ﬁéﬁﬁgbﬁo (Ia#log‘gg@rs e
volune is dievseledteacasidiows tthe gquirtomises of trad modell'srporendblembeg tthateisst r ess
5 The nmethod of claim 1, wherein said nmathematical relationships are
sel ected asClaytrelaied tprepost BWRNQRY |, fuuot Mitle HIRIAIOTHOR P, viiakNE BANd-hat i s

related pores s given by 4., =(/-V,)¢, the portion ¢.., that 1s

1177}

( microcracks 1S given by &, =#,.e ", and the portion ¢, that 1s sand-
related pores with random orientaton distrbution 1s given by

B = bona — Berocx » Where Vy, 1s the shale volume normalized by grain matrix,

& = iy + Boams + Boract+ G 18 1hAI Crack porosity at zero overburden stress

o,, and f1s pressure gradient in the subterranean region

6 The method of clam 1, wherein the calibration data include

laboratory measurements or well logs

7 The method of claim 1, wheremn the first mixing law 1s the Voigt-

Reuss-Hill average

8 The method of clam 1, wheremn the second mixing law Is

Wood's suspension model

g The method of claim 1, further comprising salt dissolved in the

water used to form the fluid mixture

10 The method of claim 2, wherein the differential effective medium

scheme contains pores having a preferred orientation distnibution

11 The method of clam 10, wherein the differential effective

medium scheme I1s formulated In terms of the differential equation



clay-related pores is given by 4cloy = Vil,0, , the portion GCso"e that is
sand- related pores is given by ,0,,,, =(1-Vil,)1 , the portion Qc, .,k that
is mecr i,S..given by Cc,nk =01 ... e-fla., and the portion 1S a',,
that is géfrgg'@hs?%c{zg{zed pores with random orientation di stIF(fﬁHﬁoﬁﬂmPgmgi ven by
"' S 0 =CSant -0Gack where V,h is the ghale volune normalized by grain
matrix, 4 COcloy b +0ye +nark , 1m is initial crack porosity at zero

overburden stress ao, and /i is pressure gradient in the subterranean region
6 The nmethod of claim1l, wherein the calibration data include |aboratory

measurenents or well ldfs 7T i @ %@I ' 16\/\,herein the first m xing
|l aw i s the Voi gt- Reusys Al e e\BY1he of claim1, wherein the
second mxing law is O(J' s” sushénsi on nodel 9 The nethod of claiml1,

further conprising salt dissolved in the water used to formthe fluid

_ 0 O o _ _ _ ! g
Cehene cont ATEETA BOGsBect AT 2. oo bRty sl P huriripRctprifielhe ™
met hod of clhpbMaten MbRbahEN idfhdtbs aptesthbid affl f@ehé 8 ard BRidiBRAG YRR | S

fornmulated in terns of the differential equation WO 20061062612
PCTI US2005/ @3@0dh, regpectively2 =3 the ¢orfplianoer iensiat @f rippAdffactivenmedurai s

aspect ratio, Fa(0,tp) s the obability density function for the
orientati on?‘ﬂiﬂépfgfeé&laingrf'ﬁfp%%g s and cracks and 0 and rp are polar angle
and azimuth, respectively, Ais the conpliance tensor of the effective

medi um (wi th pores) %act99¢j.,k?=90r 0si (&)

tklmnpe RINEN]
and,

Tovimrs = KK KoK,

nkhnnpy urtgn

cos(8)cos(p) ~sin(p) sm(8)cos(p)
K =|cos(8)sin(p) cos(p) sm(6)sin(p)
~smn(6) 0 cos(8)

ole)=[lc,-¢'$le)-c, '’ -c,]

where tensor Q i1s calculated in the local coordinate system, C; 1s the elastic
constant tensor for the mode! without pores and C’ts the elastic constant
tensor for said flud mixture, and S 1s the Eshelby tensor, which 1s a function

of aspect ratio

12 The method of clam 11, further compnsing making an

anisotropic dry rock approximation by setting

A=(1-¢) 4,

where 4, 1s the compliance tensor of the model without pores, and



H (01011k, = T,kln,n n,Qa )mpl and, TIkl,n,,,x, =K ,. K, KkPK q
[cos(O cos(op) -srn(rp) srn(Ocos(rp) K = cos(0)srn(rp) cos(p)

srn(@srer\gbla%]%‘,?-%&llg( 6) 0 cos(B) QQa)=[(c0-C)(a)-c ILC }2@@@2%{552#3@2?,? Qis

cal cul at ocal coordinate system COis the el

tensor for the nodel without pores and,4is the elastic constant tensor for
said fluid mxture, and Sis the Eshel%y tensor, which is a function of
aspect ratio 12 The nmethod of claim 11, further conprising making an

ani sotropic dry rock approximtion by setting A=(1-OYA4 where AO is the
conpliance tensor of the nodel w thout pores, and WO 2006/ 062612

PCT/ US2005/ 039002 22 a/22,.RB3E f JFa(B,rp)Ha(B,cp)dcpdB a 0 0 13 The

met hod of claim 2, whepelL h i ore types, and the
different pore types a e—mie.ﬁ m&‘?@z@dw’%ggﬁ% ionately instead of
sequentially 14 The net hod*of? cf ai m 13, wherein the proportional addition of

multiple pore types is inplenented by (a) calculating effective elastic
conpliance tensor for the nodel with clay pores, (b) calculating effective

elastic conpli angs te?ﬁgrmfe?ﬁoc} '6‘? clatm 2, wherein the model has mulhtiple pore
types, and the different pore types are added to the model proportionately

Instead of sequentially

14  The method of claim 13, wherein the proportional addition of

multiple pore types i1s implemented by

(a) calculating effective elastic compliance tensor for the

model with clay pores,

(b)  calculating effective elastic compliance tensor for the
model with all pores (wet clay pores and dry sand pores and microcracks),

and

(c) performing the anisotropic fluiid substitution (putting the
flud mixture into the sand pores and microcracks using the ansotropic
Gassmann model} using the effective elastic compliance tensors from the

preceding steps

15 The method of clam 12, further comprising expanding the

tensor (1-¢)” \in a power series

16 The method of claim 15, wherein the power series expansion

1S

wt-sp _ < (log(1-¢))"
(1= esrr S RI0)

17 The method of claim 16, further compnising replacing the tensor
P by a 9x9 matrix to which P 1s 1somorphic



nodel with all pores (wet clay pores and dry sand pores and m crocracks),
and (c) performng the anisotropic fluid substitution (putting the fluid

m xture i nd pores and microcracks using the anisotropic Gassmann
nodel ) us‘?hgoé%zzégf ective elastic conpliance tensors fr&Y¥E54W2edi ng
steps 15 The nethod of claim 12, furt conpri sing expanding the tensor

(1-0) in a power series 16 The net hod claim 15, wherein the power series
expansion is (1. 0)r=e"(1-(r))'=flog"-0))" Pk k=n k' 17 The met hod of
claim16, further conprising replacing the tensor P by a 9x9 matrix to
which P is isonorighi c T2 208th006afediainPaE, UG5 LoRRoRhg Appidkimatmy e hod of
claim16, furt onpr |,Si approxi nat i he result truncating the
power seri eé'e%"lnféy %'Nﬁpéahmmﬁﬂgﬁ'sf Rejles g&gq }gégrfns\g(yv_shq_rg_ﬁ %E{ﬁéﬁﬁ%@ of claim
1, further conprising: i) using the nodel to invert seismc data" fronm the

subterranean regi@) t orbirititRodbf biadk 11, Aittharontptitysd:cal property 7bf'the
subterranean region. 20. The nethod of claim 19, wherein the at | east one

et rophysi cal roperty includes porosity. .
P Py Prop ifl using tl'?e modeY to invert seismic data from' the
subterranean region to obtain at least one petrophysical property «of the

subterranean region.

20. The method of claim 19, wherein the at least one petrophysical
property includes porosity.



