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ABSTRACT
Generation of permeability through the completion process requires that the target formation be more brittle than its neighbors, and that the
induced fractures do not ductilely close about the injected proppant. Brittleness in unconventional reservoirs is mainly controlled by
mineralogy, increasing with quartz and dolomite content, and decreasing with clay and calcite content. Using core and electron capture
spectroscopy, P-wave sonic, and dipole sonic logs from nearby wells, we construct a brittleness index template and use it to predict the
brittleness from surface seismic elastic parameter estimates of λρ and μρ. We apply 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.
Although six microseismic experiments show clouds that are roughly aligned with the NE-SW regional stress field, they are no way
symmetrically aligned about the well bore. Instead, microseismic events “find” neighboring brittle rock to fracture, and “avoid” fracturing
nearby ductile rocks. Diagenesis also appears to play a role. Microseismic events “avoid” fracturing structural ridges which are thought to be
tightly cemented, and “favor” fracturing structural bowls which are thought to be more loosely cemented.
While increased TOC should theoretically make the rock more ductile, in the Barnett Shale high TOC and elevated levels of biogenic quartz
resulting in a TOC-rich brittle rock are depositionally coupled, forming in deeper, anoxic parts of the basin. Not surprisingly, production logs
show that wells completed in more brittle, TOC-rich zones produce better than those in more ductile, TOC-poor zones. Such observations raise
more questions than they answer. Fractures associated with microseismic events in brittle zones are not necessarily connected to the borehole.
Wells landed in a ductile, TOC-poor zone can produce from neighboring brittle, TOC-rich zones while at least one stage landed in a brittle,
TOC-rich zone exhibited low gas flow. Furthermore, the generation of fractures is a nonlinear phenomenon. Examining the Mohr-Coulomb
failure curve shows that for a given effective stress level, some rocks break, while others do not, suggesting that failure, and hence the number
of fractures, is not a linear function of brittleness.
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Presenter’s notes: This presentation was made at the 2017 AAPG Midcontinent Meeting and summarizes several years of work on a Barnett Shale survey acquired by Devon Energy.

Presenter’s notes: Wolfram, a scientific calculator product, provides this nice interactive demo of the two principal curvatures k1 and k2, which are equivalent to the eigenvalues λ1 and λ2 of the matrix defining a quadratic surface under
http://demonstrations.wolfram.com/EigenvaluesCurvatureAndQuadraticForms/. (a) A suite of (k1, k2) pairs arranged such that anticlinal features correspond to positive values of curvature and synclinal features to negative values of
curvature. Note that negative curvature has a positive value for dome-shaped features and positive curvature has negative values for bowl-shaped features. In each case, there is no apparent (Euler) curvature of greater negative or positive
value. (b) The same images, but now with the corresponding eigenvectors ψ1 and ψ2 rotated by 90°.

Presenter’s notes: A representative vertical slice through a seismic amplitude volume acquired in the core gas-producing area of the Fort Worth Basin. (After Thompson, 2010).

Presenter’s notes: Velocity anisotropy (red vectors) displayed with most positive curvature extracted along the top of the Viola limestone. The length of the vector is proportional to the degree of anisotropy while the direction indicates the
azimuth of maximum anisotropy. Micro-seismic events are shown in black. Even though all horizontal wells were drilled NW-SE and the regional maximum horizontal stress in NE-SW, note how the micro-seismic events and the velocity
anisotropy trend in multiple azimuthal directions. Note also the clustering of microseismic events in structurally low areas, suggesting that the ridges may serve as fracture barriers. (After Thompson, 2010; Data courtesy of Devon Energy).

Presenter’s notes:(a) Velocity anisotropy (red vectors) co-rendered with most positive curvature extracted along the top of the Viola. The length of the vector is proportional to the degree of anisotropy while the direction indicates the
azimuth of maximum anisotropy. Notice the low magnitude velocity anisotropy near the wellbore and the N/S direction. Perforation zones are color-coded by their stage number. (b) Same image with micro-seismic events color-coded by
stage number. Notice the micro-seismic events give rise to low anisotropy and exhibit a N/S trend, clustering in structurally low areas and preferring areas with negative values of curvature. (After Thompson, 2010).

Presenter’s notes: A material is brittle if, when subjected to stress, it breaks without significant strain. Brittleness is a function of rock strength, lithology, texture. effective stress, temperature, fluid type, diagenesis, and TOC. There are
many alternative definitions of the brittleness index. Mining engineers define the brittleness index to be the ration between the compressive strength, , and the tensile strength, .This young geoscientist has discovered clay-rich
materials to be quite ductile, and (much to his mother’s alarm) quartz-rich to be quite brittle. (Photos courtesy of Brooks Theodorakos’ mom).

Presenter’s notes: Quartz has a smaller Poisson’s ratio than calcite, such that the horizontal stresses will be smaller.

Presenter’s notes: Increasing the pore pressure, P, about a well decreases the effective stress, Sj-P. For a given overburden and vertical stress, S1, the horizontal stress S2 will be less for a quartz-rich than for a calcite-rich rock. For this
reason, as we increase pressure, a quartz-rich rock will fail first, while the calcite-rich rock acts as a fracture barrier.

Presenter’s notes: We have two mathematical definitions of brittleness: (1) brittleness index from Jarvie et al. (2007) and Wang and Gale (2007) based on the laboratory measurements of the brittleness of the constituent minerals, and (2)
an empirical estimate of brittleness constructed by correlating well log of Young’s modulus and Poisson's’ ratio with well completion data proposed by Grieser and Bray (2007). These two models often conflict. Given the high variability
of shale resource plays, the author prefers the estimate based on mineralogy.

Presenter’s notes: The targets are the more brittle and TOC rich siliceous organic mudstone (in orange). More illitic mudstone as well as limestone forms the hydraulic fracture barriers. (After Potma et al., 2012).

Presenter’s notes: The key to this Potma et al.’s (2012) workflow is to use full core and sidewall core to calibrate the mineralogy to wireline logs, and thus to elastic properties that can be estimated from surface seismic data, thereby
forming a basin specific template as to where more quartz-rich (brittle) mudrocks occur.

Presenter’s notes: X-ray diffraction (XRD) measurements of mineralogy provide the link between stratigraphy and geomechanical behavior such as brittleness. (After Potma et al., 2012).

Presenter’s notes: Lithologic facies measured using well logs and core plotted against (a) Young’s modulus vs. Poisson’s ratio, and (b) vP/vS ratio vs. P-impedance. Bulk elastic properties are a function of distinct mineralogy, organic
content, porosity, and fluid saturation of the lithofacies. Potma et al.’s (2012) workflow to make construct a template by plotting XRD and electron microscope analysis of core samples against elastic parameters measured in the well. This
approach is considerably more sophisticated than the simple “brittle” vs. “ductile” transition. First, it is a template specific to this survey, built from facies seen in the well logs. Second, their template provides more than a geomechanical
prediction, but also one of organic richness. In theory (e.g. Wang and Gale, 2009) higher TOC should make the rock more ductile. However, through the depositional process, areas of high TOC are linked to areas of even higher silica
content, with the silica dominating the elastic behavior. This template can now be validated using other logs and cores in the survey. (After Potma et al., 2012).

Presenter’s notes: Vertical slices through (a) P-impedance, ZP,, and (b) VP/VS ratio volumes along a line connecting three of the wells used to construct the lithofacies template shown in Figure 31a. For any given voxel, one crossplots ZP
vs. VP/VS and extracts the corresponding lithology value. (After Potma et al.,2012)and extracts the corresponding lithology value. (After Potma et al.,2012) and extracts the corresponding lithology value. (After Potma et al.,2012)

Presenter’s notes: The lithofacies vs. P-impedance and VP/VS template is now used to generate a lithofacies volume where (a) shows a vertical slice and (b) a phantom horizon slice above the base lower Otter Park through the volume.
Recall that S1, S2, S3, and S4 are the reservoir facies, with S1 being both silica- and TOC-rich, providing sweet spots. Given sufficient core calibration and laboratory and support of theoretical models and hypotheses, other volumetric
properties can be produced in a similar manner. In this case Potma et al. (2012) show estimates of (a) “frackability” and (b) gas-filled porosity. (After Potma et al., 2012).

Presenter’s notes: Crossplots of Poisson’s ratio vs. Young’s modulus from elastic parameters measured using core and ECS logs. (a) Major lithologic units plotted against the Grieser and Bray (2007) brittleness average showing the
brittle/ductile boundary. Note that in this template, the Marble Falls, Forestburg, and Viola limestones fall within the brittle zone. The upper part of both the Lower and Upper Barnett Shale units are also carbonate rich. (b) A reservoirspecific template based on mineralogy and Wang and Gale (2009) brittleness index. Here, the rocks are broken into for rock types: Brittle, less brittle, less ductile, and ductile. (After Perez and Marfurt, 2015).

Presenter’s notes: Vertical slices through (a) lambda-rho, (b) mu-rho, and (c) crossplot of the two volumes using (d) the color bar resulting in a corresponding histogram. Stratal slices corresponding the to annotated horizons are shown in
the next figure. (After Perez-Altamar and Marfurt, 2015).

Presenter’s notes: A suite of six stratal slices indicated on the previous figure through the crossplotted lambda-rho/mu-rho volumes. Mineralogy is confirmed by nearby cored wells. As expected, stratal slices through the Marble Falls,
Forestburg, and Viola Limestones appear as purple-blue, indicated their high calcite content. All three are ductile formations that serve as hydraulic fracture barriers, although the thin Forestburg is often fractured. In this survey and along
the location of the stratal slices shown, the Lower Barnett Shale is quartz-rich, more brittle, and is the primary horizontal drilling target, while the Upper Barnett is more clay rich, more ductile, and usually not targeted by horizontal wells.
(After Perez-Altamar and Marfurt, 2015).

Presenter’s notes: Location of microseismic events displayed on the lambda-rho vs. mu-rho color cross plot. Cyan circles indicate vertical observation wells. Wells C, D, E, and F are horizontal wells with two or three completion stages
each. For these four wells, note that the great majority of the microseismic events occur in the red (more brittle, quartz-rich area) and avoid the green (more ductile, clay-rich) areas. (After Perez-Altamar and Marfurt, 2015).

Presenter’s notes: Differential gas production (MSCF/d) indicated by the color and diameter of the discs along the wellbores. Depth slice at the level of Well B through coherence sharpened using a swarm intelligence algorithm showing
major discontinuities in the seismic data volume. (After Alzate and Devegowda, 2013).

Presenter’s notes: λρ vs. μρ crossplot for voxels falling near the four Lower Barnett Shale well shown in the previous figure. Color indicates the value of Poisson's ratio. Ovals indicate the range of values observed in the producing zones
for each well. Alzate and Devegowda (2013) subdivide the 2D histogram into four rock types, each containing approximately 25% of the population. (After Alzate and Devegowda, 2013).

Presenter’s notes: A representative west-east vertical slices through the reservoir quality volume showing the location of the wells having production logs. The color in the layers is following the rock classification proposed. Well B is
entirely completed in a Brittle-Rich (red) layer, while most of Well A, Well C, and Well D rest in a Ductile-Poor (blue) layer. The animation through more slices can be accessed online at DISC2018_Figure_7.36.video. After Alzate and
Devegowda, 2013).

Presenter’s notes: Examination of production in the different stages. Color indicates the gas rate at each individual perforation. Although the best producing stage is in the brittle-rich zone (in red), note that there is also a poorly producing
stage (in dark blue) in that zone. Almost all stages are poor producer in the ductile-poor zone. (After Alzate and Devegowda, 2013).

Presenter’s notes: Map view of the stratal slice through the reservoir quality volume at the completion level of Well A, in a zone that is classified as brittle-poor (in green) and ductile poor (in blue). (After Alzate and Devegowda, 2013).

Presenter’s notes: λρ vs. μρ crossplots showing the microseismic events recorded while hydraulically fracturing Well A. In spite of being completed in the ductile poor and brittle-poor facies, almost 50% of the microseismic events occur
within the brittle-rich facies. All one can conclude with confidence is that “brittle rocks break easier than ductile rocks”. Given the poor production, it appears that the fluid does not have an effective path to the borehole. (After Alzate and
Devegowda, 2013).

Presenter’s notes: Map view of the stratal slice through the reservoir quality volume at the completion level of Well B, in a zone that is classified as brittle-rich (in red) and ductile rich (in yellow). (After Alzate and Devegowda, 2013).

Presenter’s notes: λρ vs. μρ crossplots showing the microseismic events recorded while hydraulically fracturing Well B. Again, most of the events occur in the brittle rich (in red) and brittle poor (in green) zones. (After Alzate and
Devegowda, 2013).

Presenter’s notes: A summary of the four wells discussed by Alzate and Devegowda (2013), clearly showing the value of running production logs.

Presenter’s notes: This presentation was made at the 2017 AAPG Midcontinent Meeting and summarizes several years of work on a Barnett Shale survey acquired by Devon Energy.

Presenter’s notes: Well-probes for Well A generated by cross-plotting the two GTM projection volumes. (a) The 2D histogram generated from the cross-plot of the two GTM projection volumes. (b) Eight user-defined polygons drawn
around the clusters seen in the histogram. ((c) Well-probe data colored by the clusters selected in (b). The Upper Barnett, the Lower Barnett exhibit a different cluster composition and are in turn different from the intervening Forestburg
Limestone (in gray). The microseismic events from this well are plotted along with the well-probe. Note the microseismic events are more localized in the red and light green facies and misses the brown facies, thus the red and light green
facies. (After Roy, 2013).

Presenter’s notes: Well-probes generated for a suite of horizontal wells B1, B2, B3, and B4, obtained by cross-plotting the two GTM projection volumes. (a) The 2D histogram generated from the cross-plot of the two GTM projection
volumes. (b) Nine user-defined polygons drawn about clusters seen in the histogram. (c) Brittle-ductile couplets proposed by Slatt and Abousleiman, (2011). (d) The well-probe data colored by the nine clusters. The Forestburg Limestone
appears as gray and divides the Upper Barnett from the Lower Barnett Shale. The microseismic events from these wells are plotted along with the well-probe. Similar to Well A the microseismic events are more localized in the red, pink,
and the light green facies and are interpreted as brittle. (After Roy, 2013).

Presenter’s notes:(a) 2d histogram and (b) user-defined polygons for zone C defined by stratal slices corresponding to the area indicated on (c) the gamma ray log, resulting in (d) the corresponding facies volume probe displayed along with
four well-probes, two of which are shown in Figures 48 and 49. The colors of the user-defined polygons and stratal slices are consistent with those used in the well probes. Few microseismic events occur at this level where Singh (2008)
and Perez-Altamar and Marfurt (2015) interpret the yellow facies to be more calcite rich. (After Roy, 2013).

Presenter’s notes:(a) 2d histogram and (b) user-defined polygons for zone D defined by stratal slices corresponding to the area indicated on (c) the gamma ray log, resulting in (d) the corresponding facies volume probe displayed along with
four well-probes, two of which are shown in Figures 48 and 49. The colors of the user-defined polygons and stratal slices are consistent with those used in the well probes. Note that these strata show little of yellow (calcite-rich) facies
seen in Figure 50. Most of the microseismic events concentrated in the pink, light green and red facies which Singh (2008) and Perez-Altamar and Marfurt (2015) find to be more siliceous non-calcareous shale lithofacies. (After Roy,
2013).

Presenter’s notes:(a) 2d histogram and (b) user-defined polygons for zone E defined by stratal slices corresponding to the area indicated on (c) the gamma ray log as well as (d) the corresponding facies volume probe along with the wellprobes. The user-defined polygons are colored consistent with the well-probes in Figures 48 and 49. (d). This zone corresponds to the hot gamma ray zone (Pollastro et al., 2007). Very few of the microseismic events occur in the brown
facies which Singh (2008) and Perez-Altamar and Marfurt (2015) find to be ductile with high TOC content. As in the previous figure, the pink, light green, and red facies are more brittle. (After Roy, 2013).

Presenter’s notes: Cartoon showing the flow used to volumetrically predict TOC. (a) Step 1 is to calibrate the coefficients used in Passey’s equation (Passey et al., 1990) to predict TOC from well logs to actual TOC measurements made
from core. (b) In step 2, one trains a neural network that allows one to predict measured well logs from seismic attributes extracted about the well. These predictions are then validated using other wells not used in the training. (c) In step 3,
the trained neural network is used to compute a first approximation of the well log properties. (d) Optional step 4 exploits the fact that many resource plays, seismic surveys have hundreds of logged wells, providing “ground truth” which
can then be integrated with the neural network prediction using co-located co-kriging. (e) Finally, in step 5 these volumetric estimates of log properties are used to predict TOC, either statistically, or using Passey’s equation.

Presenter’s notes: Predicted gamma ray volume obtained using artificial neural networks. In the lower Barnett high gamma ray values are possible zones of high TOC, indicated by orange to red in the figure; relatively low gamma zones
are areas of high quartz and in general are more easily hydraulically fractured. Hence, wells are needed to be placed in the zones with relatively low gamma ray, and are closely associated with high gamma ray, so that the fracture can be
initiated in the rock drilled and then fractures can propagate into the high TOC zones so that the well can produce hydrocarbon. (After Verma et al., 2012; Data courtesy of Devon Energy).

Presenter’s notes: Crossplot between core-measured TOC and neural network-estimated TOC. (a) Well A, which was used to train the neural network, and (b) another cored well B. (c) Location of cored wells with respect to the seismic
survey. (After Verma et al., 2016).

Presenter’s notes: (a) Crossplot between predicted TOC using a neural network and TOC well log with 30 wells used in neural network training. (b )Vertical slice along the line XX′ through estimated TOC volume. Note the estimated TOC
volume shows a good match at the blind wells x, y, and z (70% correlation). (c) Map of top of Lower Barnett Shale showing location of line XX’ and wells used the analysis. The wells without circles were used in training while circled
wells were used in validation. (After Verma et al., 2016).

Presenter’s notes: Illustration of the cigar probe workflow — horizontal well is drilled in the Lower Barnett Shale. The flow (production) to each perforation can be approximated by the impulse response of Green’s function 1⁄R2. We
assume all the sections are perforated, and each point on the well is producing equally. Integration of all the points to along the wellbore path to obtain the weighted average property can be correlated with the production. (After Verma et
al., 2016).

Presenter’s notes: Crossplot between, relative expected ultimate recovery (EUR), and (a) TOC, and (b) brittleness index (BI) computed using Wang and Gale’s (2009) formula. There is almost no correlation between EUR and TOC or BI.
EUR has been scaled to range between 0 and 10 to protect the financial sensitivity of the data. (After Verma et al., 2016).

Presenter’s notes: Neural network training with relative EUR as target property and TOC and BI as input. Training was done on 100 wells. (a) Crossplot between actual relative EUR and predicted EUR on training wells. (b) Plot of actual
versus predicted EUR for training wells and validations wells. Notice the training correlation is 54% and the validation correlation is 38%. EUR has been scaled to range between 0 and 10 to protect the financial sensitivity of the data.
(After Verma et al., 2016).

