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SYSTEM AND METHOD FOR RECONSTRUCTING MICROSEISMIC EVENT
STATISTICS FROM DETECTION LIMITED DATA

CROSS-REFERENCE TO RELATED APPLICATION

[001] The current application is based on and claims the benefit of priority from United States
Patent Application No. 12/977,150, filed on December 23, 2010; the entire contents of which are

hereby incorporated by reference.

TECHNICAL FIELD

[002] This invention relates to methods and apparatus used in modeling and processing a
subterranean formation. In particular, the invention relates to using the quantitative interpretation of
microseismic data. Also in particular, the invention relates to methods to estimate the b-value,

complete frequency-magnitude distribution, and detection limit curves for a formation.

DESCRIPTION OF THE RELATED ART

[003] Hydraulic fracturing is used to increase hydrocarbon production. During a hydraulic fracture
treatment, a fracturing fluid is injected at a pressure exceeding the in-situ stress of the target formation
to create a large fracture. In a rock formation that does not contain extensive natural fractures, a single
dominant fracture is created in the direction perpendicular to the minimum in-sifu stress. The resulting
fracture, filled with propping agent carried by the fluid, provides a highly conductive conduit to
facilitate the flow of hydrocarbon into the wellbore.

[004] In recent years, microseismic monitoring has been widely used in hydraulic fracture
treatments to help determine the dimensions of the created hydraulic fracture. Often, during the
hydraulic fracturing process, the natural fractures or faults existing in the formation undergo slippages
along the natural fracture planes, triggering a series of small magnitude seismic waves traveling in the
formation, called microseismic events, created by the stress increase and fluid filtration in the region
surrounding the fracture. These microseismic events can be detected by a string of geophones located
in a neighboring well or in one individual well. By processing the detected acoustic wave forms, the
epicenter of each microseismic event can be determined. Collectively, the detected event locations
form an estimate that encompasses the actual fracture being created. Based on the microseismic data,
engineers can estimate the length and height of the hydraulic fracture. Human judgment is often relied
upon to exclude isolated or sparse events in this exercise, leading to large uncertainties in the inferred

fracture dimensions.
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[005] With increasing application of hydraulic fracturing in formations such as fractured shales,
microseismic monitoring provides evidence that complex hydraulic fracture networks are created in
the highly naturally fractured formation. Manual extraction of the fracture shape from a microseismic
cloud is possible, but is quite challenging and highly uncertain. Thus, effective interpretation of
microseismic events demands a robust and automated fracture extraction method. The use of the
amplitude information to enhance microseismic map interpretation has been introduced. Various
fracture complexity indicators may include seismic deformation information. However, a system is
needed that relates the amplitude ratio for each observed event to the orientation of the major plane.

Further, the system needs to provide a quantitative interpretation with assigned probabilities.

BRIEF SUMMARY

[006] Embodiments of this invention relate to compositions and methods of processing a
subterranean formation including collecting microseismic data from one wellbore, collecting
amplitude ratio information for the microseismic data, comparing the amplitude ratio to an expected
ratio, generating a representation of a formation based on the microseismic data and the comparison
of the amplitude ratio and expected ratio, and performing a oil field services activity based on the

representation.

BRIEF DESCRIPTION OF THE DRAWINGS

[007] Figure 1 is a plot of magnitude as a function of distance for an example of microseismic data.
[008] Figure 2 shows the 3000 simulated microseismic event data.

[009] Figure 3 shows the 369 detectable event data.

[010] Figure 4 illustrates magnitude vs. distance.

[011] Figure 5 compares the recovered profile, the profile obtained by a simple cumulative

calculation, and the theoretical curve.
[012] Figure 6 illustrates that the variation of resolution with number of samples.
[013] Figure 7 is a chart representing historical information as a stereonet.

[014] Figure 8 is a chart of the amplitude ratio as having a location uncertainty on a Gaussian

distribution of take-off angle, 1A iz,

[015] Figure 9 is a theoretical curve as shown of modeled amplitude ratios Ay which will contain
an observed value of P/Sh multiple times calculation of probability with the prior (marked FMI) and

the P(microseismic|interpretation).
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[016] Figure 10 is a flow chart illustrating one mathematical model for an embodiment of the

invention.

[017] Figure 11 plots microseismic events, relative probability versus rake angle for the Bakken

Shale example described below.

[018] Figure 12 is a detection limit curve, based on the lowest value of A (labeled 'Initial detection
limit") and based on the value of A corresponding to a fit to Gutenberg-Richter (labeled 'Final

detection limit").

[019] Figure 13 shows observed data (top curve) and Gutenberg-Richter (lower curve) for the b-

value determined across all data (b=0.6).

[020] Figure 14 shows the same observed data as Figure 13 with Gutenberg-Richter fitted to 5
percent significance by increasing the minimum magnitude used to calculate b-value (b=2.2) through

the removal of events.

[021] Figure 15 shows the same data as Figure 14, this time corresponding to the Lynden-Bell

reconstruction of the complete data-set.

[022] Figure 16 shows the same data as Figure 14, fully analyzed by application of the algorithm,

here only 53 of the 871 events are discarded, so one is using much more of the data.

[023] Figure 17 shows the same data as Figure 14, with b-values versus event number, calculated by

using a running window of 100 events and applying the algorithm.

[024] Figure 18 shows microseismic events excluding those from the highlighted region in Figure

17.
[025] Figure 19 shows the events from the highlighted region in Figure 17.

[026] Figure 20 plots theoretical curves corresponding to the projection of the possible orientations

onto the log(Sh/P) vs Azimuth space.
[027] Figure 21 is a three dimensional plot of the data used in Figure 20.
[028] Figure 22 is a plot of theoretical values of the log of frequency as a function of magnitude.

[029] Figure 23 is a plot with top curves that show the confidence varies away from the maximum

likelihood estimate for the two separate sub-sets and the single combined dataset.

DETAILED DESCRIPTION

[030] Microseismic data contains a wealth of information about the source and the rock through

which it propagates. This information is not ¢asily recoverable since the source mechanism, location



WO 2012/085848 PCT/IB2011/055835

and time are not known at the outset and so all information can be recovered only by inversion or

inferred using modeling. This invention relates to methods and apparatus to form and use

[031] At the outset, it should be noted that in the development of any such actual embodiment,
numerous implementation-specific decisions must be made to achieve the developer's specific goals,
such as compliance with system related and business related constraints, which will vary from one
implementation to another. Moreover, it will be appreciated that such a development effort might be
complex and time consuming but would nevertheless be a routine undertaking for those of ordinary
skill in the art having the benefit of this disclosure. The description and examples are presented solely
for the purpose of illustrating the preferred embodiments of the invention and should not be construed
as a limitation to the scope and applicability of the invention. While the compositions of the present
invention are described herein as comprising certain materials, it should be understood that the
composition could optionally comprise two or more chemically different materials. In addition, the

composition can also comprise some components other than the ones already cited.

[032] In the summary of the invention and this description, each numerical value should be read
once as modified by the term "about" (unless already expressly so modified), and then read again as
not so modified unless otherwise indicated in context. Also, in the summary of the invention and this
detailed description, it should be understood that a concentration range listed or described as being
useful, suitable, or the like, is intended that any and every concentration within the range, including
the end points, is to be considered as having been stated. For example, "a range of from 1 to 10" is to
be read as indicating each and every possible number along the continuum between about 1 and about
10. Thus, even if specific data points within the range, or even no data points within the range, are
explicitly identified or refer to only a few specific, it is to be understood that inventors appreciate and
understand that any and all data points within the range are to be considered to have been specified,

and that inventors have disclosed and enabled the entire range and all points within the range.

[033] Embodiments of the invention consider a discrete set of interpretations and assign relative
probabilities to those interpretations using the observed microseismicity. The interpretation is then

achieved by application of Bayes Theorem:

P (microseismic|interpretation) P (interpretation)

P (interpretation|microseismic) = POnicroseismic)
microseismic

[034] P(interpretation|microseismic) is the probability distribution of the different proposed
interpretations given the observed microseismic data.

[035] P(microseismiclinterpretation) is the probability distribution of observing the microseismic

data, given the proposed interpretations.
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[036] P(interpretation) is the probability distribution of the proposed interpretations, before
incorporating the microseismic information. This could be simply a flat distribution, or could be the
distribution resulting from a previous interpretation. For example, one may have determined the
relative probability of different n-plane solutions using only event locations and location uncertainty
P(interpretation|microseismic),and then use that as the P(interpretation) for the analysis of amplitude-
ratio information. Do not apply the same information twice (i.e. P(interpretation|microseismic) from
amplitude analysis cannot be used as P(interpretation) for a re-interpretation of the amplitudes — this

would lead to under-estimation of the uncertainty in the result).

[037] P(microseismic) is the probability of observing the microseismic events, independent of the
interpretations. In some studies, such as amplitude ratio analysis, this can be considered a constant; in
studies which use magnitudes or the event number density, the probability distribution is affected

strongly by detection limits.

[038] In microseismic interpretation, particularly the evaluation of stimulated volume (ESV) and
the estimation of b-values, the data are biased due to the monitoring geometry. The minimum
magnitude event that can be reliably detected increases with distance and the volume of investigation
increase with distance too. This leads immediately to a deficit in small events and an excess of large
events versus distance from the monitoring well; removing these biases allows assuming
P(microseismic) is a constant for all events. This affects all analysis that is based on magnitudes or
cumulative event number, such as an Estimated Stimulated Volume (ESV) or Failed Reservoir
Volume (FRV) and the interpretation of frequency-magnitude statistics ('b-value interpretation'). This
detection bias is investigated and a statistically robust analysis is presented to both adjust ESVs and

provide b-value interpretation for the single monitoring well case.

[039] The prior probability of interpretations, P(inferpretation), is derived from possible
orientations of microseismic events taken from knowledge of geology or dips interpreted from
Formation Microimager (FMI) logs. This same prior probability is useful in interpreting a fault-plane
solution over the set of events. For example, inversion of an individual microseismic event to retrieve

the moment tensor (source mechanism) requires a reasonable coverage of the radiation pattern.

[040] Practically, microseismic information is limited to a single monitoring well and obtaining
effective radiation pattern coverage for any individual event is extremely difficult or impossible.
Thus, embodiments of the invention determine the predominant mechanism over a set of events. By
assuming that the events, overall in a statistical sense, share a predominant mechanism, on¢ can use
all events together to invert for a characteristic source mechanism. If a number of potential candidate

mechanisms are presented, embodiments of this method can assign their relative likelihoods.

[041] Embodiments of the invention include a simplified geomechanical model of microseismicity

that is suitable for calculation using the VISAGE finite element geomechanics simulator. It is shown
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that the inclusion of the physics-based simulator to forward model potential microseismic
mechanisms based on the multiple planes interpretation provides strong constraints on the rake angle.
Embodiments of the invention will benefit when this approach is used in combination with plane-

interpretation to provide self-consistent interpretations of observed microseismicity.

Recovering undetected events

[042] In any monitoring configuration, and particularly in the single-well monitoring case, high
magnitude events are detectable at great distances, but small events are only detected close to the
well. This is compounded by the field-of-view issue, the volume of rock that is observable for any
given aperture increases with distance from the observing well. This means that if events occurred
with a constant number density (i.e. per unit volume) one would still see an apparent profile versus

distance.

[043] In earthquake catalogue analysis, the approach is to take a minimum magnitude and discard
all events below that magnitude from the analysis (known as the Magnitude of Completeness). This
approach has also been tried in microseismic interpretation for HFM. The unfortunate consequence in
the microseismic monitoring case is that the vast majority of events are discarded. Therefore,
embodiments of the invention relate to a method to recover the amplitude distribution of the events

using as many of the events as possible.

[044] These detection issues are illustrated by a magnitude versus distance plot (Figure 1). Figure 1
illustrates typical microseismic events from a multistage hydraulic fracture treatment. In general b-
values are calculated by discarding all events below Mw=-2. The region of undetected low amplitude

events 1s marked.

[045] It is helpful to consider a relevant analogy to the estimation of the Hubble Constant in
astronomy. This requires an estimation of the stellar magnitude profile (number density and
magnitude of stars), which suffers from the observation problem that we only observe stars from the
Earth, so that very bright stars are observed at great distances and many nearby faint stars are seen.
This problem was solved by Lynden-Bell and the solution, adjusted for microseismic data is sufficient

in the single observing well case.

[046] The general problem has been defined by Efron and Petrosian, and it is an initial part of some

embodiments of the invention. One should consider

f=Untfo s )
to be the probability f; of events with a magnitude greater than some nominal value, occurring at

locations y;. This is the distribution to try to recover, in the single well case y; are simply distances
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from the monitoring well; more generally in the multi-well case they are locations in (x,y,z). In

practice, one will typically use # volume-bins for y; rather than a continuous representation.
[047] The observations are

F:(FI,FZ, ,Fn)
and correspond to the actual statistics of the observations (number of events above a certain

magnitude observed at y;).

[048] Finally, J is an n-by-z detection matrix which will have J; = 1 for a detectable event, J; = 0

otherwise. If the matrix J is known then one solves the inverse problem:

F=]Jf
[049] This was the problem treated by Efron and Petrosian. However, in the microseismic case, the
ability to detect events falls off with signal-to-noise ratio and the location methods (for example,
CMM which matches moveout across the array) may select correlated noise. Consequently, one needs

to solve for J.

The detection limit

[050] Embodiments of the invention consider a simple analytical alternative that will form a
reasonable approximation, which can be updated rapidly during the determination of the detection
limit J. The results of this (post-job) analysis can then be compared to the detection limit derived from
initial modeling prior to the job. The detection limit derived from the data in this way may also be
used to understand the region where correlated noise affects the event picking, which may in turn

inform later reprocessing of the waveforms.

[051] Initially, one assumes that the Moment represents a point source in a homogencous medium
so that its detectability goes as surface area of a sphere, . Then, one considers the equivalent
moments of sources by their geometric spreading as seen at the observing well, and define a property

v* that is related to the Moment and is independent of this geometric spreading:
Mo = (yr)?
Putting this into the expression for Moment Magnitude, Mw:
log,q(My) = 2log,o(yr) = 1.5M,, + 16.1

For each event, solve for vy:
1.5M,,+16.1
1075—)

V= .
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v is the Detectibility of the event and, for a given magnitude, My, it falls off as 1/r. The detection limit

J is then some contour of constant .

Reconstructing the frequency-magnitude distribution

[052] The frequency-magnitude distribution is recovered using a modified form of the Lynden-Bell
reconstruction algorithm in a manner analogous to the observable limiting volume V.. The method

assumes that the distribution of magnitudes is bivariate and separable:
fMy,7) = fr(Mw)f2(r)

[053] In addition to the magnitude-frequency distribution, the distance distribution can be recovered
by Lynden-Bell's method. In the HFM case, assume that the events are clustered around the fracture
or a fault that is activated (i.e. distributed in ») and the magnitude distribution is dictated by the rock

or stimulation treatment (and so can be considered not distributed in 7).
[054] For a given value of y the modified form of the algorithm proceeds as follows:

1. Order the events in magnitude
2. For the current event M,; (first event is largest magnitude), calculate the Test Distance, 7y
corresponding to the largest distance at which this magnitude could be detected, given the

supplied value for y:
1.5Mwi+16.1)

_ 10( 2
rmax - Y
3. For each event M,,<M,,; compare its distance, 75, 10 7may. Count 1 for each <.
4. The total count for each event is C;, take the next event and repeat steps 2&3 until all events
have been analyzed.
5. The cumulative distribution can be reconstructed:

foMWip(Mw)de & [Tr<i (

Cr+1
Ck

Ci+l
c,

) with 1

6. Finally normalized the distribution.

The Lynden-Bell algovithm

[055] The Lynden-Bell algorithm is also known as the C” method and is a maximum likelihood
estimator for the recovered magnitude-frequency profile, p(Myw). Here, the pseudo-code description of
the method given by Wall and Jenkins is adopted, each microseismic ¢vent is at a distance, R; from

the observing well and has a moment magnitude M;:
[056] Arrange the data (R;, Mw;) in moment magnitude order

Set Ci=0
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For each My; < Mya: add 1 to C; is this source has y; > v;
Otherwise, go to the next Mw; until finished

[057] These C-numbers can then be used to construct the cumulative distribution of My:

f " p(My)dMy, 1_[ (C"C: 1)

My min k<i

with a starting point of:
c,+1 _1
&}

[058] The algorithm is based on an implicit assumption that the form of the magnitude-frequency
profile is independent of distance, so this algorithm cannot resolve the events into separate sets
corresponding to two different b-values (for example high b-value near a fracture and low b-value on
a fault). That situation is handled by considering the two clusters of microseismic events, recovering

b-values for each, and determining whether the two clusters represent significantly different b-values.

[059] To provide a synthetic test of the Lynden-Bell algorithm, 3000 synthetic events were
generated within a rectangular box 2500x200x50 ft that was positioned some 1600 ft from the
observation point. The events had random location within that box and magnitudes governed by a
Gutenberg-Richter distribution with a b-value of 1. A value of v was selected such that the smallest
detected event had a magnitude of -2.8, which removed all but 369 of the events. This is illustrated by
Figure 2 which shows the 3000 simulated microseismic events. Figure 3 shows the 369 detectable
events. Figure 4 illustrates magnitude vs. distance and Figure 5 compares the recovered profile, the

profile obtained by a simple cumulative calculation, and the theoretical curve.

The assumption of the Gutenberg-Richter distribution

[060] The Lynden-Bell algorithm provides a free-form solution, but relies on knowledge of the
detection limit J. It is generally assumed that the magnitudes generated during hydraulic fracturing
follow a Gutenberg-Richter distribution, similar to the distribution observed in earthquake
seismology. This is not unreasonable if the probability of an event occurring at all follows a simple
Poisson distribution, and if the event magnitude distribution is governed by events occurring at the
weakest points in the formation. The Gutenberg-Richter distribution can provide the number of events

of magnitudes between My, and My:

Ny, & (1072Mwmin — 10=bMw)

[061] If the microseismic event profile recovered using the Lynden-Bell algorithm is Gutenberg-

Richter distributed the b-value is given by Aki's maximum likelihood estimate:
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1

b = 23— My

[062] This means that one can introduce a statistical test — if the recovered magnitude distribution
differs significantly (e.g. at 5 percent significance) from the Gutenberg-Richter distribution with this
b-value, then one rejects the hypothesis that the recovered profile is Gutenberg-Richter distributed. A
suitable significance test is the Kolmogorov-Smirnov test because cumulative profiles exist. This will

yields an algorithm to determine the detection limit J:

Order the Detectibilities, v, from smallest to largest

Take the next value of y (smallest)

Reconstruct the profile using the Lynden-Bell algorithm

Calculate the Gutenberg-Richter b-value for the recovered profile using Aki's relation

A

Determine whether the reconstructed profile is different to the Gutenberg-Richter profile at 5
percent significance.

6. If 5 is true, go back to step 2 and take the next smallest value of y.

[063] The comparison of the reconstructed profile with the Gutenberg-Richter profile is a

comparison of cumulative profiles and so the Kolmogorov-Smirnov test is a suitable tool.

Handling small sample sizes and running window estimates

[064] The b-value may vary during a hydraulic fracture operation. However, in order to determine
this, one must first place confidence intervals on the determination of b-values, so that one can detect
whether different b-values significantly different in the statistical sense. This is particularly important
when the sample size becomes small, as will be the case when one attempts to determine a running

window b-value versus time.

[065] For this, one uses the Bootstrap method devised by Efron, which is straight-forward and here
also follows Wall and Jenkins:

1. Label each data point

2. Draw at random a sample of N with replacement
3. Recalculate the parameter
4

Repeat many times

[066] The assumption here is that the data points are independent. The data points that are
resampled come from the profile that is recovered using the Lynden-Bell algorithm. One does not
repeat the determination of detection limit J for these sub-sampled data-sets, the goal is to determine
the confidence interval on b-value given the value of J. Since the Bootstrap method is appropriate for

small sample sets, it may be applied it to a subset of the observed events, allowing the use of a
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running time window. For such subsample sets the confidence interval on b-value will tend to be

larger.

Separating b-value distributions

[067] The b-value is a direct indicator of the ratio between larger and smaller events. The lower the
b-value the more large events there are. Induced microseismicity at early times will consist
predominantly of lower magnitude events (high b-value) and that activation of existing faults results

in higher magnitude events (lower b-values).

[068] One cannot, however, analyze a single curve for multiple b-values. This is because the
analysis is limited by the fact that the Gutenberg-Richter distribution is exponential in form. This
restricts analysis of any recovered profile to be representable by a single b-value (a straight line in the
log(frequency) vs Mw plot), two b-values (a line that curves down to the right) or not formed of
exponential distributions (a line that curve up to the right) as illustrated by Figure 22. Further, it is not
possible to state unequivocally that the presence of a straight line indicates a single b-value; and

importantly it is not possible to unambiguously recover two distinct b-values from the curve.

[069] The reason for this inability to determine two b-values comes from examining the underlying

combination of two exponential distributions:
N(My) = 1097 01Mw 4 10%27b2Mw = pe~*Mw 4 Be~FMw

[070] This problem of fitting the sum of exponentials has received a lot of attention due to its
importance in many areas of science, take the result of Bretthorst (2005) who provides an estimate for

the standard deviation in estimating the parameter o as proportional to:

o aq2
a+p
a-p

[071] Where the caret denotes the true values of o and 3 which one hopes to recover. This is a

multiplier on the standard deviation obtained when estimating a single exponential. If, somewhat
optimistically, on¢ estimates the error in the estimation in the single exponential case to be equal to
the range of b-values that all pass the Kolmogorov-Smirnov test (around 0.1 to 0.2) and consider, for
example b-values equal to 1 and 2, one can readily see that the standard deviation in estimating the b-
values would be around 9 times the case for a single value and so is larger than the b-values

themselves.

[072] One can, however, split the data-sets spatially or temporally into clusters of events and

determine a b-value for each cluster.
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[073] Whenever one splits a data-set into two sub-sets, one would like to determine not just the b-
values for the subsets, but also the probability that they indeed correspond to separate sets. In this one
needs to consider the accuracy of the obtained b-values. For any given b-value accuracy one can
compare the confidence intervals for the b-values calculated for the separate sets, to the confidence

interval one would obtain if all the events were treated as a single group.

[074] One reconstructs the distribution of possible b-values using a bootstrap technique. This results
in an estimate of the b-value distribution that is close to continuous (i.e. constructed from arbitrarily
many sub-samples via bootstrapping), the distribution is also non-parametric. This means that
techniques for resolving grouped data using the number of samples and standard deviations (e.g.

Bretthorst 1990) are not directly applicable.

[075] The question to address is: "Do we have more confidence, at a given accuracy, in the
description as two distributions A; and A,, corresponding to the groups Dy and D,; or in the

description as a single distribution B?"

[076] The equation one is interested in will be the odds-ratio. For a given b-value range about the

peak value, one wants to know:

P(Al'blmin < (b1> < blmaxlDl'I)P(AZ'mein < (b2> < meaxlDZ'I)
P((B:bmin < (b> < bmaxlDlvDZvI))

Where the ranges are equal:
bimax — Pimin = b2max — b2min = bmax — Pmin

[077] If this ratio is larger than 1, it means that the two models A4; and A4, ar¢ sharply peaked
compared to the single model B. Note that this ratio depends on the range chosen, if one considers a
very large range then one will have a high confidence (i.e. close to 1) in all the expected values and so
this ratio will tend to 1. In the limit of a zero range, one multiplies the peak probability of the two
models 4; and A;, and this will likely be lower than the single peak of model B. In practice, one
reports that the b-value estimates with a confidence interval (e.g. 80% or 90%), so one is interested in

this ratio for ranges that encompass those confidence intervals.

[078] In Figure 23, the top curves show the confidence varies away from the maximum likelihood
estimate for the two separate sub-sets and the single combined dataset. The curve at the bottom shows
the logarithm of the odds-ratio, in the example in Figure 23, this stays below zero (i.e. odds-ratio<1)

and so the two separate sub-sets are not preferred.

Amplitude Analysis Theory

[079] The amplitude ratios, P/Sh, Sh/Sv and P/Sv, provide insight into the radiation pattern of the

source. Previous studies have established the use of a locally prevalent natural fracture orientation as a
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constraint on the fault plane solution (FPS) of microseismic events observed from a limited aperture
array. This approach is formalized in terms of a probability calculation to allow its robust and
repeatable application. The measurements of amplitude ratios are dependent on the source signature
but one does not expect them to vary between the low and high magnitude sources, so here one may
treat P(microseismic) as a constant and one does not need to correct for data detection bias as

performed for b-value analysis.

[080] The P(interpretation) is a set of candidate source mechanisms. To assign P(interpretation)
initially, prospective event orientations estimates are needed. For example, Rutledge and Phillips used
information from boreholes to define a natural fracture orientation that was within 10° of the current
maximum horizontal stress direction. In the discussion below, assume that some orientations are
known from geological considerations or interpreted from FMI dips, but that rake angle is
undetermined. As described below, the rake angle can be constrained by the geomechanical setting, if

one makes some simplifying assumptions.

[081] P(microseismiclinterpretation) is the probability of obtaining the observed P/Sh amplitude
ratio (for example), given the possible plane orientations. The uncertainty in event location provides
an angular uncertainty, and the radiation pattern of the source is in a straight line to the receiver. For a

given rake angle, the orientation of the event is a nuisance parameter:
[082] P(microseismic|interpretation, &) = [ P(microseismic|interpretation,,0,¢s)d0d ¢

[083] In practice, the distribution P(microseismiclinterpretation, A) is constructed for different
values of 1 and the maximum likelihood estimate of rake angle, Ao, is the rake angle corresponding to
the maximum of P(microseismiclinterpretation, ). Finally, with A determined, a representation of the
microseismic events may be constructed under the assumption that the predominant mechanism is the
only mechanism, by selecting the distribution of interpretations: P(interpretation|microseismic, o),
and assigning each event its most likely orientation. This pragmatic approach provides a useful visual
tool to aid qualitative interpretation. However there is a risk of over-interpretation which is resolved

below.

The construction of the prior, P(interpretation)

[084] There are many sources of information on the potential orientations expected for

microseismic events, such as the following.

1. Natural fractures at outcrop

2. The orientation of horizontal wells

3. Permeability anisotropy from history matching a the reservoir simulation model

4. Direct observations using the Formation Microimage (FMI) or inferred from dipole sonic

logs.
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5. A one-dimensional geomechanical model built for a single well.
6. A history-matched full-field geomechanical model

[085] From these the prior probability of observing a particular orientation within the microseismic
events can be constructed as a continuous Fisher distribution which is visualized as a stereonet in

Figure 7.

Z eki cos(A8))
) = fZeKiCOS(ABi) d9d¢s
[086] Where here Afi is the angular distance between the orientation given by the dip-strike pair

P ((interpretation) |8 , O

(8,9, and the i™ orientation in the prior and k; is the measure of precision. The integral in the

denominator simply normalizes P(interpretation) over all possible orientations.

The likelihood of observing the amplitude ratio given the event mechanism

P(microseismic|interpretation)
[087] The following simplifying assumptions are made:

There is no isotropic component to the Moment Tensor.

2. One expects the dip and azimuth of microseismic events to follow expected natural fracture
and hydraulic fracture orientations.

3. The amplitude ratios observed for an event are accurate, but the location of the event brings
an uncertainty to the azimuth of the take-off angle (i.e. position in the radiation pattern
leading to the amplitude ratio).

4. This uncertainty in take-off angle can be related directly to the projection of the location's
uncertainty ellipsoid tangential to the line-of-flight.

[088] It is possible to introduce the isotropic component as a nuisance parameter and integrate over
a range of possible values. Instead, one may choose the assumption that the events are pure double-
couple events. As a first-order approximation, one may assume straight rays so that the source
radiation pattern can be used directly without any assumption of an intervening medium. This
description of the method discusses only P/Sh amplitude ratios: the extension to P/Sv and Sv/Sh ratios
follows immediately by analogy. Amplitude ratios could be available on a receiver-by-receiver basis,

although current microseismic processing only returns a value of P/Sh averaged over the array.

[089] In dealing with the observed amplitude ratio itself, the observation of amplitude ratio is
accurate, but that the azimuth from which the observation came is uncertain. The event location
provides the most likely azimuth and the major axis of the uncertainty ellipsoid provides an azimuthal
uncertainty, which, for embodiments of the invention, is one standard deviation in a Gaussian
distribution. An amplitude ratio measurement, Apg,, and a probability of where that measurement

originated given by @+A@, where ¢ is the source-receiver azimuth follows the nomenclature of Aki
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and Richards. Figure 8 illustrates how this uncertainty in source-receiver azimuth is assigned. The
amplitude ratio is interpreted as having a location uncertainty on a Gaussian distribution of take-off
angle, i&+A i&. This distribution is assigned based on the take-off angle at the recovered event
location, and the take-off angles based on the uncertainty ellipsoid. The take-off angle i, is fixed
simply by straight-ray geometry, an alternative would be to include an uncertainty in both source-

receiver azimuth and take-off angle based on hodogram analysis.

[090] For cach microseismic event, Dj, it is desirable to calculate the likelihood of obtaining the
observed amplitude ratio, Apsn. For a given strike, @, dip, 8, rake A, take off angle i one calculates
the variation in amplitude ratio with source-receiver azimuth. This results in a theoretical curve as
shown in figure 9 of modeled amplitude ratios Ay which will contain the observed value of P/Sh
multiple times. One assigns P(microseismiclinterpretation) to be equal to the probability that the
source-receiver azimuth were such that the observed value of P/Sh would be seen. Since there are
multiple values and the appropriate source-receiver azimuth is one or another of them, one uses OR to

combine the probabilities.

. 1 (= 97
POGN0) = Y e (<)

Am(x)=Ap;sn

[091] For a fixed rake A and take off angle iz, one varies strike ¢ and dip, 8, constructing a stereonet
of the probability P(microseismic|interpretation). At this point, P(interpretation) is represented as a
probability over the sphere (orientations of possible planes on a stereonet);
P(microseismic|interpretation) is for a fixed rake A and take off angle i, similarly defined over the
sphere; and P(microseismic) is considered constant. Thus, for every event, the stereonet of possible
orientations (given rake) may be constructed. Figure 9 illustrates the calculation of probability in
practice. The prior (marked FMI) and the P(microseismic|interpretation) are multiplied together to get

P(interpretation|/microseismic).

[092] To determine rake over the set rather than the orientation of any particular event, the sum of
the probability over the sphere is performed (i.e. marginalize over orientation) (Note that one assumes

1r is fixed by geometry and so does not appear in the following equation).
P = [ PDI1A0.4)d0d9,

[093] To seek the rake angle of the predominant mechanism, one looks for the rake angle that best

describes event 1 AND event 2 AND event 3 etc.

P = | [PuD
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[094] By repeating the calculation over a number of rake angles (which is assumed to be an
exhaustive set of the possible rake angles), one may calculate the relative likelihood of the different

rake angles.
P(DIA) = P(D|A = {20, Ay 4 2a}) = D P(D]2)) = 1
j

[095] The rake angle, %o, corresponding to the maximum of P(D|) is the Maximum Likelihood
estimate of rake angle. In some of the examples described below, the posterior distribution is sharply

spiked and so the Maximum Likelihood estimate is a useful summary of the results.

[096] Some embodiments of the invention may benefit from a more refined approach. The main
flow of the method is given in Figure 10. The component parts are defined in more detail below.
Often, the frequency-magnitude distribution is a number-density distribution, but the observations are
made in a volume of the reservoir, that volume for any given solid angle, increases with distance from
the receivers. For embodiments of the invention, the distance to an event as the minimum distance
from the event location to a receiver in the monitoring array. The Moment Magnitude is assumed for

reported event magnitudes.

[097] At the detection limit, one expects to observe some false events, these will have random

magnitudes, but those magnitudes will be strongly correlated to distance from the receivers.

[098] Here, one recovers the frequency-magnitude distribution iteratively by reconstructing the
distribution against a detection-limit using a modified Lynden-Bell method, determining a Gutenberg-
Richter b-value using the Maximum Likelihood estimate of Aki, and comparing the reconstructed
distribution to the theoretical distribution using the Kolmogorov-Smirnov test. If the reconstructed
distribution is not a Gutenberg-Richter distribution with the proposed b-value (at 5% significance),

one raises the detection level and re-computes.

[099] In this way, one recovers estimations of the b-value, the complete frequency-magnitude

distribution and the detection limit curve.

Kolmogorov-Smirnov Test

[0100] The Komogorov-Smirnov test is valid for comparing cumulative distributions. In this case,
one compares the cumulative distribution that has been reconstructed to the theoretical distribution
corresponding to the estimated b-value. One compares the curves at 5 percent significance to
determine whether the reconstructed curve corresponds to the Gutenberg-Richter curve. If it does not,

one performs another iteration with the next y value.
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Time-window or cluster analysis

[0101] Embodiments of the invention make better use of the low magnitude data that lie near to the
monitoring well and considers events relative to the detection limit rather than on a purely magnitude
basis. These benefits, along with the modified Lynden-Bell algorithm that recovers the frequency-
magnitude distribution, mean that more events are usable in the analysis. Consequently this analysis
can be used with smaller groups of data, either using a running time window or for recovering the

frequency-magnitude distribution of a cluster of events identified by some other means.

[0102] The process of obtaining microseismic event orientations from amplitude ratio information
alone requires judicious use of prior information on the expected orientations. This is necessary to
compensate for the lack of information afforded by the observing geometry. The results can contain
artifacts of the choice of prior, a discussion of how this occurs and a visual aid to interpreting results

can help identify when this may be a problem.

[0103] In using a discrete number of possible orientations, it will always be the case that the
theoretical curves corresponding to the projection of the possible orientations onto the log(Sh/P) vs
Azimuth space will result in crossing curves (Figures 20 and 21). Clearly where the theoretical curves
predict similar Sh/P ratios for multiple orientations, then the interpretation will be completely
ambiguous and the data are not informative at that point. The prior in these regions is already showing
that one cannot infer orientation, but since the method returns only the most likely orientation, the
results do not immediately reflect these ambiguous regions. However, it is straight forward to
construct a plane through the observation point corresponding to the azimuth at which the theoretical
curves cross. Viewing this plane in the 3D view, alongside the inferred orientations for the events, it is
possible to identify the regions where the interpretation may be ambiguous and it can be used to
understand regions where a change in azimuth of the bulk of events may be an artifact of the

interpretation rather than due to geology.

[0104] At the opposite end of the scale, if one is examining only two orientations, the theoretical
curves will have different nodal planes. At the azimuth of the nodal plane for one orientation one has
only the other orientation — in such situations the best-fit orientation is, therefore, unambiguously
determined in the absence of the data so again the interpretation is biased. Again a representation of
the nodal plane in the 3D view of the data can help to identify the region where the recovered

orientations are subject to bias.

[0105] In some embodiments, a specific process may be used as follows. One assigns a classification

to each microseismic event as follows:

1. Define a discrete set of orientations (dip, azimuth) for the induced fracture direction (HF) and

the possible natural fracture directions (NF1, NF2,..., NFn).
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2. Initially classify the microseismic events according to their amplitude ratio information.

a.

The amplitude ratio for a given event is compared to the amplitude ratio expected for
a microseismic event on each of the possible fracture directions defined in step 1
given a discrete set of possible failure modes (e.g. strike-slip, dip-slip and tensile).
This comparison is made by assigning a probability (e.g. by least squares) for
observing the measured amplitude ratio given the orientations and failure modes,
assuming that these form an exhaustive set. Representations of the microseismic

events are generated for the possible interpretations.

3. A quantitative identification of the major planes is made following the method of Williams

and Khadhraoui as described above.

4. The two interpretations can be combined to offer the following classification of events (each

contains a sub-categorization of tensile (fluid-filled) or slip (which can be fluid-filled or not):

a.

Microseismic events occurring along the same direction as their associated major
plane, where that major plane is HF. These are microseismic events associated
directly with hydraulic fracture propagation.

Microseismic events occurring along a natural fracture orientation (NF1, NF2, NF3...)
where their associated plane is HF. These are microseismic events associated with
potential fissure opening, here the difference between tensile and slip failures will
greatly aid the interpretation.

Microseismic events occurring along the same direction as their associated major
plane, where that major plane is NFi. These are microseismic events associated with
natural fracture propagation or the activation of a large natural fracture.
Microseismic events occurring along the HF direction, with one of the natural
fracture directions as their major plane. These events may indicate a path for fluid
loss (i.e. conductive natural fracture)..

Microseismic events occurring along one of the NFi directions associated with a
different NF1i direction. These events would indicate that there is sufficient existing
fracture permeability to prevent the formation failing in the HF direction. Such
interpretations can be aided by the use of pumping information (see step 6).
Microseismic events occurring along HF or NFi directions in the vicinity of the
wellbore, where the wellbore acts like the major plane. These events may indicate a

casing failure.

5. Geomechanical interpretation of the fracture network's propagation.

a.

Multiple realizations of the combined interpretation can be generated with the
information provided. The probability of each possible interpretation is fully

characterized and so geomechanical interpretations attached to particular realizations
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may be compared, even in the case where the geomechanical interpretation remains
essentially qualitative. In the simplest case, the most probable set of major planes
may be combined with the most probable microseismic event orientations for a
deterministic interpretation.
Updating the interpretation with new information
a. Further geomechanical considerations or additional reservoir measurements (e.g.
pumping information from the fracture treatment) can be used to further update the

probabilities to provide a refined view of the fracture map.
Some embodiments of the invention may benefit from the following variations.

The microseismic amplitude identification method (step 2) could be considered a clustering
algorithm, with all microseismic events identified as having similar orientation and failure
mode used to define a set of microseismic events for the plane identification (step 3).
Moment tensor inversion to provide full focal mechanism information could be used in place
of step 2 where such inversion is possible (for example in a multi-well geometry).

The results (probabilities on each orientation and failure mode) from multiple microseismic
identifications, based on different receiver locations (for example from a horizontal
monitoring well, or in a multi-well monitoring case where geometry precludes moment tensor
inversion) may be combined using AND to provide further refinement to the microseismic
interpretation.

A prior probability of observing microseismic events with a particular failure mode may be
used in assigning the probabilities in step 2a.

The scale size of a microseismic event, where known, may be used to scale the plane used to
represent the microseismic event.

Temporal analysis of the realizations generated for step 5 can aid in the geomechanical
interpretation and be used to rule out unphysical results.

Analysis of the realizations using a fracture simulator or via a coupled ECLIPSE-VISAGE

model can also be used in steps 5 and 6 to further refine the interpretation.

The representations of a formation generated by embodiments of the invention may be used to

perform any oil field service including drilling, fracturing, stimulating, completions, perforating, coil

tubing activities, or any other service that requires an estimate of the properties of the formation.

[0108]

EXAMPLES

The following examples are presented to illustrate the preparation and properties of

subterranean formations and/or fluid systems, and should not be construed to limit the scope of the

invention, unless otherwise expressly indicated in the appended claims. All percentages,
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concentrations, ratios, parts, etc. are by weight unless otherwise noted or apparent from the context of

their use.

Khazakstan

[0109] The first example is based on microseismic reservoir monitoring (MRM) data from
Kazakhstan, where much of the seismicity appears to be associated with faults that surround the
flanks of the dome, one would expect such microseismicity to have a b-value close to 1. This full-field
microseismic monitoring project in Kazakhstan has been monitoring microseismicity for 2 years. The
field is dome shaped and much of the microseismicity has occurred in the vicinity of faults that mark
the field boundaries. Of particular interest are some microseismic events that occur very close to wells
that are currently being drilled. Consider the events close to wells that are being drilled to largely be
induced events that will be small in scale size, and so will show a disproportionate number of low
magnitude events (i.e. a high b-value). The main microseismicity occurs near natural features and one

would expect the b-value here to be close to 1.

Bakken Shale

[0110] This example comes from the Bakken Shale, where the predominant mechanism is considered
to be dip-slip. Here rake angles were taken in ten degree intervals from zero to 90°. The small number
of events (54) means that the results can be displayed graphically (Figure 11). Figure 11 plots every
microseismic event, relative probability versus rake angle. It can be seen that, for most microseismic
events, the results are ambiguous; however taking all events together (which means AND, so all the
traces are multiplied), suppresses the strike-slip end in favor of the dip-slip end and based on this

analysis, supports the view that events are predominantly dip-slip.

Barnett Shale

[0111] Figure 12 shows the detection limit determined using the proposed method for some
field data from the Barnett Shale. Figure 12 is a detection limit curve, based on the lowest value of

A (labeled Tnitial detection limit') and based on the value of A corresponding to a fit to Gutenberg-
Richter (labeled 'Final detection limit").

[0112] Figure 13 shows the ficld data plotted as a cumulative distribution without accounting for
detection limits. The b-value is calculated for the entire data-set using the Aki equation. The resulting
Gutenberg-Richter equation is plotted with the data, the data do not appear to conform to Gutenberg-
Richter distributed magnitudes. The b-value estimate is 0.6.

[0113] Figure 14 shows the same data with b-value estimated using the Aki equation by increasing

the minimum magnitude (discarding low magnitude events) considered in estimating the b-value until
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the theoretical curve corresponds to the observed curve at 5% significance, using the Kolmogorov-
Smirnov test. The b-value estimate is 2.2. 603 of the 871 events had to be ignored in making this
estimate. A straight line is drawn from the end of the Gutenberg-Richter fitted portion of the data to
complete the cumulative distribution. Such a straight line corresponds to random distribution of
magnitudes on the frequency-magnitude plot, from this analysis (which does not include the modified
Lynden-Bell reconstruction) it would not be obvious whether there was noise in the observed data.
The straight line from the end of the fitted data to the end of the cumulative distribution would

correspond to a random magnitude distribution.

[0114] Figure 15 shows the same data as Figure 14, this time corresponding to the Lynden-Bell
reconstruction of the complete data-set. The b-value is estimated as above, by increasing the
minimum magnitude by discarding events, to obtain a fit at 5% significance. The answer is the same
as in the first case, (b=2.2, 603 events discarded). However, note that the straight-line above the fitted
data lies very close to the recovered distribution, indicating that the data are contaminated by a
random distribution of magnitudes. Figure 16 shows the same field data, fully analyzed by application
of the algorithm, here only 53 of the 871 events are discarded, so one is using much more of the data.
By incrementing the detection limit curve (4) one obtains the final detection limit curve in Figure 12.
The b-value determined here is b=1.2. Note that the straight line part in the theoretical curve
(indicating random magnitudes below the limit where the Gutenberg-Richter fit is achieved) lies
almost exactly along the observed data. Right plot show the result of the iterative removal of events

using the method outlined.

[0115] Figure 17 shows the same data, with b-values versus event number, calculated by using a
running window of 100 events and applying the algorithm. The EVENT NUMBER corresponds to the
first event in the window. The highlighted region shows a period of anomalously high b-value. Thus,

part of the event sect is clearly distinguished by high b-values.

[0116] Figures 18 and 19 show the data corresponding to high b-values (Figure 18) compared to all
the rest of the events (Figure 19). That is, Figure 18 shows microseismic events excluding those from
the highlighted region in Figure 17. Figure 19 shows the events from the highlighted region in Figure
17.

[0117] The particular embodiments disclosed above are illustrative only, as the invention may be
modified and practiced in different but equivalent manners apparent to those skilled in the art having
the benefit of the teachings herein. Furthermore, no limitations are intended to the details herein
shown, other than as described in the claims below. It is therefore evident that the particular
embodiments disclosed above may be altered or modified and all such variations are considered
within the scope and spirit of the invention. Accordingly, the protection sought herein is as set forth in

the claims below.
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CLAIMS
We claim:
1. A method of processing a subterranean formation, comprising:
collecting microseismic data from one wellbore;
collecting amplitude ratio information for the microseismic data;
comparing the amplitude ratio to an expected ratio;
generating a representation of a formation based on the microseismic data and the comparison of

the amplitude ratio and expected ratio; and

performing an oil field services activity based on the representation.

2. The method of claim 1, wherein the comparing comprises application of the Bayes theorem.

3. The method of claim 1, wherein the comparing comprises application of the Lynden-Bell

algorithm.

4. The method of claim 1, wherein the comparing comprises calculating a b-value.

5. The method of claim 1, wherein the comparing comprises a Kolmogorov-Smirnov test.

6. The method of claim 1, wherein the calculating comprises calculating a detection limit.

7. The method of claim 1, wherein the collecting the microseismic data from one wellbore does not

comprise collecting data from two wellbores.

8. The method of claim 1, wherein the generating a representation comprises comparing theoretical

curves to possible orientations.

9. The method of claim 1, wherein the performing an oil field services activity comprises drilling,

fracturing, stimulating, completions, perforating, or coil tubing activities.

10. The method of claim 1, wherein the generating a representation comprises plotting b values as a

function of magnitude.

11. A method of processing a subterranean formation, comprising:

collecting microseismic data;
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collecting detection limit information for the microseismic data;

comparing the detection limit information to an expected value;

generating a representation of a formation based on the microseismic data and the comparison of
the detection limit information to an expected value; and

performing an oil field services activity based on the representation.

12. The method of claim 11, wherein the comparing comprises application of the Bayes theorem.

13. The method of claim 11, wherein the comparing comprises application of the Lynden-Bell

algorithm.

14. The method of claim 11, wherein the comparing comprises calculating a b-value.

15. The method of claim 11, wherein the comparing comprises a Kolmogorov-Smirnov test.

16. The method of claim 11, wherein the calculating comprises calculating a detection limit.

17. The method of claim 11, wherein the collecting the microseismic data from one wellbore does not

comprise collecting data from two wellbores.

18. The method of claim 11, wherein the generating a representation comprises comparing theoretical

curves to possible orientations.

19. The method of claim 11, wherein the performing an oil field services activity comprises drilling,

fracturing, stimulating, completions, perforating, or coil tubing activities.

20. The method of claim 11, wherein the generating a representation comprises plotting b values as a

function of magnitude.



WO 2012/085848 PCT/IB2011/055835

1/17

it

==

20O

<x

&<

,_ugu

—

325

S

< L

[}
o
o

\ (9]

™
o
o
o
=
o
(]
(e

FIG. 1

UNDETECTED EVENTS

600
QC Distance

400

200

¥ ]

N «© AN ~ «Q

— — [aN] [aN]

JANLINDYIN dS



PCT/IB2011/055835

WO 2012/085848

2/17




WO 2012/085848 PCT/IB2011/055835

3/17
0
0.5
oo °
-1
15
-2
2.5
'3 1 I I I I I
0 500 1000 1500 2000 2500 3000 3500
FIG. 4
1
=
S 01
£
=
oo
[+
=
s
2 001 X
o — GUTERNBERG RICHTER THEORETICAL s
o LYNDEN-BELL RECONSTRUCTION o
4 RAW OBSERVATIONS 4
0.001 . ; . .
-3 2.5 -2 15 -1 0.5

Moment Magnitude
FIG. 5



PCT/IB2011/055835

WO 2012/085848

4/17

¢l

G660

60

00F=¢N=IN----
0G=¢N=IN — —-
0¢=¢cN=IN ——

AR

- L3

- 0131

- 60-31

- 80-31

- 10000000

- 1000000

- 1000070

- 1000°0

- 1000

- 1070

-0 (viea‘ta) d
i w: (vica‘ta) d

- 0000+

- 00000+

- 000000+

- 0000000+
- 00000000 -
- 60+31
-0L+3L

FE+3L



WO 2012/085848 PCT/IB2011/055835




PCT/IB2011/055835

WO 2012/085848

6/17

6 9l




WO 2012/085848 PCT/IB2011/055835

7/17

SELECT DETECTION LIMIT A2 |
|

) J

A

ESTIMATE B-VALUE COMPUTE LYNDEN-BELL
AND CONSTRUCT RECONSTRUCTION
THEORETICAL CURVE

— —

KOLMOGORQOV-SMIRNOV COMPARISON
OF RECONSTRUCTED CURVE AND

THEORETICAL CURVE
NO GENERATE
CURVES

YES DIFFERENCE

SIGNIFICANT AT 5%
?

FIG. 10

0.00014

0.00012

0.0001

0.00008

0.00006

0.00004

Relative probs
(needs normalization)

0.00002

STRIKE-SLIP DIP-SLIP



PCT/IB2011/055835

WO 2012/085848

8/17

¢l 9l

JANLINOYIN dS
00GL 00FF OOCk 00CL OOLL OO0l OO6 008 O00. 009 O00S O00F o0t 00C o0k

0

AAAND 1IN
NOILI3L3A TVILINI

JAHND LIWIT
NOILD3L3d
YN ° a

IN.

AANLINSVIA S SA JONVLSIA 30 9dEUNS V1331440 301 ¥OLS TYNYILNI =
(31dNIS) JANLINDYIN IS NIN SA JONVLSIA 90 9dEUNS V1301440 90T ¥OLS TYNYILNI ©
(TvNI3) 3ANLINDYIN IS NN SA JONYLSIA 90 9dEUNS V1391440 90T ¥OLS TYNYILNI ~

- 60
- 8¢
- /¢
- 9¢
- G¢'
- Ve
- €¢
- ¢C
- Le

-6
- 81
- L1
- 91
-Gl
-yl
-EL

aouelsiq 90



PCT/IB2011/055835

WO 2012/085848

9/17

e

&L 9l

22.9899£5608209=INTYA-9 JANLINDYIN dS ‘JANLINDYIN dS
L- v._T m._T @._T N._T w._T m._T N_ t_m- N._N- m._m- v._m- m._m- @._N- N._N- w._m- m._m-

T -0
800
-910
720
- 2€0
770
870
950
Y, - 790
% 200

-80

(03AY3SE0 NO-HH) :9dEUNS
V1301440 20T ¥OLS TYNYILNI =

(03A43S40) :9dEUNS

V1301440 207 #DLS TYNHILNI -88°0

-96'0

Angqeqo.d



PCT/IB2011/055835

WO 2012/085848

10/17

vl 9l

€09=pasnun ¥61.9v€€CG95€CC
=3MNIVA-9 JANLINOYIN dS JANLINIYIN dS

€l v'I- G- 94 'l- 81 6'k- ¢ V¢ ¢¢- €¢- ve- G¢- 9¢ ['¢- 8¢ 6¢

a a

am Apo
g =T

(03AY3SE0 NO-HH) :9dEUNS
V1301440 20T ¥OLS TYNYILNI =

(03A43S40) :9dEUNS
V1301440 20T ¥DLS TYNYILNI

-0
-80°0
-91°0
-7¢0
-¢€0
-0
- 8170
-96°0
-79°0
-¢l'0
-80
- 880
-96'0

hiqeqoad



Sl 914

€09=pasnun 881L9vEECGI5ECC
=3MNIVA-9 JANLINOYIN dS JANLINIYIN dS

€l v'I- G- 94 'l- 81 6'k- ¢ V¢ ¢¢- €¢- ve- G¢- 9¢ ['¢- 8¢ 6¢

PCT/IB2011/055835

WO 2012/085848

11/17

o ) 59 mmDnqunn@. ........... [ O
-80°0
=910
- 120
- 2€°0
-0
- 870
-9G6°0
- 90

_ . - 2.0
£09=03SNNN ¥61/97£€2595€2 ¢=1
(37dINIS 97 NO-4D) . L 90
:9dEHNS V1301440 207 ¥OLS TYNHILNI= i
(31dINIS - 1139-NIANAT) a - 88°0
:9dEHNS V1301440 207 ¥OLS TYNHILNI -
- 960

hiqeqoad



PCT/IB2011/055835

WO 2012/085848

12/17

€1l

91 914

L =pasnun €6GS669LYLYIVE L
=3MTYA-9 JANLINDYIN dS ‘JANLINDYIN dS

SV Gl 9L L 8- 6 ¢ e ¢d €¢ ve G 9¢ L' 8¢ 6¢

) [15) mmmgm B oo,

£6=03SNNN (TYNIH 91 NO-49)
:9dSHNS V1301440 001 #OLS TYNYILNI =

(TVNI - 7739-NIANAT)
:9dSHNS V1301440 0017 #OLS TYNHILNI -

Oo

-0
-80°0
-91°0
-7¢0
-¢€0
-0
- 8170
-96°0
-79°0
-¢l'0
-80
- 880
-96'0

hiqeqoad



1l 9l

H34INNN LN3A
098 008 09/ 00, 099 009 06 00S 0Sy 00y 0S¢ 00€ 0S¢ 00C 0Sh 00L 0S5 O

PCT/IB2011/055835

13/17

-00°0
-v0°
1L
-¢ |

-8¢

-9E° 1
s

-G

-89

-9/t

(JNIL SA INTYA-9) 78" |
9d€HNS V1391440 207 ¥OLS TYNYILNI o

-¢6'

WO 2012/085848

anjea-g



WO 2012/085848 PCT/IB2011/055835

14/17
INDUCED
FRACTURE
DIRECTION
NATURAL A
FRACTURE -------
DIRECTION '

FIG. 19



PCT/IB2011/055835

WO 2012/085848

16/17

0¢ 94

uinwizy

omm oom 091 0ch

I@.Ol

I
—

| I |

T T 1
L
—

(d/HS) 01907 Q3IAHISE0 UNS-IAIT-NYI 1D

J0/N =m
B

(d/HS) 0Lboq



PCT/IB2011/055835

WO 2012/085848

16/17

FIG. 21

TYPE 3 NOT
GUTENBERG-RICHTER

TYPE 1 SINGLE

B-VALUE

TYPE 2 TWO
B-VALUES

(Aauanbaiy) boq

Magnitude Mw

FIG. 22



PCT/IB2011/055835

WO 2012/085848

17/17

90 880 80 ¢0  ¥90

abue. Jo abejuaaiad

€¢ 9l

950

8v'0

A

¢€0

€ ANV | 3DVLS 3ON3AIINQD =
€ 39VLS JON3AIANOD v

I 39VLS JON3AIANOD o
NOSIHVdINOD ANTVA-G =

oG-

99uapiuo? ‘one. asuapyuos Hoq



INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2011/055835

INV.
ADD.

A. CLASSIFICATION OF SUBJECT MATTER

GO1V1/50

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOlv E21B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

URBANCIC T.I., SHUMILA V.: "Determining
hydraulic fracture behaviour using
microseismicity",

ROCK MECHANICS FOR INDUSTRY,

1999, pages 991-997, XP002672685,

page 991, Teft-hand column

page 993 - page 995

figures 1,2,7

US 5 996 726 A (SORRELLS GORDON [US] ET
AL) 7 December 1999 (1999-12-07)

column 1, line 34 - line 41

column 3, line 12 - line 22

column 3, line 65 - column 4, line 3
column 6, 1line 23 - line 45

_/__

1-20

1.7,9,
11,17-19

Further documents are listed in the continuation of Box C.

See patent family annex.

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of ancther
citation or other special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or

* Special categories of cited documents :

"T" later document published after the international filing date

invention

or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the

"X" document of particular relevance; the claimed invention

cannot be considered novel or cannot be considered to

involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-

other means

"P" document published prior to the international filing date but
later than the priority date claimed

ments, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

30 March 2012

Date of mailing of the international search report

18/04/2012

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Schneiderbauer, K

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2011/055835

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

URBANCIC T I ET AL: "Using
Microseismicity to Map Cotton Valley
Hydraulic Fractures",

SEG EXPANDED ABSTRACTS, XX, XX,

1 January 2000 (2000-01-01), pages 1-5,
XP002453638,

"Source Parameters";

page 2 - page 3

ALBRIGHT J.N., PEARSON C.F.: "Acoustic
Emissions as a Tool for Hydraulic Fracture
Location: Experience at the Fenton Hill
Hot Dry Rock Site",

SOCIETY OF PETROLEUM ENGINERRS, SPE,
August 1982 (1982-08), pages 523-530,
XP002672686,

page 528 - page 529

US 2009/010104 Al (LEANEY W SCOTT [US])
8 January 2009 (2009-01-08)

paragraphs [0012], [0022], [0036],
[0055]

1-20

1-20

1-20

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/IB2011/055835
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 5996726 A 07-12-1999  NONE
US 2009010164 Al 08-01-2009 AT 522832 T 15-09-2011
AU 2008273868 Al 15-01-2009
CA 2692947 Al 15-01-2009
EP 2171500 A2 07-04-2010
RU 2010103987 A 20-08-2011
US 2009010104 Al 08-01-2009
WO 2009007822 A2 15-01-2009

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - wo-search-report
	Page 44 - wo-search-report
	Page 45 - wo-search-report

