Location procedure

3 Location procedure

3.1 Event detection

The first step within any location procedure is to find an ewatttin the recorded
data stream. For the location method presented in thissth#ss can be ac-
complished by using an arbitrary automatic P-wave detectigorithm. Sev-

eral approaches have been proposed for the automatic Pamaval detection

(e.g., Allen, 1978; Baer and Kradolfer, 1987; Earle and &1e4994; Anant and
Dowla, 1997; Bai and Kennett, 2000; Saragiotis et al., 2@0®ng et al., 2003)
using energy analysis, short-term-average and long-terenage (STA/LTA) ra-
tios, statistical analysis, frequency analysis, wavehatlysis, polarization anal-
ysis/ particle motion or a combination of those. Which detecalgorithm pro-

vides the most reliable results often depends on the atignigieometry and the
guality of the data. In this work a detection algorithm thatnbines STA/LTA

ratios, spectrogram analysis and polarization analyss dewveloped for single
three-component receiver detection.

In principle STA/LTA ratios can be described as follows. T3PA measures the
average amplitude in a short time window and is very semsitisudden increases
in the amplitude of a time series. In contrast, the LTA meestine average am-
plitude in a long time window and hence reflects the amplitefdbe background
noise. For this reason the ratio between the STA and the LB&iges a mea-
sure of the signal-to-noise in the considered time windothefSTA. In this work
three different STA/LTA algorithms proposed by Allen (197/Baer and Kradolfer
(1987) and by Earle and Shearer (1994) were tested. Thetalgoproposed by
Allen (1978) requires apart from the data also the input céelconstants char-
acterizing low-pass filter functions and a threshold. Itkgovery reliable as long
as the constants for the low-pass filter functions are asdigarefully. However,
the aim of this thesis was to work with very different earthke data of different
dominant frequencies and for this reason this algorithmmeagmplemented. The
algorithms proposed by Baer and Kradolfer (1987) and EaxteShearer (1994)

31



3.1. Event detection

do not require the input of constants for the low-pass filterctions which is
beneficial for the application to various different typegweénts. For the data con-
sidered in this work both algorithms provided similar rbl@results but the latter
one was found to be computationally much less expensivecéidre algorithm
from Earle and Shearer (1994) was implemented in the eveattilen method.
Figure 3.1 (a) shows traces of synthetic three-componedatwaich contain ran-
dom noise as well as the P- and S-wave arrivals . The STA/LTi& calculated
from these data using an STA window of 10 ms and an eight tiruget LTA
window are shown in Figure 3.1 (b).
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Figure 3.1: Scheme of a detection algorithm that combine¥/ISR ratios, spectrogram

analysis and polarization analysis. (a) 3C traces of syicthata containing noise as well
as P-wave and S-wave arrivals, (b) STA/LTA ratio versus toh¢he data in (a). The

length of the STA window was 10 ms and of the LTA window 80 m3$.§pectrogram

of the data in (a). The intensity in dB is color-coded andaases from cool colors to
hot colors. (d) Rectilinearity versus time obtained by digua(2.21) using a moving time
window of 20 ms.

A spectrogram analysis is commonly applied for processingpeech signals
(Rabiner and Schafer, 1978) and provides information altloeittime depen-
dent frequency-content in a specified time window of the .dettgractice, the
frequency spectra of small (overlapping) time windows asmputed and dis-
played as a time series reflecting the intensity of frequeEn@®ppenheim and
Schafer, 1989). Spectrograms can be utilized for eventtietesince the arrival
of an event changes the frequency-content and the amgittmi®pared to the
background noise. In Figure 3.1 (c) the spectrogram arsabyfsihe data in Fig-
ure 3.1 (a) is shown.
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Location procedure

In section 2.3 the principles of polarization analysis agsalibed in detail. This
analysis typically yields three parameters. For singleikes detection the recti-
linearity is the most meaningful parameter with values eltisone for perfectly
linearly polarized waves and values close to zero for pdyfespherically polar-
ized waves. Since the rectilinearity allows to distinguigitween isotropic back-
ground noise, surface waveand body waves it can also be used for event detec-
tion at least for signal-to-noise ratios clearly above Je féctilinearity time series

of the data in Figure 3.1 (a) computed using a moving time wwnd shown in
Figure 3.1 (d).

As shown in Figure 3.1 the STA/LTA ratio, the spectrogramlgsia as well as the
rectilinearity analysis display sharp onsets in their galat times of the P- and
S-wave arrival. These sharp onsets are now used for the égtattion. In other
words, an event flag is only set if sharp onsets in the timesefiSTA/LTA ratio,
frequency-content and rectilinearity is observed.

This detection algorithm works for single three-componeagivers. It is intu-
itive, that an array of three component receivers provides enore information
(e.g., azimuths and dips of the incoming wave) which can leel s increase the
robustness of the detection. Later in this thesis arrayip@bservations in the
polarization analysis are described and additionally Use@vent detection as
well as for phase identification.

3.2 Location Method

In the presented location method an accurate P-wave onsetginot required.
Instead a time intervdt,, t;] around the detected P-wave is determined that in-
cludes a few cycles of the P-phase arrival. The dominanbgesf the P-phase
arrival is already provided by the spectrogram analysibédetection algorithm.
A relatively small interval length of a few dominant perioalsthe P-wave will
likely exclude the S-phase arrivals. This assumption ewadshfor typical hy-
draulic fracture monitoring situations, where the spadiatyveen monitoring and
treatment wells results in a clear separation of the bodyewahases. Further,
STA/LTA ratios and polarization parameters (especiallyatray configurations)
can be used to exclude other phase arrivals (e.g., reflegtfoom the selected
time interval. This means that the length of the time intewiti be automatically
shortened when the STA/LTA ratio or the polarization analysdicates a second
arrival. The selected interval and the velocity model aredhly input into our
location procedure (see Figure 3.2).

The procedure then performs as follows: First the polaomanformation in the
selected time interval is estimated from the three comptsradithe signal. As dis-

!Love waves are also characterized by high rectilinearityag (if not disturbed by S-wave
coda). On the other hand, Love waves are dispersive whicheaecognized in spectrograms.
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3.2. Location Method
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* For all receivers
« For all time samples
- Estimate the polarization vector
- Bidirectional initial-value raytracing
FE(D)=A% (1) + A (t)+ A5 1)
- For all image points P(x,y,z)
= Calculate the perpendicular
distance to the ray
= Weight E(t) with a Gaussian-beam-
factor depending on this distance
= Stack image value in the migration
model M(x,y,z)
~ End loop over all image points
+ End loop over all time samples
* End loop over all receivers

* For all receivers
« Estimate the polarization vector of the
selected time interval [t ,t,]
- Bidirectional initial-value raytracing
+ Sum the energy within the time interval

t=t
EFIeceiver: Z’:’: AIZ-IY( t)+Af12( t) +A$/(t)
+ For all image points P(x,y,z)
- Calculate the perpendicular
distance to the ray
» Weight E, with a Gaussian-beam-

Receiver
factor depending on this distance
-~ Stack image value in the migration
model M(x,y,z)
*End loop over all image points
* End loop over all receivers
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Figure 3.2: Flowchart of the location method: (a) usingansineous polarization infor-
mation and (b) using the polarization information of a timeival.
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Location procedure

cussed in section 2.3 this can be achieved with a covariaragsas of the whole

time window (equations (2.18) - (2.20)) or by consideringreaime sample sep-
arately. The latter provides information about the instagbus polarization and
is the most simple form of polarization analysis. In this kbpoth techniques of

polarization estimation were used. Since the location éeof both techniques

does not differ significantly, the location method that uesinstantaneous po-
larization will be explained first and afterwards the regdichanges for the use
of the covariance-based polarization information will lesclribed.

Location using instantaneous polarization

7 I

Figure 3.3: Scheme of energy back-propagation. Initiflkevaay tracing is performed for
the time sample,. The perpendicular distaneefrom a grid pointP(x, y, z) to the ray
and the corresponding ray length is used for energy weighteight functions for three
different ray lengths are shown schematically as blue lawesss the ray.

The instantaneous polarization estimated from a single sample is used as
a starting direction for initial-value ray tracing (see ts&t 2.4 and Figure 3.3).
This means that every time sample is treated as part of thave-arrival. In fact,
the instantaneous polarization vector needs to be treade@ddtional because the
particle motion can be caused by pressure or tension at thieesdn other words,
two rays must be traced: one using the instantaneous patianzvector as the
starting direction and the second one using the revers&hitasieous polarization
vector. However, if the time sample is part of the P-wave thes of the two rays
is traced towards the hypocenter (see section 2.3) and Ifotbtrays are traced in
random but opposite directions away from the receiver. incase the ray tracing
is performed up to the boundaries of the model. These boigsdare usually
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3.2. Location Method

defined by the target of interest, e.g., the volume that isetqal to be seismically
active. Then a wavefield back-propagation along the wholas@erformed by
assigning image valuek(z, y, z, t) to every grid pointP(x, y, z) of the model
(treating both rays individually). These image values daimed by weighting
the energy of the time sample with a Gaussian-beam-typerféerveny, 2001):

2
E(z,y,z,t) = (A%l(t) + A3, (1) + A%/(t)) - exp <—Z—2) . (3.1)
A, Ago correspond to the amplitudes of the horizontal componerdsdg to
the vertical component. The weighting is controlled by teeggendicular distance
r of the grid pointP(z,y, z) from the corresponding ray and the width of the
Gaussian bearh. In order to take into account the uncertainty of locatiothwi
increasing travel path, the raylengttP) and the dominant wavelengtty,,,, of
the signal are used to control the widilof the Gaussian beam, which is here
defined as:
b=1/s(P)- Adgm. (3.2)
Physically this means that the beam width increases sirtoldfresnel zones
(Kravtsov and Orlov, 1990; Ishimaru, 1978) with increasiaglength (see Fig-
ure 3.3) and increasing wavelength. Significant energyeslare concentrated
within the beam width whereas outside the beam width theggnealues de-
crease rapidly. Hence, the weighting restricts the baokggation along the rays
as shown in Figure 3.4. Equation (3.1) leads to a singuldritye beam width
obtained from equation (3.2) becomes zero. This problemrsadirectly at the
receiver locations as well as at all grid points which argpedicular to the start-
ing direction of the ray at the receiver. In order to avoidrssmgularities zero
values are assigned to these grid points.

Finally, a summation of all image values of the previouslested time interval
[t1,12] over all receivers is performed:

to
M(z,y,z) = Z / Ereceiver (T, y, 2, t)dt. (3.3)
t1

Receiver

The summation over all receivers yields regions of diststatked energy. Thus,
the region in the final imag#/ (x, y, z) with maximum stacked energy is assumed
to represent the hypocenter of the event (see Figure 3.#hdfmore, it is also
possible to correct the energy back-propagation for geacaéspreading. How-
ever, this is not a requirement for this location method beean this work the
focus is on the kinematically estimated location and not®dynamic properties.
Tests on synthetic data which are presented in the nexbsestil show success-
ful location results for both, migration with and withoutayeetrical spreading
correction.
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zZ

Figure 3.4: Scheme of an image obtained by initial-valuetraging, energy weighting
and summation over three receivers for a time sampl&he region with maximum en-
ergy is considered to be the hypocenter of the event.

The reliability of the obtained hypocenter can be estimdtgdalculating the
travel times from the hypocenter to each receiver. Theselttanes can be in-
verted for time differences between the arrival times ded#nt receivers. At the
same time, it is possible to estimate the arrival time défifees from the data, for
example by using the time differences between the maximaedbTA/LTA ratios
in the selected time window or by crosscorrelating the tinredews. For a reli-
able hypocenter the calculated arrival time differencedifégrent receivers have
to be consistent with the time differences observed in the. digthis consistency
test fails the hypocenter cannot be considered as located.

Location using averaged polarization

The method described above uses instantaneous polanizefiich is estimated
sample by sample in the preselected time interval aroung-tlvave. As described
in section 2.3 it is also possible to estimate one singlerfataon vector for the
preselected time interval. Equation (2.20) yields the miglies\; > Ay > A3
and eigenvectors,, p,, p3 that define the polarization ellipsoid that fits the three-
component data in the considered time interval. When caticig the polarization
ellipsoid for a small time window (that includes a few dormhgaeriods) around
the P-wave the eigenvectpr with the largest eigenvalug represents the propa-
gation vector of the P-wave. Hence the eigenveptaran be used as the starting
direction for initial-value raytracing. The eigenvectare$ not account for the
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3.2. Location Method

sign of the first motion which means that we get the same vdxtaeversing
the three-component signal. In this way the obtained eigetov is also treated
as a bidirectional vector, which results in the tracing ob tk&ys with opposite
directions from each receiver. Exactly as for the locatlmat ises instantaneous
polarization the raytracing is performed to the boundaoiethe target of inter-
est. The difference is that using selective raytracing tiexgy back-propagation
needs to be performed cumulatively. This means that thggméithe time inter-
val for each receiver is stacked before the back-propagatio

N
Epecemer = »_ (A3 (1) + Afy(£) + AL (1)) (3.4)
t=1

where Ay, Ay and Ay, are the amplitudes of the three components Ande-
notes the number of samples in the time interval. Then thesggnis propagated
backward in space along the two traced rays from each reagsveg Gaussian-
beam-type weighting factors for each image point as desgribove:

T2
EReceiver(x7 Y, Z) = EReceiver - €Xp (_b_2) . (35)

When using selective raytracing the time sample dependaneguation (3.3) is
removed and only a summation of all image values over alivecgis performed

.CE' y Y, 2 Z ERecewer .CE' Y, 2 ) (36)

Receiver

Again, this summation yields regions of distinct stackedrgp (see Figure 3.4)
and the region with maximum stacked energy is assumed tesept the
hypocenter of the event.

Discussion

Event location may require fine volume discretization tfzatt be computationally
expensive if a high resolution is expected for large voluiftlies size is defined
by the target of interest). Tests on reservoir scalé km?, e.g., the volume that
is expected to be seismically active during hydraulic fnaiog) have shown that
both location algorithms provide hypocenters within setsomhich allows for real
time monitoring. Much more challenging is real time evergltion when regions
with natural tectonic activity, like the San Andreas Fayktem, are monitored
because these regions are usually on the order of severah@rid much larger
than reservoir scale. The location method that uses irsstantis polarization can
only provide real time locations for such large volumes wkien resolution is
decreased. It is intuitive, that tracing only two rays fockeéime interval instead
of two rays for each time sample decreases the computatiostd significantly.
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Hence, the location method that uses a single polarizagetov provides faster
location results for larger volumes while preserving thatisp resolution.

It is important to note that averaging the polarization iration in a time interval

may lead to very smooth results (decrease the resolutigg@nding on the length
of the interval. Especially in the case that the selectee tinterval accidently
contains two interfering arrivals the averaged polar@athformation combines
the dominant polarizations of the two arrivals and leads war@ng starting di-

rection for the raytracing. As described in section 2.3ant&ineous polarization
attributes may resolve the polarization orientation of aheontaminated part of
partly interfering arrivals. On the other hand, the insdaebus polarization at-
tributes may become highly variable depending on the sigabise ratio while

the estimate of averaged polarization attributes of a ayefthosen time interval
provides more stable results for the same signal-to-natse r

Both methods have their advantages as well as their distatyes) Depending on
the size and the desired resolution the method that avethggsolarization in-

formation may provide faster results while maybe loosirfgrimation when the

selected time interval is contaminated with another catteagival. The method
that uses instantaneous polarization may partly resobspadharization in contam-
inated time intervals while loosing the ability of real-genapplications for large
volumes with fine discretization. Hence the choice of whiobation method is
more robust and efficient depends on the quality of the dataedisas on the

desired volume discretization and computation time.

3.3 Application to synthetic data

In this section both location methods are applied to syithdsta using differ-
ent source types and acquisition geometries. Independehe source type all
synthetic data were generated using homogeneous andasatnodels. The dif-
ferent sources were realized using equation (2.11) ancethgred combinations
of the moment tensor. The source-time function was alwaydippkr wavelet
(Fuchs and Muller, 1971) but the dominant frequency wateddor the different
synthetic data.

3.3.1 Explosion source

Synthetic data of an explosion source were modeled withteaqué?.13) assign-
ing a constant P-wave velocity of 6000 m/s to a model with disrens 2000 m x
2000 m x 2500 m. The source was placed at x =1000 m, y = 700 m ai®@Gm
and a dominant frequency of 40 Hz was used for the sourceftinaion.
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Figure 3.5: Acquisition geometry of the first synthetic datample.

The recording network of the first example consisted of 2@trandy distributed

surface stations and is shown in Figure 3.5. Such receiv@ngties are some-
times used for surface monitoring of fluid injection expegimts as for example
for the monitoring of the KTB injection and pumping expermcarried out be-
tween 1994 - 2004. (see e.g., Baisch et al., 2002). The toegonent data with
up to 30% white noise computed for this model are shown in Figure 3t& T
given percentage of white noise means that the maximum rong#itudes are

restricted to this percentage of the averaged maximum Isggnlitude of the 20
receivers.
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0 5 10 15 20 5 10 15 20 5 10 15 20

R A
b %l ﬁi gt ?%‘?'i'%
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Figure 3.6: Synthetic data radiated from an explosion soarwd recorded at arbitraily
placed three-component surface receivers. From left:mpoment, y-component and z-
component. All traces contain the P-wave between 0.15 s &%l 0

Since the source of this data set is an exploding point sdorae homogeneous
isotropic medium the seismograms contain only the P-ph&asewing that the
modeled traces contain neither coherent arrivals of othas@s nor any arrivals
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Figure 3.7: Image of the located source. Left: Image slicg 2700 m. Black and blue
colors correspond to small values of stacked energy andredhite colors in the center
of this image to large values. The maximum value marks thetdgeation. Right: Distri-
bution of the normalized stacked energy at the left displaggage slice with maximum
energy at x = 1000 m and z = 1000 m.

of other events the additional interval selection arouredRkphase of each trace
was not performed. In orther words, the whole trace was gsenk The loca-
tion method that uses instantaneous polarization (seedhlaw 3.2 (a)) was per-
formed in a migration volume with the dimensions mentionledva and using a
grid spacing of 50 m. The imaging result is shown in Figure(&ff) for a slice at
y =700 m. Large image values are visible in the center of treggrand mark the
location of the hypocenter. In order to get a better impoessif this region, the
spatial distribution of the normalized stacked energy ®ashin more detail in
Figure 3.7 (right) for the slice at y = 700 m. Please note tsatgithe whole trace
for location propagates more noise energy into the mignatiodel than using a
preselected time interval around the P-wave onset. Neslegh, the stacked en-
ergy values within this volume slice decay rapidly away fribia maximum. This
decay gives a qualitative estimate of the location unaastak-or this example the
coordinates of the maximum energy are observed at the terd evordinates of
the model.

For the second example shown here the same exploding pourtesaat

X = 1000 m, y = 700 m and z = 1000 m was used. This time, the reogrdi
network consisted of a vertically oriented linear array 0fr2ceivers at a con-
stant spacing of 100 m simulating an array deployed in a lobeeait x = 0 m
and y = 1500 m (Figure 3.8). Similar recording geometriescaramonly used

to monitor hydraulic-fracturing operations from monitggiwells (e.g., Urbancic

et al., 1999). White noise up to 2@ was added to the three-component data as
shown in Figure 3.9. Also, this data set did not contain amgotoherent ar-
rivals due to the source type and the model setup. Again tledenttace was used
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3.3. Application to synthetic data

for location. The location algorithm that uses instantarsguolarization was per-
formed on a migration model with dimensions of 2500 m x 20002080 m and

a grid spacing of 100 m. Furthermore, a geometrical spregactinrection of the

backpropagated energy was implemented in the locatiorepsoc
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Figure 3.8: Acquisition geometry of the second synthetia @ample simulating a mon-
itoring well.
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Figure 3.9: Synthetic data radiated from an explosion sowamd recorded at a verti-
cal array of 20 three-component receivers. From left: xjoonent, y-component and
z-component. All traces contain the P-wave between 0.2 9&hs.

The resulting image for a slice at z = 1000 m is shown in Figut® 8eft). Again,

the region of high stacked energy is considered as the evestidn and the coor-
dinates of the grid point with the maximum energy are the éwent coordinates
of the source. Due to the receiver geometry all rays whichespond to P-waves
from our explosion source were back-propagated at simden@hs. Thus, the
region of high stacked energy shows an elliptical shape itstmain extension
directed towards the receiver string. The distributionhe hormalized stacked
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Figure 3.10: Image of the located source. Left: Image sliezesl 000 m. Colors represent
values of stacked energy as described in Figure 3.7. Thetiedli region of high stacked
energy in the center of this image contains the hypocentireatvent (white spot). Right:
Distribution of the normalized stacked energy at the diggdiaslice of the image above
with maximum energy at x = 1000 m, y = 700 m.

energy at slice z = 1000 m as shown in Figure 3.10 (right) adflects this ef-
fect. Also for this example the whole trace was used for ioceand hence more
noise was back-propagated into the migration model. Howélve stacked en-
ergy also decays rapidly away from the maximum and indicatgsod quality for
the location. The maximum stacked energy was found at x = H00= 700 m
and z = 1000 m which corresponds to the synthetic sourceitwcathis means
the hypocenter of the explosion source was again succhskfcated. The geo-
metrical spreading correction implemented for energy fardpagation did not
influence the location result; only the receiver geometfgciéd the shape of the
likelihood region for the hypocenter.

3.3.2 Double couple source

For the third synthetic data example a double couple souasecansidered. The
source was oriented in the x-z-plane at x =50 m, y = 100 m andd08 &. A con-
stant P-wave velocity of 5300 m/s and a constant S-wave ielic3060 m/s (this
corresponds to a Vp-Vs ratio of 1.73) was assigned to a honemyes isotropic
model with dimensions 2000 m x 2000 m x 3500 m. Equations §2.2415)
and (2.16) were used to calculate the particle displacerethtthe source-time
function had a dominant frequency of 180 Hz.

The acquisition geometry consisted of two arrays placedanitaring wells (#1
atr = 350 m,y = 20 m and #2 atr = 250 m, y = 350 m, see Figure 3.11).
The first array consisted of 20 receivers with 30 m spacingistpat>z = 2250 m
and the second one of 40 receivers with 15 m spacing starting=a 2350 m.
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Figure 3.11: Acquisition geometry of the third syntheti¢adexample.

Also this data set was contaminated with 20 % white and ipatrooise. The
corresponding seismograms are shown in Figure 3.12.
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Figure 3.12: Synthetic data set generated with a doublele@aqurce in the x-z plane.
From left: x-, y- and z-component seismograms with%2@vhite noise. The recording

system consisted of two vertical arrays (20 receivers iaya# and 40 in #2).

All traces contain the arrivals of both, P- and S-wave. F thason it is neces-
sary to select a time interval around the P-wave onset. Teansithe application
of a detection algorithm as well as phase-arrival identificais required. The sin-

gle receiver detection algorithm described in section 3% applied to this data
set. The result obtained for receiver number 18 was alrelows in Figure 3.1.

If two arrivals are detected at a single receiver it is reabtento assume that the
first detected arrival most likely belongs to the P-wave dredsecond one to the
S-wave. However, as indicated in section 3.1 array conftgursi.can also be uti-
lized for phase-arrival identification. In Figure 3.13 (adgb) the single station
analysis results for the STA/LTA ratio and the rectilinagre plotted in time ver-

sus receiver number. The single receiver detection alguoréssigned pick flags
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to both P- and S-waves at all receivers. In order to distsiybetween the P- and
the S-wave the fact that the recording network consistedvofuertical arrays

can be used. As explained in section 2.3 the azimuth of a R-whserved on a
vertical array will be the same for each receiver in thisya(ed least in homoge-
neous isotropic media) unless the receiver array is planeddradal plane of the
radiated P-wave. In contrast, as demonstrated in sect®tin@.S-wave observed
on a vertical array will only show the same azimuth at eackivec in the array

when the array is placed on a nodal plane of the radiated S¥-vifr this reason
the estimated polarization information (already cal@dato obtain the rectilin-

earity values) were converted into azimuth values usingegm (2.23) as shown
in Figure 3.13 (c). A test of the azimuth consistency at alereers placed in the
same borehole was performed for the arrivals detected Wwéhsingle receiver
method. The result is shown in Figure 3.13 (d), where eadvshwith consistent

azimuth values at all receivers in the same borehole is rdank# a blue star

and an arrival with inconsistent azimuth values with a red, sespectively. The
arrival that passed the azimuth-consistency test was asstmnbe the P-wave.
Using the phase indentification shown in Figure 3.13 (d) therval around the

detected P-wave was selected. From the single receivetrggeaim analysis (see
Figure 3.1 (c)) the dominant frequency was estimated as ¥8fhd consequently
the dominant period as 0.006 s. For this reason the lengtiecdetlected interval
around the detected P-wave was chosen to be 0.018 s (thre tti@ dominant
period).

Then the selected time intervals were processed with thegitot method that
averages the polarization information for the time inteataeach receiver (see
Figure 3.2 (b)). The migration model with 25 m regular grigsipg was as-
signed to the target of interest with x = (-1000, 1000) m, y 2000, 1000) m
and z = (2000, 3500) m. The maximum stacked energy was fourd-&0 m,
y =100 m and z = 3000 m. The obtained source image is shown uré-ig14
(left) at a vertical slice through y = 100 m and in Figure 3.d4gHt) at a horizontal
slice at z = 3000 m. The stacked energy focuses sharply abtaged maximum
of stacked energy and decays rapidly away from the maximuma.shape of the
area with high stacked energy reflects the receiver geonretysimilar way as
observed for the second synthetic explosion source exammpiact, it is reason-
able to expect the geometrical effect to be more obvioushfeilacation method
that averages a single polarization vector because thisadetoes not propagate
any rays from pure noise back into the model.
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3.3. Application to synthetic data
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Figure 3.13: Scheme of phase detection and identificatimg @sray-specific polarization
features.
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Figure 3.14: Source image obtained with the location methatluses averaged polariza-
tion information. Left: vertical slice y=100 m. Right: hadntal slice at z=3000 m. Colors
represent values of stacked energy as described in Figuré&lse elliptical region of high
stacked energy in the center of these images contains tlueéyier of the event (white
spot).

46



Location procedure

3.4 Location uncertainty and signal-to-noise limits

Three examples of different receiver geometries and neiggld up to 30% are
shown in section 3.3 and for all three the maximum stackedygremrresponded
to the synthetic source location. The uncertainty of laratiepends mainly on the
signal-to-noise ratio because noise in the data affectgdtaization information
which is used to perform the initial-value ray tracing. Sevéests on synthetic
data were performed to find the signal-to-noise limit for gresented location
approach. Many different synthetic data sets were compkegegding the model
dimensions 2000 m x 2000 m x 2500 m and the number of receiwgngaloying
the noise level. In order to account for different apertutes model setup was
varied using three different locations of the source pang in the center of the
model (as shown in the examples for the explosion sourcejvemtbcated on the
edge of the model at 700 m depth and 1500 m depth, respectiuatyhermore,
the receiver distribution was changed for the simulatethsarstations as well as
for the location and spacing of the borehole stations. Theiver spacing varied
from 50 m to 100 m and the borehole was located at the edge asisvelithin
the model. Using different noise levels, different recetyegometries and different
source points about 200 different synthetic data sets wamnergted .

Surface stations
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Figure 3.15: Location errors with increasing mean noisellebtained from a large num-
ber of synthetic data sets. The recording network consist&2D arbitrarily distributed
surface stations (top) and of 20 borehole stations (bottogspectively. The black dotted
line marks the limit for locations to be considered as susfcés

As described in section 2.3 the instantaneous polarizatiitbutes are more af-
fected by noise than the averaged polarization attributestone interval of a
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3.4. Location uncertainty and signal-to-noise limits

carefully chosen length. Hence it is reasonable to assuatéth location method
using instantaneous polarization will be more affectedrigydignal-to-noise ra-
tio. For this reason the signal to noise limits were testadgusnly this location
method in order to estimate the lowest limit. About 50 of thdata sets were lo-
cated using a grid spacing of 100 m and 50 m for the other 1%0s#ds$. For each
data set the error between the obtained location and theetymsource point was
calculated. The location error at different noise leveshiswn in Figure 3.15. Due
to the resolution limits of the chosen grid spacing all lomas with errors of less
than 100 m are considered as successful locations. Foraailyiplaced receivers
(Figure 3.15, top) successful locations as well as locatieith no location error
can be obtained for white and isotropic noise up to approtemal5 % (which
corresponds to a S/N ratio of 6.9 dBlFor noise levels above 45 the majority of
the estimated locations show errors larger than 100 m. Ussggle linear down-
hole array the majority of locations show errors larger th@0 m above 3%
noise level (9.1 dB) (see Figure 3.15, bottom). For signatdise ratios smaller
than 6.8 dB (9.1 dB, respectively) the polarization becomese and more dis-
turbed in such a way that the Gaussian beams will not intesséficiently and
hence the back-propagated energy will not clearly focuss Wil be immedi-
ately visible in the final image as an increased likelihogioe or as a number of
small, indistinct local energy maxima. If the noise is notdam (e.g., noise from
a pump or tube waves in the monitoring well) then the poléiwzainformation
of the microseismic signal is disturbed in a more criticaywsuch a disturbance
of the polarization would displace the location of the hygrter. However, di-
rected noise as released by pumps often has a particulareineg band and can
normally be eliminated by filtering. The issue of directedsecand receiver fi-
delity is discussed in more detail in section 3.5. Also, pptible discrepancies of
the velocity model affect the ray tracing. Since the presgfdcation procedures
back-propagate the energy in space along rays, it is noiresbjio calculate travel
distances (as for standard location procedures) to migragegy into the model.
This makes the location accuracy more sensitive to errdtseinelocity gradients
(which are responsible for the ray-bending) than to ernothé absolute veloci-
ties. Thus, as long as the relative velocity contrasts atekwewn, the direction
of the rays will not be disturbed and it will be still possildéeobtain a good esti-
mate of the true hypocenter. Furthermore, the geometrycefvers influences the
shape of the likelihood region for the hypocenter as shovaeation 3.3. Finally,
the resolution in the image is mainly controlled by the slgmavelength as well
as by the chosen grid sampling for the migration model.

ZSNR(dB) =20- lOglO (%)
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3.5 Receiver Fidelity

The most essential part in this location method is the esiimeaof the po-
larization information which defines the starting direntitor the initial value
raytracing. Therefore receivers with high vector-fideéitg mandatory to provide
complete and accurate measurements of ground motion. @icalcspect is the
receiver orientation which is necessary to interpret treaigd motion vector in
a 3D volume. The receiver orientation for arrays deployethatsurface can be
obtained adjusting the instruments manually. In contrasgnting receivers in
a borehole is a much more delicate issue (Greenhalgh andriy1a985; Bland
and Stewart, 1996; Zeng and McMechan, 2006). In practiee potientation of
the three component borehole geophones is beyond contrblecinstallation
crew. For this reason test shots are performed at known edagcations in order
to obtain the receiver orientation. The problem simplifidsew the orientation
of one component is fixed due to the borehole geometry. Fampbeathis is
the case for receivers which are deployed in a straightoarvell. Then the
vertical component can be assumed as oriented correctiyerteless, the
orientation of the horizontal components has to be obtafireed seismic signals
of known source locations. Considering a single shot anah@lesi3C geophone
the orientation error is usually obtained in the followin@gyw Knowing the
source and assuming that the P-wave from this source prtgsafyam the source
without any lateral refraction the theoretical azimétbf the incoming P-wave
is known (see Figure 3.16). From the seismic record of thermng P-wave the
observed azimuth can be estimated using hodogram analysis. The deviation
between the theoretical azimutland the observed azimutigives the geophone
disorientationy = 0 — 7.

> East

Source East’

Figure 3.16: lllustration of estimating the receiver otaion.
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3.5. Receiver Fidelity

Averaging the obtained geophone disorientation over séwtrots as well as
analyzing relative disorientation angles on many recsiveduces the uncertainty
of this estimate. Most of the commonly used methods and éne8D orientation
estimation methods are based on the polarization prinshmbe/n above.

Unfortunately, none of these methods can resolve or hahdlmbst critical issue
in receiver fidelity which is the component fidelity itself. @@mponent fidelity
can be disturbed by deviations in the geophone sensitivityifterences in the
ground coupling (Drijkoningen et al., 2006) or by the preseof directed noise
(De Meersman et al., 2006).

A Z-component

Y-component

Eventsource --~ .-*
* * X-component

Apparent event source

Figure 3.17: Receiver fidelity. Component values markedue lborrespond to 100 per-
cent fidelity. The red line corresponds to 50 percent distifitlelity on the X-component.
This disturbance results in a different vector of particletion.

The consequences of the disturbance of component fidelitybeaseen in Fig-
ure 3.17. A P-wave from the true event source (blue star) dvoalise the blue
particle motion vector on three perfectly coupled compads&rith equal receiver
sensitivity and the absence of directed noise. If one of dmponents fidelity is
disturbed by any of the causes mentioned before, e.g., th@ponent coupling
is 50 percent less than on the other components, we wouldwabddferent parti-
cle motion. Furthermore, this apparent particle motiod {rector in Figure 3.17)
leads to an apparent event source (red star) or if used foedtimation of 3C
receiver orientation to wrong results. For the considesedrple the azimutla
of the particle motion vector observed at perfectly coupkszkiver components
can be calculated

a = arctan (ﬁ) (3.7)
Ams

where Ay, and Ay, denote the amplitudes recorded at the X- and Y-component
of the receiver. The azimuild that is observed when one component is disturbed
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can be calculated introducing a coupling factor for eachmamentFy;, £y, and
Fy

(3.8)

, Am - Fin
o = arctan | —— .

Apo - Fro

The influence of component fidelity can be estimated calrngahe deviation
between the true azimuth and the apparent azimuil'. In order to get a
better impression about the disturbed fidelity-inducedrerazimuth deviations
were calculated using fidelity values of 90%, 70%, 60%, 50% 206 for the
Y-component. The azimuth deviations that can be observed feceiver with a
disturbed Y-component using these fidelity values are shiowigure 3.18. The
value of deviation depends on the true emergence angle whittbe explained
by geometrical considerations. For example, if the incgmave is polarized
parallel to the Y-component a fidelity-disturbed X-compatsedoes not change
the energy of the recorded wave nor its recorded polariza@m the other hand,
if the incoming wave is polarized parallel to the X-compattie disturbance on
this component changes the recorded energy but not thedextqolarization.
For all waves not polarized parallel to any of the componeid the energy as
well as the polarization change and hence the error of therebd emergence
angle depends on the true angle.
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Figure 3.18: Errors in the estimation of emergence anglestdueceiver fidelity dis-

turbance. The true emergence angle is given relative to itarkded component. The
component fidelity is color coded.

Since receiver orientation estimation and component fidele coupled to each
other either the orientation or component fidelity needsedimmown to estimate
the other quantity. As stated earlier in this work the depetblocation method
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3.5. Receiver Fidelity

relies on polarization and hence receiver fidelity problearmot be neglected. A
solution that decouples the problem is not presented intbrk.

However, in the following section a method is presented hiefis to distinguish
between reliable receivers and not reliable ones in ordexdtude the latter from
the location procedure. In the case of unknown receiventat®sn test shots, per-
foration shots or seismic events are not suitable for corapbfidelity tests for
the reasons mentioned above. At the same time, noise caideroseful infor-
mation about the reliability of receiver components if itamdom and equal from
all directions. This condition is not fulfilled in the casedifected noise but this
problem will be discussed later in this section. If the nasesotropic and ran-
dom from all directions a receiver perfectly coupled witlualgsensitivity on all
three components should show the same noise level on adl tor@ponents over
a sufficiently long time interval, ¢,]. Since the noise is assumed to be isotropic
the mean noise levet on all three component§1, H2 andV is independent of
the components orientation and can be obtained by:

1 1 & 1 &
wH1:EZ|AH1|7 WHZZEZ|AH2|7 wV:EZ|AV|‘ (3-9)
t1 t1

A1, Aps and Ay correspond to the amplitudes on the three components.and
is the number of samples in the considered time intervad.\rery important that
the time interval used for this analysis does not containdgmyinant polarized
seismic phase arrival (e.g., from earthquakes or from tests}. These arrivals
change the statistically even distributed intensity ofrigpic noise. The absence
of dominant phase arrivals can be automatically ensurecimg S TA/LTA ratios

or spectrogram analysis.

Any difference in the mean noise level on the three comp@nare caused by
ground coupling problems, sensitivity problems or by thespnce of directed
noise. Independent of the cause it is possible to concluatetlie considered re-
ceiver fidelity is disturbed. The degree of disturbance @adtimated comparing
the average noise levels recorded on the different compenAmormalization

of the average noise levels to the component with maximurserievel even pro-
vides useful values of component fideliyin percent:

TH2 wy

maz(w)’

WH1

Fyy = 100—2HL
max(w)

Fry =100 Fy =100

maz(w)

(3.10)

Using the obtained values of component fidelity a receiver loa declared as
functioning or malfunctioning. Such a decision dependsecomponent fidelity
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values, the emergence angles of the expected waves andsireddsccuracy. The
influence of a malfunctioning component can be estimatechaws in Figure

3.18. Once the influence is estimated a threshold can be gbeiprocessing
procedure to exclude malfunctioning receivers from furtise.

3.6 Receiver fidelity tests on synthetic data

The procedure described above was tested on syntheticldeieefore the model
setup from the last synthetic example shown in section 3.8 wtidized which
consisted of 20 receivers in one monitoring well and 40 rexsiin the other. For
simplicity an explosion source was used to model some inegrmphase arrival.
Random white and isotropic noise was added to the data aslkin section
3.3. Afterwards the orientation of the horizontal compdsewas rotated also ar-
bitrarily thereby keeping the components perpendiculaaoch other. Finally, a
set of 180 (3x 60) random numbers between 0 and 1 was generated. In order to
disturb the receiver fidelity the whole synthetic trace &atd noise) of a com-
ponent was multiplied by one of the random numbers. The géeitraces are
shown in Figure 3.19

Receiver number Receiver number Receiver number
20 40 0 40

W i

0.2 0.2
Z
o 0.3 0.3]
£
=

/'
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Figure 3.19: 3C synthetic data of receivers with disturbachgonent fidelity. From left:
X-component, Y-component and Z-component.

That the component fidelity is disturbed is clearly visibi¢hee traces. For exam-
ple, receiver number 60 does not show much noise or signddeoXcomponent
whereas the noise on the Y-component is higher and evenaseseon the Z-
component.

The first step to analyze the receiver fidelity was to sepdraeanoise from the
incoming signal. This was achieved using the single recelegction algorithm
presented in section 3.1. Then, pure noise traces of diffegagth were build. The
aim was to test the stability of the proposed method and tmat the optimum
number of samples for such a statistical method.
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3.6. Receiver fidelity tests on synthetic data

In order to find a sufficient length for the noise interval (oe sufficient number
of samples) time intervals of various lengths from 5 time gla® to 350 time
samples were build and the noise was analyzed as describeel. dthe estimated
component fidelity was compared with the random fidelity galused to disturb
the receiver components. In Figure 3.20 the deviation betwiee true component
fidelity and the estimated fidelity for different sample nwerdare shown for 60
receivers. The error is color coded and increases from odubt colors. The col-
orbar was limited to 35 percent error to increase the resolutf this plot since
the errors for larger time intervals are clearly below 25cpat. In other words,
errors larger than or equal to 35 percent are shown in darKTiteel three subfig-
ures correspond to the different components. For all corapi@the estimation
error decreases below 25 percent when using time inter¥dl8®time samples
or more. The estimates of the component fidelity obtaineh ft60 time samples
of noise at each receivers are shown in Figure 3.21. The hloge agepresents
the fidelity value that was used to disturb the componentifiddihe higher this
fidelity value is the less disturbed was the receiver compbrige red curve cor-
responds to the fidelity value estimated with equation (3.t0s clearly visible
that the estimated values are in a very good agreement vetinué fidelity values.
Even if the absolute fidelity value was not hundred perceptuwad by all esti-
mates (e.g., on the x-component at receiver number 33) thealb¥idelity trend
can be identified using the proposed approach. Using 100damw®les of noise
(as shown in Figure 3.21) already gives a sufficient estintatkecide whether a
receiver has to be considered as broken or not. It is intuitiat increasing the
number of time samples used for such an analysis shouldizeatiie estimate.
An increase in the estimate stability with increasing sammimber can also be
seen in Figure 3.20.

Concerning a sufficient length of the investigated noiserirdl it is possible to
conclude that the use of intervals of 50 time samples did raatyce good fidelity
estimates but intervals of 100 time samples did match thditfideend. From
the numerical tests a minimum interval of 100 time samplesstemated to ob-
tain reliable fidelity trends. The longer the noise interved better it represents
the noise conditions and the component fidelity and henceetter become the
fidelity estimates.

As indicated above this method cannot distinguish whetteecomponent fidelity
is disturbed by sensitivity/coupling differences or diegtnoise. This means the
estimated values are very useful to identify receivers wipelarization analysis
could be biased. On the other hand, a recalibration of theoocoent fidelity using
the estimated values is not recommended unless it is cdftatrthe noise was
random and equal from all directions and did not contain aryepred direction.
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Figure 3.20: Estimation error of receiver fidelity for difémt number of analyzed noise
samples. The error is color-coded and decreases from rdddo b
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Figure 3.21: Estimation of receiver fidelity disturbancéngsL00 time samples of noise.
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