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ABSTRA CT

Convertional fracture-characterization methods assumethe presenceof
a single set of aligned, vertical cracks in the subsurface.We relax this
assumption and demonstrate the feasibility of seismiccharacterization
of multiple fracture sets.Our technique relieson recert theoretical nd-
ings indicating that multiple, dierently oriented, possibly intersecting
planar cracks embeddedin an otherwise isotropic host rock result in an
approximately orthotropic e ectiv e media. Here, the governing parame-
ters of crack-induced orthotrop y are estimated from 3D, wide-azimuth,
multicomp onert (P-, fast shear-,and slow shear-wave) seismicre ection
data acquired over the tight-gas Rulison Field in Colorado.

We usestrong azimuthal variations of the normal-moveout velocities to
invert for the interval crack densities,fracture orientations, type of uid
inll, and velocities of P- and S-wavesin the unfractured rock. Our in-
versionprocedureidenti es a set of cracks approximately alignedin the
WNW-ESE direction in the western part of the study area and multi-
ple, likely intersecting fracturesin its easternpart. We validate both our
underlying theoretical model and the obtained estimates by a number
of independert measuremets: (i) the estimated uid-inll parameter
indicates dry cradks as expected for the gas-praducing sandstonesat
Rulison; (i) our model predicts almost elliptical anisotropy and, in-
deed, the long-spreadP-wave data exhibit no nonhyperbolic moveout;
(iii) the obtained crack orientations are supported by well obsenations.
As a by-product of fracture characterization, we build an anisotropic
velocity model of the Rulison resenwoir which, we believe, is the rst
exampleof an orthotropic velocity model constructed from eld surface
seismicdata.

Key words: multicomponert wide-azimuth seismic data, fracture
characterization, multiple fracture sets, orthorhombic anisotropy

1 INTR ODUCTION gineers (EAGE) was held to determine the state

of the art of seismic characterization of fractured
Naturally fractured rocks are widely recognized as resenwirs. The workshop demonstrated that cur-
potential hydrocarbon-bearing formations. Perhaps rent industry capabilities are limited to a single set
this is why the 2004 Summer Researth Workshop of of parallel, vertical cracks embedded in an other-
the Scociety of Exploration Geophysics (SEG) and wise isotropic host rock. For circular cracks, this

the European Asscociation of Geoscierists and En- arrangemert leadsto the e ectiv e horizontal trans-
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verseisotropy (HTI) whose parameters can be esti-
mated from seismic data. The papers preserted at
the workshop exploited HTI model and discussed
various approaches to inferring the crack density,
fracture orientation, and the typeof uid inll from
such seismic signatures as normal-moveout (NMO)

velocities (Berthet et al., 2004), amplitude-v ersus-
oset (AVO) variations (del Monte et al., 2004;
Gray and Todorovic-Marinic, 2004; Minsley et al.,
2004; Todorovic-Marinic et al., 2004), and shear-
wave splitting coe cien ts (Gaiser and Van Dok,

2004).

As all the above mentioned techniques are
based on measuring the magnitude of azimuthal
anisotropy for a selected seismic signature and
translating it into the parameters of a single set
of cracks, they are bound to produce misleading
results in the presenceof di eren tly oriented frac-
tures. Such arrangemerts of multiple fracture sets
with di eren t orientations are often identi ed in the
boreholeteleviewer data, and have beenobserved at
numerous outcrops throughout the globe. Giventhe
ubiquity of multiple fracturing, the inadequacy of
existing fracture-characterization technology might
be explained by an inherent nonuniquenessin in-
verting the e ectiv e anisotropy (estimated from
seismic data) for the parameters assaiated with
multiple crack systems. Indeed, the number of
fracture-related parameters can be arbitrarily large
whereas the maximum number of independert ef-
fective stiness coe cien ts for any homogeneous
rock volume is only 21. While the number 21 obvi-
ously imposesan ultimate limit on the number N
of fracture setsthat can be uniquely resolved from
long-wavelength seismic data, this N is typically
greater than one. Grechka and Tsvankin (2003)
usedthe linear slip theory of Schoenberg (1980) to
derive limits for N. They found, in agreemen with
the earlier results of Bakulin et al. (2000), that seis-
mic data can uniquely constrain the parameters of
up to two vertical, rotationally-in variant fracture
sets embedded in isotropic background rock.

To make further progressin fracture charac-
terization, one has to rely on certain microstruc-
tural information related to the cracks. Such in-
formation was utilized in the e ectiv e media the-
ory proposed by Kachanov (1980). Being similar
to Schoenberg's (1980) linear slip theory for dry
cracks, Kachanov's theory adds the following im-
portant insight: the collective contribution of mul-
tiple sets of dry fractures to the e ectiv e elastic-
ity is largely controlled by a symmetric, second-
rank crack-density tensor. [Schoenberg and Sayers
(1995) call such fractures \scalar."] The ability of
represerting multiple crack systems by a second-
rank tensor leadsto orthotropic e ectiv e symmetry
for any orientation distribution of fractures and im-
plies that arbitrarily oriented, vertical cracks can

be replaced by two mutually orthogonal fracture
sets (called the principal ones) as far as propaga-
tion of low-frequency seismic waves is concerned.
Moreover, the e ectiv e orthotrop y induced by dry
cracks residing in a purely isotropic host rock turns
out to be remarkably simple: it is fully described
by only four independert quantities instead of nine
neededfor general orthotrop y. These quantities are
the two principal crack densities, e; and e;, and the
Lame constants of the isotropic background, , and
b

The ndings of Kachanov (1980; also review
1993) are extremely valuable for fracture character-
ization becausethey reduce any number of vertical
fracture setsto just two and, thus, provide a theo-
retical basis for estimating parameters of multiple
systems of fractures. Prior to using these theoret-
ical predictions for such a parameter estimation,
however, it is important to establish their accuracy
and the range of applicabilit y. This work has been
done by Grechka and Kachanov (2006a;2006b) and
Grechka et al. (2006), who performed nite elemert
simulations of the e ectiv e elasticity for a wide vari-
ety of crack arrays that contained planar, open and
partially closed, intersecting and non-intersecting,
circular and irregular dry fractures. These papers
demonstrate that the deviations from e ectiv e or-
thotropy never exceed 2% in the entire range of
the crack densities expected in naturally fractured
formations. Moreover, the results of Grechka and
Kachanov (2006a) indicate that the e ectiv e or-
thotrop y holds for liquid- lled cracks even with a
better accuracy due to the stiening of fractures
by uids and a subsequen reduction of crack con-
tribution to the overall elasticity. Following numer-
ical veri cation of the e ectiv e crack-induced or-
thotrop y, Grechka and Kachanov (2006a) proposed
a technique for characterization of multiple verti-
cal fracture sets. Their method utilizes 3D, mul-
tiazimuth, multicomp onent seismic re ection data
and yields estimates of the orientations and crack
densities of two principal fracture sets, the density-
normalized Lame constants of the background, and
the so-called uid factor that rangesfrom O for dry
cracks to 1 for fractures lled with a sti liquid.
Bakulin et al. (2000) also proposed a method for
characterizing two orthogonal crack setsin isotropic
background. Because their approach is based on
the linear-slip theory, seismic signatures are ex-
pressedin terms of the fracture weaknessesnstead
of microstructural parameters, such as crack densi-
ties and uid inll. Sincein this we follow the mi-
crostructural approach from Kachanov (1980), we
will mostly refer to studies basedon this approach.
The work by Bakulin et al. (2000) provides com-
prehensive results in the context of the linear-slip
approach. Grechka and Kachanov (2006a, 2006b)
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also provide a thorough numerical comparison be-
tween these approaches.

Here we apply this fracture-characterization
technique to a 3D, 9C, wide-azimuth data set ac-
quired by the Reserwir Characterization Project
(Colorado School of Mines) over the tight-gas Ruli-
son Field located in Colorado. We invert the inter-
val NMO ellipsesof P, S; (fast shear), and S, (slow
shear) waves for the two principal crack densities,
fracture azimuths, and uid factors. The fracture
orientations obtained from seismicsare supported
by direct borehole measuremers, while the uid
factors turn out to belessthan 0.01 as expected for
the gas-bearing sandstonesat Rulison. The theory
also predicts almost elliptical anisotropy, and, in-
deed, we do not observe nonhyperbolic moveout on
the P-wave long-spread data. Overall, the model of
crack-induced orthotrop y seemsto adequately ex-
plain our data and allow usto characterize multiple
fracture setsin the context of e ectiv e orthotrop y
for planar cracks (Kachanov, 1980, 1993; Grechka
and Kachanov, 2006a,2006b; Grechka et al., 2006).

2 THEORETICAL BA CK GR OUND
2.1 Eectiv e anisotrop y induced by
vertical cracks

The model we assume here is based on a general
represertation of the e ectiv e compliance tensor,
Se, Of arock containing cracks asa sum,

Se=Sp+ S; Q)

of the compliance, sp, of the isotropic unfractured

background and the cumulativ e contribution, s,

of multiple fractures. In the non-interaction ap-

proximation (Kachanov, 1980; 1993; Grechka and

Kachanov, 2006a), the nonzero elemerts of tensor
s (in Voigt notation) are

2
Si1 = leels(:ll-zb b)(l 8;
2

S22 = 16e23(]|.5b b)(1 8;
o = RO B

3Er(2 b))’
e = 2ei (1 2).

3Ep(2 b))’
See = S44 +  Ss5 . 2

Here e; and e; are the densities of the two principal
vertical fracture sets,0 & 1 isthe uid factor
(& O for dry cracks, & 1 for liquid-lled ones),
and E, and ,, are the Young's modulus and Pois-
son's ratio of the background, respectively. They

are given by standard expressions,

3 pt+t2 p b .
= T b and o 2( b+ b)’(S)
in terms of the Lame parameters , and |, of the
host rock. The compliance componerts (2) are writ-
ten in the coordinate frame whosex: and x, axes
are normal to the two principal fracture sets, and
the x 3 axis is vertical.

The predictions of the non-interaction e ec-
tive media theory [equations (1) and (2)] appear
to be remarkably simple. Yet, their high accuracy
has beencon rmed numerically for fracture arrays
that grossly violate the assumptions of the non-
interaction approximation (Grechka and Kachanov,
2006a; 2006b; Grechka et al., 2006). Speci cally,
formulations (1) and (2) remain su cien tly accu-
rate for multiple sets of dierently oriented, irreg-
ularly shaped, partially closed cracks that might
intersect each other and form interconnected frac-
ture networks. This meansthat long (compared to
the crack sizes)seismicwaves propagating through
those fractures \see" them asif they were isolated
and orthogonal to ead other. As a result, the ef-
fective symmetry sensedby such long seismicwaves
is nearly orthorhombic even though no local sym-
metry exists on the scaleof a few fractures. Hence,
the e ectiv e crack densities and their orientations
for a medium with many fracture sets re ect re-
spectively, the compliance change induced by the
presenceof cracks and the corresponding principal
crack directions. As a result, best-t crack densi-
ties are approximately equivalent to projecting the
actual crack densities corresponding to many dif-
ferent fracture setsonto the principal directions of
the orthotropic e ectiv e elasticity tensor. Another
conclusion that follows from equations (1) and (2)
is that the e ectiv e anisotropy causedby dry frac-
tures (& 0) is almost elliptical (Kachanov, 1993;
Grechka and Kachanov, 2006a). Below we show
that seismic data acquired at Rulison support this
theoretical result.

2.2 Inversion strategy

As follows from equations (1){(3), the e ectiv eelas-
tic properties of rocks with multiple vertical frac-
ture setsare described by the parameter vector

M =1 4 b e e;& (4)

that might vary spatially over the seismic survey
area. Grechka and Kachanov (2006a) demonstrated
that all componernts of M can be uniquely es-
timated from 3D, multiazim uth, multicomp onent
seismic re ection data. (Of course, seismic data
constrain the density-normalized background Lame
constants rather than , and | themselves.) In



118 I. Vasoneelos& V. Grechka

Uinta Mountain Upiiit

Doughas Creek Upift

To Glenwood Springs

Interstate 70 and
Colorado River

[o]

D Mesaverde Qulcrop
i
. Major Gas Fislds I G T—
—_—

n Coal Canyen
Study Area

Figure 1. Map of gas-producing elds in Piceance
Basin, Colorado (after Ellison, 2004).

particular, it has been shovn that M can be un-
ambiguously inverted from the data vector
D(M)= V1. Vsa.\y P w st ws? (5)
Veo Vo
where Vp o, Vs1, and Vs, are the velocities of verti-
cally propagating P- and two split shear-waves(fast
S; and slow Sp). The velocity ratios entering D
can be computed from the zero-o set times after
establishing the P-to-S event correspondence. The
2 2 matrices W in equation (5) are the normal-
moveout (NMO) ellipses of pure modes re ected
from a horizontal interface (Grechka and Tsvankin,
1998).

Vertical cracks result in e ectiv e orthorhom-
bic media with two vertical symmetry planes, and
since the re ector is horizontal, all three NMO el-
lipsesW P, W S, and W 52 are always co-oriented:
their axespoint along the normals to two principal
fracture sets. Therefore, data vector (5) contains
eight quantities: two velocity ratios and three pairs
of the ellipse semi-axes,which are the symmetry-

direction NMO velocities of P-, S;-, and S;-waves.

Only sewen quantities of those eight are generally
independert becausetwo out of four semi-axes of
the shear-wave NMO ellipses coincide (Grechka et
al., 1999). Thus, the functional dependenceD (M )
consists of sewen equations and v e unknowns. To
aid understanding of this dependence,App endix A
gives the weak-anisotropy (or small-crack-density)
approximations of both the elemerts of D and the
anisotropic coe cien ts of orthorhombic media that
were intro duced by Tsvankin (1997).

In practice, we estimate data vectors (5)
from wide-azimuth P, S;, and S; common-

midpoint (CMP) gathers. The NMO ellipses are
obtained from 3D senblance analysis (Grechka and
Tsvankin, 1999; Vasconcelosand Tsvankin, 2006)
that maximizes the senblance by tting an ellipse
to the azimuthal variation of the NMO velocity.
Another technique used in the industry is based
on measuring the traveltime shifts of a given re ec-
tion event after azimuthally-indep endert NMO cor-
rection (Jenner, 2001). Once the azimuthal NMO
analysis is completed, the Dix-t ype di eren tiation
(Grechka and Tsvankin, 1999) is applied to cal-
culate the interval NMO ellipsesW |, W 21, and
W 52 and the interval data vector D in;. These el-
lipses typically exhibit some misalignments due a
variety of factors (e.g., noise, possible azimuthal
anisotropy of the host rock, re ector dip, fracture
tilt, interaction of the closely spacedcracks) which
are not captured in our model. The data indi-
cate, however, that those misalignments are usually
small (see Figure 9 and the corresponding discus-
sion), therefore, we ignore them and estimate the
parameter vector M at each CMP location though
nonlinear minimization,

F= mll’;]jDint D (M)jj; (6)

that operates with the elliptical semi-axes only.
In our inversion procedure, we use the exact ex-
pressionsfor D (M ) rather than their small-crack-
density approximations given in App endix A.

Finally, we examine whether the inferred or-
thorhombic model correctly predicts seismic signa-
tures that were not usedin the inversion and com-
pare our estimates of the crack densities and orien-
tations with the available borehole measuremerts.

3 RULISON FIELD DATA
3.1 Brief overview of the eld

Rulison Field, located in the South PiceanceBasin,
Gar eld county, Colorado (Figure 1), producesgas
from a 1,200 ft pay section of channel sand lenses
stacked within the CretaceousMesaverde sandstone
formation. Porosities (from 1% to 10%) and perme-
abilities (from 1 D to 60 D) of these sand bod-
ies characterize the formation as a tight gasreser-
voir (Rojas, 2005). Because of such a low matrix

permeability, it is believed (Johnson et al., 1987;
Spencer, 1989; Lynn, 1999) that gas production is
controlled by open natural fractures. Fracture ori-

entations vary over the eld area (Jansen, 2005),
and their intersections are thought to be of im-

portance for the reserwir production. The average
thicknessof sand lensesis about 10 ft, which makes
them imp ossibleto image with surface seismicdata.

Since neither sand bodies nor fracture zonescan be
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Inline

Figure 2. P-wave seismic section along Crossline 60. Arro ws mark the re ection events used for azimuthal velocity
analysis, which correspond the top and bottom of the reservoir.

individually isolated on seismic images, it is nec-
essary to characterize the fractures collectively as
an e ectiv e medium. Re ector dips at Rulison are
small and can be neglectedfor the purp osesof seis-
mic data processing(Figure 2).

3.2 Data acquisition

A multicomp onent seismic data set covering 5.5
km? was acquired by the Resenoir Characteriza-
tion Project (Colorado School of Mines) in an e ort

to characterize Rulison Field with information from
multiple sources(surface seismic, VSP, geomehan-
ics, well logs, production data) and monitor the
changesin production and stresseswith time-lapse
measuremerts. For our study, we use the baseline
wide-azimuth, 3D, multicomp onernt seismic survey
acquired with 3C vibrators and 3C geophones.

3.3 Data pro cessing

Our input data consist of three CMP-sorted vol-
umes (P, S; and S) corrected for the source-
receiver statics and with source signature decon-
volution applied. These pre-processing steps have
beendone by Veritas prior to our work. In addition,
ground-roll suppressionturned out to be necessary
Strong surface waves, presert in all three data vol-
umes, are particularly harmful for the shearre ec-

tions (Figure 3). As the S-wave events comelater in
time with the moveout slower than that of P-waves,
agreater o set interval is covered by the ground-roll
asopposedto P-data (compare Figures 3a and 3c).
To suppressit, we resort our irregularly sampled
(in osets and azimuths) data into shot and re-
ceiver lines, where the sampling is regular, and ap-
ply an f -kx-ky Iter that preservesthe slopesup of
150 ms/kft. This approach to ground-roll suppres-
sion doesnot destroy azimuthal variations of trav-
eltimes and results in a signi cant improvemert of
the re ected events (Figure 3).

Another pertinent issue concerns the two
shear-wave volumes (S; and S;) that we have at
our disposal. The shear data have beenrotated to
the azimuth of the principal regional stress N45E.
Treating this azimuth as the orientation of one of
the principal fracture setsimplies a constant frac-
ture azimuth throughout the eld, in contradiction
with the laterally variable orientations of the P-
wave NMO ellipses that we observe from the bot-
tom of the producing interval. To mitigate this
discrepancy, we rotated the shear volumes to the
principal directions of these P-wave NMO ellipses
at each CMP location prior to performing the S-
wave velocity analysis. This is done becausethe
model assumesshear-wavespolarizations and NMO
ellipses to be aligned. Because P-wave azimuthal
anisotropy above the reserwir is small (the eccen-
tricities of the P-wave NMO ellipsesare consistertly



120 I. Vasoneelos& V. Grechka

smaller than 3%) we assumethat the ellipse orien-
tations are predominantly dictated by anisotropy
at the reserwir level, so we use P-wave NMO el-
lipse orientations estimated from the bottom hori-
zon events. Rotating shear-wave data in such man-
ner will introduce errors in the estimated parame-
ters wherever the model is inadequate.

After the ground-roll suppression and shear-
wave rotation, we resort the data back to CMP
geometry, create 9 9 (440 440 ft) superbins and
extract the NMO ellipses over the survey area. At
ead superbin location, the NMO-ellipse estimation
is performed for a window certered around the zero-
o set times that correspond to the reserwir top and
bottom horizons (Figure 2) interpreted from the P,
Si, and S, image volumes. The NMO ellipses are
computed in 5 ms time increments over a window
certered around the horizon times. The averaging
lengths of the sermblance windows are 35 ms for P-
and 105 ms for shear-wave data. Our use of the in-
terpreted horizons for velocity analysis ensuresre-
sults that are consistert with the geologically-based
time structure.

We obtain reliable (see Section 4.1) estimates
of the P-wavesNMO ellipsesover the ertire survey
area (the corresponding senmblance valuesrange be-
tween 0.55 and 0.65). As the shear data are noisier
(compare Figure 3b with 3d), the S-wave NMO el-
lipses have beenestimated for only about one third
of the survey area. We discarded the S-wave NMO
ellipses whenewer the senblances happened to be
smaller than 0.25. Indeed, the re ection events can-
not be visually distinguished on the gathers with
such low senblance values. On the other hand, in
the higher-quality data areas,the azimuthal travel-
time variations are clearly seenon the gathers cor-
rected with an azimuthally-constant NMO velocity
(Figure 4).

After estimating the P, S;, and S; NMO el-
lipsesfor the top and bottom horizons (located ap-
proximately at 4,000ft and 7,500ft depths) over the
entire survey area, we proceed with the Dix-t ype
di eren tiation (Grechka and Tsvankin, 1999) that
yields the interval ellipsesW [, W S}, and W 52.
Finally, minimizing the objective function (6), we
invert W P, W1 and W 32 and the interval zero-
o set time ratios for the fracture parameters.

3.4 Fracture characterisation

Figure 5 displays the inverted background velocity
elds Vp.p and Vs., [approximations (A9), (A10)]
and the principal crack densities e; and e, (by def-
inition, e &). The crack densities in Figure 5c
are considerably greater than those in Figure 5d
suggestingthat the fracturing is dominated by the
cracks trending in the WNW-ESE direction. Our

results indicate that the western part of the area
is controlled by a single fracture set that has den-
sity e1, while the eastern part has a non-negligible
contribution of other, dieren tly oriented fractures
that exhibit themselves as the set with crack den-
sity e, (Figures 5c and 5d). We also seethat the
areas of the highest crack densities do not neces-
sarily coincide with the largest P-wave NMO ellipse
eccertricities. We will revisit this issue below.

The background velocities (Figures 5a and 5b)
show a sizeable contrast between the eastern and
western portions of the study area, with both P-
and S-wave velocities being slower in the west. The
uid factors & have been estimated also but we do
not display them becauseall the obtained values of
&are smaller than 0.01. These estimates are consis-
tent with the fact that Rulison Field producesonly
gas.

3.5 Orthotropic model of the reserv oir

The estimated background velocities and crack den-
sities (along with the uid factors & 0) are suf-
cient for building an orthorhombic depth model
of the reserwir. Figures 6 and 7 show the verti-
cal velocities Vpo and Vso and Tsvankin's (1997)
anisotropic coe cien ts (the corresponding small-
crack-density approximations can be found in Ap-
pendix A). We also display the anellipticit y coe -

cients @293 (right column in Figure 7) to demon-
strate that the predicted anisotropy is nearly ellip-
tical.

It is instructiv e to point out that the model
in Figures 6 and 7 was obtained from re ection
data only without using any borehole information
to constrain the vertical depth scale.Although well-
log or chedshot data are usually necessary for
building orthorhombic subsurface models in depth
domain (Grechka et al., 2005), we did not need
such data in our study. The reasonis that we ex-
plicitly targeted the crack-induced rather than gen-
eral orthotrop y. The former is signi cantly simpler
becauseit is governed by fewer (v e rather than
nine) independert parameters. This reduction in
the number of unknowns allowed us to rely solely
on surface seismic data for building the unique
orthorhombic model of Rulison reserwir. As Fig-
ures 6 and 7 indicate, the resenwir is noticeably
anisotropic: the magnitudes of anisotropic coe -
cients @ and @ reach 0.2 at the highest total
crack density e = e;+e; = 0:17 (Figures 5c and 5d).
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Figure 3. Representativ e input [(a) and (c)] and f -kx-ky- Itered [(b) and (d)] CMP gathers of P- (left column) and
Si-waves (right column). O sets increase with increasing trace number. Both osets and azimuths are irregularly

sampled in the CMP domain.

3.6 Convention approac hes to fracture
characterization

Having estimated the reserwir parameters from
both P- and S-wave data, we can predict what
would happen if we relied S- or P-waves alone for
fracture characterization. In a typical pure shear-
wave survey, one would measure the shear-wave
splitting coecient, © @ @ | and inter-
pret it asthe crack density of a single fracture set.
The result of this interpretation (Figure 8a) sug-
gests that the western part of the study area is
more fractured than the easternone, quite opposite
to the conclusion drawn from Figures 5c¢ and 5d.

If only P-wave data were used (e.g., Grechka
and Tsvankin, 1999), one would estimate the ec-
certricit y of the P-wave NMO ellipses, which is
quantied by the dierence of two coe cien ts,

@ @ . This dierence, shown in Figure 8b,
yields a similar result that the western part of the

area is apparently more fractured than the eastern
part.

The origin of thesemutually contradictory con-
clusions can be understood from the approxima-
tions given by equations (A25) and (A26). Clearly,
both quantites & and @ @ are proportional
to the dierence e; e, betweenthe crack densities
of two principal fracture sets.As a consequencethe
shear-wave splitting coe cien ts and the eccertrici-
ties of the P-wave NMO ellipses are useful for frac-
ture characterization only if one fracture set dom-
inates, that is, when e; €. If multiple sets of
cracks resulting in comparable e; and e, are presert
in the subsurface, both dierences @ @ and

@ @ pecomeambiguous. In particular, if the
two principal crack densities coincide, e; = ; 6 0,
both dierences vanish, @ @ = @ @ = g,
and one would arrive to an obviously incorrect con-
clusion that the fractures are absen.
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Figure 4. P- (a) and S;-wave (b) gathers after azimuthally-in variant NMO correction. The traces are sorted by
azimuth. The apparent cosine-type dependence of the residual moveout is indicativ e of azimuthal anisotropy. The
re ection events at approximately at 1.27 sin (a) and at 2.35 s in (b) correspond to the reservoir bottom. The

o set-to-depth ratios are between 0.8 and 1.0.

4 VERIFICA TION OF RESUL TS

An important part of any inversion procedureis as-
sessingthe errors in the estimated quantities. This
section describes out e orts in this direction.

4.1 Variances in data and estimated
parameters

We estimated the data variances assaiated with
uncertainties in traveltime picking. A plausible
picking interval was de ned in accordancewith the
autocorrelation function of tracesin a CMP gather.
Speci cally , we take this interval to be equal to the
time lag where the autocorrelation drops by a fac-
tor of 10 from its zero-lag value. Such a de nition

yields the picking uncertainties equal to 8 ms for
P- and 14 ms for S-waves. Next, a standard lin-
ear error-propagation technique is applied to trans-
late thesetraveltime errors into uncertainties in the
NMO ellipses. Finally, using the Frechet-derivative
matrix @;=@/i, whereM; and D; are the compo-
nents of vectors M and D [equations (4) and (5)],
we propagate the errors into the estimated quanti-

ties shown in Figure 5. This yields uncertainties of
about 7% in the velocities Vp., and Vs., and 0.01
in the principal crack densities e; and e; within the
90% con dence interval.

Estimation of the model variances is not the
only resourcefor validating our results. As we have
already mentioned, the uid factors & turned out
to be nearly zero at all CMP locations which is
expected becauseof the absenceof production of
liquids (oil or water) at Rulison.

Another way of assessingthe quality of our
model assumptionsis to analyze the misalignments
in the orientations of the interval NMO ellipses for
di erent wave modes. The histograms in Figure 9
exhibit pronounced peaksat O indicating that the
ellipses are perfectly aligned at many CMP loca-
tions. Even though the presenceof outliers (prob-
ably caused by noise in the data) makes the av-
erage di erences in the ellipse orientations of P-
and S;-wavesand P- and S;-wavesbe equal to 12
and 17 , respectively, their signi cant portion can
be attributed to fracture interaction or, in seismic
terminology, to multiple scattering of elastic energy
on the closely spacedcracks. For instance, Grechka
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Figure 5. Output of fracture characterization: the background velocities Vp., and Vs.p, (in kft/s) of P- (a) and
S-waves (b), and the principal crack densities e; (c) and e; (d). The directions of the principal fracture sets are
shown with ticks. Their lengths are proportional to the eccertricities of the interval P-wave NMO ellipses (shown in

Figure 8b).

and Kachanov (2006a) found this mechanism to be
responsible for the NMO ellipse misalignments up
to 12 at the total crack density e = 0:14. Thus,
we conclude that orientations of the NMO ellipses
are consistert with our fracture model over most of
the survey area. In our parameter estimation pro-
cedure we do not take into accourt the distortions
that might be introduced by the manner in which
S-wave data was rotated.

4.2 Nonh yp erb olic moveout

Our next step is to analyze the character of long-
o set data in order to verify the ellipticit y condition
of the model of approximate e ectiv e orthotrop y
in isotropic background. Small values of the anel-
lipticit y coe cien ts  in the reserwir (right col-
umn of Figure 7) and nearly isotropic overburden
imply the absenceof nonhyperbolic moveout. Fig-
ure 10, which displays a typical long-spread P-wave
gather, clearly supports this model conclusion. In-
deed, no 'hockey-sticks' indicativ e of the nonhyper-
bolic moveout are observed in Rulison Field.

4.3 Borehole measuremen ts

The survey area contains well B. RWF 542-20 (lo-
cated at Inline 92, Crossline 76), where an FMI log
was run and fractures in the entire reserwoir were
counted. Figure 11 comparesthe borehole fracture
count with our estimate of the crack orientation. As
a dominant set of cracks has beenidentied at In-
line 92, Crossline 76 (Figures 5c and 5d), we do not
display the secondset in Figure 11 becauseit has
nearly zero crack density. The fractures obsered
in FMI form two sets oriented approximately at
N70W and N73E (blue in Figure 11). Clearly, these
sets are not orthogonal to ead other. And yet,
our results suggestthat their in uence on propa-
gation of long (compared to the fracture sizes)seis-
mic waves is equivalent to that of two orthogonal
sets. The dashed red line in Figure 11 shows the
azimuth of the dominant equivalent set estimated
from seismics.

Figure 11 can be regarded as an illustration of
the resolution achievable from seismic data: while
long seismic waves cannot resolve ead individual
fracture set, they are sensitive to the in uence of
all fractures simultaneously. This cumulativ e in u-
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Figure 6. Vertical velocities Vpo and Vs (in kft/s) and anisotropic coecien ts ¢:2 and (2 at Rulison reservoir.

ence of all cracks on elastic wave propagation is
described by the crack-density tensor (Kachanov
1980; Grechka and Kachanov, 2006a, their equa-
tion (2)) that can berepreserted in terms of contri-
butions of mutually orthogonal (or principal) frac-
ture sets. It is those principal setsthat control the
seismic signatures and, therefore, can be estimated
from them. Thus, returning to Figure 11, we can
state that our fracture-characterization results are
consistert with the FMI log in well B. RWF 542-2Q

4.4 Pro duction data
There is a number of gas-producing wells drilled in

Rulison Field, and, naturally , we attempted to es-
tablish a correlation betweentheir Estimated Ulti-

mate Recovery (EUR) and the obtained crack den-
sities. As we obserne no correlation, we would like
to o er our thoughts on this issue becausewe feel
that they might berelevant to other tight-gas elds.

First, the wells in Rulison Field have been
drilled at dierent times in the past and, conse-
quently, completed dierently. Specically, novel
techniques of hydraulic fracturing and modern
proppants signi cantly improved the gas recovery.
Seismic data, however, are sensitive to both nat-
ural and man-made fractures and, obviously, do
not allow us to separate a portion of the estimated
crack densities primarily responsible for the pro-
duction. Second, the EURs, being largely inu-
enced by the completion techniques, vary rapidly
throughout the eld, whereasthe crack densities
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Figure 7. Anisotropic coecien ts (723 and @:23) at Rulison reservoir.
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Figure 8. The shear-wave splitting coecien t () (a) and the eccertricit y of the P-wave NMO ellipses @
(b) at Rulison reservoir.
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Figure 9. Histograms of azimuthal misalignments of the interval NMO ellipses of P- and S;-waves (a) and P- and

Sy-waves (b).
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Figure 10. Typical long-spread P-wave gather af-
ter azimuthally-v arying hyperbolic moveout correction.
The o sets are irregularly sampled. Maxim um o set-to-
depth ratio is 2.0.

estimated from seismic data are relativ ely smooth
(Figures 5c and 5d) given the lateral resolution of
seismic data. This dierence in the rate of change
also hinders the correlation betweenthe two.

The third and perhaps main reasonfor the ab-
senceof correlation can be sough in the physics of
e ectiv e elasticity and permeability in low-porosity
rocks. The quantit y governing their overall elastic-
ity is the crack density. Being the average of the
cubed half-lengths of fractures, it carries no infor-
mation about the crack widths or their openings.
In contrast, the e ectiv e, crack-related permeabil-
ity is essemially controlled by the fracture open-
ings. Consequerly, a short, wide-open crack (like
the man-made ones)signi cantly contributes to the
permeability and little to the elasticity. Thus, the

Figure 11. Fracture count (blue) in well
B. RWF 542-20 located at Inline 92, Crossline 76
and the 90% condence interval (dashed red) corre-
sponding to the azimuth of the fracture set with density
e; estimated from seismic data.

e ectiv e permeability and elasticity are governed
by di erent quantities that, in general, cannot be
inferred from ead other. However, with increasing
pore space, an e ectiv e fractured porous medium
is likely to show a direct cross-property relation-
ship betweenits e ectiv e elasticity and permeabil-
ity tensors. This cross-property connection would
arise essetially from the microstructural interac-
tion between cracks and pores.

5 DISCUSSION AND CONCLUSIONS

We have discussedseismic characterization of frac-
tures at Rulison Field, Colorado. To the best of
our knowledge, Rulison is the rst case study
where multiple fracture sets have been quantita-
tively characterized by not only their e ectiv e ori-
entations but by their microstructural parameters:
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two principal crack densities, type of inll, and
background parameters. The key of our parameter-
estimation methodology is the understanding (con-
rmed with extensive numerical modeling) that dif-
ferently oriented, multiple vertical setsof cracks ap-
pear as two orthogonal setsfor long seismic waves.
Following this understanding, we have targeted the
parameters of those two orthogonal (or principal)
sets in our inversion. The obtained results point
to the presenceof fractures approximately aligned
in the WNW-ESE direction in the western part of
the study area. In contrast, at least two principal
sets of cracks exist in its eastern part. Their crack
densities reach e; = 0:11 and e, = 0:06 indicating
that these fractures likely form an interconnected
network. This follows from a straight forward geo-
metrical consideration: it would bedi cult to place
many cracks corresponding to two sets of orthogo-
nal fractures that have random locations and crack
densitiesof e, = 0:11and e; = 0:06 into arock vol-
ume in a manner in which those fractures would
not intersect eadh other. Thus, our inversion has
identied placesin the reserwir where swarms of
intersecting cracks are likely to be presert.

Under the assumption of approximate e ec-
tiv e orthotrop y in isotropic background (Kachanov,
1980; Grechka and Kachanov, 2006a, 2006b;
Grechka et al., 2006), we have built an orthotropic
depth model of the Rulison reserwir. The recon-
structed orthorhom bic velocity model explicitly at-
tributes the obsered anisotropy to the presence
of fractures. This rock-physics constraint reduces
the number of independent quantities to be esti-
mated and obviously improves stability of the in-
version. In particular, it allows the vertical P- and
S-wave velocities and all anisotropic coe cien ts to
be uniquely determined solely from 3D, multiaz-
imuth, multicomp onert seismicre ection data. We
believe that Rulison is the rst example of building
a subsurfacevelocity model that has orthorhom bic
symmetry.

Special attention was paid in our study to ver-
ifying the obtained results. Here are the evidences
that support our ndings.

(1) We propagated uncertainties in the picked
zero-o set times and NMO ellipses into the quan-
tities that characterize the fractures. This yielded
errors of about 7% in the P- and S-wave velocities
in the host rock and around 0.01 in the principal
crack densities.

(2) Rulison Field producesdry gas.While know-
ing this beforehand, we intentionally included the
uid factor into our unknowns. Its estimated values
cameout to be nearly zeroin the entire study area,
consistert with our information about of the type
of fracture in ll.

(3) The NMO ellipses of P-, S;-, and S;-waves
recorded from horizontal re ectors are supposed

to be co-oriented according to the adopted non-
interaction theory of crack-induced anisotropy. In
spite of the fact that we cannot accourt for errors
induced by the rotation of shear-wave data, the el-
lipse misalignments obserned in seismicdata turned
out to be comparable to those predicted by numer-
ical modeling that takesinto accourt interaction of
closely spacedfractures.

(4) Anisotropy caused by multiple sets of dry
cracks is almost elliptical. And, indeed, no nonhy-
perbolic moveout has been obsered in the long-
spread P-wave data.

(5) The available FMI log shows the fracture di-
rections that are consistert with the e ectiv e prin-
cipal crack orientations estimated from seismics.

Despite the above assuranceghat the obtained
results not only exhibit internal consistency but
also t someindependert external data, our esti-
mates of the crack densities show little correlation
with the EUR of wells in the eld. While this poor
correlation can be partially attributed to a variety
of completion techniques used in the course of de-
velopmert of Rulison Field, we feel that its root
causeis the physics of uid o w through fractured
media. For low-porosity (1% to 10%) sandstones
at Rulison, fracture networks appear to provide
the main pathways for the gas ow. The e ectiv e,
crack-related permeability of these networks is es-
sertially controlled by the fracture widths, whereas
the seismic signatures are governed by the crack
densities or the fracture lengths. If a relationship
betweenthe crack widths and lengths is absert, the
e ectiv e permeability and elasticity are uncorre-
lated. Perhaps this is what seismic and production
data at Rulison tell us. Still, even if this inference
is correct, a more general question remains: under
what geologicconditions doesthe crack density be-
come a proxy for the permeability which would be
useful for the reserwir development?
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APPENDIX  A: SMALL-CRA CK-DENSITY APPR OXIMA TIONS OF SEISMIC
SIGNA TURES

The goal of this App endix is to develop an intuitiv e understanding of kinematic seismic signatures in for-
mations containing multiple sets of vertical fractures. To arrive at tractable expressions,we assumethat
the principal crack densities are small, fe;; e2g 1, and linearize all pertinent quantities in e; and e;. As
stated in the main text, arbitrarily oriented fractures embedded in an otherwise isotropic host rock cause
nearly orthorhombic e ectiv e symmetry, therefore, Tsvankin's (1997) anisotropic coe cien ts intro duced for
orthorhombic media are of obvious importance for our study. We begin with deriving these anisotropic co-
e cien ts in terms of the governing parameters M [equation (4)] and then turn our attention to the NMO
ellipses of pure modesre ected from horizontal interfaces.

Al Anisotropic coecien ts

As follows from equations (1){(3), de nition of the e ectiv e sti ness tensor, ce = s, 1, and de nitions (16){
(19), (23){(26) of Tsvankin (1997), the vertical velocities Vpo, Vso and relevant anisotropic coe cien ts, fully
linearized in the crack densities, are:

2 5(& (et e)

= \p. +
Vpo=Vp.p 1 3 0ot o) ) (A1)
8 b+ 2 p
Vego = Ve. 1 = 2 =05 A2
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3613 b+ 4 b’ ( )
8 + 2
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3%23 .74, (A8)
Here
s
Vp.p = b*t2 0 (A9)
and
r
VS;b: —b (AlO)

are the velocities in the isotropic unfractured rock, is the density, and the quantities 1, b, €1, €, and
& are described in the main text. Note that the anisotropic coecients @, @ and @ dened in the
plane [x1; x3] that contains the normal to the rst fracture set with the crack density e;, are proportional
to e; and independert of e,. Similarly, the coecients @, @ ‘and @ are controlled by e, only. The same
obsenations were made earlier by Bakulin et al. (2000).
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A2 NMO ellipses and ratios of vertical velocities

Now we presert the small-crack-density approximations for componerts of the data vector D [equation (5)].
The ratios of the vertical velocities are

s ( "
Vs;L _ Vso 1+ 2 (0] _ VS;b 2 2
Voo Veo 1+2 @ Voo V55 NS t& 1De (A11)
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Vo2 _ Vso_ Ve 3 2 20g 1ye AL2
Veo  Veo  Vrib 3 b( bt b) b ( ) ) (A12)
#
B bv+2 n)(5& 45 $B b 218
+ &
3 pt+ 4y

The pure-mode NMO ellipses from a horizontal re ector beneath a homogeneousorthorhombic layer
are given by (Grechka and Tsvankin, 1998)

P2
% = Wqg 11 0052 + Waq: 22 sin2 = kK cos’ =+ k sin i2 . (A13)
VQ; amo () v v
Q; nmo Q; nmo

Here Q = P, S, or S; is the wave type, is the azimuth measuredfrom the normal to the rst fracture set,
Wg; 11 and Wq; 22 are the nonzero elemerts of 2 2 matrices W that describe general NMO ellipses, and
v are the symmetry-direction NMO velocities. These velocities are conveniertly expressedin terms of

Q; nmo
the P- and S-wave vertical velocities and the anisotropic coe cien ts listed above (Grechka et al., 1999):
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Substitution of equations (A1){(A10 ) into equations (A14){(A19) and subsequen linearization yields
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It is a simple matter now to construct the Frechet-derivative matrix, F, of the quantities given by
equations (A11), (A12), (A20){(A24) with respect to the elemerts of parameter vector M [equation (4)]
and verify that all singular valuesof F are nonzero.

A3 Shear-w ave splitting coecien t and the eccentricit y of the P-wave NMO ellipse

Finally , we usethe already derived approximations to demonstrate that such well-known fracture indicators
as the shear-wave splitting coe cien t and the eccertricit y of P-wave NMO ellipse are controlled by the
di er ence of two principal crack densities,e1 e, and, therefore, insu cien t for characterization of multiple
fracture sets.

The ecceriricit y (or normalized elongation) of the P-wave NMO ellipse is just the di erence of two
coe cien ts. As follows from equations (A5) and (A6), the eccertricit y is

w @-38 (1 & b, 45
3 (e @) S (A25)
Similarly, de nition of the shear-wave splitting coe cien t, © @ @ and equations (A7), (A8) yield
8 + 2
) - © b b A26
3 (& e2)3b+4b- (A26)

Clearly, these signatures unambiguously constrain the crack density only for a single fracture set, that is,
when one of the principal crack densities is zero.
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