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Abstract (1973) provides the Eshelby’s tensor by numerical cal-
We made laboratory measurements of velocityculations, and overall elastic properties of the crack-
anisotropy of biotite schist from Hidaka metamorphiccontaining rock can be obtained by using the calculated
belt, Hokkaido, Japan, under confining pressures upshelby tensor. This approach has been used for inter-
to 150 MPa, and interpreted the measured velocitpreting VSP (Vertical Seismic Profiling) data (Douma &
anisotropy by employing a crack model proposed byCrampin, 1990), or for modeling the velocity anisotropy
Nishizawa (1982). The biotite schist shows foliationof shale (Hornby et al., 1994). The same approach
plane and lineation in the foliation plane. The crystallo-has been employed by Singh et al. (2000), where they
graphic layer of biotite and the crack planes are mostlghowed a possibility of uniqug-velocity anisotropy pro-
align parallel to the foliation plane. Anisotropy of the duced by melt inclusions in the inner core of the Earth.
rock is basically transverse isotropy (TI) with the sym-  Recently, Nishizawa and Yoshino (2000) extended
metry axis perpendicular to the foliation. The crackNishizawa'’s approach to calculate velocity anisotropy of
model treats cracks as oblate spheroid inclusions, andica-rich rocks. In their treatment, mica minerals are
cracks are inserted into an initially anisotropic matrixinserted into an initially isotropic matrix with their crys-
having TI symmetry with all the crack normal parallel to tallographic axes aligned in the same direction. Since
the symmetry axis. Then the overall elastic properties oélastic anisotropy of mica mineral can be treated as
the crack-containing rock also show TI. The crack modeT| symmetry, the overall elastic properties of rock also
suggests that the changes of the and S-velocities show TI. Biotite-rich rocks show a bulge of th&V'-
under pressure can be interpreted as closure of alignagave phase velocity surface. This produces a line sin-
cracks under pressure. Comparing the calculated phagelarity of S-wave, whereSV - and.S H-wave phase ve-
velocities of P- and S-waves with the phase velocities locity surfaces intersect each other (Crampin & Yedlin,
obtained from Thomsen’s approximation, we found thatl981). The results of the inclusion model well explain
Thomsen’'s approximations are applicable #8f and the laboratory-measured intrinsic velocity anisotropy in
S H-waves for most of the cases. However, for the phasbiotite-rich schist (Takanashi et al., 2000).

velocity of SV-wave, Thomsen’s approximation shows  Here, we model crack-containing biotite-rich rocks
considerable discrepancy against exact velocity valudsy using the same approach of Nishizawa (1982) or
when crack density is large or when cracks are filled witiNishizawa and Yoshino (2000), where aligned oblate

gas. spheroidal cracks are distributed in an anisotropic ma-
trix of TI symmetry. We will present velocity anisotropy
Introduction of the crack-containing biotite-rich rock and compare the

calculated anisotropy with the laboratory velocity mea-
It is well known that oriented cracks produce velocitysurements under confining pressures, where cracks are
anisotropy. If all cracks are aligned in the same diclosed with increasing the confining pressure.
rection in an isotropic rock, the overall elastic proper-
ties of the rock ;_how transve.rse isotropy (TI) where theinclusion model
P- and S- velocities are rotationally symmetric. Veloc-
ity anisotropy is mainly controlled by crack shape: thinTo estimate the overall elastic constants of crack-
cracks produce strong velocity anisotropy. On the othetontaining medium, we use the Eshelby’'s composite
hand, some rocks have an intrinsic velocity anisotropynedium model consisting of matrix and inclusion, and
caused by the lattice-preferred orientation (LPO) ofcalculate change of the elastic energy due to inclusions.
anisotropic minerals. When rock anisotropy is producedElastic constants (or compliance constants) are given by
by both oriented cracks and LPO of anisotropic mineralsgifferentiation of elastic energy with respect to strain (or
the rock is modeled as a composite that contains orientesfress).
cracks in an anisotropic medium. Nishizawa (1982) pre- We consider that the matrix material has homoge-
sented a method to calculate velocity anisotropy causetkeous strainef}, or stressaf}. When an inclusion ap-
by aligned cracks in an anisotropic matrix. This methodoears inside the matrix, the composite medium becomes
is based on calculation of the Eshelby’s tensor in aman internal stress state. We regard the composite as an
anisotropic medium. The integral given by Lin and Muraequivalent homogeneous medium, and estimate elastic



energy corresponding to the equivalent strasif},, or  Equation (2) shows that the fictitious stress-free staz%in

stress,aﬁj. To calculate the elastic energy change duean be obtained by strain of the matrix mateeigl, Es-

to inclusions (cracks), Eshelby (1957) introduced stressielby’s tensorS;;;, and the elastic constants of matrix

free straine]; (also called eigen strain; Lin and Mura, and inclusion;,, and¢/;,,. In crack problems¢;,,

1973). is given by bulk modulus of fluid (gas or liquid). When
In energy calculation, there are two conditions dethe matrix is Tl, Eshelby’s tensdf;;;,; can be calculated

fined at the far field of the composite medium: constanby numerical integrations given by Lin and Mura (1973)

applied force and constant displacements (Eshelby, 195@\lishizawa, 1982; Douma, 1988).

Yamamoto et al., 1981; Nishizawa, 1982). For calcu- The composite is regarded as an equivalent homoge-

lating the energy of composite medium, Eshelby (1957heous medium and its elastic energy is given by the fol-

presented an idea that replaces the inclusion with matribowing equations, corresponding to the conditions shown

material and gives a fictitious stress-free strain inside thi equation (1):

inclusion. He demonstrated that the change of the elastic 1 . 1

energy corresponding to the equivalent stegjror stress ic;fjkflaga,‘jl =~ ohom+ sobeld, (4

j ij€ij
o} is given by the fictitious stress-free straif) as 2 2
i 2 1 1 1
—crgetel = 20 elten — —ohel (5)
AE = :F(I/Q)U:je:gd) , (1) 2 ijklCij Okl — 2 ikl Cij Skl A A

where the signy denotes the two conditions: constantwherec;;,, denotes elastic constants of the equivalent ho-
external force and constant surface displacements, rghogeneous medium amﬁjm_l anch,kfl denote the
. . . . . . ! r) Kkl 1K
spectively.¢ is the volume fraction of inclusionsr?} is  jnverse of the matrices;;,, andcY,,,, respectively. The
related to homogeneous strain through elastic constangxergy given by equation (4) or (5) is valid only whgis
of the matrixcl;, aso} = i _ . very small. Therefore, we start from the initial inclusion-
~ Eshelby (1957) derived a relationship between thgree matrix and repeat calculation with a small incre-
matrix ejy. Let C_i‘jkz be the elastic constants of the inclu- of the previous step as an equivalent homogeneous matrix
sion. The relation betweetj; andef; is given by using material. This is called Differential Equivalent Medium
Eshelby’s tensorsi.. Method (DEM) or Numerical Self Consistent Approach
C?jkz@gz — Acijkzeﬁg + Acijkzskzmneﬁn . @ (NSC) (Le Ravalec and Gueguen, 1996a, b; Yamamoto,

1981). The equations are given b
whereAc;;; is the difference of the elastic constants be- ) q g Y

tween matrix and inclusion:

Aciji = C?jkl - C/ijkl . 3)
T
%c;f;g}_la;}("‘1>a;‘;<"‘l> _ %ng(gl—n—102(71—1)03@—1)+%0$<n—1>e;§(n—1>A¢ ’ ()
%c;(;‘} ;\j(nfl)eg(nfl) _ %nggglflkg(nfl)e?l(nfl) B %Ugmfl)eg;_(nfl) Ab | )

—1 A . . .
wherec;‘j(,’jl) andcfj(,’jl) are the elastic constants and itsconsisting of isotropic matrix and 30 % volume frac-

inverse (compliance) obtained at thth step of calcula- tion of biotite. We assume the elastic constants of the
tion, respectively, and the superscrigts— 1) of ¢,,,, ~ ISotropic matrix as\ = . = 35 GPa. Biotite is a mono-
e?j' U;%j and e, denote the values ofn — 1)th step. C|InI.C crystal, bu.t it can be treated asa hexagonal crystal
e;l;(nfl) is given by Eshlby’s tensor for the effective ho- having the elastic constants showp in Table 1 (AIekesgn-
mogeneous medium at tfre — 1)th step. DEM evaluates drov & Ryzhova, 1961) by assuming the symmetry axis
the stress or strain change inside the composite mediuPr"Frpend'CUIar to the crystallographic layered sheet.
by assuming the composite medium as a new homoge—.l_able 1
neous matrix with new elastic constants. :
Cnn Cs3 Cu Ce Ci3
biotite 186.0 54.0 5.8 76.8 11.6

Numerical calculation

Elastic constants of anisotropic rock Hereafter, we use the Voigt notatiafi;; for denoting

To calculate elastic constants of the crack-containing?e€ measured and calculated values, instead of the no-
biotite-rich rock, we must calculate elastic properties ofation used in theoretical formulations;,. Note that
the matrix medium. First we consider a biotite-rich rockC12 = C11 —2C¢s. Nishizawa & Yoshino (2000) pointed



out that the crystal shape of biotite controls velocityando is given by
anisotropy of biotite-rich rocks. Since biotite usually ap-
pears as thin crystals, its shape is assumed as an oblate Ve (0) 2
spheroid with the major axis and the minor axis. The o= (-2£ (e—9) . (14)
- : Vs(0)
crystal shape is expressed by the aspect @atie c¢/a
Table 2 is the elastic constants of the biotite-rich rock for _
the biotite crystal aspect ratio 1/20, which are used ashe phase velocity surface &fl/-wave show a bulge

elastic constants of the rock matrix. aroundd = 7 /4 depending on the value of We exam-
ine applicability of Thomsen’s approximation by com-
Table. 2 paring the approximate velocities with the exact veloci-
Cii Oz Cu Cg Ciz ties.

rock matrix 126.6 81.9 15.8 47.0 244

Next, we assume that the crack-free biotite-rich rock a®hase velocity surface
a homogeneous matrix and insert aligned micro cracks

into the matrix. In each Step of the Calculation, we havq:0r Ca'cu'ating phase Velocity, we assume the rock den-
two elastic constants calculated from the equations (&jty as 2.75«< 10% kg/ms. Fig. 1 a-d show phase velocity

and (7). The difference between two elastic constants b&yrfaces of°-, SV - andS H-waves projected on the sec-
comes large as the difference of elastic constants betweggp, including the symmetry axis.
inclusion and matrix becomes large. The difference is . . . .
) We assume thin cracks with aspect ratio 0.01 filled
also controlled by crack aspect ratio. We selected a small. . - .
. with fluid. The bulk modulus of the crack-filling fluid
A¢ value for a small crack aspect ratio, and calculate the . .
average obtained from (6) and (7) controls anisotropy. We change fluid bulk modullis
' from 0.01 to 1 GPa. The large and small values of bulk
modulus correspond to the cracks filled with liquid or
gas, respectively. (a) and (b) show the phase velocity
In TI media, P- and.S-waves are expressed @B, ¢SV surface ofP-wave for the crack densities 0.02 and 0.06.
andSH in exact notations. However we use simple no-Thomsen'’s approximation and the velocity of the crack-
tationsP, SV andSH, because those waves are clearlyfree rock are also shown in the same figure. (c) and
distinguished in TI media, and cause no confusiir-  (d) show the phase velocity surface §1- and SH-
wave is polarizes in the plane containing the symmetrwaves for the same fluid bulk modulus, corresponding to
axis, whereasS H-wave polarizes in the plane perpen-crack densities 0.02 and 0.06, respectively. (e)-(h) are the
dicular to the symmetry axis. When anisotropy of Tl isphase velocity surfaces for the fluid bulk modulus 1 GPa:
weak, phase velocities in the directir(an angle mea- (e) and (f) are the-velocity for crack density 0.02 and
sured form the symmetry axis) are given by Thomsen'®.06, respectively, and (g) and (h) are $&- and SH-
anisotropic parameters and tRe and.S-velocities along  velocities for crack densities 0.02 and 0.06, respectively.
the symmetry axisi’p(0) andVs(0). We calculate Thomsen'’s anisotropic parameters from the
Vp(0) = Vp(0)(1 + dsin®fcos? 6 + esin? 0), (8) P- andS-ngocitie; in the axial directions and from the
P-velocity in the directiord=n/4, because velocity val-

Thomsen'’s anisotropic parameter

— 2 2
Vsv(9) = Vs(0)(1 + mez fcos™0) , ©) ues are the primary data of the field observations. For
Vs (0) = Vs(0)(1 + ysin®0) (10)  the most cases of the- andS H- velocities, Thomsen’s
wheree, v andd are defined by elastic constants or ap-aPproximation agrees fairly well with the exact velocity
proximated by the velocity values 0, /2 andr/4: values calculated from elastic constants of the cracked

rock. However, when crack density is small or the fluid
(11)  bulk modulus is large, Thomsen'’s approximation under-

estimates theSV-velocity in the range < =/4, and
(12) overestimates in the range> w/4. When crack density

is large and the fluid bulk modulus is small, Thomsen’s

€ — C11 - 033 ~ Vp(ﬂ) - VP(O)
2C33 Vp(0) 7
_ Cg6—Cuy _ Vsg(m) — Vs (0)
T 20w Vs (0) ’

5= (Cis + Cua)® — (Cs3 — Cua)? approximation underestimates th& -velocity for all di-
2C13(Cs3 — Caa) rections. The discrepancy becomes large as the crack
.4 [VP(W/4) B 1] B [VP(W/Q) B 1] (13) density increases, or as the bulk modulus of the crack-
Vp(0) Vp(0) ’ filling fluid becomes small.
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Fig. 1 Phase velocity surfaces éf-, SV -, and.S H-waves for the rock containing 30% volume ratio of
biotite and cracks with aspect ratio 0.01. The bulk modulus of crack-filling fluid is (a)-(d) 0.01 GPa, and
(e)-(h) 1 GPa. The left column, (a), (c), (e) and (g) correspond to crack density 0.02. The right column, (b),
(d), (f) and (h) correspond to crack density 0.06.



Laboratory velocity measurements of biotite  andyz-planes forP-, SV - andS H-waves. We observed
schist a bulge ofSV-wave phase velocity in thez-plane under

. . high confining pressure. In the:-plane,S-wave shows
We made laboratory velocity measurements of H'dak%ingularity (Takanashi et al., 2000)

biotite schist under confining pressures up to 150 MPa.

The rock was sampled from Hidaka metmorphic belt, ~Fig. 2 shows the changes 8 andS-velocities with
Hokkaido, Japan, and shows foliation and lineation thatespect to confining pressure. Tiievelocity perpen-

is parallel to the foliation plane. The layering sheet ofdicular to the foliation plane,{p.), increases 1.5 km/s
biotite crystals and the crack planes are mostly align paffom atmospheric pressure to 150 MPa, whereas'the
allel to the foliation plane.P- and the two polarizeg-  Velocity in the lineation direction,{p,), increases only
velocities were measured along the three axes: perpefl-5 km/s in the same pressure interval. This suggests
dicular to the foliation planeztaxis) and the two direc- that the most cracks are aligned parallel to the foliation
tion in the foliation plane, parallel and perpendicular toplane. TheP-velocity along 45 degress from theaxis,

the lineation ¢- andy-axis, respectively). The polariza- Vrz45- increases with increasing the confining pressure
tion directions of the measuréiwaves are located inthe and become close to thé-. value under high pressures.

planes that are parallel or perpendicular to the symmetrjhis corresponds to the non-ellipticity of the intrinsic
axis. P-velocity of biotite-rich rock (Nishizawa and Yoshino,

The high pressure axial velocity values and the bi2000; Takanashi et al., 2000). Tlevelocities in thez-
otite LPO data indicate that anisotropy is basically Tiand z-directions change only little with increasing con-
but slightly shifts to orthorhombic because of slight mis-fining pressure, because effects of micro cracksSen
alignments of the layering sheets of biotite from the fo-velocities are weakVsy .45, increases with increasing
liation plane in they-direction (Takanashi et al., 2000). pressure, wheredss ;45 increases slightly below 40
We approximate the anisotropy by a combination of twdVIlPa and becomes almost constant above 40 MPa. The
TI type anisotropy in therz-plane and theyz-plane, difference betwenwsy ;45. andVspz45. increases with
both with the symmetry axis in thedirection (Tsvankin increasing pressure. This phenomenon is interpreted as
1997). Additional velocity measurements were madé coupled effect of the crack anisotropy and the intrinsic
along the direction 45 degrees from thaxis in thexzz-  anisotropy of the biotite-rich rock.
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Fig. 2 MeasuredP- and S-velocities of the Hidaka

biotite schist as a function of confining pressure. VeFig. 3 P- and S-wave velocities as a function of crack
locities measured at thex-plane are shown in the fig- density.

ure.
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