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(egmetrical Presentation of Fracture Planes

CROSS-REFERENCE TO RELATED APPLICATIONS
{60011 This application claims priority to U8, Provisional Application Serial No.
61/710,582, entitled “ldentifving Dominant Fracture Orientations,” filed on October
35,2012 and U.S. Utility Application Serial No. 13/896,400, entitled “Geometrical
Presentation Of Fracture Planes,” filed on May 17, 2613,

BACKGROUND

{8002} This specification relates to gencrating a geometrical representation of fracture
planes identitied from microseismic data. Microseismic data are often acquired in
association with hydraulic fracturing treatments applied to a subterranean formation.
The hydraulic fracturing treatments are typically apphied to induce artificial fractures
in the subterrancan formation, and to thereby enhance hyvdrocarbon productivity of the
subterranean formation. The pressures generated by the fracture treatment can induce
low-araplitude or low-energy seismic events in the subterrancan formation, and the

cvents can be detected by sensors and collected for analysis.
SUMMARY

{8003} In one general aspect, a geometrical representation of fracture planes is
derived from microseismic data. Tn some instances, groups of frachure planes are

displayed in separate plots.

[3004] In some aspects, fracture planes are identificd based on microseismic event
data collected from a fracture treatment ot a subierrancan zone. Each fracture planc is
associated with a subset of the microseismic event data. Confidence level groups are
identificd from the fracture plancs. Fach confidence level group includes fracture
planes that have a confidence value within a respective range. A graphical
representation of the fracture planes is generated. The graphical representation

mchudes a distinet plot for each confidence level group.

[6005] Implomentations may include one or more of the following teatures. Each
confidence level group includes multiple fracture planes. Each fracture plane in a
given confidence level group has an accuracy confidence value within a reapective
range of values for accuracy confidence. Each fracture plane in a given confidence

level group has another parameter value within a respect range of values for the other
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parameter, The other parameter includes the respective fracture volume, feak-off

volume, fracture width, fhnd efficiency, or a combination of them.

[8006] Additionally or alteratively, these and other implementations may include
one or more of the tollowing features. The accuracy confidence value is calculated for
cach of the fracture planes. The accuracy confidence value for g fracture planc is
calculated based on parameters of the subset of the microseismic event data associated
with the fracture plane. The parameters of the subset of the microseismic event data
inchude cach microseismic event’s location measurement uncertainty, each
microseismic eventi's moment magnitude {e.g., intensity), distance between each
microseismic event and ifs associated fracture plane, a number of microseismic events
associated with the fracture plane, variation of a fracture plane orienfation, variation

of a fracture plane position, or a combination of them.

[8007] Additionally or aliernatively, these and other implementations may inchide
one or more of the following features. The confidence level groups inchude a high
confidence level group that includes fracture planes having accuracy confidence
values in a highest range, 3 low confidence level group that includes fracture planes
having accuracy confidence vahies in a lowest range, a medium confidence level
group that includes fracture planes having accuracy confidence values between the

highest range and the lowest range, or a combination of them.

{8008} Additionally or aliernatively, these and other implementations may inchide
one or more of the following features. Two, three, four, five, or ancther number of
confidence level groups are dentified. The confidence level groups are identified
based on separator values that define a range of confidence values for each confidence
level group. The separator vahies are user-defined. The separator values are computed

hased on the confidence values of the fracture planes.

(8009} Additionally or alternatively, these and other implementations may inchade
one or more of the following features. The graphical representation is displayed on a
display device. The graphical representation is generated and displayed during
application of the fracture treatment. The displaved graphical representation is
updated based on additional microseismic event data from the fracture treatment. The
distinct plot of each confidence level group includes a three-dimensional

representation of the fracture planes in the confidence level group, a three-
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dimensional representation of the microseismic events associated with the fracture
planes in the confidence level group, and an identification a confidence level
associated with the confidence level group. Each microseisimie eveunt is graphically
identified with ifs respective fracture plane. Microseismic cvents that are not

associated with a fracture plane are presented.

[8018] The details of one or more implementations are set forth in the accompanying
drawings and the description below, Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.
DESCRIPTION OF DRAWINGS
(8011} FIG. 1A is a diagram of an example well systeny; FIG. 1B is a diagram of the

example computing subsystem 110 of FIG. 1A,
(8012} FIGS. 2A and 2B are plots showing example fracture planes.

{8013} FIG. 3 is a diagram shown an example of a graphical presentation of fracture
planes.
(8014} FIG. 4 is a flow chart of an example technique for presenting fracture planes.
88157 Like reference symbols in the various drawings indicate like elements.
DETAILED DESCRIPTION
{6016} Tn some aspects of what s described here, fracture parameters, dominant
fracture orientations, or other data are identified from microseismic data. In some
instances, these or other types of data are dynamically identified, for example, in a
real-time fashion during a fracture treatment. For many applications and analysis
technigues, an identification of fracture planes from real-time microseismic events is
needed, and individual fracture planes can be displayed to show time evohution and
geometric elimination, cluding location, propagation, growth, reduction, or
chimination of the fracture plancs. Such capabilities can be incorporated info control
systems, software, hardware, or other types of tools available to oil and gas field
engineers when they analyze potential oil and gas fields, while stimulating hydraulic
tfractures and analyzing the resultant signals, Such tools can provide a reliable and
direct interface for presenting and visualizing the dynamies of hydraulic fractures,
which may assist in analyzing the fracture complexity, fracture network structure, and

reservoir geometry. Such tools can assist in evaluating the effectiveness of hydranhic
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fracturing treatment, for example, by improving, enhancing, or optimizing the fracture
density and trace lengths and heights. Such improvements in the fracture treatment
apphied to the reservoir may enhance production of hydrocarbons or other resources

from the reservoir.

{8017} Hydraulic fracture freatments can be applied in any suitable subterranean
zone. Hydraulic fracture treatments are often applied in tight formations with low-
permeability reservoirs, which may mcelude, for example, low-permeability
conventional oil and gas reservoirs, continuous basin-centered resource plays and
shale gas reservoirs, or other types of formations. Hydraulic fracturing can induce
artificial fractures in the subsurface, which can enhance the hydrocarbon productivity

of a reservoir.

{8018} During the application of a hydraulic fracture treatment, the injection of high-
pressure fluids can alter stresses, accumulate shear stresses, and cause other effects
within the geological subsurface structures. In some instances, microseismic events
are associated with hydraulic fractures induced by the fracturing activitics. The
acoustic cnergy or sounds associated with rock stresses, deformations, and fracturing
can be detected and collected by sensors. In some instances, microseismic events have
low-energy (e.g., with the vahie of the log of the intensity or rooment magnitude of
less than three), and some uncerfainty or accuracy oOr measurement error is associated
with the event locations. The uncertainty can be described, for example, by a prolate
spherotd, where the highest likelthood is at the spheroid center and the lowest

likelthood is at the edge.

6019 Microseismic event mapping can be used to geometrically locate the source
point of the microscismic events based on the detected compressional and shear
waves. The detected compressional and shear waves {e.g., p-waves and s-waves) can
yield additional information about microseismic events, including the location of the
source point, the event’s location and position measurement uncertainty, the event’s
occurrence time, the event’s moment magnitude, the direction of particle motion and
cnergy omission specirurn, and possibly others. The microseismic events can be
monitored in real time, and in some instances, the events are also processed in real
time during the fracture treatment. In some instances, after the fracture treatment, the
microseismic events collected from the treatment are processed together as “post

data.”
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18020] Processing microseismic event data collected from a fracture treatment can
include fracture matching (also called fracture mapping}. Fracture matching processes
can identity fracture planes in any zone based on microseismic events collected from
the zone. Some example computational algorithms for fracture matching utilize
microseismic event data {e.g, an event’s location, an event’s location measurement
uncertainty, an event’s moment magnitude, etc.) to identity individual fractares that
match the collected set of microseismic events. Some example computational
algorithms can compute statistical properties of fracture paticrns. The statistical
properties may include, for example, fracture orieniation, fracture orientation trends,
fracture size {e.g., length, height, area, etc.), fracture density, fracture complexity,
fracture network propertics, otc. Some computational algorithms account for
uncertainty in the events’ location by using multiple realizations of the microseismic
event locations. For example, alternative statistical realizations associated with Monte
Carlo techniques can be used for a defined probability distribution on a spheroid or

another type of distribution.

{8021} Generally, fracture matching algorithms can operate on real-time data, post
data, or any suitable combination of these and other types of data. Some
computational algorithms for fracture matching operate only on post data. Algorithms
operating on post data can be used when any subsct or several subsets of microscismic
data to be processed has been collected from the fracture treatment; such algorithms
can access {e.g., as an initial input) the full subset of microscismic events to be
processed. in some implementations, fracture matching algorithms can operate on
real-time data. Such algorithms may be used for real-time avtomatic fracture matching
during the fracture treatment. Algorithis operating on real-time data can be used
during the fracture treatment, and such algorithms can adapt or dynanucally update a
previously-identified fracture mode! to reflect newly-acquired microseismic events,
For example, once a nucroseismic event is detected and collected from the treatment
field, a real-tirae automatic fracture ruatching algorithm may respond to this new
event by dynamically identifying and extracting fracture planes from the already-
collected microseismic events in a real-time fashion. Some computational algorithms

tor fracture matching can operate on a combination of post data and real-time data,

8022} In some cases, fracture mapping algorithros are configured to handle

conditions that arise in real-time microseismic data processing. For example, several
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types of challenges or conditions may occur more predominantly in the real-time
context. In some instances, real-time processing techniques can be adapted to account
tor {or to reduce or aveid) the lower accuracy that is sometimes associated with
fractures extracted from data sets facking a sufficient number of microseismic events
or lacking a sufficient number of microseismic events in certain parts of the domain.
Some real-time processing techniques can be adapted to produce fracture data that are
consistent with the fracture data obtainable from post data processing techniques. For
example, some of the example real-time processing technigues described here have
produced results that are statistically the same, according to the statistical hypothesis
test (t test and F test), as results produced by post data processing techniques on the

same data.

8023} In some cases, real-time processing technigques can be adapted to readily {e.g.,
instantanecusly, from a user’s perspective} offer the identified fracture data to users.
Such features may allow ficld engineers or operators to dynamically obtain fracture
geometric information and adjust fracture treatment paramcters when appropriate {e.g.
to improve, enhance, optimize, or otherwise change the treatment). In some instances,
fracture planes are dynamically extracted from microseismie data and displayed to
field engineers m real time. Real-time processing techoiques can exhibit high-speed
performance. in some cases, the performance can be enhanced by parallel computing
technology, distributed computing technology, parallel threading approaches, fast
binary-search algorithms, or a combination of these and other hardware and software

solutions that facilitate the real-time operations,

6024} In some implementations, fracture matching technology can directly present
information about fractures planes associated with three-dimensional microseismic
events, The fracture planes presented can represent fracture networks that exhibit
multiple orientations and activate complex fracture patterns. In some cases, hydraulic
fracture parameters are extracted from a cloud of microseismic event data; such
parameters may include, for example, fracture orientation trends, fracture deusity and
fracture complexity. The fracture parameter information can be presented to ficld
engingers or operators, for example, in a tabular, numerical, or graphical interface or
an interface that combines tabular, numerical, and graphical elements. The graphical
interface can be presented in real time and can exhibit the real-time dynamics of

hydraulic fractures. In some instances, this can help field engineers analyze the

()
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fracture complexity, the fracture network and reserveoir geometry, or i can help them

better understand the hydraulic fracturing process as it progresses.

[B025] In some implementations, accuracy confidence values are used to quantify the
certainty of the fracture planes extracted from microseisnuc data. The accuracy
confidence values can be used to classify the fractures into confidence levels. For
example, three confidence levels (low confidence level, medium confidence level and
high confidence level) are appropriate for some contexts, while in other contexts a
different number {e.g., two, four, five, etc.} of confidence levels may be appropriate.
A fracture plane’s accuracy confidence value can be calculated based on any
appropriate data. In some implementations, a fracture plane’s accuracy confidence
value is calculated based on the microseismic events’ locations and position
uncertaintics, individual microseismic events’ moment magnitude, distances betwee
individual events and their supporting fracture plane, the number of supporting events
associated with the fracture plane, and the weight of variation of the fracture

orientation, among others,

6026} The accuracy confidence values can be computed and the fracture planes can
be classified at any appropriate time. In some cases, the accuracy contfidence values
are computed and the fracture planes are classified in real time during the fracture
treatment, The fracture planes can be presented to the user at any appropriate time and
in any suitable format. In some instances, the fracture planes are presented graphically
n a user interface in real time according to the accuracy confidence values, according
to the accuracy confidence levels, or according to any other type of classification. In
some instances, users can select individual groups or individual planes (e.g., those
with high confidence levels) for viewing or analysis. The fracture planes can be
presented to the user in an algebraic format, a numerical format, graphical format, ora

combination of these and other formats.

(6027} In some implemeniations, microseismic events are monitored in real time
during the hydraulic frachire treatment. As the events are monitored, they may also be
processed m real time, they may be processed later as post data, or they may be
processed using a combination of real time and post data processing. The events may
be processed by any suitable technique. In some cases, the evenis are processed
individoally, at the time and in the order in which they are recetved. For example, a

system state S{M, N — 1} can be used to represent the M number of planes generated
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from the N — 1 previous events. The new incoming N™ ovent can trigger the system
S{M,N — 1). In some cases, upon receiving the the N™ event, a histograrm or
distribution of orientation ranges is generated. For example, a probability distribution
histogram or the Hough transtorn histogram of the degenerated plancs in the strike
and dip angle domain can be generated to identity the feasible dominant orientations

imbedded in the fractures sets.

60281 A basic plane can be generated from a subset of microseismic events, For
example, any three non-collinear points in space mathematically define a basic plane.
The basic plane defined by three non-collinear microseismic events can be
represented by the normal vector (@, b, ¢). The normal vector (a, b, ¢} may be
computed based on the three events’ positions. The basic plane’s orientation can be
computed from the normal vector, For example, the dip 8 and the strike ¢ can be
given by

VaZ1p?
8 = arcian ————

b )
@ = arctan-. {1

The dip angle 8 of a fracture plane can represent the angle between the fracture plane
and the horizontal plane (e.g., the xy-plane). The strike angle ¢ of a fracture plane can
represent the angle between a horizontal reference axas {e.g., the x-axis} and a
horizontal line where the fracture plane intersects the horizontal plane. For example,
the strike angle can be defined with respect to North or another horizontal reference
direction. A fracture plane can be defined by other parameters, inchiding angular

parameters other than the sirike angle and dip angle.

60291 In general, N events can support £ basic planes, where P = N (N — 13{N —
21/6, strike and dip angles. A probability histogram can be constructed from the
orientation angles. The probability histogram or the enhanced Hough transformation
histogram can have any suitable configuration. For example, the histogram
configuration can be based on a fixed bin size and a fixed number of bins, natural
optimal bin size in the strike and dip angle domain, or other types of bins. The
histogram can be based on any suitable number of microseismic events {e.g., tens,
hundreds, thousands, etc.), and any suitable range of orientations. In some cases,
multiple discrete bins are defined for the histogram, and each bin represents a discrete
range of oricntations. A quantity of basic plancs in cach discrete range can be

computed from the basic planes. In some cases, cach basic plane’s orientation falls

o
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within the orientation range associated with one of the bins. For example, for N
microseismic events, cach of the P basic planes can be assigned to a bin, and the
quantity of basic planes assigned to cach bin can be computed. The quantity compuied
for each bin can be any suitable value, For example, the quantity can be a non-
normalized mumber of basic planes, the quantity can be a normalized probability,
frequency, or fraction of basic planes, or the quantity can be ancther type of value that
is suitable for a histogram. A histogram can be generated to represent the quantity of
basic planes assigned to all of the bins, or to represent the quantity of basic planes
assigned to a subset of the bins. Example technigues for generating, updating, and
using histograms based on microseismic data are described in ULS. Provisional

Application No. 61/710,582, filed on October $, 2012,

18630] In some examples, the histogram is presented as a three-dimensional bar chart,
a three-dimensional surface map, or ancther suitable plot in an appropriate coordinate
system. The peaks on the histogram plot can indicate dominant fracture orientations.
For example, along one axis the histogram may represent strike angles from 0°
through 360° {or another range}, and the strike angles can be divided into any suitable
number of bins; along another axis the histogram may represent dip angles from 607
through 90° {or another range), and the dip angles can be divided into any suitable
nurmber ot bins, The quantity (e.g., probability) for cach bin can be represented along
a third axis in the histogram. The resulting plot can exhibit local maxima (peaks).
Each local maximum (peak) can indicate a respective strike angle and dip angle that
represents a dominant fracture orientation. For exaraple, the local maxiroum of the
histogram may indicate that more basic planes are aligned along this direction (or
range of directions) than along neighboring directions, and these basic planes are

cither closely parallel or substantially on the same plane.

60311 The orientation range represented by cach bin in the histogram can be
determined by any appropriate technigue. In somge cases, cach bin represents a pre-
determined range of orientations. For example, the fixed bin size method can be used.
In some cases, the range or size for each bin i1s computed based on the data to be
represented by the histogram. For example, the natural optimal bin size method can be
used. In some instances, the basic plane orientations are sorted, and clusters of sorted
orientations are identified. For example, all strikes can be sorted in a decreasing or

mereasing order and then grouped into clusters; similarly, all dip values can be sorted
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in a decreasing or increasing order and then grouped into clusters. The chusters can be
associated with two-dimensional grid, and the number of basic planes in cach grid cell
can be counted. Tn some cases, this technique can generate adaptive and dynamic
clusters, leading to highly accurate values for the dominant orientations. This
technique and associated refinements can be implemented with N3log(N)
computational complexity. In some cases, the bin sizes for both the strike and dip are
fixed, and each basic plane’s location grid cell can be explicitly determined by the

associated strike and dip with N® computational complexity.

16032] Fracture planes associated with a set of microseismic events can be extracied
from the dominant orientations embedded in the histogram data. Basic planes that
support the dominant orientation (8, @) may be either nearly paralle! or on the same
plane. Basic planes located within the same plane can be merged together, forming a
anew fracture plane with stronger support {e.g., representing a larger number of
microseismic events). Any suitable technigue can be used to merge the fracture
planes. In some cases, for cach dominant orientation (£, @), a normal to the plane
vector is constructed with components (Sin 8 cos ¢, sin 6 sin @, cos #). In some
instances, the results are insensitive to the location of the plane, and without loss of
generality, the plane can be constructed from this normal vector {e.g., assuming the
origin is in the plane). The plane can be described by

xsinfcos@ + ysinfsing + zcos§ = 0. The normal signed distance of cach
event (Xo, Ve, Zo} from a basic plane to the constructed plane can be represented

d = —{xgsinfcos@ + v, sin § sin @ + xgcos 8). In this representation, events

with opposite signs of d are located opposite sides of the plane.

{88331 In some cases, microseismic events are grouped fnto clusters based on their
distance from the constructed fracture planes. For example, a cluster of cvents can
contain the group of events closest to a constructed fracture plane. As such, each
cluster of microseismic events can support a particular fracture plane. The cluster size
refers to the number of the events the cluster contains. In some cases, user input or
other program data can designate a minimum number of events in a sustained cluster.
The minimurm closter size can depend on the number of microseismic events in the
data. In some nstances, the minimum cluster size should be larger than or equal three,
For example, clusters having a size larger than or equal to the minimum cluster size

can be considered legitimate frachure planes. A fitting algorithm can be applied to the
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location and location uncertainty values for the events in cach cluster to find their

corresponding fracture plane.

[8034] Any suitable technique can be used to identify a fracture plane from a set of
microseismic events. In some cases, a Chi-square titting technique is used. Given K
observed microseismic events, the locations can be represented (x;, v;, 2;), and their
measurement uncertainties can be represented (0, 0, 0,3, where 1 £ 1 < K. The
parameters of the plane model 2z = ax + by + ¢ can be calculated, for example, by
minimizing the Chi-square mertit function

(z;~ax;~by;—c)®

2 2 2 P
ai,ta G’i’x+b iy

}(2(0»: b,c) = g{:‘i

(2)
The Chi-square merit function can be solved by any suitable technigue. In some
jnstances, a solution can be obtained by solving three equations, which are the partial
derivatives of y*{a, b, ¢} with respect to its variables, where each partial derivative is
torced to zero, In some instances, there is no analytical solution for this nonlinear
matheroatical system of equations. Numerical methods (e.g., Newton’s numerical
method, the Newton Rafson method, the conjugate gradient method, or another
technique) can be applied to solve for the parameters @, b and ¢, and the strike and dip
angles can be computed {e.g., using equation {1} above). The orientation of the
dominant fracture plane computed from the microseismic events can be the same as,
or it ¢an be slightly different from, the dominant fracture otientation identified from

the histogram.

{8035} In some implementations, an algorithm iterates over all possible dominant
orientations to expand all feasible fracture planes. Tn some cases, the algorithm
iterates over a selected subset of possible dominant orientations. The iferations can
converge to planes. Some planes may be exactly equal to cach other and some may be
close to cach other. Two planes can be considered “close” to each other, for example,
when the average distance of one plane’s events from another plane is less than a
given threshold. The threshold distance can be designated, for exaraple, as a control
parameter. The algorithm can merge close planes together and the support events of

one planc can be assoctated with the support events of the other merged plane(s).

i1
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6036} In some cases, constraints are imposed on the fracture planes identified from
the microseismic data. For example, in some cases, the distance residual of events
must be less than a given tolerance distance. The tolerance distance can be designated,
for example, as a control parameter. In some instances, the identified fracture planes
need to be properly truncated to represent the finite size of fractures. The boundary of
truncated planes can be ealculated from the support events’ position and the events’
location measurement uncertainty. The new finite-size fracture planes can be merged

with the already-identitied fractures.

[0037] In some instances, a new incoming N microseismic event is associated with
the fracture plancs already identified based on the previous N — 1 microseismic
events. Upon associating the new event with an existing fracture, an algorithm can be
used to update the existing fracture. For example, updating the fracture may change
the fracture’s geometry, location, orientation, or other parameters, Upon choosing one
of the previcusly-identified fracture planes, the fracture plane’s distance from the new
event can be caleulated. Tf the distance is less than or equal to the distance control
parameter, the new event can be added to the supporting event set for the fracture
plane. If the distance is larger than the distance control parameter, other previously-
identitied fracture planes can be selected (e.g., iteratively or recursively) until a plane
within the threshold distance 1s found. After the new event is added to a support set
for a fracture plane, new strike and dip values can be evaluated and if needed can be
re-calculated (e.g., using the Chi-square fitting method, or another statistical or
deterministic technique) for the fracture plane. Typically, re-calculating the fracture
parameters causes limited change in the orientation due to the conditional control of

the distance.

10038} In some cases, when a new microseismic event is associated with a fracture
plane, one or more parameters {e.g., distance residual, area, etc.) can be modified or
optimized. The plane’s distance residual v can represent the average distance from the
supporting events to the plane. If the distance residual is less than the given residual
tolerance 7', the new event can be tlagged to the associated events set for the plane. In
some cases, an additional process, via which other associated events of the supporting
set are taken-off the list, is launched and is terminated when the distance residual v
falls within the given T. A fracture plane’s arca can represent the size of the fracture

plane. Experience shows that usually a new event causes the fracture plane to
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propagate in length, grow in height, or both, Thus computational processes can be
constrained by a non-decreasing area condition, whereby the new plane’s area should
grow larger than or remain equal to that of the original plane (rather than shrink)

when the new event is added to the plane.

8039} A fracture plane’s orientation can represent the angle of the fracture plane. For
example, a normal vector, the strike and dip angles, or other suitable parameters can
be used to represent the fracture plane orientation. A change in a fracture plane’s
orientation {or other changes to a fracture plane) can cause some associated support
events to be removed out of the associated events list to the un-associated event list
based on their distance from the updated fracture plane. Additionally or alternatively,
a change m a fracture plane’s orientation can cause some previously-unassociated
cvents o be assigned to the fracture plane based on their proximity to the updated
fracture plane. Additionally, some events associated with nearby planes may also be
associated with the current plane. If a new event is associated fo two fracture planes,
the fracture planes may intersect cach other. In some cases, intersecting planes can be
merged. If the new event does not belong (o any existing fracture plane, it can be

assigned to the “unassociated events” Hist.

{8048} The accumulated N microseismic events can be considered at any pointtobe a
subset of the final post data event set. Tn such cases, the histogram or distribution of
orientations based on the first N events may be different from the histogram or
distribution of orientations constructed from the final post data. Some fracture planes
extracted from N microseismic events may not be accurate, and this inaccuracy can
decrease as time increases and more events are accumulated. As an example, accuracy
and confidence may be lower at an initial time when the detected fracture planes are
agsociated with microseismic events located close to the well bore. Such data may
indicate fracture planes that are nearly parallel to the welibore, even if those planes do

not represent real fractures.

8041} Fracture accuracy confidence can be used a measure for the certainty
associated with fracture planes identified from microseismic data. In some cases, the
accuracy confidence is identified in real time during the fracture treatment. The
accuracy confidence can be determined from any suitable data using any suitable
calculations. In some cases, the accuracy confidence value for a fracture plane s

influenced by the number of microseismic events associated with the fracture plane.

i3
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For example, the accuracy confidence value can scale {(e.g., lincarly, non-linearly,
exponentially, polynomially, etc.} with the number of microseismic events according
{0 3 function. The mumber of microseismic events associated with a fracture plane can
be incorporated {e.g., as a weight, an exponent, etc.) in an equation for calculating the
accuracy confidence. In some instances, a fracture plane has a higher confidence
value when the fracture planc is supported by a larger number of microseismic data
points {or a lower confidence value when the fracture planc s supported by a smaller

number of microseismic data points).

{8042} In some cases, the accuracy confidence value for a fracture plane is influenced
by the location uncertainty for the microseismic events associated with the fracture
plane. For example, the accuracy confidence value can scale {e.g., Unearly, non-
lincarly, exponentially, polynomially, etc.} with the microseismic event’s location
uncerfainty according to a function. The microseismic event’s location uncertainty
can be incorporated {e.g., as a weight, an cxponent, or any decaying function of the
distance, etc.) in an equation for calculating the accuracy confidence. In some
instances, a fracture plance has a higher confidence value when the fracture plane is
supported by microseismic data points having lower uncertainty (or a lower
confidence value when the fracture plane is supported by microseismic data points

having higher uncertainty).

{8043} In some cases, the accuracy confidence value for a fracture plance is influenced
by the moment magnitode for the microseismic events associated with the fracture
plane. For example, the accuracy confidence value can seale (e.g., linearly, non-
linearly, exponentially, polynonually, ¢tc.} with the microseismic event’s moment
maguitude according to a tunction. The microseismic event’s moment magnitude can
be incorporated {e.g., as a weight, an exponent, ¢fc.) in an equation for calculating the
accuracy confidence. The moment magnitude for a microscismic event can refer {o
the energy or intensity {sometimes proportional o the square of the amplitude) ot the
event. For example, the moment magnitude for a microseismic event can be a
logarithmic scale value of the cuergy or intensity, or another type of value
representing energy intensity. In some instances, a fracture planc has a higher
confidence vahie when the fracture plane is supported by microseismic data points
having higher intensity {or a lower confidence vahie when the fracture plane 1s

supported by microseismic data points having lower intensity}.
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130644 In some cases, the accuracy confidence value for a fracture plane is influenced
by the distance between the fracture plane and the microseismic events associated
with the fracture plane. For example, the accuracy confidence value can scale {e.g.,
lincarly, non-lincarly, exponentially, polynomially, etc.) with the average distance
between the fracture plane and the microseismic events supporting the fracture plane.
The average distance can be mcorporated (e.g., as a weight, an exponent, etc.) in an
equation for calculating the accuracy confidence. In some instances, a fracture plane
has g higher confidence value when the fracture plane is supported by microscismic
data points that are, on average, closer to the fracture plane (or a lower confidence
value when the fracture plane is supported by microseismic data points that are, on

average, farther from the fracture plane).

{8045} In some cases, the accuracy contidence value for a fracture plane is influenced
by the fracture plane’s orientation with respect (o a dominant orientation trend in the
microseismic data set. For example, the accuracy confidence value can scale (e.g.,
linearly, non-lincarly, exponentially, polynomially, cte.} with the angular difference
between the fracture plane’s orientation and a dominant orientation trend in the
microseismic data. The orientation angles can include strike, dip or any relevant
combination (e.g., a three-dimensional spatial angle). The orientation can be
incorporated {e.g., as a weight, an exponent, etc.} in an equation for calculating the
accuracy confidence. A microseismic data set can have one dominant orientation
trend ot it can have roultiple dominant orientation trends. Dominant orientation trends
can be classified, for example, as primary, secondary, ctc. In some instances, a
fracture plane has a higher confidence value when the fracture plane is aligned with a
dominant orientation trend in the microseismic data set {or a lower confidence value
when the fracture plane is deviated from the dominant orientation trend in the

microseismic data set).

[8046] A weighting value called the “weight of variation of fracture orientation” can
represent the angolar difference between the fracture plane’s orientation and a
dominant orientation trend in the microseismic data, The weight of variation of
fracture orientation can be a scalar value that is a maxinmum when the fracture plane is
aligned with a domuinant orientation trend. The weight of variation of fracture
orientation can be a nuniroum for fracture orientations that are maximally separated

from a dominant fracture orientation frend. For example, when there is a single
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dominant fracture orientation trend, the weight of variation of fracture orientation can
be zero for fractures that are perpendicular {or normal} to the dominant fracture
oricutation. As another example, when there are multiple dominant fracture
orientation trends, the weight of variation of fracture orientation can be zero for
fractures having orientations between the dominant fracture orientations. The weight
of variation of the fracture orientation can be the ratio of the calculated plane’s

oricntation and the orientation reflected by the homogeneous case,

130471 In some cases, when there are multiple dominant fracture orientation trends,
the weight of variation of fracture orientation has the same maximum value for cach
dominant fracture orientation trend. In some cases, when there are multiple dominant
fracture oricntations, the weight of variation of fracture orientation has a different
local maximum value for each dominant fracture orientation. For example, the weight
of variation of fracture orientation can be 1.0 for fractures that are parailel to a first
dominant fracture orientation trend, 0.8 for fractures that are parallel to a second
dominant fracture orientation trend, and 0.7 for fractures that are paraliel to a third
dominant fracture orientation trend. The weight of variation of fracture orientation can
decrease to local minima between the dominant fracture ovientations trend. For
example, the weight of variation of fracture orientation between cach neighboring pair
of dominant fracture orientations can define a local minimum half way between the
dominant fracture orientations or at another point between the dominant fracture

orientations.

{60481 The accuracy confidence paramceter can be influenced by the supporting
microseismic events’ location uncertainty, the supporting microseismic events’
moment magnitude, distance between the supporting microseismic events and the
fracture plane, the number of supporting events associated with the plane, the weight
of variation of fracture orientation, other values, or any appropriate combination of
one or more of these. In some general models, the confidence increases as moment
magnitude is larger, and as the variation of the fraction orientation becomes larger,
and the number of supporting evenis is larger, and their accuracy in their location is
larger, and as the variation of the weight as a function of the distance is larger. These
factors can be used as inputs for defining weight in an equation for the accuracy
confidence. For example, in some models, the weights are linear or nonlinear

functions of these factors and the weight of variation of the fracture orientation may
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appear with higher weight when influencing the plane’s confidence. In some
examples, the accuracy confidence is calculated as:
Confidence = (weight of variation of fracture orientation) *
numberof events ¢ (iocation uncertainty weight) *
{moment magnitude weight) *
{distance variation weight) . (33

Other equations or algorithms can be used to compute the confidence.

[8049] The identified fracture plancs can be classified nto confidence levels based on
the fracture planes’ accuracy confidence values. Tn some instances, three levels are
used: low confidence level, medium confidence level and high confidence level. Any
suitable number of confidence levels can be used. In some examples, when a new
event is added to the supporting set associated with an existing fracture plane, its
associated fracture confidence parameter may increase, which may cause the fracture
plane to roll from its current confidence level to a higher one, if it exists. As another
example, it a fracture’s orientation diverts away from orientation trends exhibited by
post microseismic event data, as microseismic events gradually accunulate, a
decrease in fracture confidence may be induced, mainly by the weight of variation of
fracture orientation, causing the plane to decrease s level to a lower confidence level,
tf 1t exists, This may particularly apply o fractores created at the initial time of
hydraulic fracturing treatment; i may also apply to other types of fractures in other

coniexts.

16058} Users (e.g., field engineers, operational engineers and analysts, and others) can
be provided a graphical display of the fracture planes wdentified from the raicroseismic
data. In some cases, the graphical display allows the user to visualize the identified
planes in a real time fashion, in graphical panels presenting the confidence levels. For
example, three graphical panels can be used to separately present the low confidence
level, medium confidence level and high confidence level fracture planes. Tn some
cases, the lower confidence level fracture planes are created in the initial times of the
fracturing treatment. In some cases, higher confidence level fracture planes propagate
in time 1o the direction nearly perpendicular to the wellbore. As new microseismic

events gradually accumulate in time, the graphical display can be updated to enabie

[
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users to dynamically observe the fracture planes association among confidence fevels

associated with the graphical panels.

{8051} The confidence level groups can be presented as plots of the fractare planes, or
the confidence level groups can be presented in another format. The confidence level
groups can be presented algebraically, for example, by showing the algebraic
parameters {e.g., parameters for the equation of a plane} of the fracture plances in each
group. The confidence level groups can be presented numerically, for example, by
showing the numerical parameters (e.g., strike, dip, area, ctc.} of the fracture planes in
each group. The confidence level groups can be presented in a tabular form, for
example, by presenting a table of the algebraic parameters or numerical parameters of
the fracture planes in cach group. Morcover, a fracture plane can be represented
graphically in a three-dimensional space, a two-dimensional space, or another space.
For example, a fracture plane can be represented in a rectilinear coordinate system
{e.g., X, v, 7 coordmates) n a polar coordinate system (e.g., 1, 8, ¢ coordinates), or
another coordinate system. In some examples, 3 fracture plane can be represented as a
fine at the fracture plane’s intersection with another plane (e.g., a line in the xy-plane,
a line in the xz-plane, a line in the yz-plane, or a line in any arbitrary plane or

surface).

{8052} In some instances, a graphical display allows users to track and visualize
spatial and temporal evolution of specific fracture planes, including their generation,
propagation and growth. For example, a user may observe stages of a specitic fracture
plane’s spatial and temporal evolution such as, for exaraple, initially identifying the
fracture plane based on three microseismic events, a new cvent that changes the
plane’s orientation, a new event that causes the planes’ area to grow {e.g., vertically,
horizontally, or both), or other stages in the evolution of a fracture plane. The spatial
and temporal cvolution of fracture planes may present the tfravel paths of stimulated
fluids and proppants injected into the rock matrix. Visualization of dynamics of
fracture planes can help users better understand the hydraolic fracturing process,
analyze the fracture complexity more accurately, evaluate the effectivencss of
hydraulic fracture, or improve the well performance.

80531 Although this application describes examples involving microseismic event
data, the techniques and systems deseribed in this application can be applied to other

types of data. For example, the techniques and systerns described here can be used to

[
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process data sets that include data clements that are unrelated to microseismic events,
which may inchide other types of physical data associated with a subterranean zone.
In some aspects, this application provides a framework for processing large volumes
of data, and the framework can be adapted for various applications that are not
specifically described here. For example, the techniques and systems described here
can be used to analyze spatial coordinates, orientation data, or other types of
mformation collected from any source. As an example, soil or rock samples can be
collected {e.g., during drilling}), and the concentration of a given compound {e.g., a
certain “salt”y as function of location can be identified. This may help geophysicists

and operators evaluate the geo-layers in the ground.

{8054} FIG. 1A shows a schematic diagram of an example well system 100 with a
computing subsystem 110, The example well system 100 includes a treatment well
102 and an observation well 104, The observation well 104 can be located remotely
fromo the treatment well 102, near the treatment well 102, or at any suitable location.
The well system 100 can inchude one or more additional treatment wells, observation
wells, or other types of wells. The computing subsystem 110 can include one or more
computing devices or systems located at the treatment well 102, at the observation
well 104, or in other locations. The computing subsystem 110 ot any of ifs
components can be located apart from the other components shown in FIG. 1AL For
example, the computing subsystem 110 can be located at a data processing center, a
computing facility, or another suitable location. The well system 1060 can include
additional or different features, and the features of the well system can be arranged as

shown in FIG. 1A or in any other suttable configuration.

[B055] The example treatment well 102 includes a well bore 101 in a subterrancan
zone 121 beneath the surface 106, The subterrancan zone 121 can include one or less
than one rock formation, or the subterrancan zone 121 can include more than one rock
formation. In the example shown in FIG. 1A, the subterranean zone 121 inchudes
various subsurface lavers 122, The subsurtace lavers 122 can be defined by geological
or other propertics of the subterrancan zone 121, For example, cach of the subsurface
layers 122 can correspond to a particular lithology, a particular thuid content, s
particular stress or pressure profile, or any other suitable characteristic. In some
nstances, one or more of the subsurface layers 122 can be a fluid reservoir that

contains hydrocarbons or other types of tluids, The subterranean zone 121 may
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include any suitabie rock formation. For example, one or more of the subsurface
fayers 122 can include sandstone, carbonate materials, shale, coal, mudsione, granite,

ot other materials.

[8056] The cxample treatment well 102 includes an injection treatment subsystem
120, which includes instrument trucks 116, pump trucks 114, and other equipment.
The injection treatment subsystem 120 can apply an injection treatment to the
subterrancan zone 121 through the well bore 101, The injection treatment can be a
fracture treatment that fractures the subterrancan zone 121, For example, the injoction
treatment may initiate, propagate, or open fractures in one or more of the subsurface
tayers 122, A fracture treatment may include a mini fracture test treatment, a regular
or full fracture treatment, a follow-on fracture treatment, a re-fracture treatment, a

final fracture treatment or another type of fracture treatment,

{8057} The fracture treatment can inject a treatment fluid into the subterranean zone
121 at any suitable fluid pressures and fluid flow rates. Fluids can be injected above,
at ot below a fracture initiation pressure, above at or below a fracture closure
pressure, or at any suitable combination of these and other fluid pressures. The
fracture initiation pressure for a formation is the minimum tlaid injection pressure that
can initiate or propagate artificial fractures in the formation. Application of a fracture
treatmeont may or may not inifiate or propagate artificial fractures in the formation.
The fracture closure pressure for a formation is the minimum fluid injection pressure
that can dilate existing fractures in the subterranecan formation. Application of a

fracture treatment may or may not dilate natural or artificial fractures 1o the formation,

{60581 A fracture treatment can be applied by any appropriate system, using any
suitable technigue. The pump trucks 114 may include mobile vehicles, immobile
mnstalations, skids, hoses, tubes, fhud tanks or reservoirs, pumps, valves, or other
suitable structures and equipment. In sore cases, the pump trucks 114 are coupled to
a working string disposed in the well bore 101, During operation, the pump trucks 114
can pump fluid through the working string and into the subterranean zone 121, The
puraped fluid can include a pad, proppants, a flush thuid, additives, or other materials.
(60591 A fracture treatment can be applied at a single fluid injection location or at
multiple fluid injection locations in a subterranean zone, and the fluid may be injected

over a single time period or over multiple different timne periods. In some instances, a
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fracture freatment can use nmultiple different fluid injection locations in a single well
bore, multiple fluid injection locations in multiple different well bores, or any suitable
combination. Moreover, the fracture treatroent can inject thud through any suitable
type of well bore, such as, for example, vertical weli bores, slant well bores,
horizontal well bores, curved well bores, or any suitable combination of these and

others.

(80601 A fracture treatment can be controlied by any appropriate system, using any
suitable technigue, The instrument trucks 116 can include mobile vehicles, immobile
installations, or other suitable structures. The instrument trucks 116 can include an
njection control system that monitors and controls the fracture treatment applied by
the injection treatment subsystern 120, In some implomentations, the injection control
system can communicate with other equipment fo monitor and control the injection
treatment. For example, the instrument trucks 116 may communicate with the pump

truck 114, subsurface instruments, and monitoring equipment.

[8661] The fracture treatment, as well as other activities and natural phenomena, can
gencrate microseismic events in the subterrancan zone 121, and microseismic data can
be collected from the subterranecan zone 121, For example, the microseismic data can
be collected by one or roore sensors 112 associated with the observation well 104, or
the microseismic data can be collected by other types of systems. The microseismic
information detected in the well system 160 can include acoustic signals generated by
natural phenomena, acoustic signals associated with a frachure treatment apphed
through the treatroent well 102, or other types of signals. For example, the sensors
112 may detect acoustic signals generated by rock slips, rock movements, rock
fractures or other events in the subterranean zone 121, In some instances, the
locations of individual microseismic events can be determined based on the

microseismic data.

[8062] Microseismic events in the subterranean zone 121 may occur, for example,
atong or near induced hydraulic fractures. The microseismic events may be associated
with pre-existing natural fractures or hydraulic fracture planes induced by fracturing
activities. In some environments, the majority of detectable microseismic events are
associated with shear-ship rock fracturing. Such events may or may not correspond o
induced tensile hydraulic fractures that have significant width generation. The

origntation of a fracture can be influenced by the stress regime, the presence of
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fracture systems that were gencrated at various times in the past {e.g., under the same
or a different stress orieniation). In some environments, older fractures can be
cemented shut over geologic time, and remain as planes of weakness in the rocks n

the subsurface.

{8063} The observation well 104 shown in FIG. 1A includes a well bore 111 ina
subterranean region beneath the surface 106, The observation well 104 inchudes
sensors 112 and other equipment that can be used to detect microscismic information.
The sensors 112 may include geophones or other types of listening equipment. The
sensors 112 can be located at a variety of positions in the well system 100. In FIG.
LA, sensors 112 are installed at the surface 106 and beneath the surface 106 in the
well bore 111, Addisonally or alternatively, sensors may be positioned in other
locations above or below the surface 106, in other locations within the well bore 111,
or within another well bore. The observation well 104 may inchide additional
equipment (e.g., working string, packers, casing, or other equiproent) not shown in
FI1G. 1A. In some implomentations, microseismic data are detected by sensors
installed in the treatment well 102 or at the surface 106, without use of an observation

weldl,

{8064} In some cases, all or part of the computing subsystem 110 can be contained in
a technical coramand center at the well site, in a real-time operations center at a
remote location, in another appropriate location, or any suitable combination of these.
The well systern 100 and the computing subsystem 110 can include or access any
suitable comraunication infrastructure, For example, well system 100 can include
multiple separate communication links or a network of interconnected communication
tinks. The communication links can imchide wired or wireless communications
systems, For example, sensors 112 may coranumicate with the instrument trucks 116
or the computing subsystem 110 through wired or wireless finks or networks, or the
instrument trucks 116 may communicate with the computing subsystem 116 through
wired or wireless hinks or networks. The communication links can inchide a public
data network, a private data network, satellite links, dedicated communication
channels, telecommunication links, or any suitable combination of these and other

communication tinks.

[8065] The computing subsystom 110 can analyze microseismic data collected in the

well systern 100, For example, the computing subsystem 110 may analyze
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microseismic event data from a fracture treatment of a subterranean zone 121,
Microseismic data from a fracture treatment can include data collecied before, during,
or atter fluid injection. The computing subsystem 110 can receive the microseismic
data at any suitable time, In some instances, the computing subsystem 110 receives
the microseismic data in real time {or substantially in real time) during the fracture
treatment. For example, the microseismic data may be sent to the computing
subsystern 110 fromediately upon detection by the sensors 112, In some instances, the
computing subsystem 110 receives some or all of the microseismic data after the
fracture treatment has been completed. The computing subsystem 110 can receive the
microseismic data in any suitable format. For example, the computing subsystern 110
can receive the microseismic data in a format produced by microseismic sensors or
detectors, or the computing subsystem 110 can receive the microseismic data after the
microseismic data has been formatted, packaged, or otherwise processed. The
computing subsystem 110 can receive the microseismic data by any suitable roeans.
For example, the computing subsystem 110 can receive the microseismic data by a
wired or wireless communication link, by a wired or wireless network, or by one or

mare disks or other tangible media.

[8066] The computing subsystem 110 can be used to generate a real time display of
fracture plancs identified from microseismic data. The fracture planes can be divided
into confidence level groups, and each confidence level group can be displayed as a
distinct plot. In some cases, each confidence level group is associated with a range of
accuracy confidence values, and cach of the distinet plots includes the set of fracture
planes having an accuracy confidence value in one of the respective range. In some
cases, each confidence level group is also associated with a range of values for
another parameter {e.g., fracture volume, leak-off volume, fracture width, or thaid
cificiency}, and cach of the distinct plots includes the set of fracture planes having a
value in one of the respective ranges for the other parameter, The confidence level
groups ¢an be two or more disjoint sets of fracture planes. The graphical
representation of the confidence level groups can be updated, for example, in real
time, to allow a user to observe the dynamic behavior of the fracture planes.

80671 Some of the techniques and operations described herein may be implemented
by a computing subsystem configured to provide the functionality described. Tn

various embodiments, a computing device may include any of various fypes of
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devices, inchuding, but not limited to, personal computer systems, desktop computers,
laptops, notebooks, mainframe computer systems, handheld computers, workstations,
tablets, application servers, storage deviees, or any type of computing or electronic

device.

{8068} FIG. 1B is a diagram of the example computing subsystem 110 of FIG. 1A,
The example computing subsystem 110 can be located at or near one or more wells of
the well systern 100 or at a remote location. All or part of the computing subsystem
110 may operate independent of the well system 100 or independent of any of the
other componenis shown in FIG. 1A, The example computing subsystem 110 inclades
a processor 160, a memory 130, and input/output controllers 170 communicably
coupled by a bus 165, The memory can mclude, for example, a random access
memory (RAM), a storage device (¢.g., a writable read-only memory (ROM) or
others), a hard disk, or another type of storage medium. The computing subsystem
110 can be preprograramed or it can be programmed (and reprogrammed) by loading
a program from another source (e.g., from a CD-ROM, from another computer device
through a data network, or in another manner}. The input/output controller 170 is
coupled to mput/output devices {e.g., a monitor 1753, a mouse, a kevboard, or other
mput/output devices) and to a comymunication link 180, The input/output devices
receive and transmit data in analog or digital form over conmumunication links such as a
serial link, a wireless link (e.g., infrared, radio frequency, or others), a parallel link, or

another type of hink.

(6069 The coramumnication link 180 can include any type of communication channel,
connector, data communication network, or other link, For example, the
communication link 180 can include a wireless or a wired network, a Local Area
Network (LAN), a Wide Arca Network (WAN), a private network, a public network
(such as the Internet}, a WiF1i network, a network that includes a satellite link, or

another type of data communication network.

(88781 The memory 150 can store imstructions {e.g., computer code) associated with
an operating system, computer applications, and other resources. The memory 130
can also store application data and data objects that can be interpreted by one or more
applications or virtual machines running on the computing subsystem 110. As shown
in FIG. 1B, the example memory 150 includes microseismic data 151, geological data

152, fracture data 1533, other data 155, and applications 136, In soroe
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implementations, a memory of a computing device includes additional or different

information.

{0071} The microseismic data 151 can include information on the locations of
microseisms in a subterranean zone. For exaraple, the nucroscismic data can include
information based on acoustic data detected at the observation well 104, at the surface
106, at the treatment well 102, or at other locations. The microseismic data 151 can
mchude information collected by sensors 112, Tn some cases, the microseismic data
151 has been combined with other data, reformatted, or otherwise processed. The
microseismic event data may include any suitable information relating to
microseismic events (locations, magnitudes, uncertainties, times, etc.). The
microseismic event data can include data collected from one or more fracture

treatments, which may inchide data collected before, during, or afier a fluid injection.

80721 The geological data 152 can include information on the geological propertics
of the subterrancan zone 121, For example, the geological data 152 may imchide
information on the subsurface layers 122, information on the well bores 101, 111, or
information on other atiributes of the subterranean zone 121, In some cases, the
geological data 152 mchudes information on the lithology, tluid content, stress profile,
pressure protile, spatial extent, or other atiributes of one or more rock formations in
the subterranean zone. The geological data 152 can include information collected
from well fogs, rock samples, outcroppings, microseismic imaging, ot other data

SQURICES.

{8673} The fracture data 133 can include information on fracture plancs in a
subterranecan zone, The fracture data 153 may identify the locations, sizes, shapes, and
other properties of fractures in a model of a subterrancan zone. The fracture data 153
can inchide information on natural fractures, hydraulically-induced fractures, or any
other type of discontinuity in the subterrancan zone 121, The fracture data 153 can
inchude fracture planes calculated from the microseismic data 151, For each fracture
plane, the fracture data 153 can include information {e.g., strike angle, dip angle, etc.)
identifying an orientation of the fracture, information identifving a shape {(e.g.,
curvature, aperture, etc.} of the fracture, information identifying boundaries of the

fracture, or any other suitable information.
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6074} The applications 156 can include software applications, scripts, programs,
functions, executables, or other modules that are interpreted or executed by the
processor 160. Such applications may inchude machine-readable mstructions for
performing one or more of the operations represented in FIG. 4. The applications 156
may include machine-readable instructions for generating a user interface or a plot,
such as, for example, those represented i FIGS. 2A, 2B, or 3. The applications 156
can obtain input data, such as microseisnuc data, geological data, or other types of
input data, from the memory 150, from another local source, or fron: one or more
remote sources (e.g., via the communication link 180). The applications 156 can
generate output data and store the output data in the memory 150, in another local
medium, or in one or more remote devices {e.g., by sending the oulput data via the

communication link 180}

[8075] The processor 160 can execute instructions, for example, to generate output
data based on data mputs. For exaraple, the processor 160 can run the applications

156 by executing or interpreting the software, scripts, programs, functions,
executables, or other modules contained in the applications 156, The processor 160
may pertorm one or more of the operations represented ju FIG. 4 or generate one or
more of the terfaces or plots shown in FIGS. 2A, 28, or 3. The input data recetved
by the processor 160 or the output data generated by the processor 160 can include
any of the microseismic data 151, the geological data 152, the fracture data 153, or the

ather data 135,

(60761 FIGS. 2A and 2B arc plots showing example fracture planes. FIG. 2A includes
a plot 200a showing an initial fracture plane 208a, an updated fracture planc 208b,
and a microseismic event 206a. The plot 200a shows the effect of updating the
parameters of the initial fracture plane 208a based on the new microseismic event
206a. In particular, updating the parameters of the initial fracture plane 20¥a generates

the updated fracture plane 208h.

186771 A fracture plane can be represented in any suitable coordinate aystem {e.g.,
spherical coordinates, rectangular coordinates, otc.). The plot 200a shows the fracture
planes in a three-dimensional rectilinear coordinate system. In the plot 200a, the
coordinate system is represented by the vertical axis 204a and two horizontal axes
204b and 204c. The vertical axis 204a represents a range of depths 1n a subterranean

zone; the horizontal axis 204b represents a range of Hast-West coordinates; and the

)
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horizontal axis 204¢ represents a range of North-South coordinates (all in units of
feet).

[B078] Although the plots show distance information in units of feet, other units can
be used. Caleulations can be performed and mformation can be displayed in metric
units (mks, cgs, or another system), standard units, or another unit systen. In some
cases, an algorithm can use metric units, standard units, or convert among unit

systerns,

(60791 The initial fracture plane 208a and the updated fracture plane 208b are both
represented by rectangular, two-dimensional bodies extending through three-
dimensional space. A fracture plane can have any other suitable geometry, such as, for
example, triangular, cllipsoidal, trapezoidal, an wrregular geometry, or another type of

geometry.

{8088} The plot 2002 shows one example of how the parameters of a fracture plane
can be updated based on a single microseismic event. As shown by comparing the two
fracture planes in FIG. 2A, updating the mitial fracture plane 208a based on the
microseismic event 206a causes the fracture plane to grow in height and length; the
updated fracture plane 208b has a greaier vertical and horizontal extent than the initial
fracture plane 208a. Consequently, the updated fracture plane 208b has a larger arca
than the mitial fracture plane 208a. In some instances, updating a fracture plane

changes the fracture plane in another manner.

{8081} FIG. 2B includes another plot 200b showing an initial fracture plane 208¢, an
updated fracture plane 208d, and a microseismic event 206b. The plot 200b shows the
effect of updating the parameters of the fmtial fracture plane 208¢ based on the new
microseismic event 206b. In particular, updating the parameters of the initial fracture

plane 208¢ generates the updated fracture plane 2084,

[B8082] The plot 200b shows the fracture planes in a three-dimensional rectilinear
coordinate system represented by the vertical axis 204d and two horizontal axes 204e¢
and 2041, The axes in the plot 200b represent the same parameters as the axes in the
plot 2003, on a different scale. The initial fracture plane 208¢ and the updated fracture
plane 208d are both represented by rectangular, two-dimensional arcas extending in

the three-dimensional coordinate system.
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{60831 As shown by comparing the two fracture planes in FIG. 2B, updating the
initial fracture plane 208¢ based on the microseismic event 206b causes the fracture
plane to rotate to a new orientation. For example, the updated fracture plane 208d has
a different orientation than the initial fracture plane 208¢, with respect fo the vertical
and horizontal axes in the plot Z00b. Accordingly, the updated fracture plane 208d
and the mitial fracture plane 208¢ define normal veetors having different orientations

(i.e., pointing in non-paralic] directions m space).

{6084} FIG. 3 is a diagram shown an example of g graphical presentation of fracture
planes. In the example shown in FIG. 3, the graphical representation 300 of fracture
planes fuchides three plots 3024, 302b, and 302¢. The plots 3024, 302b, and 302¢ cach
ineclade a respective label 310a, 310b, and 3 10¢ that indicates the contidence level
associated with the fracture planes in the plot. The first plot 302a imcludes a group of
fracture planes 308a associated with a low confidence level, as indicated by the label
310a. The second plot 302b includes a group of fracture plancs 308b associated with a
medium confidence level, as indicated by the label 310b. The third plot 302¢ includes
a group of fracture planes 308¢ associated with a high confidence level, as indicated
by the label 310c¢. Each of the plots also includes a graphical representation of
microseismic data points, such as, for example, the microseismic data points 306

labeled in the first plot 302a.

{8085} The graphical representation 300 is an example of a graphical interface that
can be presented to a user {field engineers, operational engimeers and analysts, or
other types of users) to enable the user to analyze microseismic data from a fracture
treatment. For example, the graphical interface can be presented in real time to allow
the user to view the fracture planes according to the confidence level groups.
Difterent colors (or other visual imdicia) can be used for the fracture planes in each
plot, For example, the fracture planes in the low confidence level group can be red,
the fracture planes in the medium confidence fevel group can be cyan, and the fracture
planes in the high confidence level group can be blue. Other suitable colors, patterns,
or visual indicia can be used. The example in FIG. 3 shows all of the fracture plancs
computed after the 180" microseismic event, The first group of fracture planes 308a
includes 45 plancs, the second group of fracture planes 308b includes 39 planes, the

third group of fracture plancs 308c¢ includes 42 planes.
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6086} One or all of the plots can be updated in response to receiving additional data,
For example, after the 181% microseismic event is received, one or more of the
tfracture planes can be updated based on the new microseisimic data. The graphical
representation 300 can be refreshed to show the updated fracture planes. In some
instances, updating a fracture plane affects the fractare plane’s accuracy confidence
valuoe, which may cause the fracture plane to be associated with a different confidence
level group. Tn such cases, the graphical representation 300 can be refreshed to show

the updated confidence level groups.

{3087} Each of the plots 302a, 302b, and 302¢ includes the respective group of
fracture planes in a three-dimensional rectilinear coordinate system represented by the
vertical axis 304a and two horizontal axes 304b and 304¢. The vertical axis 304a
represents a range of depths in a subterranean zone; the horizontal axis 304b
represents a range of East-West coordinates; and the horizontal axis 304c represents a
range of North-South coordinates (all in units of feet). In the exarple graphical
representation 300 shown in FIG. 3, all of the fracture plancs are represented by two-
dimensional, rectangular areas extending in the three-dimensional coordinate system.

Fracture planes can have other spatial geometries.

{8088} The three groups of fracture planes 308a, 308b, and 308¢ in FIG. 3 are disjoint
sets; each of the plots 302a, 302b, and 302¢ includes a different set of fracture plancs.
In other words, in the example shown in FIG. 3, each fracture plane belongs to exactly
one confidence level group. The groups of fracture plancs 308a, 308b, and 308c¢ are
identitied based on accuracy confidence values caleulated for cach plane. The first
group of fracture plancs 308a is a low confidence level group, and the fracture planes
in the first group are associated with a low range of accuracy confidence vahlues. The
second group of fracture planes 308b is a medium confidence level group, and the
fracture planes i the second group are associated with an intermediate range of
accuracy confidence values. The third group of fracture planes 30&c is a high
confidence level group, and the fracture planes in the third group are associated with a
high range of accuracy confidence values,

{60891 The accuracy confidence values can be calculated or assigned fo the fracture
planes by any suitable technique, based on any suitable information. For example, the
accuracy confidence value for a fracture plane can be computed based on the

supporting microseismic events’ location uncertainty, the supporting microseismic
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events’ moment magnitude, the distance between the supporting microscismic events
and the fracture plane, the number of supporting events associated with the plane, the
weight of variation of fracture orientation, other values, or any appropriate
combination of one or more of these. The accuracy confidence value can be computed
according to Equation 3 above or according to another equation or a different type of

model, scheme, or algorithm.

(60981 Tn some examples, a respective range 1s defined for cach confidence level
group. Each range can be defined by one or more threshold values. For example, the
fow confidence level group can inchude all fracture planes having an accuracy
confidence vahie below a first threshold value (e g, 0.3}, the high confidence level
group can include all fracture planes having an accuracy confidence value above a
second threshold value (e.g., 0.8), and the medium contidence evel group can include
all fracture planes having an accuracy contidence value between the two threshold
values (e.g., between 0.3 and 0.8). Other values can be used for the thresholds.
Moreover, more thresholds can be used. For example, the low confidence level group
can have a lower cutotf threshold, so that fracture planes below a certain accuracy
confidence vahie are not displayed. In some cases, the respective ranges for the
confidence levels are set dynamically, for example, based on the quality of the data
set of the microscismic events, such as uncertainty, moment magnitude, computed
accuracy confidence vahies, based on the size of the microseismic data set, or other
information. Although FI(z. 3 shows three confidence level groups, another muraber
{eg., 4,5, 6,7, 8, ete.}) of confidence fevel groups can be used. In some cases, optimal
threshold values can be selected to show the sharpest separation in the presentation of
the contidence level groups. The optimal threshold values can be used as defaults, or a

user can override the default values with different thresholds.

{8091} By scparating the groups of fracture plancs 308a, 308b and 308c into distinct
plots in the graphical representation 300, a user can readily distinguish the fracture
planes associated with cach respective confidence level. In the example shown in FIG.
3, each distinct plot has its own set of coordinate axes. In some cases, multiple distinct
plots can be represented in a common set of coordinate axes, For example, the groups
of fracture planes 308a, 308b and 308c¢ can be shifted from each other in a common
coordinate system. In some contexts, plots can be considered distinet when they are

presented in non-overlapping regions of a graphical rendering. In some contexts, plots
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can be considered distinct when they are presented with graphical indicia that visually

distinguish the plots within an overall graphical presentation.

80921 In the example data shown mn FIG. 3, the low confidence fracture plancs
correspond to fracture plancs generated early in the fracture treatment, while the high
confidence fracture planes propagate in time in the direction nearly perpendicular to
the wellbore. The graphical representation 300 {or individual plots in the graphical
representation 300) can be updated as new microscismic evenis gradually accunmulate
in time, For example, updating the plots can allow a user to dynamically observe the
fracture planes association among the three panels, to track and visualize spatial and
temnporal evolution of specific fracture planes, and to monitor their generation,

ropagation and growth,
o =

8093} FIG. 4 is a flow chart of an example process 400 for presenting fracture
planes. Some or all of the operations in the process 400 can be implemented by one
or more computing devices. In some implementations, the process 400 may include
additional, fewer, or different operations pertformed in the same or a different order,
Moreover, one or more of the individual operations or subsets of the operations in the
process 400 can be performed in isolation or in other contexts, Cuiput data generated
by the process 400, including output generated by intermediate operations, can
inchude stored, displayed, printed, transmitted, comnmunicated or processed

information.

(80941 Tn some implementations, some or all of the operations in the process 460 are
exeocuted in real time during a fracture treatment, An operation can be performed in
real time, for example, by performing the operation in response to receiving data (e.g.,
from a sensor or monitoring system) without substantial delay. An operation can be
performed in real time, for example, by performing the operation while monitoring for
additional microseismic data from the fracture treatment. Some real time operations
can receive an input and produce an output during a fracture treatment; in some
justances, the output is made available to a user within a time frame that allows an

operator to respond to the output, for example, by moditying the fracture treatment.

6095} In some cases, some or all of the operations in the process 400 are executed
dynamically during a fracture treatment. An operation can be executed dynamically,

tor example, by iteratively or repeatedly performing the operation based on additional
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inputs, for example, as the inputs are made gvailable. In some instances, dynamic
operations are performed in response to receiving data for a new microseismic event
{or in response to receiving data for a certain number of new microseismic events,

cic. ).

[8096] At 402, tracture planes are identified based on microseismic event data from a
fracture treatment. The microseismic event data may include imformation on the
measured locations of multiple microseismic events, nformation on a measured
magnitude of cach microseismic event, information on an uncertainty associated with
each microseismic event, information on a time associated with each microssismic
event, ete. The microseismic event data can mclude microseismic data collected at an
observation well, at 4 treatment well, at the surface, or at other locations i a well
system, Microseismic data from a fracture treatment can inchide data for
microseismic events detected before, during, or after the fracture treatment is applied.
For example, in some instances, microseismic monitoring begins before the fracture

treatment is applied, ends atter the fracture treatment is applied, or both.

{60971 The fracture planes can be identified by any suitable operation, process or
algorithm. In some cases, the fracture planes are read from memory, received from a
remote device, or they may be obtained o a different manner. The fracture planes can
be identified by computing the fracture planes from the microseismic event data, for
example, based on the locations and other parameters of the measured microseismic
events. In some cases, the fracture planes are identitied in real time during the fracture
treatment. Example techniques for identifyig fracture planes from microsecismic data
are described in U.S. Provisional Application No. 61/710,58Z2, filed on October 5,
2012,

[B098] At 404, an accuracy confidence value is calculated for each fracture plane. The
accuracy confidence value tor a fracture plane can be computed based on the
parameters of the fracture plane itself, parameters of the microseismic events that
support the fracture plane, or other information. In some cases, an accuracy
confidence value can be computed for a fracture plane based on the supporting
microseismic events’ location uncertainty, the supporting microseismic events’
moment magnitude, the distance between the supporting microseismic events and the
fracture plane, the number of supporting events associated with the plane, the weight

of variation of fracture orientation, other values, or any appropriate combination of
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one or more of these. The accuracy confidence value can be computed according to
Equation 3 above or according to ansther equation or a different type of algorithm.
Example techniques tor caleulating an accuracy confidence vahie for a fracture plane
are described in ULS. Provisional Application No. 61/710,582, filed on October 5,

2012,

8099} At 406, confidence level groups are identified from the fracture planes. For
example, two, three, four, five or rore confidence level groups can be identified.
Identifying the confidence level groups can include assigning each of the fracture
planes to one of the confidence level groups. In some cases, each confidence level
group 1s associated with a respective range of accuracy confidence vahies. Each
fracture planc can be assigned to the confidence level group that is associated with a
range that includes the fracture plane’s calculated accuracy confidence value. In some
examples, a high confidence level group includes fracture planes having accuracy
confidence values in a highest range, a low confidence level group mchides fracture
planes having accuracy confidence values in a lowest range, and a medium
confidence level group inchudes fracture planes having accuracy confidence values
between the highest range and the lowest range. A different number of confidence
level groups can be dentified. Each confidence level group can include raultiple

fracture planes, and the confidence level groups can be disjoint sets.

{8108} The confidence level groups can be identified based on group parameters. For
example, group parameters can be received at 405, and the group parameters can be
used as inputs for identifving the confidence levels at 406, In some instances, the
group parameters indicate the respective ranges ot accuracy confidence associated

with each confidence level group.

(8101} In some cases, the group parameters include parameters other than the
accuracy confidence. For example, a confidence level group can be identified based
on fluid pumping data, fracture volume, leak-off volume, fracture width, fhud
ctficiency, accuracy confidence, or any suitable combination of these and other
values, In some implementations, cach confidence level group includes fracture
planes that have an accuracy confidence value within a respective range of values for
accuracy confidence and another parameter value within a respect range of values for

the other parameter, The other parameter can be, for example, fracture volume, leak-
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off volume, fracture width, or fhuid efficiency. As such, fracture planes can be

assigned to confidence level groups based on multiple criteria.

(8102} At 408, a graphical represcutation of the fracture planes 1s generated. The
graphical representation includes a plot for each contidence level group. The plot for
cach confidence level group can include, for example, a three-dimensional
representation of the fracture planes in the confidence level group, a three-
dimensional representation of the microscismic events associated with the fracture
planes in the confidence level group, an identification a confidence level associated

with the confidence level group, or a combination of these and other features.

{8103} The graphical representation can be gencrated based on display parameters.
For example, display parameters can be received at 407, and the display parameters
can be used as inputs for selecting fracture planes to be inchuded in the display at 408,
The display parameters can indicate which confidence level groups to display. For
example, the display parameters may indicate that only the medium and high
confidence level groups are to be displayed. The display paramcters can indicate
which fracture planes to display. For cxample, the display parameters may specify one

or more particular fracture planes to be displayed 1n a given plot.

(8104} At 410, the graphical representation is displayed. For example, the graphical
representation can be displayed on a monitor, screen, or other type of display device,
In some instances, the display is updated. For example, the displayed graphical
representation can be updated based on additional microseismic event data from the
fracture treatment. Displaving (and in some cases, updating) the graphical
representation can allow a user to view dynamic behavior associated with a fracture
treatment. In some cases, a fracture plane can be updated as additional microseismic
data is accumulated, and the updates may cause the fracture plane to grow or change
origntation. In some cases, a fracture plane can he updated as additional microseisnue
data is accumulated, and the updates may cause the accuracy confidence value for the
fracture plane to increase or decrease. As such, a fracture plane can dynamically move
frora one contidence level group to another; and updating the display can cause a
fracture plane to disappear from one of the plots, appear in one of the plots, or move

from one of the plots to another.
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{6105} The fracture planes of a confidence level groups can be presented
geometrically. A geometrical presentation of a fracture plane can be a graphical
presentation, a numerical presentation, an algebraic presentation, or another type of
presentation. In some cases, a fracture planc is presented (e.g., graphically,
numerically, algebraically, etc.} on its own. The fracture plane can be presented with
other information. In some cases, a fracture plane is presented {e.g., graphically,
numnerically, algebraically, efe.) along with a confidence value for the planc or a
confidence level value for the plane. In some cases, a fracture planc is presented (e.g.,
graphically, numerically, algebraically, etc.) along with the microseismic data points
that support the fracture plane. These examples and other information can be

presented in any appropriate combination.

8106} Some embodiments of subject matter and operations described in this
specification can be implemented in digital electronic circuitry, or in computer
software, firmware, or hardware, mchiding the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of
them. Some embodiments of subject matier described in this specification can be
tmplersented as one or more computer programs, 1.¢., one or more modules of
computer program instructions, encoded on computer storage medium for execution
by, or to control the operation of, data processing apparatus. A computer storage
medivm can be, or can be included in, a computer-readable storage device, a
computer-readable storage substrate, a random or serial access memory array or
device, or a combination of one or more of them. Moreover, while a computer storage
medium is not a propagated signal, a computer storage medium can be a source of
destination of computer program instructions enceded in an artificially generated
propagated signal. The computer storage medium can also be, or be included m, one
or more separate physical components or media (e.g., multiple CDs, disks, or other

storage devices).

{81071 The term “data processing apparatus” encompasses all kinds of apparatus,
devices, and machines for processing data, including by way of example a
programumable processor, a computer, a system on a chip, or nultiple ones, or
combinations, of the foregoing. The apparatus can include special purpose logic
circuitry, e.g., an FPGA (ficld prograromable gate array) or an ASIC (application

specific integrated circuit). The apparatus can also include, in addition to hardware,
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code that creates an execution environment for the computer program in question,
e.g., code that constituies processor firmware, a protocol stack, a database
management system, an operating system, a cross-platform runtime environment, a
virtual machine, or a combination of one or more of them. The apparatus and
execution environment can realize various different computing model infrastructures,

such as web services, distributed computing and grid computing infrastructures.

(6108 A comaputer program {also known as a program, soteware, software
application, script, or code) can be written in any form of programuming language,
including compiled or interpreted languages, declarative or procedural languages. A
computer program may, but need not, correspond to a file in a file systern. A program
can be stored 1o a portion of a file that holds other programs or data (¢.g., one or more
scripits stored in a3 markup language document), in a single file dedicated to the
program in question, or in multiple coordinated files (e.g., files that store one or more
modules, sub prograrms, or portions of code). A computer program can be deployed to
be executed on onc computer or on multiple computers that are located at one site or

distributed across multiple sites and interconnected by a communication network.

[3169] Some of the processes and logic flows deseribed in this specification can be
performed by one or more programmable processors executing one or more compuicr
programs to perform actions by operating on input data and generating output. The
processes and logic flows can also be performed by, and apparatus can also be
implemented as, special purpose logic circuitry, e.g., an FPGA (field programiable

gate array) or an ASIC (application specific infegrated cireuit),

6118} Processors suitable for the exccution of a computer program include, by way
of example, both general and special purpose microprocessors, and processors of any
kind of digital computer. Generally, a processor will receive instructions and data
from a read only memory or a tandom access memory or both, A computer includes a
processor for performing actions in accordance with instructions and one or more
memoty devices for storing instructions and data. A computer may also include, or be
operatively coupled to receive data from or transter data to, or both, one or more mass
storage devices for storing data, ¢.g., magnetic, magneto optical disks, or optical
disks. However, a computer need not have such devices. Devices suitable for storing
computer program mstructions and data include all forms of non-volatile memory,

media and memory devices, inchuding by way of example serniconductor memory
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devices (e.g., EPROM, EEPROM, flash memory devices, and others), magnetic disks
{e.g., internal hard disks, removable disks, and others), magneto optical disks |, and
CD ROM and DVD-ROM disks. The processor and the memory can be supplemented

by, or incorporated in, special purpose logic circuiiry,

{8111} To provide for interaction with a user, operations can be implemented ona
computer having a display device {e.g., a monitor, or another type of display device)
for displaving information to the user and a keyboard and a pointing device {e.g., a
mouse, 3 trackball, a tablet, a touch sensitive screen, or another type of pointing
device} by which the user can provide input to the computer. Other kinds of devices
can be used to provide for interaction with a user as well; for example, feedback
provided to the user can be any form of sensory feedback, e.g., visual feedback,
auditory feedback, or tactiie feedback; and input from the user can be received in any
form, including acoustic, speech, or tactile input. In addition, a computer can interact
with a user by sending docuraents to and receiving documents from a device that is
used by the user; for example, by sending web pages to a web browser on a user’s

client device in response to requests recetved from the web browser.

[B112] A client and server are generally remote from each other and typically inleract
through a communication network, Examples of commmunication networks include a
local area network (“LAN”) and 3 wide area network (“"WAN""), an inter-network
(c.g., the Internet), a network comprising a satellite link, and peer-to-peer networks
(e.g., ad hoc peer-to-peer networks}). The relationship of client and server arises by
vittue of computer programs running on the respective computers and having a chient-

server relationship to each other.

{8113} In some aspects of what is described here, dominant orientations embedded in
sets of frachures associated with microseismic events can be dvnamically identitied
during a fracture treatment. For example, fracture planes can be extracted from real
time microseismic events collected from the field. The fracture planes can be
identitied based on microseismic event information inclading: event locations, event
location measurement uncertainties, event moment magnitudes, event occurrence
times, and others. At each point in time, data can be associated with previously-

computed basic planes, including the microseismic supporting set of events.

[PS]
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3114} In somc aspects of what is described here, a probability histogram or
distribution of basic planes can be constructed from the microseismic cvents
collected, and the histogram or distribution can be used for deriving the domunant
fracture orientations. Fractures exiracted along the dominant orientations ¢an, in some
instances, provide an optimal match to the real time microscismic events. The
histogram or distribution and the dominant orientations can have non-negligible
sensitivity to the new mncoming microseisraic event. As such, some plancs identitied
during the time microseismic data are assimilated may not be accurate when
comparing o the post microseismic event data results, Example techniques for
generating, updating, and using histograms based on microseismic data are described

in U.S. Provisional Application No. 61/710,582, filed on October 5, 2012,

[8115] In some aspects of what is described here, an accuracy confidence paramecter
can provide a measure for the accuracy of real-time identified planes. Factors
impaciing a plane’s accuracy confidence can mclude an event’s intrinsic properties,
the relationship between support events and the plane, and the weight reflecting the
fracture orientation trends of post microseismic event data. In some instances, fracture
planes with high confidence at the end of hydraulic fracturing treatment that were
wdentified in real time fashion are consistont with those obtained from the post event

data.

{6116} In some aspects, some or all of the features described here can be combined or
implemented separately in one or more sottware programs for real-time automated
fracture mapping. The software can be implemented as a computer program product,
an installed application, a client-server application, an Internct application, or any
other suitable type of software. In some cases, a real-time auntomated fracture mapping
prograra can dynaruically show users spatial and temporal evolution of identified
fracture planes i real-time as microseismic events gradually accumulate, The
dynamics may include, for example, the generation of new fractures, the propagation
and growth of existing fractures, or other dynamics. In some cases, a real-time
automated fracture mapping program can provide users the ability to view the real-
time identitied fracture planes in multiple confidence levels. In some instances, users
may observe spatial and temporal evolution ot the high confidence level fractures,
which may exhibit the domuanant trends of overall microseismic event data. In some

cases, a real-time automated fracture mapping program can evaluate fracture accuracy

[P8]
0



WO 2014/055171 PCT/US2013/056494

confidence, for example, to measure the certainty of identified fracture planes. The
accuracy confidence values may, for example, help users better understand and
analyze changes in a probability histogram or orientation distribution, which may
contimuously vary with the real-time accumulation of microseismic events. In some
cases, a real-time automated fracture mapping program can provide results that are
consistent with post data fractare mapping. For example, at the end of the hydraulic
fracture treatment, the results produced by the real-time antomated fracture mapping
program can be statistically consistent with those obtained by a post data automated
fracture mapping program operating on the same data. Such features may allow field
engineers, operators and analysts, to dynamically visualize and mounttor spatial and
temporal evolution of hydraulic fractures, to analyze the fracture complexity and
reservoir geometry, to evaluate the effectiveness of hydraulie fracturing treatment and

to improve the well performance.

(61171 While this specification contains many details, these should not be construed
as limitations on the scope of what may be claimed, but rather as descriptions of
features specific to particular examples. Certain features that are described in this
specification in the context of separate implementations can also be combined.
Conversely, various features that are described in the context of a single
implementation can also be implemented in multiple embodiments separately or in

any suitable subcombination.

[6118] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications can be made. Accordingly, other embodiments

are within the scope of the following claims.
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CLAIMS

I. A computer-implemented method for analyzing microseismic data from a
fracture treatment, the method comprising:

identifying a plurality of fracture planes based on microseismic event data
associated with a fracture freatment of a subterranean zone, each fracture plane
associated with a subset of the microseismic event data;

wdentifying a plurality of confidence level groups from the plurality of fracture
planes, each confidence level group including a phlurality of fracture planes that have
an accuracy confidence value within a respective range; and

generating, by dafa processing apparatus, a graphical representation of the
fracture planes, the graphical representation inchuding a distinet plot for cach

confidence level group.

2. The method of claim 1, wherein each confidence level group includes a
plurality of fracture planes that have:

an accuracy confidence value within a respective range of values for accuracy
confidence; and

another parameter value within a respective range of values for the other

parameter,

3. The method of claim 2, wherein the other parameter includes at least one of

fracture volume, leak-off volume, fracture width, or fluid efficiency.

4. The method of claim 1, further comprising calculating the accuracy
contidence value for each of the plurality of fracture planes, wherein the accuracy
confidence value for a fracture plane is calculated based on parameters of the subset
of the microseismic event data assoctated with the fracture plane.

5. The method of claim 4, wherein the parameters of the subset of the
microseismic event data include at least one oft

cach microseismic event’s location measurement uncertainty;

each microseismic event’s moment magnitude;

distance between each microseismic event and the fracture plane;

a number of microseismic events associated with the frachure plane; or

variation of a fracture plane orientation.

S
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6. The method of claim 1, wherein the plurality of confidence level groups
includes at least two of:

a high confidence level group that includes fracture planes having accuracy
confidence values in g highest range;

a low confidence level group that includes fracture planes having accuracy
contidence values in a lowest range; or

a medium confidence level group that inchudes fracture planes having
accuracy confidence values between the highest range and the lowest range.

~

7. The method of claim 1, wherein the plurality of confidence level groups

mncludes three confidence level groups.

&, The method of claim 1, further comprising detining the respective range for

cach confidence level group based on user input,

9. The method of claim 1, further comprising displaying the graphical
representation on a display device, wherein the graphical representation is gencrated

and displayed during application of the fracture treatment,

10, The method of claim 9, further comprising updating the displaved graphical
representation based on additional microseismic event data from the fracture

reatinent.

I The method of claim 1, wherein the distinct plot of each confidence level
group includes:

a three-dimensional representation of the fracture planes in the confidence
level group;

a three-dimenstional representation of the microscismic events associated with
the fracture plancs in the confidence level group; and

an identification a confidence level associated with the confidence level group.

iz, The method of claim 1, turther comprising displaying the graphical
representation on a display device, wherein the graphical representation indicates
associations between microseismic events and fracture planes,

I3, A non-transitory computer-readable medium encoded with instructions that,
when executed by data processing apparatus, perform operations comprising:

wdentifying a plurality of fracture plancs based on microseismic event data
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associated with a fracture treatment of a subterrancan zone, each fracture plane
associated with a subset of the microseismic event data;

identitying a plorality of confidence level groups from the plurality of fracture
plancs, each confidence level group including a plurality of fracture plancs that have
an accuracy confidence value within a respective range; and

generating a graphical representation of the fracture planes, the graphical

representation including a distinet plot for each confidence level group.

14,  The computer-readable medium of claim 13, wherein cach confidence fevel
group includes a plurality of fracture planes that have:

an accuracy confidence value within a respective range of vahies for accuracy
confidence; and

another parameter value within a respective range of values for the other
parameter.
iS. The computer-readable medium of claim 13, the operations firther comprising
calculating the accuracy confidence value for cach of the plurality of fracture planes,
wherein the accuracy confidence value for g fracture plane is calculated based on
parameters of the subset of the microseismic event data associated with the fracture

plane.

i6. The computer-readable medium of claim 13, wherein the plurality of
confidence level groups includes at feast two of:

a high confidence level group that includes fracture planes having accuracy
confidence values in a highest range;

a low confidence level group that includes fracture planes having accuracy
confidence values in a lowest range; or

a medium contfidence level group that mncludes fracture planes having

accuracy confidence values between the highest range and the lowest range.

17.  The computer-readable medium of claim 13, the operations further comprising
displaying the graphical representation on a display device, wherein the graphical
representation is generated and displayed during application of the fracture treatment.
18, The computer-readable medium of claim 13, whercin the distinet plot of cach
confidence level group includes:

a three-dimensional representation of the fracture planes in the confidence

A
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evel group;
a three-dimensional representation of the microseismic events associated with
the fracture planes in the confidence level group; and

an identification a confidence level associated with the confidence level group.

19, A system comprising:
a computer-readable medium that stores microseismic event data associated
with a fracture treatinent of a subterrancan zone; and
data processing apparatus operable to:
identify a plurality of fracture planes based on the microseismic event
data, each fracture plane associated with a subset of the microseismic event data;
identify a plurality of confidence level groups from the plurality of
fracture planes, each confidence level group including a plurality of fracture planes
that have an accuracy contidence value within a respective range; and
generate a graphical representation of the fracture planes, the graphical
representation including a distinct plot for each confidence level group.

~§

280, The system of claim 19, further comprising a display device operable to

display the graphical representation of the fracture planes.

21 The system of claim 19, wherein each confidence level group includes a
plurality of fracture planes that have:

an accuracy confidence value within a respective range of values for accuracy
confidence; and

another pararoeter value within a respective range of vahues for the other

parameter.

22. The syster of claim 19, wherein the plurality of confidence level groups
includes at least two of:

a high confidence level group that jncludes fracture planes having accuracy
confidence values in g highest range;

a low confidence level group that includes fracture planes having accuracy
contidence values in a lowest range; or

a medium confidence level group that includes fracture planes having

accuracy confidence values between the highest range and the lowest range.
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23, The system of claim 19, wherein the distinct plot of each confidence fevel
group includes:

a three-dimensional representation of the fracture planes in the confidence
level group;

a three-dimensional representation of the microseismic events associated with
the fracture planes in the confidence level group; and

an wdentification a confidence level associated with the confidence level group.
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