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ANALYSIS OF UNCERTAINTY OF HYPOCENTER LOCATION USING THE
COMBINATION OF A VSP AND A SUBSURFACE ARRAY

Inventor: Zuolin Chen

BACKGROUND OF THE DISCLOSURE

Field of the Disclosure

[0001] The present disclosure is directed towards the field of monitoring of subterranean
formations. Specifically, the disclosure is a method and apparatus that uses setsmic
detectors to identify the location of microseismic events that occur in subsurface
formations due to minerals mining, subsurface engineering or hydrocarbon-related
production activities, including waste disposal operations.

Description of the Related Art

[0002] One aspect of hydrocarbon-related reservoir development includes fracturing of
the reservoir. Such fracturing operations result in so-called "microseisms” which can be
detected by suitable acoustic sensors in the subsurface or at the surface of the earth. This
is discussed, for example, in US Patent No. 6,253,848 to Reimers et al., having the same
assignee as the present disclosure and the contents of which are incorporated herein by
reference. Microseismic activity may also occur in secondary recovery operations with
CO; injection or steam injection at the interface between the injected fluid and original
fluid in the earth formation. In such a situation, it is possible that the microseismic
activity is more likely along pre-existing fractures in the earth formation (where the
injected fluid has an easier flow path). Microseismic activity may also occur in waste-
disposal operations where wastes are pumped into a formation below an impermeable
layer. Microseismic activity may also occur in storage of gas in underground reservoirs
and in disposal of CO; that may be recovered in oil and gas operations. These are
examples of microseismic activity resulting from stress changes in the subsurface
associated with flow of a fluid. Microseismic activity may also result from stress
changes that may not be associated with a fluid flow: these commonly occur in mining
operations wherein drilling into a mineral formation produces a change in the stress

distribution in the formation.
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[0003] In prior art methods, the monitoring and hypocenter location of passive
microseisms 1n oil reservoirs is often accomplished by using a single Vertical Seismic
Profile (VSP) downhole geophone array to derive information of azimuth, angle of
inclination and P, S-phase first arrival times of the events recorded by the 3-C geophones
(Ove and Roth, 2003). The term “hypocenter” refers to the point at which the first
motion in an earthquake originates. In the context of the present disclosure, the term
"hypocenter" refers to a location at which ground motion originates in operations such as
a fracturing operation. The uncertainty of the hypocenter location using this kind of
single VSP array is generally of the order of tens of meters and often needs many
additional conditions to be met (Fabriol, 2001; Phillips et al., 1998; Rutledge et al, 1998).
Using this method, the measurement of azimuth and angle of inclination of an event from
a hodogram is often severely affected by the quality of P-wave arrivals such as S/N ratio,
impulsivity, and the assumed velocity model (Vadale, 1986). Another weakness of the
prior art methods is that the amplitudes of P-wave first arrival may be small and hard to
detect, making it difficult to locate the origin of the microseismic event. The waste of
numerous precious events recorded during a short-term temporary monitoring period of
microseismicity could lead to the failure of a whole project. In addition, the
measurement and evaluation of azimuth and angle of inclination of signals are often time-
consuming and may be inaccurate. These disadvantages will greatly affect the accuracy
and efficiency of the data processing and the estimated hypocenter location of
microseismic monitoring. 3-C measurements made in a plurality of vertical arrays
provide improved results. See US 6023657 to Kerekes.

[0004] Hypocenter location using P and/or S-wave first arrival times have long been used
and proved to be much more accurate than methods using a combination of azimuth,
angle of inclination, and time difference between P, and S phases. Obviously, the straight
line geometry of a single VSP is not suitable for the application of the arrival time
method. An application of such a monitoring location method has been proposed by using
multiple VSP arrays (Chen, 2006). In recent years, the emergence of the techniques of

deployment of subsurface geophone arrays, has greatly improved the S/N ratio of events.
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The combination of a VSP and a subsurface array forms a network with geometry
suitable for the application of such a hypocenter location method.

[0005] There is a need for an accurate and easy to deploy method for identifying the
origins of microseismic events in the subsurface. The present disclosure addresses this
need.

SUMMARY OF THE DISCLOSURE

[0006] One embodiment of the disclosure is a method of identifying a location of a

microseismic event in an earth formation. A first array of acoustic detectors is deployed
in a borehole in the earth formation. In addition, a second array of acoustic detectors is
deployed at or near a surface of the earth formation. The detectors receive acoustic
signals resulting from the microseismic event. A time of arrival of the received acoustic
signals is used to estimate the location of the microseismic event and the determined
location is recorded on a suitable medium. The acoustic detectors may be three
component to detectors. The microseismic event may result from a stress change in the
earth formation. The stress change may result from a fluid flow in the formation and/or a
fracturing operation in the formation. The time of arrival may be the time of arrival of a
compressional wave and/or a shear wave. The receiving of the acoustic signals may be
done a plurality of times and a change in the location of the microseismic event may be
identified. Remedial action based on the identified change in the location of the
microseismic event may be taken. Identifying the location of the microseismic event may
include identifying a direction of arrival of the received signals. The method may further
inchude estimating a vertical location of the microseismic event and a horizontal location
of the microseismic event. The method may further include determining a statistical
measure of uncertainty of the vertical location of the microseismic event and a statistical
measure of uncertainty of the horizontal location of the microseismic event. The
determined measures of uncertainty may be used for changing a number of detectors in
the second array.

[0007] Another embodiment is a system for identifying the location of a microseismic
event in an earth formation. The system includes a first array of acoustic detectors in a

borehole in the earth formation configured to receive acoustic signals resulting from the
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microseismic event, a second array of acoustic detectors at or near a surface of the earth
configured to receive acoustic signals resulting from the microseismic event, and at least
one processor configured to use a time of arrival of the received acoustic signals to
estimate the location of the microseismic event, and record determined location on a
suitable medium. This system may include a device for conducting a fracturing operation
in the formation wherein the microseismic event results from a stress change in the earth
formation resulting from the fracturing operation. The at least one processor may be
further configured to use the time of arrival of a compressional wave and/or a shear wave.
The first array of acoustic detectors and the second array of acoustic detectors may be
further configured to receive acoustic signals at a plurality of additional times and the at
least one processor may be further configured to identify a change in the location of the
microseismic event using the acoustic signals received at the plurality of additional times.
The at least one processor may be further configured to take remedial action based on the
identified change in the location of the microseismic event. The at least one processor
may be further configured to estimate the vertical position of the microseismic event and
a horizontal position of the microseismic event. The at least one processor may be
further configured to determine a statistical measure of uncertainty of the vertical position
of the microseismic event and a statistical measure of the uncertainty off the horizontal
position of the microseismic event.

[0008] Another embodiment of the disclosure is a computer readable medium for use
with the system for identifying a location of a microseismic event in an earth formation.
The system includes a first array of acoustic detectors in a borehole in the earth formation
configured to receive acoustic signals resulting from the microseismic event and a second
array of detectors at or near a surface of the earth configured to receive acoustic signals
resulting from the microseismic event. The medium includes instructions which enable a
least one processor to use a time of arrival of the received acoustic signals to estimate the
location of the microseismic event, and record the determined location on a suitable
medium. The medium may include a ROM, an EPROM, an EAROM, a flash memory,

and/or an optical disk.
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BRIEF DESCRIPTION OF THE FIGURES

[0009] The present disclosure is best understood with a reference to the accompanying

drawings in which like numerals referred to like elements and in which:
FIG. 1 illustrates an exemplary arrangement of sensors that includes a VSP array
and a four-station subsurface array;
FIG. 2 is a contour map of the horizontal location error at four different depths
determined using P-arrivals only for the arrangement of FIG. 1;
FIG. 3 is a contour map of the vertical location error at four different depths
determined using P-arrivals only for the arrangement of FIG. 1;
FIG. 4 is a contour map of the horizontal location error at four different depths
determined using S-arrivals only for the arrangement of FI1G. 1;
FIG. 5 is a contour map of the vertical location error at four different depths
determined using S-arrivals only for the arrangement of FIG. 1;
FIG. 6 illustrates an exemplary arrangement of sensors that includes a VSP array
and a twelve-station subsurface array;
FIG. 7 is a contour map of the horizontal location error at four different depths
determined using S-arrivals only for the array of FIG. 6; and
FIG. 8 is a contour map of the vertical location error at four different depths
determined using S-arrivals only for the array of FIG. 6.

DETAILED DESCRIPTION

[0010] Tuming to FIG. 1, an exemplary acquisition geometry for the method of the

present disclosure is shown. This includes a seven-level VSP 111 with the vertical aperture
of 120m and a square array of four subsurface detectors 101a, 101b, 101¢, 101d 500 m
above the top level of the VSP array. The specific number of detectors used in the VSP
survey is not to be construed as a limitation of the disclosure; in practice, fewer or more
detectors may be used. It should further be noted that the borehole in which the VSP array
is deployed need not be a vertical borehole. The VSP array and the subsurface array may
comprise 3-C detectors. By using 3-C detectors, using known methods, it is easy to

identify whether a particular arrival corresponds to a P-wave or an S-wave arrival.
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Depending upon the surface conditions, the subsurface detectors may actually be at the
surface or may be buried at a depth sufficient to get a good signal-to-noise ratio.

[0011] In the present disclosure, to determine the uncertainty of hypocenter location, an
error ellipsoid is generally calculated to depict the error distribution. The error ellipsoid
computation is adopted by many well-used hypocenter location algorithms like
HYPOINVERSE (Klein, 2000). HYPOINVERSE is a computer program used by the
United States geological survey that processes files of seismic station data for an
earthquake (like P-wave arrival times and seismogram amplitudes and durations) into
earthquake locations and magnitudes. In the present disclosure, this program is used for
determining the location of microseismic events in reservoir monitoring. Based on the
method, the points 6,(xp.15.25.t0,) On the p% confidence ellipsoid for the solution
Oe(Xe,VerZeoloe) 1S Obtained from the equation (01,-(9e)”“Q(¢9p-<9e)§1cp2 , where Q is the
parameter covariance matrix, and is derived from Q0= (4 T4)"; 4 is the N x 4 matrix of
partial derivatives of # with respect to the 4 components of 8, (x.,Ve,ze.t0¢) at final iteration
of a least-squares hypocenter location procedure; N is the number of the geophones; the
confidence coefficient Kp2=M52F (p;4,N-4) where F (p; 4, N-4) is the F distribution with 4
and N-4 degrees of freedom at the p% confidence level. The variance factor, s%, is an
estimate of the picking error of arrivals of seismic phases. The semi-axes of the error
ellipsoid are obtained from the eigenvalues of Q by using the singular value
decomposition method. That is, R ™= (s’eigenvalue;x 2F (p; 4, N-4)) .

[0012] The one-standard-error (68%) ellipses are calculated at the nodes of a 3-D grid.
For convenience in viewing the results, the maximum horizontal and vertical errors of an
error ellipse are plotted as contour maps on a series of 2-D horizontal cross sections. A
point of novelty of the present disclosure is the use of a VSP array in combination with
an array of surface detectors. The top level of an assumed objective VSP array is
selected as the zero depth of the 3-D grid, and the positive direction of the coordinates is
regarded as downwards. Simulation results are presented for a model in which the
velocity is assumed to be constant with (¥,=4000 m/s, V,,/V=1.73). The picking error (a;,
i=1 to N) is assumed to be a three-step function of the distance between an event to the

geophone ranging from 0.001-0.002-0.004s and 0.004-0.008-0.012s for P-arrivals and S-
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arrivals respectively. This error is considered large enough to contain the errors caused
by picking and the inaccuracy of the assumed velocity model. Events are recorded and
picked at each station. Events on the nodes of the grid are assumed to be relocated to
their original positions.

[0013] FIG. 2 shows the horizontal distribution of the one-standard deviation horizontal
location errors on four horizontal cross sections from a depth level of -60, 0, 60 and 120 m,
while FIG. 3 shows the one-standard deviation vertical location errors at the same depths.
For the examples of FIGS. 2 and 3, only P-wave arrival times were used. A depth of zero
corresponds to a cross-section at the top of the VSP array. As can be seen, errors are less
than 20m within a radius of 500m centered from the horizontal projection of the VSP array.
In the area with a radius smaller than 250m, the horizontal errors are less than 10 meters.
There is little change of the pattern within the range of the vertical aperture of the VSP
wells. Horizontal error increases gradually with the epicenter distance. The vertical errors
in location determined by the network are less than 10 m in most areas within the
boundaries of the subsurface array on the four horizontal cross profiles. Among the four
profiles, the vertical error shows a general trend of decreasing upwards.

[0014] Turning next to FIGS. 4 and 5, similar results are shown using S-wave arrivals. It
can be seen that horizontal errors are generally determined to be less than 30m within a
radius of 500m centered from the horizontal projection of the VSP array, which is
approximately 50% larger that the corresponding error distribution located by P-wave
arrivals. For the vertical error, the pattern is similar to the corresponding error distribution
derived by using P-wave arrivals, but the errors are almost doubled to approximately 30-
40m within the frame of the subsurface array.

[0015] Considering the relatively low cost and ease of deployment of subsurface
geophone stations, it is possible to reduce the location errors by adding more geophones
to the subsurface array. This is shown in FIG. 6. A total of 12 subsurface detectors 601a,
601b, 601c,....601j, 601k, 6011 are shown. FIGS. 7 and 8 show the location errors
calculated based on the upgraded network using S-wave arrivals only. The locations of
the subsurface detectors are indicated by the squares in FIGS. 7 and 8. The horizontal

location errors are reduced from approximately 30m to 20m within a radius centered
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about the VSP projection. This accuracy is almost comparable to the results derived with
an array of four subsurface detectors where P-wave arrivals are used for the calculation.
The vertical errors are reduced to less-than-20 to 30m over almost the entire area of the
subsurface array. It should be noted that if the picking errors are smaller, then the
horizontal and vertical errors in the hypocenter estimation would also be smaller than the
values given in the examples. The ease of deployment is particularly advantageous in the
present method: as the inversion is based on arrival times, the orientation of the 3-C
geophones does not have to accurately known. Only one or two attributes (the P-wave
and/or S- wave arrival times) are essential.

[0016] It should further be noted that in the examples given above, a single VSP array
has been shown. This is not to be construed as a limitation to the disclosure, and
improved accuracy of the inversion may be obtained by using measurements from more
than one VSP array.

[0017] The advantages and disadvantages of the prior art single VSP method and the
method of the present disclosure using a combination of a VSP and a subsurface array

method are summarized in Table 1.
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Table 1: Comparison of the two monitoring and location methods

Single VSP | VSP+Subsurface
array array
4 attributes
(tp, ts, 1-2 attributes
Measurements azimuth and (t, and /or t;)
inclination)
Location | SV | 010,50 meters
meters
accuracy
Time-
. . Fast
Efficiency consuming )
) Reliable
Less reliable
Wi With pickable P,
Events puist and/or S first
locatable first arrivals arrivals (close to
(¢]
only(<<50%) 100%)
With
arnblguous P Close to none
Waste of arrivals (= 0%)
events With S ’
arrivals only
(>>50%)
Quantity of
locatable Small Large
events
Quality of Low High
seismic image

[0018] Based upon the results of the hypocenter determination, a map may be produced
showing the propagation of the microseismic events over a period of time. Appropriate

remedial action may be taken to control the development and propagation of
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microseismic events in the subsurface. This could include, for example, controlling of
injection pressure in a fracturing operation, and opening and closing of flow control
devices in injection and production wells.

[0019] The inversion methodology described above may be implemented on a general
purpose digital computer. As would be known to those versed in the art, instructions for
the computer reside on a machine readable memory device such as ROMs, EPROMs,
EAROMs, Flash Memories and Optical disks. These may be part of the computer or may
be linked to the computer by suitable communication channels, and may be even at a
remote location. Similarly, seismic data of the type discussed above may be stored on the
computer or may be linked through suitable communication channels to the computer.
The communication channels may include the Internet, enabling a user to access data
from one remote location and get the instructions from another remote location to process
the data. The instructions on the machine readable memory device enable the computer
to access the multicomponent data and process the data according to the method

described above.
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CLAIM
What is claimed is:
1. A method of identifying a location of a microseismic event in an earth formation,
the method comprising:
(a) deploying a first array of acoustic detectors in a borehole in the earth
formation;
(b) deploying a second array of acoustic detectors at or near a surface of the
earth;
(c) receiving acoustic signals into the first array of detectors and the second
array of detectors resulting from the microseismic event in the subsurface;
(d) using a time of arrival of the received acoustic signals to estimate a
location of the microseismic event; and

(e) recording the determined location on a suitable medium.

2. The method of claim 1 wherein the acoustic detectors comprise three component
detectors.
3. The method of claim 1 wherein the microseismic event results from a stress

change in the earth formation.

4. The method of claim 3 wherein the stress change results from at least one of: (1)
fluid flow in the formation, and (ii) a fracturing operation in the formation.

5. The method of claim 1 wherein the time of arrival further comprises the time of
arrival of at least one of: (i) a compressional (P-) wave, and (ii) a shear (S-) wave.

6. The method of claim 1 further comprising repeating (c)-(d) a plurality of times
and identifying a change in the location of the microseismic event.

7. The method of claim 6 further comprising taking remedial action based on the
identified change in the location of the microseismic event.

8. The method of claim 2 further comprising:
(1) identifying a direction of arrival of the received signals, and
(i1)  using the identified direction of arrival to estimate the location of the

microseismic event.

9. The method of claim 1 wherein estimating the location of the microseismic event
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11.

12.

13.

14.

15.

12

further comprises determining a vertical location of the microseismic event and a

horizontal location of the microseismic event.

The method of claim 9 further comprising determining a statistical measure of

uncertainty of the vertical location of the microseismic event and a statistical

measure of uncertainty of the horizontal location of the microseismic event.

The method of claim 10 further comprising using the determined statistical

measure of uncertainties for changing a number of detectors in the second array.

A system for identifying a location of a microseismic event in an earth formation,

the system comprising:

(a) a first array of acoustic detectors in a borehole in the earth formation
configured to receive acoustic signals resulting from the microseismic
event;

(b) a second array of acoustic detectors at or near a surface of the earth
configured to receive acoustic signals resulting from the microseismic
event; and

(c) at least one processor configured to:

(A)  use atime of arrival of the received acoustic signals to estimate a
location of the microseismic event; and
(B)  record the determined location on a suitable medium.

The system of claim 12 further comprising a device for conducting a fracturing

operation in the formation, wherein the microseismic event results from a stress

change in the earth formation resulting from the fracturing operation.

The system of claim 12 wherein the at least one processor is further configured to

use the time of arrival of at least one of: (i) a compressional (P-) wave, and (i1) a

shear (S-) wave.

The system of claim 12 wherein the first array of acoustic detectors and the

second array of acoustic detectors are further configured received acoustic signals

at a plurality of additional times and wherein the at least one processor is further
configured to identify a change in the location of the microseismic event using the

acoustic signals received at the plurality of additional times.
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18.

19.

20.
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The system of claim 15 therein the at least one processor is further configured to
take remedial action based on the identified change in the location of the
microseismic event. |

The system of claim 12 wherein the at least one processor is further configured to

estimate a vertical position of the microseismic event and a horizontal position of

the microseismic event.

The system of claim 17 the at least one processor is further configured to

determine a statistical measure of uncertainty of the vertical position of the

microseismic event and a statistical measure of uncertainty of the horizontal
position of the microseismic event.

A computer readable medium for use with a system for identifying a location of a

microseismic event in an earth formation, the system comprising:

(a) a first array of acoustic detectors in a borehole in the earth formation
configured to receive acoustic signals resulting from the microseismic
event; and

(b) a second array of acoustic detectors at or near a surface of the earth
configured to receive acoustic signals resulting from the microseismic
event;

the medium comprising instructions which enable at least one processor to:

(c) use a time of arrival of the received acoustic signals to estimate a location
of the microseismic event; and

(d) record the determined location on a suitable medium.

The medium of claim 19 further comprising at least one of: (1) a ROM, (ii) an

EPROM, (iii) an EAROM, (iv) a flash memory, and (v) an optical disk.
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FIG. 6
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