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(57) Abstract: A method of characterizing a subterranean geologic formation's
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data representing a plurality of seismic events caused by hydraulic fracturing
of the subterranean geologic formation, determining, by at least one electronic
processor, a plurality of seismic event moment magnitudes for respective seis-
mic events in the plurality of seismic events, estimating, by at least one elec-
tronic processor, a first parameter representing a negative slope of a line relat-
ing seismic event frequency to seismic event magnitude for at least some of the
plurality of seismic events, estimating, by at least one electronic processor, a
second parameter representing an axis intercept of the line, and characterizing
the subterranean geologic formation based at least in part on the first parameter
and the second parameter
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RESERVOIR DEFORMATION ESTIMATION

BACKGROUND

{0001} In microseismic monttoring, one challenge i1s to evaluate the reservoir deformation
caused by hydraulic fracturing. This information can be used to evaluate the effectiveness of a
fracturing operation and help the future design of treatments. Based on the acquired data in
microseismic monitoring, the seismic moment of the events {e.g., fracture) can be calculated.
Seismic moment represents the rock deformation caused by the event. Summing the seismic
moment of the located events provides an estimate of the seismuc deformation underground, with
the caveat that some subterranean deformation may not produce seismicity.

[0002] In the real monitoring case, if the events are far away from receivers, the signal of small
moment events 1s very weak. As such, these events may not be detected and located by monitoring
system (momtoring system limitation). In this case, if the moment of located events 1s directly
sumimed, these small events may be missed. The estimated total moment or deformation may then
deviate from the true response, which results in an error 1n fracturing effectiveness analysis and,

potentially, in future fracturing designs based on that analysis.

SUMMARY

[8683] In accordance with some embodiments, a computer-implemented method of
characterizing a subterranean geologic formation’s response to hydraulic fracturing. The method
includes acquiring data representing a plurality of seismic events caused by hydraulic fracturing
of the subterranean geologic formation, determining, by at least one electronic processor, a
plurality of seismic event moment magnitudes for respective seismic events in the plurality of
seismic events, estimating, by at least one electronic processor, a first parameter representing a
negative slope of a line relating seismic event frequency to seismic event magnitude for at least
some of the plurality of seismic events, estimating, by at least one electronic processor, a second
parameter representing an axis intercept of the line, and characterizing the subterranean geologic
formation based at least in part on the first parameter and the second parameter.

{0004] In an embodiment, the characterizing includes: calculating a probability of micro-

earthquakes of a predetermined Richter magnitude using the first parameter and the second
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parameter, and repeatedly updating the probability of micro-earthquakes of the predetermined
Richter magnitude.

{0003} In an embodiment, the characterizing further includes indicating that a rate of injection
of the hydraulic fracturing fluid into the subterranean geologic formation should be adjusted to
reduce a probability of micro-earthquakes of the predetermined Richter magnitude.

{6006] In an embodiment, the method includes: adjusting the rate of mjection of the hydraulic
fluid into the subterranean geologic formation consistent with the indicating, and confirming that
the adjusting reduces a probability of nmicro-earthquakes of the predetermined Richter magnitude
based on the repeatedly updating.

{0007] In an embodiment, the characterizing includes: determining an observed cumulative
seismic moment for the plurality of seismic events, determining a theoretical cumulative seismic
moment for the plurality of seismic events using the first parameter and the second parameter,
determuning a complemented total moment using the observed cumulative seismic moment and
the theoretical cumulative seismic moment, and determining the deformation of the subterranean
reservoir using the complemented total moment.

{0008] In an embodiment, the characterizing includes: determining an observed cumulative
seismic moment for the plurality of seismic events, determining a theoretical cumulative seismic
moment for the plurality of seismic events using the first parameter and the second parameter,
comparing the observed cumulative seismic moment to the theoretical cumulative sesmue
moment, and determining, based on the comparing, a sensitivity Hmitation on a seismic monttoring
system used to monitor the plurality of seismic events.

{006%] Inanembodiment, the characterizing includes: determining, using the first parameter and
the second parameter, an expected rate of seismic event generation caused by the hydraulic
fracturing over time, comparing the expected rate of seismic event generation to an observed rate

o whether the observed rate of seismic

o0

of seismic events, and determining, based on the comparin
evenis exceeds the expected rate of seismic event generation and whether the expected rate of
seismic events exceeds the observed rate of seismic events.

{0018} In an embodiment, first parameter is the negative slope of the line.

{0011} In an embodiment, the second parameter is a y-axis intercept of the line.

{0012] Inanembodiment, the acquiring data representing the plurality of seismic events includes

acquiring data representing fewer than 200 seismic events.

3]
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{0013} Embodiments of the disclosure may also provide a computing system including one or
more processors, and a memory system including one or more computer-readable media storing
mstructions thereon that, when executed by the one or more processors, are configured to cause
the computing system to perform operations for characterizing a subterranean geologic formation’s
response to hydraulic fracturing. The operations may include acquiring data representing a
plurality of seismic events caused by hydraulic fracturing of the subterranean geologic formation,
determining, by at least one electronic processor, a plurality of seismic event moment magnitudes
for respective seismic events in the plurality of seismic events, estimating, by at least one electronic
processor, a first parameter representing a negative slope of a line relating seismic event frequency
to seismic event magritude for at least some of the plurality of seismic events, estimating, by at
least one electronic processor, a second parameter representing an axis intercept of the hine, and
characterizing the subterranean geologic formation based at least in part on the first parameter and
the second parameter.

{0014] In accordance with some embodiments, a computer-readable storage medmum is
provided, the medium having a set of one or more programs including instructions that when
executed by a computing system cause the computing system to perform operations for
characterizing a subterranean geologic formation’s response to hydraulic fracturing.  The
operations may include acquiring data representing a plurality of seismic events caused by
hydraulic fractuning of the subterranean geologic formation, determining, by at least one electronic
processor, a plurality of seismic event moment magnitudes for respective seismic events m the
plurality of seismic events, estimating, by at least one electronic processor, a first parameter
representing a negative slope of a line relating seismic event frequency to seismic event magnitude
for at least some of the plurality of seismic events, estimating, by at least one electronic processor,
a second parameter representing an axis intercept of the line, and characterizing the subterranean
geologic formation based at least in part on the first parameter and the second parameter.

{0815} In accordance with some embodiments, a computing system is provided that includes at
least one processor, at least one memory, and one or more programs stored in the at least one
memory. The computing system further includes means for acquiring data representing a plurality
of seismic events caused by hydraulic fracturing of the subterranean geologic formation, means
for deternuning a plurality of seismic event moment magnitudes for respective seismic events in

the plurality of seismic events, means for estimating a first parameter representing a negative slope
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of a line relating seismic event frequency to seismic event magnitude for at least some of the
plurality of seismic events, means for estimating a second parameter representing an axis intercept
of the line, and means for characterizing the subterranean geologic formation based at least in part
on the first parameter and the second parameter

{0016] This summary is provided to introduce a selection of concepts that are further described
below in the detailed description. This summary is not intended to identify key or essential features
of the claimed subject matter, nor s it intended to be used as an aid in limiting the scope of the

claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

{0017} The accompanying drawings, which are incorporated in and constitute a part of this
spectfication, illustrate embodiments of the present teachings and together with the description,
serve to explain the principles of the present teachings. In the figures:

{0018] Figure 1 illustrates a simplified, schematic view of an oulfield and its operation, according
to an embodiment.

[0019] Figure 2 illustrates a simplified, schematic view of an oilfield with a seismuc survey truck,
according to an embodiment.

[0028] Figure 3 tllustrates a simplified, schematic view of an oilfield with a wireline tool,
according to an embodiment.

[0021] Figure 4 illustrates a simplified, schematic view of an oifield with a marine seismic
streamer, according to an embodiment.

{0022} Figure S illustrates a graph consistent with the Gutenberg-Richter distribution, according
to an embodiment.

10023} Figure 6 illustrates a flowchart of a method of characterizing a subterranean geologic
formation’s response to hydraulic fracturing, according to an embodiment.

10024} Figure 7 illustrates a flowchart of a method of characterizing a subterranean geologic
formation’s response to hydraulic fracturing, according to an embodiment.

{0025] Figures 84, 8B, 8C, and 8D ilustrate a flowchart of a method of characterizing a
subterranean geologic formation’s response to hydraulic fracturing, according to an embodiment.
{0026] Figure 9 illustrates a schematic view of a computing system, according to an

embodiment.
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DESCRIPTION OF EMBODIMENTS

{0027} Reference will now be made 1n detail to embodiments, examples of which are illustrated
m the accompanying drawings and figures. In the following detailed description, numerous
specific details are set forth in order to provide a thorough understanding of the mvention.
However, it will be apparent to one of ordinary skill in the art that the mvention may be practiced
without these specific details. In other instances, well-known methods, procedures, components,
circuits and networks have not been described in detail so as not to unnecessarily obscure aspects
of the embodiments.

{0028] It will also be understood that, although the terms first, second, etc. may be used herein
to describe various elements, these elements should not be limited by these terras. These terms
are only used to distinguish one element from another. For example, a first object or step could
be termed a second object or step, and, sinularly, a second object or step could be termed a first
object or step, without departing from the scope of the invention. The first object or step, and the
second object or step, are both, objects or steps, respectively, but they are not to be considered the
same object or step.

{8029] The terminology used in the description of the mvention heremn 15 for the purpose of
describing particular embodiments only and 1s not intended to be himiting of the mvention. As
used in the description of the invention and the appended claims, the singular forms “a,” “an” and
“the” are mtended to mclude the plural forms as well, unless the context clearly indicates
otherwise. It will also be understood that the term “and/or” as used heremn refers to and
encompasses any and all possible combinations of one or more of the associated histed items. It
will be further understood that the terms “includes,” “including,” “comprises” and/or
“comprising,” when used m this specification, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, elements, components, and/or groups
thereof.

{0038} As used herein, the term “1if” may be construed to mean “when” or “upon’ or “in response
to determining” or “in response to detecting,” depending on the context.

{0031} Attention is now directed to processing procedures, methods, techniques and workflows

that are in accordance with some embodiments. Some operations in the processing procedures,
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methods, techniques and workflows disclosed herein may be combined and/or the order of some
operations may be changed.

{0032] In general, monitoring seismic events, such as microseismic events, presents challenges
at least, for example, from the perspective of the monitoring equipment’s detection limitations.
For example, microseismic event detection systems may lack the ability to detect microseismic
events that yet have sufficient magnitude to cause rock deformations in the monitored region.
Particularly in the case of microseismic events caused by hydraulic fracturing, fatlure to detect
moment-affecting events can cause an estimated total moment or deformation to deviate from the
true response. This, in turn, can cause an error in fracturing effectiveness analysis and, potentially,
in future designs based on that analysis. Accordingly, some implementations of the present
disclosure include techniques for monitoring and processing seismic evenis, including
microseismic events, that accurately determine rock formation deformation caused by such events.
[0033] Further, some examples provide techniques for accounting for microseismic events that,
while not directly detectible, affect total moment or deformation of a reservoir. Such technigues
may enhance an estimated reservoir deformation.  Furthermore, the present disclosure includes
several additional applications of the disclosed techniques, including characterizing reservoir
deformation and other properties, as well as characterizing reservoir monitoring equipment
detection bimitations.

{6034} L (ilfield Operations & Seismic Monitoring

[0038] Figures 1, 2, 3, and 4 illustrate example oilfields as contemplated for various examples.
Seisnuc monitoring — ncluding microseismic momtoring — conducted on the oilfields, as shown
and described in reference to these figures, may benefit from the techniques disclosed herein.
{0636] Figure 1 illustrates an oilfield 100 in accordance with implementations of various
technologies and technigues described herein.  As shown, the oilfield has a plurality of wellsites
102 operatively connected to central processing facility 154, The oilfield configuration of Figure 1
1s not intended to limit the scope of the oilfield application system. Part, or all, of the oilfield may
be on land and/or sea. Also, while a single oilfield with a single processing facility and a plurality
of wellsites 1s depicted, any combination of one or more oilfields, one or more processing facilities
and one or more wellsites may be present.

{0037} The wellsite 102 has equipment that forms wellbores 136 into the earth. The wellbores

extend through subterranean formations 106, mcluding reservoirs 104, These reservoirs 104
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contain fluids, such as hydrocarbons. The wellsites draw fhuid from the reservoirs and pass them
to the processing facilities via surface networks 144, The surface networks 144 have tubing and
control mechanisms for controlling the flow of tlnds from the wellsite to processing facility 154,
{0038] Figure 2 shows a simplified, schematic view of an ocilfield with a seismic survey truck
according to some examples. As shown, oilfield 200 has subterranean formation 202 containing
petroleum reservoir 204 theremn. Figure 2 also illustrates a seismic survey operation being
performed by a survey tool, such as seismic survey truck 200a, to measure properties of the
subterranean formation. The survey operation may include an expedient for producing sound
vibrations. In Figure 2, such sound vibration, e.g., sound vibration 212 generated by seismic
source 210 (e.g., a seismic shot), reflects off horizons 214 in earth formation 216, Some seismic
momtoring, e.g., Microseismic mounttoring, may omit use of actively generated sound vibrations,
instead detecting vibrations resulting from hydraulic fracturing, for example. A set of sound
vibrations is received by sensors, such as geophone receivers 218 {a type of seismic receiver),
situated on the earth's surface. Geophone receivers 218 may include multiple sensors that measure
one or more of pressure, particle acceleration in the vertical direction, and/or particle acceleration
in a direction within the horizontal plane {(e.g., in one or both of the directions of x- and y-axes
sitpated on a plane parallel to the ground). The data received 220 is provided as input data to a
computer 222a of a seismic survey truck 206a, and responsive to the mput data, computer 2224
generates seismic data output 224, This seismic data output may be stored, transmutted or further
processed as desired, for example, as disclosed herem.

{8039] Computer facilities may be positioned at various locations about the oilfield 200 and/or
at remote locations, e.g., on seismic survey truck 206a. Such computer facilities may be used to
communicate with the drilling tools and/or offsite operations, as well as with other surface or
downhole sensors. Seismic survey truck 206a s capable of communicating with the drilling tools
to send commands to the dritling tools, and to receive data therefrom. Seismuic survey truck 206a
may also collect data generated during the drilling operation and produce data output 235, which
may then be stored or transmitted.

{0040} Figure 3 shows a simplified, schematic view of an oilfield with a3 wirgline tool according
to some examples. In particular, Figure 3 illustrates a wireline operation being performed by
wireline tool 306¢ suspended by rig 328 and into wellbore 336, Wireline tool 306¢ 1s adapted for

deployment into wellbore 336 for generating well logs, performing downhole tests and/or

~J
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collecting samples. Wireline tool 306¢ may be used to provide another method and apparatus for
performing a seismic survey operation, e.g., a microseismic event survey. Wirehine tool 306¢ may,
for example, have an explosive, radioactive, electrical, or acoustic energy source 344 that sends
and/or receives electrical or other signals to surrounding subterranean formations 302 and fluids
therein. Some seismic monitoring may omit use of such active energy sources, instead detecting
vibrations produced by hydraulic fracturing, for example. Wireline tool 306¢ may include one or
more geophone receivers, which may include multiple sensors that measure one or more of
pressure, particle acceleration in the vertical direction, and/or particle acceleration in a direction
within the hornizontal plane {e.g., in one or both of the directions of x- and y-axes situated on a
plane parallel to the ground).

[0041] Note that the technology and elements of Figures 1, 2, and 3 may be present in the same
oilfield and interact as described presently. That 1s, oilfield 100, oilfield 200 and oilfield 300 may
be the same oilfield. Wireline tool 306¢ of Figure 3 may be operatively connected to, or provide
sound or data signals to, for example, geophone receivers 218 and a computer 322a of seismic
survey truck 306a of Figure 2. Wireline tool 306¢ may also provide data to surface unit 334
Surface unit 334 may collect data generated during the wireline operation and may produce data
output 335 that may be stored or transmitted. Wireline tool 306¢ may be positioned at various
depths in the wellbore 336 to provide a sesmuc survey or other information relating to the
subterranean formation 302, Source 210, or fracturing caused by hydrauhic fluid mmyjection, may
provide sound energy that is reflected and then detected by any of geophone receivers 218, sensors
{S), or wireline tool 306¢.

{0042] Sensors (8}, such as gauges, geophone receivers 218 of Figure 2, that are capable of
obtaining multiple correlated datasets, may be positioned about oilfield 300 to collect data relating
to varipus field operations as described previously. As shown, sensor § 1s positioned in wirehine
tool 306¢ to measure downhole parameters which relate to, for example porosity, permeability,
fluid composttion and/or other parameters of the field operation.

{0643] Typically, the wellbore 1s drilled according to a drilling plan that 15 established prior to
driling. The dnilling plan tvpically sets forth equipment, pressures, trajectories and/or other
parameters that define the drilling process for the wellsite. The dnilling operation may then be
performed according to the dnlling plan. However, as mformation is gathered, the drilling

operation may deviate from the drilhing plan. Additionally, as drilling, hydraulic fracturing, or
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other operations are performed, the subsurface conditions may change. The earth model may also
be adjusted as new information s collected

{0044] The data gathered by sensors (S) may be collected by surface unit 334 and/or other data
collection sources such as computer 222a of a seismic survey truck 206a for analysis or other
processing. The data collected by sensors {(5) may be used alone or in combination with other
data. The data may be collected in one or more databases and/or transmitted on or offsite. The
data may be historical data, real time data, or combinations thereof. The real time data may be
used in real time, or stored for later use. The data may also be combined with historical data or
other inputs for further analysis. The data may be stored in separate databases, or combined into
a single database.

[0043] Surface unit 334 may include transceiver 337 to allow communications between surface
unit 134 and various portions of the oulfield 300 or other locations. Surface unut 134 may also be
provided with or functionally connected to one or more controllers (not shown) for actuating
mechanisms at oilfield 300, Surface unit 334 may then send comamand signals to any equipment
in oitfield 300 in response to data received.  Swrface unit 334 may receive commands via
transceiver 337 or may itself execute commands to the controller. A processor may be provided
to analyze the data (locally or remotely), make the decisions and/or actuate the controller. Inthis
manner, oiffield 300 may be selectively adjusted based on the data coliected. This technique may
be used to optimize {or improve) portions of the field operation, such as controlling drilling, weight
on bit, pump rates, wellbore location or trajectory, hydravlic fluid injection rate, pressure, or
amount, or other parameters. These adjustments may be made automatically based on computer
protocol, and/or manually by an operator. In some cases, well plans may be adjusted to select
optimum {or improved) operating conditions, or to avoid problems.

10046] While Figures 2 and 3 illustrate tools used to measure properties of an oilfield, it wili be
appreciated that the tools may be used in connection with non-oilfield operations, such as gas
fields, mmes, aquifers, storage {e.g., carbon dioxide storage), or other subterranean facilities. Also,
while certain data acquisition tools are depicted, it will be appreciated that various measurement
tools capable of sensing parameters, such as pressure, particle acceleration in the direction of any
or all three-dimensional axes, seismic two-way travel time, density, resistivity, production rate,

etc., of the subterranean formation and/or 1ts geological formations may be used. Various sensors
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(5) may be located at various positions along the wellbore and/or the monitoring tools to collect
and/or monitor the desired data. Other sources of data may also be provided from offsite locations.
{0047} The field configurations of Figures 1, 2, and 3 are intended to provide a brief description
of an example of a field usable with oilfield application frameworks. Part, or the entirety, of
oilfields 100, 200 and 300 may be on land, water and/or sea. Also, while a single field measured
at a single location 1s depicted, oilfield applications may be utilized with any combination of one
or more oilfields, one or more processing facilities and one or more wellsites.

{0048] Figure 4 shows a simplified, schematic view of an otifield with a marine seismic streamer
according to some examples. That is, Figure 4 illustrates a side view of a marine-based seismic
survey 460 of a subterranean subsurface 462 in accordance with one or more implementations of
various techmuques described herein.  Subsurface 462 mcludes seafloor surface 464, Seisnuc
sources 466 may include marine sources such as vibroseis or airguns, which may propagate seismic
waves 468 (e.g., energy signals) into the Earth over an extended period of time or at a nearly
instantaneous energy provided by impulsive sources. The seismic waves may be propagated by
marine sources as a frequency sweep signal. For example, marine sources of the vibroseis type
may nitially emit a seismic wave at a low frequency {e g.. 5 Hz) and increase the seismic wave to
a high frequency {e.g., B0-90Hz} over time. In some implementations, the seismic waves are
produced by hydraulic fracturing operations.

{8049] The component(s) of the seismic waves 468 may be reflected and converted by seafloor
surface 464 {1.e., reflector), and sewsmuc wave reflections 470 may be received by a plurality of
seismic receivers 472 (here, marne seismic recetvers). In some examples, seismic receivers are
employed without the use of artificial seismic wave sources; such embodiments may instead detect
vibrations produced by hydraulic fracturing. Seismic receivers 472 may be disposed on a plurahity
of streamers {1.e., streamer array 474). The seismic receivers 472 may generate electrical signals
representative of the recetved seismic wave reflections 470, The electrical signals may be
embedded with information regarding the subsurface 462 and captured as a record of seismic data.
{0656] In one implementation, seismic wave reflections 470 may travel upward and reach the
water/air interface at the water surface 476, a portion of reflections 470 may then reflect downward
again (1.e., sea-surface ghost waves 478) and be recetved by the plurality of seismic receivers 472.

The sea-surface ghost waves 478 may be referred to as surface multiples. The point on the water

10
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surface 476 at which the wave is reflected downward 1s generally referred to as the downward
reflection point.
{0051} The electrical signals may be transmitted to a vessel 480 via transmission cables, wireless
communication or the like. The vessel 480 may then transmit the electrical signals to a data
processing center. Alternatively, the vessel 480 may include an onboard computer capable of
processing the electrical signals (1.e, seismic survey data). Those skilled in the art having the
benefit of this disclosure will appreciate that thus illustration ts highly idealized. For instance,
surveys may be of formations deep beneath the surface. The formations may typically include
multiple reflectors, some of which may include dipping events, and may generate multiple
reflections (including wave conversion) for receipt by the seismic receivers 472, In one
implementation, the seismic data may be processed to generate a seismic image of the subsurface
462,
[0052] Marine seismic acquisition systems tow the streamers in streamer array 474 at the same
depth (e g., 5-10m) However, marine based survey 460 may tow the streamers in streamer array
474 at different depths such that seismic data may be acquired and processed in a manner that
avoids the effects of destructive interference due to sea-surface ghost waves. For instance, marine-
based survey 460 of Figure 4 illustrates eight streamers towed by vessel 480 at eight different
depths. The depth of the individual streamers may be controlled and maintained using the birds
disposed on the streamers.
[6083] 1L Guienberg-Richter Parameter Estimation and Applications
{8054] Figure S illustrates a graph SO0 consistent with the Gutenberg-Richter distribution. In
general, The Gutenberg-Richter distribution describes the relation between the number of seismic
events and event moment (1.e, magnitude) in a geological area. According to the Gutenberg-
Richter distribution, the relation between event number and moment magnitude may be
represented as, by way of non-limiting example:

N = 10 My ()
{0055} In Equation (1), M\ represents moment magnitude, which can be converted from seismic
moment Mp as follows.

logo(Mp) = 1.5M,, +9.1 (2}
{0656] Further, in Equation (1), the term NV represents the event number with moment magnitude

greater or equal to M.
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{0057} Thus, graph 500 depicts the number of events on y-axis 502, where the y-axis is
logarithmic, and the magnitude of the events on x-axis 504. The individual symbols of symbols
506 represent one or more events. Note that the events depicted on graph 500 may fit to line 508.
Line 508 1s depicted solely to tllustrate the general hinear nature of the distribution of symbols 506.
{0058] In attempting to fit a more accurate line than line 508 to symbols 506, two parameters
may be specified. That is, there are two unknown parameters in the Gutenberg-Richter
distribution, generally denoted as “a” and “b”. The “b” parameter represents the negative slope of
line 508. The other parameter, “a”, represents the y-axis intercept of line S08 Known techniques
for estimating “a” values have several deficiencies, including inaccuracy and the requirement for
data from thousands (or more) of seismic events from which to calculate “a”.
[0059] From Equation (1), an expression for “a” may be represented as follows, by way of non-
hmiting example.

a = log(N} + bM,, (3)
{0066] Note that the Gutenberg-Richter model assumes events with the corresponding moments,
down to zero, exist. In the real monitoring case, small moment events are not detected and located
by the monitoring system. Therefore, the total event number observed is less than the total number
of events that have been created. Also, large moment events are statistically unlikely to occur in
a given observed data set; for these events, due to the occurrence or non-occurrence of a single
large event, the observed distribution may apparently deviate from the theoretical Gutenberg-
Richter distribution. This deviation may also introduce an error during “a” value estimation
[0061] Embodiments of the present disclosure may provide techniques for combining an
estimated “b” value result and Gutenberg-Richter distribution to estimate any moments that are
not observed due to the systemn detection limitations. Some disclosed techmques provide accurate
techniques for estimating the “a” value, calculating the theoretical total moment using the “a”
value, and mntegrating the observed result and theoretical result to obtain the complete cumulative
moment. Other applications of the disclosed techniques are also presented.
[8062] Disclosed techniques may determine the “a” in the Gutenberg-Richter distribution, e.g.,
using few detected events. This value can help to provide a robust apphication of seismogenic
mdex. The seismogenic mdex, n turn, may be used to predict the probability of large-magnitude
earthquake, e.g., in the shale or hot-rock geothermal. Further, disclosed techniques can determine

a complemented total moment / deformation of a reservoir. Estimation of the total moment caused
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by both observed and unobserved events may help to obtain a more accurate total moment /
deformation result.

{0063] Figure 6 15 a flowchart illustrating a method 600 according to some examples. The
method 600 of Figure 6 may be implemented on a system such as that shown and described in
reference to Figure 9, for example. Further, it will be appreciated that the illustrated and below-
described blocks in this method 600 may be combined, separated into two or more blocks, re-
ordered, or performed simultaneously {e.g., in parallel).

{0001] At block 602, the method 600 includes obtaining data representing a plurality of seismic
events. The seismic events may occur as the result of hydraulic fracturing operations. The data
may be obtained by retrieval from electronic persistent memory, for example, or from an entity
that generates, possesses, or has access to the data.  Such retrieval may be over a local network,
from an attached electronic persistent storage device, or over a wide area network such as the
internet.

[0002] Insome examples, obtaining the data is a separate, independent process from the process
of generating the data by empirical measurement. Thus, in some embodiments, seismic data may
be measured by one entity through the usage of, for example, geophones or seisnmuc streamers
towed by a marine vehicle, and then transferred or stored i an electronic persistent or transitory
memory. A different entity, or the same entity, may then obtain the seismuc data by electronically
accessing the electronic persistent memory, whether directly or over a network. Thus, the data
may be measured using the instrumentation shown and described above in reference to Figures 1-
4, for example, or in a variety of other ways, and then stored in preparation for transfer, or
transferred without storage, to a system as disclosed herein.

{06063] Once gathered, the data may be locally {or remuotely) stored for later retrieval from
electronic persistent memory, transmitted to a receiving application, or otherwise utilized. The
acquired data may be stored in persistent or transitory memory.

{0064] At block 604, the method 600 includes estimating the Gutenberg-Richter “b” parameter
from the data acquired at block 602. Any suitable technique for estimating the “b” parameter may
be employed.

{0005] At block 606, the method 600 mcludes estimating the Gutenberg-Richter “a” parameter

GC, 99

based on the data acquired at block 602. This estimation may utilize techniques for estimating “a
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as disclosed herein, e g., in reference to Figure 7 as described below. Other technigues may be
used in the alternative.

{0006] At block 608, the method 600 includes characterizing the geological formation based on
one or both of the estimated “a” and “b” parameters. The characterization may include any, or a
combination, of: determining the seismogenic index, determining accurate reservoir deformation,
evaluating monttoring system detection limitations, and simulation of theoretical moment
variation. These and other applications are also described below in reference to Figure 7.

{0007] Figure 7 15 a flowchart illustrating a method 700 according to some examples. The
method 700 of Figure 7 may be implemented on a system such as that shown and described in
reference to Figure 9, for example. Further, 1t will be appreciated that the dlustrated and below-
described blocks in this method 700 may be combined, separated into two or more blocks, re-
ordered, or performed simultaneously (e.g., 1 paraliel).

[0008] At block 702, simailar to block 602, the method 700 includes acquiring data representing
a plurality of seismic events. The seismic events may occur as the result of hydraulic fracturing
operations. The data may be obtained by retrieval from electronic persistent memory, for example,
or from an entity that generates, possesses, or has access to the data. Such retrieval may be overa
local network, from an attached electronic persistent storage device, or over a wide area network
such as the mternet.

[8009] Insome examples, obtaining the data 13 3 separate, independent process from the process
of generating the data by empirical measurement. Thus, in some embodiments, seismic data may
be measured by one entity through the usage of, for example, geophones or seismic streamers
towed by a marine vehicle, and then transferred or stored in an electronic persistent or transitory
memory. A different entity, or the same entity, may then obtain the seismic data by electronically
accessing the electronic persistent memory, whether directly or over a network. Thus, the data
may be measured using the instrumentation shown and described above in reference to Figures 1-
4, for example, or in a variety of other ways, and then stored in preparation for transfer, or
transferred without storage, to a system as disclosed herein.

{0018] Once gathered, the data may be locally (or remotely) stored for later retrieval from
electronic persistent memory, transmitted to a receiving application, or otherwise utilized. The

acquired data may be stored in persistent or transitory memory.
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{0011} At block 706, the method 700 includes estimating the Gutenberg-Richter “b” parameter
from the data acquired at block 702, This block may utilize known techmques for estimating “b”.
{0012] Turning now to blocks 706, 708, and 710, these blocks are directed to estimating the “a”
parameter. At block 706, the method 700 includes determining a lower bound of magnitude range
for “a”. There are at least three contemplated techniques for estimating such a lower bound. A
first technique for estimating a lower bound for “a” utilizes known techniques for estimating “b”.
For example, U.S. Patent No. 8,831,886 describes calculating a “b” value result while
simultaneously estimating and correcting for the observational detection limit. Additionally, the
magnitude of completeness (“MOC”) can be estimated. This may be the minimum magnitude for
which events over the volume where events are expected can be reliably detected by the monitoring
system. The MOC value can then be used as the lower magnitude bound for “a”. Alternatively,
the detection-limit curve can be used in combination with the Lynden-Bell algorithm, so that the
data-set are fully used rather than truncated at the MOC.

[0013] A second technique for estimating a lower bound for “a” incudes estimating the MOC
value from the distribution between event magnitude versus distance between event and receivers.
For example, a plot of magnitude versus distance to seismic receivers may be generated, and a user
may manually select a proper MOC value. An event above this value should be detected even 1t
1s the farthest one from receivers in the monitoring region. This 1s a graphical approximation, and
may be utilized in some examples.

[0014] A third techmque for estimating a lower bound for “a” may rely on seismic processing
software used for assessing the performance of a microseismic montoring network. Based on the
distribution and property of receiver and formation, this software can calculate the munimum
detected magnitude in different iocations. As for a certain region, the largest minimum detected
magnitude can be used as MOC.

{8615] Using any of these techniques (or others), block 706 results in an estimate for a lower
bound for “a”.

{8016] At block 708, the method 700 mncludes estimating an upper bound for the Gutenberg-
Richter “a” parameter. Such estimation may be achieved by estimating the upper bound for the
“a” value using the “b” estimation versus minimum-magnitude as an aid to analysis. This
technique 1s presented in, for example, U.S. Patent No. 8,831,886, Normally, plotting the “b”

value versus the minimum magnitude distribution reveals a plateau range existing over the portion

is
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of the data where the detection-limit effects no longer have influence (the left end of the plot) and
the under-sampling due to the rarity of large events does not vet influence the result {the right-
hand end of the plot). In this situation, the upper bound of the plateau may be used as upper
magnitude range for “a” value estimation

{0017] Another way to estimate the upper bound for the Gutenberg-Richter “a” parameter that
may be utihized in block 708 1s described in U.S. Patent No. 8,831,886, In the approach described
there, an estimate of the “b” value may be obtained with upper and lower bounds. The plot of “b”
value versus mintmum magnitude may be constructed and these calculated upper and lower bounds
overlain. The left and right magnitude extrema where the “b” value versus the minimum
magnitude crosses mto and leaves the upper and lower bounds serves also as an estimate of the
appropriate data-set for estumation of the “a” value.

{6618] At block 710, the method 700 includes searching for an appropriate “a” value using the
upper and lower bounds estimated at blocks 706 and 708, This procedure may utilize a scanning
process. For example, after determining the magnitude range per blocks 706 and 708, the
magnitude value may be gradually mcremented from the lower bound (M, 150} to the upper
bound (M, ,pper). For magnitude values (M, ;). the number for events with a magnitude higher
or equal to current magnitude value N ( Mwi} may be counted. These counts may be performed m
parallel according to some implementations.

[0019] Next, the difference may be scanned. Then, the range and scanning interval of a value
{e.g.. the range may be [0, 10] and nterval may be 0.1) may be fixed. Since the “b” parameter
value can be provided by existing estimation methods, for the “a” values, equation (1} or {2) may
be used to calculate the theoretical event number (N *( Mwl)) of events with a magnitude higher or
equal to M,, ; and lower than the defined upper bound (e.g., subtract the theoretical number higher
than the upper bound from the theoretical number higher than the lower bound to estimate the
number expected).

{0026] For “a” parameter values, the deviation between calculated result and the real data may

be compared, for example, as follows:

MwisMuwypper , * 1 2
dev =}, (N (M‘/Vi) - N(:MWIT)) @

’ }W——i?:Mw,,l ower
{0021] The “a” value that minimizes the deviation (“dev”) may be selected as the estimated “a”

value produced per block 710, Other values may be selected in the alternative.
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{0022] At block 712, the technique determines a theoretical total moment. Based on the
Gutenberg-Richter distribution, the theoretical total moment within a given magnitude range

[Myw min, Mw max] may be represented as follows, using Equation (5) below, for example.
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{0023] In Equation (5}, the “a” value can be calculated via the methods above, the “b” value may
be determined from existing “b” value analysis methods. Based on these parameters, the
theoretical total moment can be estimated by equation (5).

{8024] The“a” value represents a Poisson process, and it may be observed that the microseismic
events can occur during only particular parts of a treatment stage. For example, in certain reservoir
formations microseismicity may be observed at mitial breakdown, at high proppant loadings, or
immediately following shut-in. In the trivial case, there is a period of time before any fracture
treatment begins, for which any microseismicity is unrelated to the treatment, and similarly there
may be a period of time after the treatment ends. Some examples additionally inchude time-
windowing of the microseismic data using external information, such as the pumping schedule, to
extract a portion of the complete data-set over which an estimate of “a” value is to be made
{0025] At block 714, the complemented cumulative moment is determined. This may be
performed by integrating the theoretical result with the observed result, for example. 1In a real
monitoring case, large magnitude events are rare. The distribution of observed events may
apparently deviate from the theoretical Gutenberg-Richter distribution whenever the total number

of events is small. The theoretical estimated result 1s therefore expected differ from the estimate
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based on the observations. Events with a magnitude larger or equal to MOC, and more precisely
events higher than the detection-limit at any given distance, may be assumed to detected by the
monitoring system. Since the scale is exponential, the greatest proportion of the observed moment
is captured by these few large events. The total moment equation can be represented as follows,
by way of non-limiting example.

™ (M_m,, MVT,,W) = TMipeory (Meoe MOCY + TMyp (MOC, My, o) (6)
{0026] In Equation (6), the first term on the right is estimated total moment between
[M_ ., MOC] calculated by equation (5), and the second term on the right s the sum value of the
observed events between [MOC, M, . 1. Here, M_,, represents the event with zero semsmic
moment.
{0027} At block 716, the geological formation under consideration may be characterized using
one of more of the computed quantities, e.g., comphmented cumulative moment or “a” value.
There are several ways i which the geological formation may be characterized.
{0628] As a first example of characterizing the geological formation, the technique may
calculate a seismogenic index. The seismogenic index estimates the probability of micro-
earthquakes induced during reservoir fluid stimulation, and may be independent of injection time
and injection characteristics. The seismogenic index may be defined by seismotectonic features
of a given location. A larger value of this index generally means a larger the probability of non-
trivial magnitude. Some examples provide an indication {e.g., a visual indication on a computer
monttor, for example) that a rate of hydraulic fluid injection should be altered in order to reduce
the probability of an earthquake of a given magnitude. Some examples automatically adjust a rate
of hydraulile fluid injection to reduce the probability of an earthquake of a given magnitude. The
equation of seismogenic index can be represented as, by way of non-limiting example:

F'=a—log(F5) (7
{002%] In Equation (7}, the term “a” 15 the “a” value in the Gutenberg-Richter distribution; the

CT?"LGX l .
N 2 (‘T"h'lj( IS

second item relates to formation, § is a poroelastic uniaxial storage coefficient, F, =
the maximum critical pressure in the region, and N 1s the concentration of pre-existing cracks. In
similar lithological settings, the formation properties may be assumed to be similar, but the “a”
value may change with time and stage. This may cause the variation of the observed seismogenic

index and deviation from an initially predicted value.
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{00308} This disclosure presents techniques for calculating the “a” value during microseismic
monitoring. This result can be applied to adjust the deviation caused by the change 1n “a” value
and make the application of seismogenic index more robust.

{0031] As a second example of characterizing the geological formation, the methods may more
accurate mformation for evaluating the hydraulic fracturing operation. In hydraulic fracturing
monitoring, the total moment may be used to evaluate the reservoir deformation and to indicate
the effectiveness of fracturing operations. The methods disclosed herein may estimate the total
seismic moment, together with the “a” value that characterizes the rate of moment production.
This provides a more accurate result for further fracturing analysis and evaluation.

[0032] As a third example of characterizing the geological formation, the methods disclosed
herein may be used to evaluate the monitoring system’s detection limitations. The methods may
estimate both the total seismic moment produced and the “a” value representing the rate of moment
production. The difference between thus result and the observed total moment may yield an
estimate of the missing part due to the monitoring system himutation. The difference or the ratio
between estimated total moment and observed total moment can act as an index to evaluate the
monttoring system humitation,

{8033] As a fourth example of characterizing the geological formation, the disclosed methods
may be used to simulate a theoretical moment vanation. Because the present methods allow
estimation of the “a” value, the Gutenberg-Richter distribution with both “a” and “b” values may
be used to generate realizations of expected seismic moment generation versus time. A detection-
himit estimation can be applied to the realizations to establish the expected range of observed
moment generation rates. These can be compared to the observed moment generation rate to
understand whether the observations lie within the expected bounds, or whether there 1s a period
of anomalously high moment generation (indicating, perhaps, a rapid change in geomechanical

conditions during some part of the stimuiation treatment).
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{0034] Attention is now directed to Figures 8A, 8B, 8C, and 8D, which are flow diagrams
illustrating a method 800 of characterizing a geological formation using Gutenberg-Richter
distribution techniques, in accordance with some implementations. Some operations in method
800 may be combined and/or the order of some operations may be changed. Further, some
operations in method 800 may be combined with aspects of the example workflows of Figures 6
and/or 7, and/or the order of some operations in method 800 may be changed to account for
mcorporation of aspects of the workflow illustrated by one or more of Figures 6 and/or 7. The
techniques of Figures 8A, 8B, 8C, and 8D may be implemented at least partially on the system
shown and described below in reference to Figure 9. Further, it will be appreciated that the
llustrated and below-described blocks in this method 800 may be combined, separated into two
or more blocks, re-ordered, or performed simultaneously (e g., in parallel}.

[0035] Refernng now specifically to the dlustrated embodiments, as shown 1n Figure 8A, the
method 800 may include acquiring data representing a plurality of seismic events caused by
hydraulic fracturing of a subterranean geologic formation, as at 802 {e.g., Figure 6, 602, obtain
data representing a plurabity of seismic events, and Figure 7, 702, obtain data representing a
plurality of seismic events). In an embodiment, the acquiring data representing a plurality of
seismuc events caused by hydrauhic fracturing of a subterranean formation may include acquiring
data representing fewer than 200 events, as at 804, It will be appreciated, however, that
embodiments that omut block 304 are specifically contemplated heremn,

{0636] The method 800 may also include determining, by at least one electronic processor, a
plurality of seismuc event moment magnitades for respective seismic events 1o the plurality of
seismic events, as at 806 {g.g., Figure 5, Equation (2}, M, represents moment magnitude, which
can be converted from seismic moment Mo).

{0037} The method 800 may also include estimating, by at least one electronic processor, a first
parameter representing a negative slope of a line relating seismic event frequency to seismic event
magnitude for at least some of the plurality of seismic events, as at 808 {e.g., Figure 7, 604,
estimate Gutenberg-Richter “b” parameter, Figure 7, 704, estimate Gutenberg-Richter “b”
parameter). In an embodiment, the first parameter may be the negative slope, as at 810. It will be
appreciated, however, that embodiments that omit block 804 are specifically contemplated herein.
{0038} The method 800 may also include estimating, by at least one electronic processor, a

second parameter representing an axis intercept of the line, as at 812 (e.g., Figure 6, 606, estimate
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Gutenberg-Richter “a” parameter, Figure 7, 700, estimate lower bound for Gutenberg-Richter “a”
parameter, 708, estimate upper bound for Gutenberg-Richter “2” parameter, and 710, search for
Gutenberg-Richter “a” parameter). In an embodiment, the second parameter may be a second
parameter may be a y-axis intercept, as at 814, In an embodiment, the estimating the second
parameter includes determining a lower bound for a seismic moment magnitude for the plurality
of setsmic events; determining an upper bound for a setsmic moment magnitude for the plurality
of seisnmic events; computing, for a plurality of seismic moment magnitude values between the
lower bound and the upper bound, a plurality of deviations between: a number of observed seismic
events having a magnitude of at least a respective seismic moment magnitude value and no more
than the upper bound, and a calculated number of seismic events having a magnitude of at least
the respective seismic moment magnitude value and no more than the upper bound; and selecting
the second parameter corresponding to a deviation of the plurality of deviations, as at 816, It will
be appreciated, however, that embodiments that omit one or both of blocks 814 and 816 are
specifically contemplated bheremn.

[003%9] The method 800 may also include characterizing the subterranean geologic formation
based at least in part on the first parameter and the second parameter, as at 818 {(e.g., Figure 600,
608, characterize geological formation, Figure 700, 716, characterized geological formation).
{00408] In an embodiment, the characterizing includes calculating 3 probability of mucro-
earthquakes of a predetermined Richter magnitude using the first parameter and the second
parameter, as at 3204, and repeatedly updating the probability of mucro-earthquakes of the
predetermined Richter magnitude, as at 820B. In some examples, the calculating may be
performed during an mnjection of hvdraulic fracturing fluid into the subterranean geologic
formation. In an embodiment, the characterizing at 818 further incudes indicating that a rate of
mjection of the hydraulic fracturing fhud into the subterranean geologic formation should be
adjusted to reduce a probability of micro-earthquakes of the predetermined Richter magnitude, as
at 822A. The method may also include adjusting the rate of mjection of the hydraulic fluid into
the subterranean geologic formation consistent with the indicating, as at 822B, and confirming that
the adjusting reduces a probability of micro-earthquakes of the predetermined Richter magnitude
based on the repeatedly updating., as at 822C. In some examples, the rate of injection may be
automatically adjusted. In an embodiment, the characterizing mcudes determining an observed

cumulative seismic moment for the plurality of seismic events, as at 824A, determining a
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theoretical cumulative seismic moment for the plurality of seismic events using the first parameter
and the second parameter, as at 824B; determining a complemented total moment using the
observed cumulative seismic moment and the theoretical cumulative seismic moment, as at 824C;
and determuining the deformation of the subterranean reservoir using the complemented total
moment, as at 824D,

{0041} In an embodiment, the characterizing at 818 includes deternmuning an observed
cumulative seismic moment for the plurality of seismic events, as at 826A, determining a
theoretical cumulative seismic moment for the plurality of seismic events using the first parameter
and the second parameter, as at 8268, comparing the observed cumulative seismic moment to the
theoretical cumulative seismic moment, as at 826C, and determining, bhased on the comparing, a
sensitivity limitation on a seismic monttoring system used to monitor the plurality of seismic
events, as at 8261

[0042] In an embodiment, the characterizing at 818 mcludes determining, using the first
parameter and the second parameter, an expected rate of seismic event generation caused by the
hydraulic fracturing over time, as at 828A, comparing the expected rate of seismic event generation
to an observed rate of seismic events, as at 8288, and determining, based on the comparing,
whether the observed rate of seismic events exceeds the expected rate of seismic event generation
and whether the expected rate of seismic events exceeds the observed rate of seismic events, as at
&28(C. The observed rate may be measured directly, or determuned from data provided by a
separate entity that performs the measurement.

{6043} HL Example Hardware and Other Equipment

{0044} In one or more embodiments, the functions described can be implemented in hardware,
software, firmware, or any combination thereof. For a software implementation, the techniques
described herein can be implemented with modules {e.g., procedures, functions, subprograms,
programs, routines, subroutines, modules, software packages, classes, and so on) that perform the
functions described herein. A module can be coupled to another module or a hardware circutt by
passing and/or receiving information, data, arguments, parameters, or memory contents.
Information, arguments, parameters, data, or the like can be passed, forwarded, or transmitted
using any suitable means including memory sharing, message passing, token passing, network
transmission, and the like. The software codes can be stored in memory units and executed by

processors. The memory unit can be implemented within the processor or external to the processor,
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in which case it can be communicatively coupled to the processor via various means as 1s known
in the art.

{0045] In some embodiments, any of the methods of the present disclosure may be executed by
a computing system. Figure 9 illustrates an example of such a computing system 900, n
accordance with some embodiments. The computing system 900 may include a computer or
computer system 901 A, which may be an individual computer system 901 A or an arrangement of
distributed computer systems. The computer system 901A includes one or more analysis
module(s} 902 configured to perform various tasks according to some embodiments, such as one
or more methods disclosed herein. To perform these various tasks, the analysis module 902
executes independently, or in coordmation with, one or more processors 904, which 1s {or are)
connected to one or more storage media 906, The processor(s) 904 s (or are) also connected to a
network interface 907 to allow the computer system 901 A to communicate over a data network
909 with one or more additional computer systems and/or computing systems, such as 9018, 901C,
and/or 201D (note that computer systerns 9018, 901C and/or 901D may or may not share the same
architecture as computer system 901 A, and may be located in different physical locations, e g,
computer systems 901 A and 9018 may be located in a processing facility, while i communication
with one or more computer systems such as 901C and/or 901D that are located 1n one or more data
centers, and/or located m varying countries on different continents),

{8046] A processor can include a microprocessor, nucrocontroller, processor module or
subsystem, programmable miegrated circust, programmable gate array, or another control or
computing device.

{0047} The storage media 906 can be implemented as one or more computer-readable or
machine-readable storage media. Note that while in the example embodiment of Figure 9 storage
media 906 1s depicted as within computer system 901 A, in some embodiments, storage media 906
may be distributed within and/or across multiple internal and/or external enclosures of computing
system 901 A and/or additional computing systems. Storage media 906 may include one or more
different forms of memory including semiconductor memory devices such as dynamic or static
random access memories (DRAMSs or SRAMSs), erasable and programmable read-only memories
{(EPROM;s), electrically erasable and programmable read-only memories (EEPROMs) and flash
memories, magnetic disks such as fixed, floppy and removable disks, other magnetic media

mcluding tape, optical media such as compact disks (CDs) or digital video disks (DVDs),
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BLURAY™ disks, or other types of optical storage, or other types of storage devices. Note that the
mstructions discussed above can be provided on one computer-readable or machine-readable
storage medium, or alternatively, can be provided on multiple computer-readable or machine-
readable storage media distributed in a large system having possibly plural nodes. Such computer-
readable or machine-readable storage medium or media is {are) considered to be part of an article
{or article of manufacture}. An article or article of manufacture can refer to any manufactured
single component or multiple components. The storage medium or media can be located either in
the machine running the machine-readable instructions, or located at a remote site from which
machine-readable instructions can be downloaded over a network for execution.

[0048] In some embodiments, computing systern 900 contains one or more parameter estimation
(“est.”y module(s) 908, In the example of computing system 900, computer system 901 A includes
the parameter estimation module 908, In some embodiments, a single parameter estimation
module may be used to perform some or all aspects of one or more embodiments of the methods.
In alternate embodiments, a plurality of parameter estimation modules may be used to perform
some or all aspects of methods.

{0049] It should be appreciated that computing system 900 1s only one example of a computing
system, and that computing system 900 may have more or fewer components than shown, may
combine additional components not depicted in the example embodiment of Figure 9, and/or
computing system 900 may have a different configuration or arrangement of the components
depicted i Figure 9. The vartous components shown in Figure 9 may be implemented in hardware,
software, or a combination of both hardware and software, including one or more signal processing
and/or application specific integrated circuits.

{0650] Further, the steps in the processing methods described herein may be implemented by
running one or more functional modules in information processing apparatus such as general
purpose processors or apphication specific chips, such as ASICs, FPGAs, PLDs, or other
appropriate devices. These modules, combinations of these modules, and/or their combination with
general hardware are all included within the scope of protection of the invention.

{0051} Geologic interpretations, models and/or other mterpretation aids may be refined in an
terative fashion; this concept is applicable to embodiments of the present methods discussed
herein. This can include use of feedback loops executed on an algorithmic basis, such as at a

computing device (e.g., computing system 900, Figure 9}, and/or through manual control by a user
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who may make determinations regarding whether a given step, action, template, model, or set of
curves has become sufficiently accurate for the evaluation of the subsurface three-dimensional
geologic formation under consideration.

{0052] The foregoing description, for purpose of explanation, has been described with reference
to specific embodiments. However, the illustrative discussions above are not intended to be
exhaustive or to limit the invention to the precise forms disclosed. Many modifications and
variations are possible in view of the above teachings. Moreover, the order in which the elements
of the methods are illustrated and described may be re-arranged, and/or two or more elements may
occur simultaneously. The embodiments were chosen and described in order to best explain the
principals of the invention and tis practical applications, to thereby enable others skilled in the art
to best utilize the invention and various embodiments with various modifications as are suited to

the particular use contemplated.
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CLAEMS

What is claimed is:

1. A computer-implemented method of characterizing a subterranean geologic formation’s
response to hydraulic fracturing, the method comprising:

acquiring data representing a plurality of seismic events caused by hydraulic fracturing of
the subterranean geologic formation;

determining, by at least one electronic processor, a plurality of seismic event moment
magnitudes for respective seismic events in the plurality of seismic events;

estimating, by at least one electronic processor, a first parameter representing a negative
slope of a line relating seismic event frequency to seisruic event magnitude for at least some of the
plurality of seismic events;

estimating, by at least one electronic processor, a second parameter representing an axis
intercept of the line; and

characterizing the subterranean geologic formation based at least in part on the first

parameter and the second parameter.

2. The method of claim 1, wherein the estiimating the second parameter comprises:

determining a lower bound for a seismic moment magnitude for the plurality of seismic
events,

determining an upper bound for a seisnuc moment magnitude for the plurality of setsmic
events,

computing, for a plurality of seismic moment magnitude values between the lower bound
and the upper bound, a plurality of deviations between: a3 number of observed seismic events
having a magnitude of at least a respective seismic moment magnitude value and no more than the
upper bound, and a calculated number of seismic events having a magnitude of at least the
respective seismic moment magnitude value and no more than the upper bound; and

selecting the second parameter corresponding to a deviation of the plurality of deviations.

3. The method of claim 1, wherein the characterizing comprises:
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calculating a probability of micro-earthquakes of a predetermined Richter magnitude using
the first parameter and the second parameter; and
repeatedly updating the probability of micro-earthquakes of the predetermined Richter

magnitude.

4. The method of claim 3, wherein the characterizing further comprises indicating that a rate
of iyjection of the hydraulic fracturing fluid into the subterranean geologic formation should be

adjusted to reduce a probability of micro-earthquakes of the predetermined Richter magnitude .

5. The method of claum 4, further comprising:

adjusting the rate of mjection of the hyvdraulic fluid into the subterranean geologic
formation consistent with the indicating; and

confirming that the adjusting reduces a probability of micro-earthquakes of the

predetermined Richter magnitude based on the repeatedly updating.

6. The method of claim 1, wherein the characterizing comprises:

determining an observed cumulative seismic moment for the plurality of seismic events;

determining a theoretical cumulative seismic moment for the plurality of seismic events
using the first parameter and the second parameter;

determining a complemented total moment using the observed cumudative seismic moment
and the theoretical cumulative seismic moment; and

determining the deformation of the subterranean reservoir using the complemented total

moment.

7. The method of claim 1, wherein the characterizing comprises:
determining an observed cumulative seismic moment for the plurality of seismic events;
determining a theoretical cumulative seismic moment for the plurality of seismic events
using the first parameter and the second parameter;
comparing the observed cumulative seismic moment to the theoretical cumulative seismic

moment; and
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determining, based on the comparing, a sensitivity hmitation on a seismic momtoring

system used to monitor the plurality of seismic events.

8. The method of claim 1, wherein the characterizing comprises:

determining, using the first parameter and the second parameter, an expected rate of
seismic event generation caused by the hydraulic fracturing over time;

comparing the expected rate of seismic event generation to an observed rate of seismic
events; and

determining, based on the comparing, whether the observed rate of seismic events exceeds
the expected rate of seismic event generation and whether the expected rate of seismic events

exceeds the observed rate of seismic events.

9. The method of claim 1, wherein the first parameter 1s the negative slope of the line.
10. The method of claim 1, wherein the second parameter 1s a y-axis intercept of the hine.
11 The method of claim 1, wherein the acquiring data representing the plurality of setsmic

events comprises acquiring data representing fewer than 200 seismic events.

12, A computing system, comprising:

one or more electronic processors; and

a memory system comprising one or more computer-readable media storing instructions
thereon that, when executed by the one or more processors, are configured to cause the computing
system to perform operations for charactenizing a subterranean geologic formation’s response to
hydraulic fracturing, the operations comprising:

acquiring data representing a plurality of seismic events caused by hydraulic fracturing of
the subterranean geclogic formation;

determining, by at least one electronic processor, a plurality of seismic event moment

magnitudes for respective seismic events in the plurality of seismic events;
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estimating, by at least one electronic processor, a first parameter representing a negative
slope of a line relating seismic event frequency to seismic event magnitude for at least some of the
plurality of seismic events;

estimating, by at least one electronic processor, a second parameter representing an axis
ntercept of the line; and

characterizing the subterranean geologic formation based at least in part on the first

parameter and the second parameter.

13. The system of claim 12, wherein the estimating the second parameter comprises:

determuning a lower bound for a seismic moment magnitude for the plurality of seismic
events,

determining an upper bound for a seisnuc moment magnitude for the plurality of seismic
events,

computing, for a plurality of seismic moment magnitude values between the lower bound
and the upper bound, a plurahity of deviations between: a number of observed seismic events
having a magnitude of at least a respective seismic moment magnitude value and no more than the
upper bound, and a calculated number of seismic events having a magnitude of at least the
respective seismic moment magnitude value and no more than the upper bound; and

selecting the second parameter corresponding to a deviation of the plurality of deviations.

14. The system of claim 12, wherem the characterizing comprises:

calculating a probability of micro-earthquakes of a predetermined Richter magnitude using
the first parameter and the second parameter; and

repeatedly updating the probability of micro-earthquakes of the predetermined Richter

magnitude.

15. The system of claim 14, wherein the characterizing further comprises indicating that a rate
of injection of the hydravlic fracturing fhud into the subterranean geologic formation should be

adjusted to reduce a probability of micro-earthquakes of the predetermined Richter magnitude.

16. The system of claim 15, wherein the operations further comprise:
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adjusting the rate of injection of the hydraulic fluid into the subterranean geologic
formation consistent with the indicating; and
confirming that the adjusting reduces a probability of micro-earthquakes of the

predetermined Richter magnitude based on the repeatedly updating.

17. The system of claim 12, wherein the characterizing comprises:

determining an observed cumulative seismic moment for the plurality of seismic events;

determining a theoretical cumulative seismic moment for the plurality of seismic events
using the first parameter and the second parameter;

determuning a complemented total moment using the observed cumulative seismic moment
and the theoretical cumulative seismic moment; and

determining the deformation of the subterranean reservoir using the complemented total

moment.

18. The system of claim 12, wherem the characterizing comprises:

determining an observed cumulative seismic moment for the plurality of seismic events;

determining a theoretical cumulative seismic moment for the plurality of seismic events
using the first parameter and the second parameter;

comparing the observed cumulative seismic moment to the theoretical cumulative setsmic
moment; and

determining, based on the comparing, a sensitivity hmitation on a seismic montorng

system used to monitor the plurality of seismic events.

19. The system of claim 12, wherein the characterizing comprises:

determining, using the first parameter and the second parameter, an expected rate of
seismic event generation caused by the hydraulic fracturing over time;

comparing the expected rate of seismic event generation to an observed rate of seismic
evenis; and

determining, based on the comparing, whether the observed rate of seismic events exceeds
the expected rate of seismic event generation and whether the expected rate of seismic events

exceeds the observed rate of seismic events.

30



WO 2018/125205 PCT/US2016/069475

20. The system of claim 12, wherein the first parameter is the negative slope of the ling.
21 The system of claim 12, wherein the second parameter s a y-axis intercept of the line.
22. The system of claim 12, wherein the acquiring data representing the plurality of seismic

events comprises acquiring data representing fewer than 200 seismic events.
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