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Abstract

Brittleness in unconventional reservoirs is mainly controlled by mineralogy, and it increases with quartz and
dolomite content, whereas an increase in the clay content represents an increase in ductility. To generate
regional brittleness maps, we have correlated the mineralogy-based brittleness index to elastic parameters mea-
sured from well logs. This correlation can then be used to predict the brittleness from surface seismic elastic
parameter estimates of λρ and μρ. We applied the workflow to a 3D seismic survey acquired in an area where
more than 400 wells were drilled and hydraulically fractured prior to seismic acquisition. Combining λρ and μρ
into a single 3D volume allowed the combination of both attributes into a single 3D volume, which can be con-
verted to brittleness using a template based on the well log and core data. Neither of these seismic estimates
were direct measures of reservoir completion quality. We, therefore, used production logs and extracted surface
seismic estimates at microseismic event locations to analyze the completion effectiveness along several hori-
zontal wellbores in the reservoir. We defined four petrotypes in λρ and μρ space depending on their brittleness
and gas saturation, and we found that most of the microseismic events fell into the zone described as brittle in
the λρ-μρ crossplots. These observations supported the well-known idea that regardless of where the well was
perforated, microseismic events appeared to preferentially grow toward the more brittle areas, suggesting the
growth of hydraulic fractures into the brittle petrotype.

Introduction
The economic success of shale plays depends not

only on the formation thickness and the total organic
carbon (TOC) content of the reservoir but also on the
completion quality. Because of their negligible perme-
ability, almost all shale reservoirs need to be hydrauli-
cally fractured. Successful hydraulic fracturing requires
targeting the most brittle rocks in which the fractures
can be induced, thereby draining the highest amount
of gas from the rock.

The study area includes a high-quality 3D seismic sur-
vey that was acquired after more than 400 wells had been
drilled over a 10-year period using different stimulation
fluids (gel, water, and surfactants), and varying numbers
of stages, in vertical and horizontal wells.

Poststack seismic attributes, such as coherence and
curvature, are routinely used to avoid drilling geoha-
zards, such as faults and karst features, which can
connect to nearby water-bearing formations. Although
curvature attributes may not illuminate individual frac-
tures, they do quantify the amount of strain (Nelson,
2001). Thompson (2010) and Zhang (2010) show that
in the Barnett Shale seismic impedance, curvature,
and other attributes can be visually correlated with mi-
croseismic events and reservoir performance. Refunjol

et al. (2012) observe that microseismic event locations
in the Barnett Shale occurred in areas of low seismic
impedance. Rutledge and Phillips (2003) observe a cor-
relation between shear activation of fractures and low
seismic impedance.

Perez (2010a, 2010b, 2011) demonstrates that using
elastic rock physics parameters, such as Young’s
modulus E and Poisson’s ratio ν or alternatively Lamé
parameters λ and μ can characterize a reservoir geome-
chanically. Most of the engineering literature (e.g.,
Grieser and Bray, 2007) estimates geomechanical
behavior using Young’s modulus and Poisson’s ratio.
Because density is difficult to measure from surface
seismic data, Sharma and Chopra (2012) use ρE and
ν, resulting in 3D volumetric estimates of geomechani-
cal behavior.

Although hydraulically induced fractures can propa-
gate through ductile and brittle rocks, the goal of the
proppant is to better preserves induced fractures in
more brittle rocks. Alzate (2012) combines production
logs and microseismic data with simultaneous seismic
inversion attributes to analyze completion effectiveness
along four horizontal wells in the Barnett Shale. He con-
cludes that the hydraulically generated fractures prefer-
entially grow toward the more brittle rock, generating a
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difference in gas production. Because the 3D seismic
survey was acquired after more than 400 wells were
drilled and completed in the area, we expect that the
findings show evidence of the intensive hydraulic frac-
turing.

Jarvie et al. (2007) and Wang and Gale (2009) pro-
pose brittleness index (BI) definitions based on the min-
eral composition of the rock, dividing the most brittle
minerals by the sum of the constituent minerals in
the rock sample, considering quartz (and dolomite, in
the case of Wang and Gale, 2009) as the more brittle
mineral. However, it is very important to highlight that
the term BI is a relative measurement that depends on
the field of study and the purpose of the investigation
(Altindag and Guney, 2010).

The proposed methodology integrates different
tools, such as petrophysics, well log analysis, and seis-
mic simultaneous inversion, and it is a continuation of
the research done by Perez (2013) and Perez and Mar-
furt (2014) who described brittle/ductile template based
on the mineralogy log measurements and elastic param-
eters, using the same area of study and data set in the
Barnett Shale. The Barnett Shale is well known to be
an organically rich and thermally mature formation de-
posited during Mississippian time in the Fort Worth Ba-
sin. It is described to be an unconventional reservoir
because of its low average permeability (70 nD) and
porosity (6%) distributed in a variety of depositional fa-
cies (Deacon, 2011).

Prestack simultaneous inversion was performed to
estimate λρ and μρ seismic volumes in an effort to
detect and highlight brittle and ductile regions in an un-
conventional reservoir. The 2D color bars and interac-
tive 2D crossplotting technology are used to estimate
geomechanical behavior from λρ and μρ estimated from
surface seismic inversion. Wells are used with micro-
seismic experiments and surface seismic estimates of
λρ-μρ to quantify damaged rock. At each microseismic
location, we extract the corresponding and μ values and
crossplot the results using a 2D color bar, providing a
link between discrete interactive crossplotting and the
continuous variability of the data. Finally, we visually
correlate anisotropy intensity volumes with microseis-
mic event locations and production wellbore mea-
surements.

Seismic inversion
In an isotropic, linear elastic medium, only two elas-

tic constants (such as Lamé parameters λ and μ) are
necessary to completely specify the stress-strain rela-
tion. Calibrated by mineralogy logs, these elastic param-
eters can be used empirically to predict whether a
reservoir will deform plastically (for a “ductile” rock)
or cataclastically (for a “brittle” rock).

Lamé’s incompressibility parameter λ relates uni-
axial and lateral strain to uniaxial stress. The λ is pri-
marily a longitudinal measure and hence “orthogonal”
to Lamé’s rigidity parameter μ a quantity that relates
shearing stress to strain. Dipole sonic coupled with

P-wave sonic and density logs provide a direct measure
of Lamé parameters λ and μ at the well (Goodway,
2007).

Compressional and shear velocities VP and VS can be
written in terms of Lamé’s parameters λ and μ and bulk
density ρ:

VP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλþ 2μÞ∕ρ

p
(1)

and

VS ¼
ffiffiffiffiffiffiffiffi
μ∕ρ

p
: (2)

Seismic reflections are sensitive to changes in P- and
S-impedances, ZP and ZS. We can therefore estimate
Lamé impedances (moduli-density relationships) from
surface seismic data as follows:

μρ ¼ ðρVSÞ2 ¼ Z2
S; (3)

and

λρ ¼ ðρVPÞ2 − 2ðρVSÞ2 ¼ Z2
P − 2Z2

S: (4)

Prestack simultaneous inversion estimates P-wave
impedance, S-wave impedance, and density, which in
turn can be used to predict lithology and geomechanical
behavior. Following Goodway et al. (1997) and Good-
way (2007), we estimate the P- and S-reflectivities from
prestack seismic angle gathers using Fatti et al.’s (1994)
method. Then, we estimate P- and S-impedances, ZP
and ZS, and finally calculate the Lamé impedances λρ
and μρ using equations 3 and 4.

A representative vertical slice (north–south) through
λρ and μρ seismic volumes (Figure 1a and 1b) shows the
difference between shale and limestone formations.
Limestone formations exhibit a higher λρ (related to
incompressibility) and μρ (related to rigidity) than the
shale formations, which show low λρ and low μρ. The
Viola Limestone exhibits a higher μρ than the Marble
Falls and Forestburg Limestones in the section indicat-
ing that it is more rigid than the surrounding shale for-
mations, confirmed by microseismic measurements
that show the Viola to be an excellent fracture barrier.

The gamma ray log (Figure 1c) reveals low gamma
ray values in the limestone formations, and high gamma
ray values in the shale formations. Notice the increase
in gamma ray values at the middle of the Lower Barnett
Shale formation and its correlation with the decrease in
λρ and μρ (white arrow). We interpret the high gamma
ray values to be from an increase in the amount of ra-
dioactive minerals (clay). Singh (2008) finds the TOC to
be a function of oxygen levels, exhibiting an increase
toward the bottom of each parasequence.

To set the template theoretical limits, Perez and
Marfurt (2014) compute λρ and μρ in the three most
common minerals in the Barnett Shale: calcite, clay,
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and quartz. Connecting the three vertices of each min-
eral generates a mineralogy ternary plot in λρ-μρ space.

We crossplot λρ on the x-axis and μρ on the y-axis,
using a 2D color bar with 4096 colors (64 × 64) to color
code the output volume. To be consistent with the pre-
vious scale ranges, we set the initial λρ and μρ axes to
range between 0 and 160 GPa � g∕cm3 (Figure 2a).
However, the 2D histogram shows that the data do
not extend through this entire range (Figure 2b); to bet-
ter use the whole spectrum of colors, we therefore clip
the λρ values from 20 to 100 GPa � g∕cm3, and μρ from
10 to 90 GPa � g∕cm3 as shown in Figure 3d.

Figure 3a and 3b shows representative slices (east–
west) through λρ and μρ seismic volume, respectively.
Figure 3c shows the same vertical slice through cross-
plotted λρ versus μρ seismic volumes using the 2D color
bar as shown in Figure 3d. This type of attribute allows
the mineralogical discrimination of the reservoir based

on its limestone (magenta, blue, and purple), quartz
(yellow and red), and clay (green) content, and there-
fore its geomechanical behavior.

Figure 4 shows six stratal slices (stratal slice loca-
tions are shown in white dashed lines in Figure 3c)
through crossplotted λρ versus μρ seismic volumes cor-
responding to each formation in this study. Limestone
formations, such as Marble Falls Limestone, Forestburg
Limestone, and Viola Limestone exhibit magenta, blue,
and purple colors, respectively. In contrast, shale for-
mations, such as the Upper Barnett Shale and the Lower
Barnett Shale (upper and lower sections) are shown in
green, yellow, and red, respectively. This plot enhances
the mineralogical composition between the upper and
lower section of the Lower Barnett Shale, indicating
that the upper section of the Lower Barnett Shale has
a higher quartz content than the lower section of the
same formation, which exhibits a higher clay content.

Figure 1. Vertical slices A-A′ through (a) λρ and (b) μρ seismic volumes and their corresponding histograms. Notice that the shale
formations exhibit lower values of λρ and μρ (red and yellow) than the limestone formations (cyan and blue). Location of the line is
shown in Figure 4a, and (c) λρ-μρ crossplot color coded by gamma ray from logs indicating that shale formations exhibit low λρ and
low μρ (Perez and Marfurt, 2014). (d) Gamma ray versus BI indicating that in the Barnett Shale high gamma ray values represent
high brittleness and TOC, confirming the core analysis by Singh (2008).
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This 2D color bar is a useful tool to interpret geome-
chanical properties in the reservoir.

We then isolate the λρ and μρ values corresponding
to the Lower Barnett Shale section and generate a spe-
cific 2D color bar and histogram displayed in Figure 5a
and 5b. This clipped color bar is used to display four

stratal slices corresponding to different layers in the
Lower Barnett (Figure 6). Clipping the color bar enhan-
ces the horizontal and vertical mineralogy variation of
the formation. In the upper section of slice B exhibits a
higher quartz content than in the south, and at the same
time, slice D exhibits a higher limestone content be-

cause it is closer to the Viola Limestone
formation. From previous analysis, low
λρ and low μρ indicate less brittle zones,
and low λρ and medium to high μρ indi-
cate more brittle zones. Using the tem-
plate described in Perez (2013), we
use commercial software to generate
stratal slices similar to those in Figure 7.

Analysis and discussion
Microseismic event analysis

Microseismic monitoring techniques
are based on the same principles as earth-
quake seismology. A complete analysis
includes the detection, location, and esti-
mation of magnitude and moments of
the microearthquakes induced by hy-
draulic fracturing and reservoir depletion
processes (Warpinski et al., 2005). Micro-
seismic data can be used to evaluate ef-
fectiveness of completion designs and
map the development of fracture patterns
in the reservoir.

Figure 2. (a) The 2D color bar and its equivalent in 1D, using 4096 (64 × 64)
colors, and (b) 2D histogram corresponding to the λρ and μρ values from the
entire seismic section. The data range is selected to be consistent with figures
presented previously. The white rectangle represents the clipped color bar used
in Figure 3 to fit all the data.

Figure 3. Vertical slices B-B′ through (a) λρ and (b) μρ seismic volumes and (c) through the crossplotted λρ versus μρ volumes
using a (d) 2D color bar. The location of line B-B′ is shown in Figure 4a. The range of the 2D color bar enhances the differences
between quartz- (yellow and red), clay- (green), and limestone-rich (magenta, blue, and purple) formations, providing an estimate
of lithology and geomechanical behavior.
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During the hydraulic fracturing process, water and
any other injected materials (usually sand) are pumped
into the wellbore and into the formation through holes
that have been perforated through the well-bore casing.
The water and other injectables squeeze
into the available spaces in the rock un-
til the rock fails. This failure state is
reached quicker when the rock is con-
sidered brittle (commonly rocks with a
high quartz content), resulting in a more
effective hydraulic fracture job.

In the Barnett Shale, it is well under-
stood that shear slippage occurs prefer-
ably on preexisting planes of weakness
as a result of the change in stress and
pore pressure that are induced by the
fracturing process (Scholz, 1968, 1990).
Paleotectonic events in the Fort Worth
Basin resulted in a northwest–southeast
main stress field orientation. However,
the current regional maximum stress di-
rection in the basin is northeast–south-
west, with local deviations in intensity
and direction due to the presence of the
main fault system in the basin, the Min-
eral Wells–Newark East fault system,
and other minor faults. Given this stress
regime in the Barnett Shale, we expect
that the fractures generated from most
of the hydraulic stimulation process are
going to have preferred orientation,
northeast–southwest.

Eleven wells (nine horizontal and two
vertical) with microseismic data are
available in the area of study. At the time
a fracture occurs S- and P-waves are
emitted, which, after processing, provide
an estimated position, time, and magni-
tude of each event (Bennett et al., 2005).
Because microseismic data analysis is
susceptible to problems associated with
sensor placement bias, Alzate (2012) ap-
plies several procedures to quality con-
trol and filter the microseismic data to
avoid issues related to the attenuation
of events at large distances.

Most the horizontal wells were drilled
along a northwest–southeast azimuth to
generate a northeast–southwest-trend-
ing fracture pattern, using a different
number of stages in each well. Figure 8
shows the direction of four horizontal
wells with their microseismic events
color coded by stage number. In gen-
eral, microseismic data show that most
of the area around the wellbore was
stimulated. However, low activity around
the toe of well C indicates that microseis-

mic events are not distributed uniformly along the
wellbore.

To validate the previous seismic inversion results,
we extract the λρ and μρ values at each microseismic

Figure 4. Stratal slices through λρ versus μρ crossplot volumes corresponding
to (a) Marble Falls, (b) Upper Barnett Shale, (c) Forestburg Limestone, (d) upper
Lower Barnett Shale, (e) lower Lower Barnett Shale, and (f) Viola Limestone
using the 2D color bar indicated in Figure 3d. Stratal slice locations are shown
in white in Figure 3c. Limestones appear as magenta, blue, and purple, whereas
quartz-rich shales appear as yellow and red, and clay-rich shales appear as green.

Figure 5. (a) The 2D color bar using 4096 colors and (b) 2D histogram corre-
sponding to λρ and μρ values from the Lower Barnett Shale section. The white
rectangle represents the clipped color bar used in Figures 6, 8, and 11.
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event for three wells and display the results in a cross-
plot in Figure 9. Then, we calculate a histogram for λρ
and μρ at each stage. In addition, we superimpose in the
background λρ-μρ voxels falling within boxes in Fig-
ure 8, and its corresponding histogram in dark gray.
Even when the background cloud of voxels is scattered
along the plot, a greater population of the microseismic
events falls in the zone that we defined as a less brittle
zone (orange) and brittle (red).

Using the same surface seismic data examined in this
article, Zhang (2010) calculates the P-wave azimuthal
anisotropy intensity and represents microseismic event
clouds with polygons, exhibiting a high compartmental-
ized at the reservoir level, with the compartment edges
being defined by structural features (Figure 10). Zhang
(2010) calculates the P-wave azimuthal anisotropy
using a model based acoustic impedance inversion,
which is tightly coupled to the geology by wells, remov-

ing most of the seismic wavelet and
thin-bed tuning effect. Notice that the
microseismic events occur in the low
anisotropy zones, which is the opposite
of what we expected. These observations
suggest that good hydraulic fracturing
zones are causing multiple induced frac-
ture orientations in the reservoir. These
observations are consistent with the
study made by Thompsen (2010) in the
same area.

These low-anisotropy zones suggest
that effective hydraulic fracturing re-
laxes the rock, thereby locally reducing
the anisotropy. Bowker (2007) assumes
the Barnett Shale as an overpressured
and fully saturated (in terms of sorption)
state. Before the reservoir is drilled and
hydraulically stimulated, it is at a state
of equilibrium, with a balanced pore
pressure gradient (3.58 KPa∕ft in the
gas saturated part of the play) by the

Figure 6. Four stratal slices corresponding to the Lower Barnett Shale indicat-
ing the location of the limestone- (magenta and blue), quartz- (yellow and red),
and clay-rich shales (green) regions using the 2D color bar as shown in Figure 5a.
The location of each slice is shown in Figure 4a.

Figure 7. The same four stratal slices presented in Figure 6, corresponding to the lower Barnett Shale indicating the location of
the more brittle and less brittle regions using the BI template in the λρ-μρ space calculated from a well with mineralogy logs 16 mi
northeast from the area of study (Figure 12b). Location of each slice is shown in Figure 4a.

T238 Interpretation / November 2015

D
ow

nl
oa

de
d 

04
/1

9/
16

 to
 5

9.
27

.9
3.

37
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/



capillary pressure of the rock (Bowker, 2007). When
the rock is hydraulically stimulated the equilibrium is
disturbed, and gas diffuses from the matrix into the hy-
draulic fractures, thereby flowing to the wellbore, caus-
ing the relaxation of the rock.

We expect that the fractures generated hydraulically
create a (local) fracture set perpendicular to the regional
reservoir stress field, causing an attenuation in the
anisotropy intensity. The change in the fracture geom-
etry caused a change in the anisotropy intensity, in some
cases from a vertical transverse isotropic (VTI) sym-
metry to orthorhombic resulting in a stronger anisotropy
signature. However, we assume that after the rock is in-
tensively fractured, it goes from strong horizontal trans-
verse isotropic (HTI) media to orthorhombic exhibiting
more isotropy, concluding that the velocity anisotropy is

going to be different due to the fractures generated hy-
draulically.

Figure 11 shows that the well locations of more 400
wells had already been acquired, and the microseismic
events corresponding to zones that had been stimulated
(green). This indicates that there are still zones in which
there exists the possibility of having bypass pay areas.
We observe that the population of microseismic events
is higher in the more brittle areas because the fractures
propagates to the direction of the less stresses exist and
in which they need to do the least amount of work.

Calibration with production logs
Perez et al. (2011) present “heuristic” rock physics

templates that can be used to correlate rock composi-
tion with λρ and μρ and production, with the goal of

estimating expected ultimate recovery
in unconventional reservoirs. Alzate
(2012) and Alzate and Devegowda
(2013) define four petrofacies, each rep-
resenting 25% of the data, drawing iso-
Poisson’s ratio lines assuming that the
variation in the Young’s modulus along
these lines is a consequence of the TOC
and porosity (Figure 12a). The brittle
and rich (red) petrofacies represent
areas in the Barnett Shale with low Pois-
son’s ratio and low Young’s modulus,
the ductile and rich (yellow) petrofacies
are those regions with high Poisson’s ra-
tio and low Young’s modulus, the brittle
and poor (green) petrofacies represent
those shales with low Poisson’s ratio
and high Young’s modulus, and the duc-
tile and poor (blue) petrofacies are those
shales with high Poisson’s ratio and high
Young’s modulus.

Figure 8. Four microseismic wells (well locations shown in Figure 10) plotted
on the top of a stratal slice color coded using the 2D color bar (low right). The red
colors represent quartz-rich areas, and therefore they are more brittle than the
green areas, which correspond to more ductile zones. Notice that most of the
microseismic events are located in the more brittle region, avoiding the ductile
zones.

Figure 9. Crossplot in gray of λρ-μρ of falling voxels within boxes as shown in Figure 8 for the Lower Barnett Shale.
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Continuing the work done by Perez and Marfurt
(2014), using mineralogy well logs measurements, BI
was calculated. Then, we proceed to classify the data
population in terms of BI into four petrotypes (brittle,
less brittle, less ductile, and ductile).

Brittleness can be defined as the measurement of
the stored energy before failure, and it depends on the
rock strength, lithology, texture, effective stress, among
others parameters. Other brittleness definitions found
in the literature were reviewed by Perez and Marfurt

(2014). At the same time, BI is the ratio between the ten-
sile strength and compressive strength. Because these
measurements can only be measured at the laboratory,
Jarvie et al. (2007) and Wang and Gale (2009) propose BI
definitions based on the mineral composition of the
rock. Both authors divide the most brittle minerals by
the sum of the constituent minerals in the rock sample,
considering quartz (and dolomite, in the case of Wang
and Gale, 2009) as the more brittle minerals.

Using elastic logs, we generate a BI λρ-μρ as shown in
Figure 12b. The rock laboratory mea-
surements are published in Table A-1
by Mavko et al. (2009) (fluid content, di-
pole logs, and mineralogy logs). Finally,
we combine both templates into one
(Figure 12c) agreeing with the Alzate
(2012) and Alzate and Devegowda
(2013) interpretation. Notice that both
independent templates agree in limits
in which the data points exist between
the iso-Poisson’s ratio lines between ν ¼
0.15 and ν ¼ 0.34. Rock with Poisson’s
ratio greater than ν ¼ 0.23 is considered
brittle, and less than ν ¼ 0.23 is classi-
fied as ductile, in which the ν ¼ 0.23
limit was selected as the midpoint be-
tween both boundaries (ν ¼ 0.15 and
ν ¼ 0.34)

The study area includes four produc-
tion horizontal wells, which were re-
corded five months after a multistage
hydraulic fracture treatment. Produc-
tion logs measure flow and provide a
quantitative measure of production from
each perforation. Alzate (2012) and Al-
zate and Devegowda (2013) interpret
the temperature, differential gas produc-
tion, and gas and water hold up logs for
four wells.

Gas production rates from each per-
foration are plotted in a λρ-μρ crossplot
(Figure 13a and 13b). Alzate (2012) and
Alzate and Devegowda (2013) observe
that the most prolific zones show low
Poisson’s ratio and low Young’s modu-
lus corresponding to this brittle-rich
petrofacies. Figure 13b shows the well
trajectories of the four wells with pro-
duction logs and how they penetrate
different layers, which affects their per-
formance. Based on the microseismic
events, Alzate (2012) concludes that no
matter in which the well is completed,
the fracture will preferentially grow to-
ward the area with the most brittle rock,
which explains the difference in gas pro-
duction between the wells.

Geoscientist community in the oil
and gas industry geomechanically clas-

Figure 10. Anisotropy intensity and microseismic event locations from several
microseismic events in the Lower Barnett Shale (modified from Zhang, 2010).
Notice that none of the microseismic events occur in areas of high anisotropy.
Because 400 additional wells have fractured the rock, we hypothesize that the
area of high anisotropy (yellow and red) corresponds to bypassed pay.

Figure 11. Stratal slice C shown in Figure 6, with the well locations in the area
of study using the color bar as shown in Figure 5, in which green represents clay-
rich zones, red represents quartz-rich zones, and purple represents calcite-rich
zones.
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sify a rock in terms of its Poisson’s ratio, defining a rock
with low and high Poisson’s ratio as brittle or ductile
rocks, respectively. However, in this specific Barnett
Shales case, our results indicates that we need to
redefine these concepts calling brittle those rocks with
high Poisson’s ratio and ductile the rocks with low Pois-
son’s ratio, contrary to the industry wide definitions.
Perez and Marfurt (2014) extensively describe the brit-
tleness and BI definitions available in the literature. In
this research, we calculate the BI in terms of the min-
eralogical content of the rock, and not in terms of its
geomechanical properties, using Jarvie et al. (2007)
and Wang and Gale (2009) 1definitions.

Rocks are fractured at near static conditions (0 Hz)
and thus depend on static nonlinear elastic, plastic, and

failure behavior. Surface seismic measurements of elas-
tic properties λ and μ are made between 5 and 150 Hz,
whereas those in borehole are made at 10–20 kHz.
For this reason, direct seismic estimates of λ and μ
are not direct measures of nonlinear behavior. However,
through the use of mineralogy logs, Perez (2013) showed
that these elastic measurements can be used to predict
inelastic behavior.

Conclusions
Simultaneous inversion of surface seismic data not

only differentiates shale from limestone but also brittle
and ductile shale intervals. The change from brittle to
ductile is transitional based on the mineralogy logs and
calibrated with microseismic data.

Figure 12. (a) Lower Barnett reservoir quality classification based on the seismically inverted rock properties defining four pet-
rotypes (modified from Alzate, 2012), (b) λρ versus μρ from well logs (Perez and Marfurt, 2014), and (c) λρ versus μρ crossplot
template after combining panels (a) and (b) classifications. Notice that both templates agree in the region defined as more brittle
and with higher fluid content.

Figure 13. (a) Seismic λρ-μρ crossplots extracted along the wellbores corresponding to production logs. Each point indicates gas
rate at each individual perforation. (b) East–west vertical slides through the reservoir quality volume showing the location of the
wells having production logs (modified from Alzate, 2012).
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Cutoff from one zone to another is empirical, which
is not a serious shortfall in fields with a hundreds of
wells. The use of 2D color bars of λρ versus μρ helps
to visualize and quantify the smooth transition between
brittle and ductile areas.

Microseismic is an indirect measurement to interpret
how the fractures are distributed in the reservoir. We
demonstrate that microseismic and production logs
show that hydraulically induced fractures preferentially
populate brittle regions.

Combining the results of the extracted seismic attrib-
utes and measured production logs, we can conclude
that more brittle and more fractured the zone is the
gas production is higher. Results showing zones in
which the anisotropy intensity decreases in areas with
high concentration of wells are evidence that the seis-
mic response could be affected after an intense drilling
program. In addition, we can conclude that the simul-
taneous inversion is a very effective tool to discriminate
between brittle and ductile zones in unconventional res-
ervoirs.

In this specific case in the Barnett Shale, we are de-
fining as brittle those rocks with high Poisson’s ratio
and ductile rocks with low Poisson’s ratio which is con-
trary to the industry wide definitions for brittle and duc-
tile rocks, which assume a low Poisson’s ratio for brittle
and high Poisson’s ratio for ductile rocks because the
calculated brittleness is based on the rock mineralogi-
cal content, and not on its geomechanical properties.
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Appendix A

Nomenclature
Moduli, densities, and velocities of common
minerals.

λ = Lamé’s incompressibility parameter
μ = Lamé’s rigidity parameter
ρ = Lamé’s bulk density parameter
E = Young’s modulus
v = Poisson’s ratio
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