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SUMMARY

Reliable estimations of magnitude of completeness (M. ) are essential for a correct interpre-
tation of seismic catalogues. The spatial distribution of M, may be strongly variable and
difficult to assess in mining environments, owing to the presence of galleries, cavities, frac-
tured regions, porous media and different mineralogical bodies, as well as in consequence
of inhomogeneous spatial distribution of the seismicity. We apply a 3-D modification of the
probabilistic magnitude of completeness (PMC) method, which relies on the analysis of net-
work detection capabilities. In our approach, the probability to detect an event depends on its
magnitude, source—receiver Euclidian distance and source—receiver direction. The suggested
method is proposed for study of the spatial distribution of the magnitude of completeness
in a mining environment and here is applied to a 2-months acoustic emission (AE) data set
recorded at the Morsleben salt mine, Germany. The dense seismic network and the large data
set, which includes more than one million events, enable a detailed testing of the method. This
method is proposed specifically for strongly heterogeneous media. Besides, it can also be used
for specific network installations, with sensors with a sensitivity, dependent on the direction
of the incoming wave (e.g. some piezoelectric sensors). In absence of strong heterogeneities,
the standards PMC approach should be used. We show that the PMC estimations in mines
strongly depend on the source—receiver direction, and cannot be correctly accounted using a
standard PMC approach. However, results can be improved, when adopting the proposed 3-D
modification of the PMC method. Our analysis of one central horizontal and vertical section
yields a magnitude of completeness of about M, =~ 1 (AE magnitude) at the centre of the
network, which increases up to M, = 4 at further distances outside the network; the best de-
tection performance is estimated for a NNE-SSE elongated region, which corresponds to the
strike direction of the low-attenuating salt body. Our approach provides us with small-scale
details about the capability of sensors to detect an earthquake, which can be linked to the
presence of heterogeneities in specific directions. Reduced detection performance in presence
of strong structural heterogeneities (cavities) is confirmed by synthetic waveform modelling
in heterogeneous media.

Key words: Seismic attenuation; Statistical seismology.

(Schorlemmer & Woessner 2008). The completeness of a catalogue

INTRODUCTION depends on several factors, including network geometry, instrumen-
A first outcome of seismic monitoring is the compilation of seismic tation, magnitude and spatiotemporal distribution of seismicity and
catalogues for the monitored region. The assessment of earthquake attenuation of the seismic signals. The magnitude of completeness
catalogue completeness is essential for statistical analysis of seis- (M,) is defined as the lowest magnitude for which all earthquakes
micity and to understand the capabilities of recording networks with higher magnitudes can be detected (Rydelek & Sacks 1989;
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Woessner & Wiemer 2005). A reliable M, determination is vital for
numerous seismicity and hazard-related studies, such as analysis
of rate changes, calculation and mapping of seismicity parame-
ters, static and dynamic triggering, probabilistic seismic hazard as-
sessment and earthquake forecasting. If the frequency—magnitude
distribution (FMD) of earthquake catalogues obeys the Gutenberg—
Richter law (Gutenberg & Richter 1944), M. can be defined as the
minimum magnitude at which the cumulative FMD departs from
the linear trend (Zuniga & Wyss 1995).

Seismic networks in mines are located in complex observa-
tional volumes, which contain different geological units and cav-
ities. The static and dynamic properties in mines vary strongly in
space (Cichowicz et al. 1988; Milev & Spottiswoode 2002). Local
heterogeneities influence the seismic wave field in mines signifi-
cantly and the very high frequency signals, which are monitored
(Maxwell & Young 1998). In mining environments, M, may there-
fore show strong spatial variations. A number of statistical tech-
niques are available to compute M., most of them assuming the va-
lidity of the Gutenberg—Richter law and are based on catalogue data.
These methods include goodness-of-fit test—GFT (Wiemer & Wyss
2000), M. -estimation based on the b-value stability—MBS (Cao &
Gao 2002), entire magnitude range (EMR) approach (Woessner &
Wiemer 2005), maximum curvature technique (MAXC; Wyss et al.
1999; Wiemer & Wyss 2000) and median-based analysis of the
segment slope (MBASS; Amorese 2007).

The determination of M, for larger regions using catalogue-based
methods, and neglecting small-scale heterogeneities, may lead to er-
roneous estimations. Better estimations could be obtained by com-
puting M, for smaller regions. However, this will decrease the num-
ber of available events, and the estimation of M, may get less accu-
rate or even will be impossible for those cells where the number of
events is too small. Furthermore, the application of all these exist-
ing approaches relies on several assumptions. Beside the validity of
Gutenberg—Richter power-law distribution, which does not always
hold, the completeness should be constant within earthquake sam-
ples and temporal variations can be neglected, which is both often
not true in mining environments (for more details see Schorlemmer
& Woessner 2008).

Given these limitations for inhomogeneous catalogues, Schor-
lemmer & Woessner (2008) proposed an alternative method, namely
the probability-based magnitude of completeness (PMC), which
uses the phase data, station information and network attenuation re-
lations to estimate earthquake detection probabilities. This method
does not assume a power-law behaviour of earthquake magnitudes.
It has been applied to different regional networks to assess the spa-
tial distribution of the magnitude of completeness. The proposed
PMC method was first applied to assess the spatial distribution of
M, using the southern California seismic network (Schorlemmer
& Woessner 2008), and later to different regions and seismic net-
works (Schorlemmer 2009; Nanjo et al. 2010; Schorlemmer e? al.
2010; Gentili ef al. 2011). However, the PMC approach is based
on the assumption that the probability of detecting an event is only
dependent on its magnitude and distance to the sensor. In mining
environments, as well as in other regions characterized by strong
attenuation anomalies and structural heterogeneities, the expected
signal amplitudes and the sensor detection thresholds may signifi-
cantly vary depending on the direction of the incoming wave front.

Plenkers et al. (2011) first applied the PMC analysis to study
detection probabilities and completeness in a gold mine, using a
network of 8 AE sensors combined with one triaxial accelerometer.
The authors proposed to define probability of detection at each sen-
sor, based on magnitude, Euclidian distance, depth and azimuth, and
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showed that the probability of detection depends on ray paths and
is influenced by local heterogeneities. They apply a coarser binning
when calculating the 3-D completeness distribution and divide the
catalogue into subcatalogues that represent areas of homogeneous
completeness.

We propose a different extension of the standard PMC approach,
applicable to study strongly heterogeneous environments in larger
mine networks, and show its application to an appropriate data set,
which allows a detailed comparison and test of the methodology. We
analyse the acoustic emission (AE) catalogue from the Morsleben
Mine, Saxony-Anhalt, Germany, consisting of more than one mil-
lion events recorded during 2 months. Given the large data set, we
are able to consider six preferential directions at each sensor, which
have been chosen according to the galleries geometry. We show that
the detection probabilities are strongly direction-dependent and that
the corresponding M, estimations are significantly influenced by this
fact. Our study demonstrates the importance of taking account of
3-D effects in strongly heterogeneous environments such as mines
to get reliable M. estimations based on PMC network methodology.

AE CATALOGUE, MORSLEBEN SALT
MINE

In this work we use AE data recorded in the Morsleben salt mine in
eastern Germany. The Morsleben salt mine is located in the Allertal
region, it has a length of 5.6 km and maximum width of 1.4km.
Its four main levels reach a depth of 630 m below the surface. Un-
til 1969, the Morsleben salt mine was mainly used for mining of
potash and rock salt. During mining, large excavation sites in form
of cavities were built, showing typical dimensions of 100 m length,
30 m width and 30 m height. This led to a total cavity volume of
5.8 million m3. Parts of the mine are used as a permanent repository
for low- and intermediate-level radioactive waste. The facility is cur-
rently being decommissioned. Details on the Morsleben repository
are given, for example, in Behlau & Mingerzahn (2001), Preuss
et al. (2002) and Federal Office for Radiation Protection (2009).
Deformation occurs within the rock masses close to the cavities,
leading to the development of microcracks, with dimensions of mil-
limetres to centimetres. These are associated with dilatancy and can
lead to an increase of the rock permeability (Spies & Eisenblatter
2001b; Spies et al. 2005). During these fracturing processes, high-
frequency elastic energy is emitted. The AE monitoring is used to
detect and locate microcracks and provide information to control
the stability of the cavity system (Eisenblitter & Spies 2000). Fig. 1
shows an East—West cross-section view of cavities distribution and
the distribution of AE events with acoustic emission magnitude
(Mxg) larger than Mg > 3.

A network of 32 piezoelectric sensors was installed by the Bun-
desanstalt fur Geowissenschaften und Rohstoffe (BGR) in the mine
to monitor AE activity. Sensor records have a sampling rate of
200 kHz, and record in triggered mode. No waveform records are
available for this data set, and the only available information is the
AE event catalogue containing event location, magnitude, trigger
information and automatic P- and S-wave picks. Event magnitudes
are derived from the maximum recorded amplitudes and the dis-
tances to the receivers (Kohler et al. 2009). The mean amplitude is
then defined as the amplitude value of the linear regression curve
of amplitude over distance at a reference distance of 50 m from
the source (Eisenblitter & Spies 2000). This value is expressed in
dB with a reference voltage of 1 uV prior to amplification (Spies
& Eisenblitter 2001a,b; Spies et al. 2005). No simple conversion
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Figure 1. Overview of the study region in the mine and the AE receiver network. East—west cross-section view shows the distribution of cavities (grey and red
outlines), the locations of the AE receivers (black triangles) and the distribution of AE activity with a magnitude Mag > 3.

to commonly used magnitudes like Mw or ML is possible. Scaling
relations for these magnitudes are only valid for large or moder-
ate events (Hanks & Boore 1984; Ben-Zion & Zhu 2002), while
Kwiatek et al. (2011) showed that scaling relations are preserved
down to at least magnitude —4.1, when using AE sensors.

Cox & Meredith (1993) suggested that the examination of the
distribution of AE event amplitudes may be described by a power law
such as the Gutenberg—Richter distribution proposed for earthquake
catalogues.

log;o(N) = a — bM, )

where N is the cumulative number of earthquakes with magni-
tudes larger than M (which is a logarithmic scale of instrumentally
recorded amplitudes) and @ and b are constants. To produce the
same form of the FMD for AE events, amplitudes reported in dB
were divided by 20, due to the fact that the AE peak amplitude
is measured in dB whereas the earthquake magnitude used in the
Gutenberg—Richter distribution is defined in terms of the logarithm
of maximum amplitudes. This is a common approach to calculate
b-values of AE events which is dimensionless and independent of
instrumental sensitivity (e.g. Cox & Meredith 1993; Becker et al.
2010).

For our analysis, we use a catalogue of AE-events recorded during
2 months (2010 April-May). During this period, 100 5927 events
were detected. Fig. 2 shows the distribution of events which are
concentrated close to the network and at the depth range 250-
270 m with Mg in the range 0-5. Assuming empirical energy
relations (Eisenblitter & Spies 2000), these Mag values result in
moment magnitudes ~M,, —8 up to —3. In this study we derive
the 3-D detection probability for each sensor in the network (as a
function of magnitude, distance and source-sensor preferential di-
rections) and combine the results from the single sensors to derive
3-D maps of the detection probability and the magnitude of com-
pleteness. We focus for visualization on two profiles (a horizontal
layer in the depth range of Z = 253 + 5m and a cross-section at
EW X =85 £ 5 m), where most sensors are located and the number
of recorded events is highest.

Application of most catalogue-based methods needs the assump-
tion that the FMD follows the Gutenberg—Richter law (eq. 1).

We analysed the FMD of the whole data set and for different
depth profiles, finding in some cases significant deviations from
the Gutenberg—Richter power-law distribution. In particular some
FMDs show characteristic kinks (see Fig. 3). Therefore, we first
investigated whether the anomaly in the FMD distribution might be
a consequence of temporal changes in the recording network. How-
ever, when considering only events recorded in time periods, with
a homogeneous network configuration, we still observe anoma-
lous FMDs. Therefore, we conclude that the deviation from the
Gutenberg—Richter law does not stem from temporal changes in the
network configuration. We also considered the possibility that the
deviations from the Gutenberg—Richter law might result from the
superposition of different regions with varying b-values and/or com-
pleteness magnitudes. For that purpose, we analysed the FMDs for
subvolumes, finding out that the kinks appear only in some cells.
Multimodal FMDs have been often observed in mining environ-
ments (e.g. Gibowicz & Kijko 1994), who suggested some physical
reasons to explain these features. A reasonable hypothesis is that
they are the results of strong structural inhomogeneities, such as
cavities or different geological bodies, which affect the small-scale
distribution of the medium properties, local stresses and stress rates.
In our case, the observation of kinks in the FMDs would suggest
that the spatial scale of these anomalies is smaller than our resolu-
tion power. Because of the deviations from the Gutenberg—Richter
distribution, which is observed for many cells, the application of
catalogue-based approach for the whole mine cannot provide re-
liable estimations of M, in our case. The Gutenberg—Richter law
may be satisfied for smaller cells, but this would reduce the number
of events per cell and thus limit the application of catalogue-based
methods.

NETWORK-BASED METHOD TO
ESTIMATE M,

The probabilistic magnitude of completeness (PMC) method was
developed to analyse detection probability of seismic networks and
spatial variations of completeness with high resolution (Schorlem-
mer & Woessner 2008). This method is based on the analysis
of detection probabilities of seismic events and does not assume
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Figure 2. Hypocentral location of AE sources at Morsleben mine during the analysed 2 months period (2010 April-May): map view (up, left), NS-depth (up,
right) and EW-depth cross-section (bottom, left) projections. The colour scale indicates the acoustic emission magnitude (Mag) of the events, which is roughly
equivalent to moment magnitudes M,, —8 to —3. Triangles denote sensor locations (blue and magenta triangles indicate stations 22 and 25).
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Figure 3. Frequency—magnitude distributions for all recorded data set within two depth profiles show that the FMD does not follow the Gutenberg—Richter
power-law distribution.
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a Gutenberg—Richter distribution of the earthquake catalogues.
The analysis is performed in different steps (full details are given
in Schorlemmer & Woessner 2008): first, the probability of detec-
tion is derived for each station in the network; then, the detection
probabilities for different stations are combined into a probability
of detection for the whole seismic network. In a last step, the spatial
distributions of network detection probabilities are used to derive
a map of completeness. This analysis was originally developed for
regional seismic networks, covering an extension of hundreds of
kilometres and being composed of surface stations (Schorlemmer
& Woessner 2008; Nanjo et al. 2010) and depends only on magni-
tude, distance and time.

The PMC method uses the phase data, including earthquake cat-
alogues, stations information and attenuation relations to determine
magnitudes in the network. According to Schorlemmer and Woess-
ner the detection probability Pp;(M,L) at a given station i is defined
as a function of magnitude M and source—receiver distance L, as
the ratio of the number of located events picked at this station over
the overall number of events located by the network. The detection
probability for a given earthquake with magnitude M at location x
and for time ¢ can be defined for a given station i as Pp ;(M.x(L),t),
where the effects of source—receiver geometry are only accounted
by means of a distance L. Then, the detection probability of an event
with magnitude M and given location x can be defined for the whole
network, as the joint probability that a minimum number of stations
have detected this event:

Pe(M, x, 1) = [ (Pp; (M, x(L),1)). @

The minimum number of stations must be adjusted to the trig-
gering conditions of the network. The probabilistic magnitude of
completeness (Mp) at location x and time ¢ is derived by searching
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the smallest magnitude M that represents the desired probability of
detection level (Schorlemmer & Woessner 2008):

Mp(M,x,t)=minM |Pg(M,x,t)=1-0Q, (3)

where Q is the complementary probability that an event will be
missed.

This approach may have strong limitations when analysing micro-
seismicity in mining environments because of the 3-D network ge-
ometry and the presence of strong heterogeneities, including voids,
galleries and different mineralogical units. To demonstrate the lim-
itations of the standard PMC approach for our analysis, we com-
pute the probability of detection depending on the direction of the
source—receiver geometry (Ppp, where the second D index points
out the ‘directional’ approach) for two sensors (sensor 25 and sen-
sor 22). The Ppp is computed similarly to Pp, but only relying on
events located above or below the sensor, respectively. Since most
sensors are located at a cavity wall (often drilled at the cavity floor
or ceiling) the probability to detect an earthquake may significantly
differ if the wave fronts propagate down- or upward. Fig. 4 shows
the non-smoothed detection probability for sensor 25 (top) and sen-
sor 22 (bottom) with the standard approach, utilizing the whole
catalogue as well as subsets containing only events above or below
the sensors, respectively. The plots of detection probabilities show
different patterns at the reference sensors, showing how sensor 22
has a better performance than station 25. In both cases, the detection
probability estimated using the whole data set provided a different
image than results from events located above and below the sensors.
In particular, if we only consider events which are located below
the sensors, the estimation of detection probabilities is much lower:
for example, for station 25 at Mag 2 and at a distance of 75 m, we
obtain a detection probability of about 1.00 and 0.75, respectively,
from the whole data set and the subcatalogue of events below the
sensor. These results confirmed that the standard PMC method for

Below Sensor

Probability
1.00

0.75
0.50
0.25

0.00

Magnitude

Figure 4. Probability of detection (Pp) at sensor 25 (top) and 22 (bottom) of the Morsleben network. Pp is plotted as a function of magnitude and distance.
Three different plots are derived from (a) the whole data set, (b) using only events with depths shallower than the sensor’s depth and (c) using only events with

depths deeper than the sensor’s depth.



mining networks, with detection probability only defined as a func-
tion of magnitude and distance, cannot provide stable estimations
for probability of detection and magnitude of completeness. Be-
cause of these differences, and given the observed sensitivity to the
direction of observation, we will further modify the PMC method
based on the event magnitude, source—receiver distance and direc-
tion.

PROBABILITY OF DETECTION FOR
MINING ENVIRONMENTS

Here, we describe our approach to extend the PMC method for
heterogeneous media. The first goal is to derive the probability of
earthquake detection at a specific sensor. Whereas in the standard
PMC approach, this probability only depends on magnitude and
distance, we additionally consider its dependency on the direction
of the source location. To this purpose, we first define a number
of preferential directions (Ny). Then, for each sensor the event de-
tection catalogue is subdivided in N, subcatalogues, each including
only those events falling into the sector corresponding to its pref-
erential direction. The choice of the number and orientations of
preferential directions can be based on mining, geological and/or
seismicity information of the study area. In our case, we choose
two possible approaches for the Morsleben mine. In the first case,
since most variations in the detection performance are observed be-
tween up- and downgoing wave fronts (likely as consequence of the
installation of many sensors at gallery floor or ceilings), we subdi-
vided the detection catalogues for each sensor into two subsets, one
including all sources shallower than a given sensor and one with
sources deeper than the sensor depth. In the second case, knowing
the average orientation (N30W-S30E) of cavities, strike direction
of the galleries and geological structures at this mine, we choose six
preferential directions (up, down, N30W, N60E, S30E and S60W).
An event is associated with one of the six preferential directions
based on the maximum of the scalar product of the unit vector of
the source—receiver direction with the unit vectors of the six pref-
erential directions. The events classification into catalogue subsets
for six preferential directions is illustrated in Fig. 5 for sensor 22.
The method is very flexible because it allows choosing different
configurations of the preferential direction, depending on the study
case. Increasing the number of preferential directions would be use-

Detection probability in strongly heterogeneous media 1561

ful to taking account local heterogeneities in study, however; results
in smaller size of the catalogue subset and may not ensure a stable
retrieval of the PMC. Note that our approach will provide a 3-D im-
age of detection capability of each sensor, not limited to a specified
depth.

Plenkers et al. (2011) derived detection probabilities of each sen-
sor as a function of magnitude, distance and azimuth for specific
depth ranges for a gold mine in South Africa. The general idea to de-
rive the completeness in both studies is similar and focuses a similar
problem, linked to heterogeneous media, where the standard PMC
may fail. However, there are some significant differences between
the study of Plenkers et al. (2011) and our approach. Although both
studies rely on magnitude, distance and azimuth, in our approach
we use preferential directions and split the catalogue into subcata-
logues, with events falling into cones relative to each sensor. Note
that the cone-like shape of the subregions allow the further appli-
cation of the standard PMC analysis, describing the probability of
detection of a sensor within each cone as a function of magnitude
and distance. Because of this classification in few subcatalogues
to provide prior information about heterogeneities, the computa-
tional expenses in our method are much smaller than the method
of Plenkers et al. (2011). This is especially important where large
monitoring areas need to be studied, for example, in commercial
mines. Therefore we overcome problems related to sparse data in
large areas and investigate the effects of missed/unlocated events on
M. estimations. A second difference concerns the data application,
which here relies on a massive data set from the Morsleben network
(more than one million events) and a dense network (including 32
sensors). Such optimal configuration is very important to detect
cavity effects from different sides. Given our approach and data set,
we are able to reconstruct a 3-D map of M.

For each catalogue subset, representing a specified preferential
direction, we perform the PMC analysis as a function of magni-
tude and distance. Since we compute probabilities in a distance—
magnitude space, we need to homogenize distance and magnitude
units. To these purposes, we use the attenuation relation given for the
network. The maximum amplitude decays as a function of distance
between the AE source and the sensors and this behaviour is used to
determine the event magnitude. Expressing the amplitude in dB, we
have a linear decay of the maximum amplitude with distance, with
the slope describing the damping coefficient (e.g. Manthei et al.
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Figure 5. Example of derivation of six subcatalogues for six preferential directions (arrows) for seismic events recorded by sensor 22 (triangle) in the network.
Top: map view of epicentral locations for six subcatalogues. Bottom: locations of the same events projected along an EW cross-section.
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2006). Kohler er al. (2009) estimated a slope of (—0.26) dB m™!.
The event magnitude would then be defined from the amplitude ex-
pected for a reference distance of 50 m. According to the discussion
on eq. (1), we use a fixed ratio of 20 to scale amplitudes to AE
magnitudes. We can finally infer that a distance variation of 100 m,
would imply an amplitude increase of 26 dB, and thus is equivalent
to a magnitude variation of 1.3. This relation is used to define a
Euclidian distance in the magnitude—distance space, and to convert
data triplets to detection probabilities, according to Schorlemmer &
Woessner (2008).

We define Ppp,j(M, L) as the detection probability for magnitude
M and distance L at station i from preferential direction j. Ppp for
each station and preferential direction will be defined consistently as
in standard PMC, as the ratio between the number of triggers and the
number of events. To derive the detection probabilities for events of
given magnitude, distance and given preferential direction to sensor,
we apply the same criterion as used in the standard PMC method by
Schorlemmer & Woessner (2008). Because of the extremely high
number of recorded events, we changed the original assumption
for the sufficient number of events per bin and set it to 100. This
leads to a more conservative and robust estimation of probabilities.
Following our modifications, the detection probability for a given
earthquake with magnitude M at location x (and for time #) will be
defined for a given station i as Ppp,jix) (M, x(L),t). Now, the effects
of source-receiver geometry are considered in the choice of the
closest preferential direction j and the distance L.

Schorlemmer & Woessner (2008) suggested two simple physical
constraints to obtain a smoothed distribution for the probability of
detection: the detection probability cannot decrease (1) at smaller

distances for the same magnitude and (2) for larger magnitudes
at the same distance. This smoothing algorithm was proposed to
remove artefacts due to sparse data, and relies on reasonable as-
sumptions, when dealing with seismic waveforms propagating in
homogeneous media. However, this approach may hide features
stemming from heterogeneities and cavity effects. For some sen-
sors at the Morsleben mine, the probability of detection shows
some anomalies with respect to this expected behaviour. For ex-
ample, regions of low detection probabilities can be seen, in few
cases, within regions of higher probabilities (Fig. 6). Following the
smoothing approach, these features would be removed. However,
in the case of mining networks, we believe they may be related to
cavities and/or structural heterogeneities. Thus, we prefer to im-
plement a different smoothing approach, which assumes that the
detection probability cannot increase for smaller magnitude at the
same distance, but does not assume that the detection probability
must decrease with distance. An increment of detection probability
with distance may occur, if a large cavity is present between the
source and the receiver, in the region behind a cavity. This effect
is discussed in the synthetic modelling section. Fig. 6 shows the
examples of the detection probabilities for two sensors (six and 22)
and the smoothed distributions resulting from both approaches. The
differences among smoothed probabilities indicate that our choice
is more conservative, because it accounts for the possible effects
associated to structural heterogeneities or cavities. The problem is
further discussed in the synthetic waveform modelling section.

In the second step, sensor detection probabilities are computed
for a given magnitude at a given location for all sensors. This process
is similar to the one proposed by Schorlemmer & Woessner (2008),



but it also relies on the sensor detection probabilities for different
preferential directions. We can compute a detection probability map
for the network, for a given magnitude. First, for each gridpoint, we
compute the distance and direction to each sensor, and extract the
probability of detection Ppp ; for the given magnitude, distance and
preferential direction (closest to the sensor—grid vector). Then, the
probabilities at all sensors are merged to estimate the network de-
tection probability (Pgp). This step takes into account the minimum
number of triggers, which are needed for the detection of an event
(in the case of the Morsleben data set five station triggers are needed
for event detection). The repeated computation for a full range of
magnitudes (here 0 < Mxr < 5) provides a description of detec-
tion probabilities for each grid cell and magnitude. These detection
probabilities are used to derive the magnitude of completeness, by
searching the smallest magnitude that reflects earthquake detection
with the desired probability. The choice of Q reflects the desired
accuracy. Since the choice of Q value is arbitrary, we test different
Q values, and choose O = 0.001 to obtain conservative estimates.

RESULTS

In the following, we estimate the spatial distribution of detection
probabilities and magnitude of completeness for the Morsleben
network using 10 m grid spacing in North and East at a horizontal
depth section profile (z = 253 £ 5 m) and an EW cross-section
(x = 85 £ 5 m) where the seismicity is more concentrated. First,
we obtain the probability of detection at each station. Fig. 7 shows
the detection probabilities for sensor 22 following the standard
PMC approach and considering two (above and below the sensor)
and six preferential directions. The differences observed between
detection probabilities in different directions confirm once more the
directional dependency of Pgp; for example, detection probabilities
of this sensor are larger for events located towards South and above
the sensor, rather than towards North and below it. The standard
PMC tends, in this case, to overestimate the probability that events
are detected; for example, an event with Mg = 3 at 200 m distance
has a detection probability of 92 per cent, whereas probabilities
are always below 10 per cent, in our modified approach, except for
events located towards S30E (71 per cent).

The results of the detection probabilities and magnitudes of com-
pleteness for the entire network (30 sensors are used, sensor 10
and 21 were removed due to a very low detection capability) are
illustrated in Fig. 8, where detection probabilities are shown for
Mg 1.5, for one map view and a cross-section profile. Detection
probabilities extracted from the standard approach of PMC and
two-directions PMC show similar spatial distributions, although
the second approach tends to identify a region of high probabili-
ties more extend in North—South direction rather than East—West
direction. The magnitude of completeness is plotted in Fig. 8 for a
detection probability of 0.999. Standard and two-directional PMC
approaches indicate a magnitude of completeness of M, ~ 0.5 in a
central region elongated in North—South direction; the magnitude
of completeness rises (faster for the standard PMC than for the two-
direction approach) when moving far from the network. In general,
since detection probabilities and magnitude of completeness de-
pend on the Euclidian distance between sensors and source, their
estimations for different source depths will change.

Completeness distributions computed from PMC analysis con-
sidering six preferential directions for two profiles show a different
pattern. Assuming again a reference magnitude of Mag 1.5, for the
depth section, high detection probabilities are only predicted for
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a small region, close to the network, compared to the two other
approaches (standard PMC, depth-dependent PMC). The M, esti-
mate in the centre of the network is about M, ~ 1 and increases
up to M, ~ 4 at the boundaries of the study region. At about
150 m from the centre of the network, the detection probability,
even for the largest magnitude events in the catalogue, cannot reach
the chosen threshold 0f 0.999. The cross-section plot illustrates that
the detection probability is highest in a small region around the
centre of the network and elongated below the sensors. Estimation
of the completeness distribution along the EW cross section using a
10 m grid shows this region with high probabilities of detection and
low magnitudes of completeness (M, &~ 0.5) below the centre of
the network. The small number of events (Fig. 2, right) recorded in
this region may significantly affect the completeness estimation. M,
reaches up to about 1 at the centre of the network; M, variations are
minor along the NW=SE direction (M, =~ 0.5-2.5), compared to the
NE-SW direction (M, =~ 1-4).

These results show that the detection performance of the
Morsleben network changes strongly, when considering different
hypocentral regions. Highest detection probabilities and lowest
magnitudes of completeness are somehow confined to a smaller
region, which extends along a NNW-SSE direction, rather than N—
S; the NNW-SSE orientation corresponds to the strike of the salt
structure in the region (e.g. Best 1996). A similar analysis at differ-
ent depths consistently indicates such general pattern, with a region
of low M, elongated according to the salt body geometry.

EFFECTS OF A CAVITY ON SYNTHETIC
WAVEFORMS AND DETECTION
PROBABILITY

In this section we investigate the effects of the presence of cavities,
in terms of detection probability and magnitude of completeness,
with the simplified synthetic tests. In these simulations, we focus
on the forward modelling in two dimensions. Qualitative results
can be extrapolated to the 3-D case. Synthetic seismograms have
been computed using the E3D code (Larsen & Grieger 1998). First,
we consider a homogeneous 2-D medium (¥, = 4.7km sV, =
2.7kms™!, 2.5 g cm™?), choose a station location and iteratively
estimate the maximal velocity for isotropic sources located at each
possible location in the model. The entire model has a spatial ex-
tension of 1 x 1km, with a grid step of 5 m. Synthetic velocity
seismograms in the radial direction are estimated assuming an ex-
plosive point source. Results are shown for two different station
locations in Fig. 9(a), where the scale refers to normalized ampli-
tudes. In the case that the model is homogeneous, the amplitude
decay is only dependent on the geometrical spreading and attenu-
ation, and therefore the maximal amplitudes decay symmetrically
in each direction away from the station. The maximal amplitude
depends here only on the source-receiver distance.

In the second case, we include a rectangular cavity of 50 x
25 m. The cavity is located below the stations; the distances be-
tween the closest boundary and the two stations are 10 and 30 m.
The patterns of the maximal amplitudes recorded at the two sta-
tions are highly affected by the presence of the cavity (Fig. 9a,
right). While the cavity acts as a barrier for sources located below
it, which are shadowed by its presence, the interference of direct and
cavity reflected phase’s increases the maximal amplitudes recorded
for stations above the cavity. Such effect, however, is strictly re-
lated to the radiation pattern of the isotropic source we chose, and
may significantly change when using a different focal mechanism.
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Figure 7. Probability of detection at sensor 22 as a function of magnitude and distance, as derived using three different approaches: (a) standard PMC approach
based on the whole data set (b, ¢) modified PMC with two preferential directions (up, down), and (d—i) modified PMC with six preferential directions (up,
down, N30W, N60E, S30E and S60W). The figure shows that detection probabilities for this sensor differ using events recorded in different subcatalogues.
These differences are seen for all sensors and confirm that detection probabilities strongly depend on the direction of the source location.

The shadow effect of the cavity is stronger, when the station is
closer to the cavity. Let us now assume that an event is detected
at a station whenever the maximal amplitude is above a thresh-
old, which is here chosen as the maximal amplitude recorded at
a source—receiver distance of 75 m for an isotropic source with
AE magnitude (Mag) equal to 2.0. These are realistic values, de-
fined after results obtained following the standard application of the
probability of detection method to the Morsleben network. Since
the maximal amplitude scales linearly with the scalar moment and
thus exponentially with the magnitude, we can easily plot previous

results in terms of the magnitude of completeness. The resulting
M. values are shown in Fig. 9(a), right-hand side, for all the four
configurations discussed before.

Fig. 9(b) shows the variation of magnitude of completeness for
both models along two profiles: AA/ (away from the receiver) and
BB/ (constant distance to the receiver, variable direction). Along
the AAs profile, the homogeneous model predicts an increase of
M. for increasing distances. In presence of a cavity, results are sig-
nificantly different: in front of the cavity, M, estimation resembles
the homogeneous case; while behind the cavity M, values strongly
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Figure 8. Spatial distribution of network detection probabilities (for a reference magnitude of Mag 1.5) and magnitude of completeness for the Morsleben
network using 10 m grid spacing along a depth section at z = 253 m (top) and a EW cross-section at x = 85 m (bottom). Black triangles are locations of working
sensors. The figure show, according to colour scales, the probability and completeness maps using application of the standard PMC approach (a), modified
PMC for up- and down directions (b) and for six preferential directions (c). Maps of completeness magnitudes are derived at the probability level of P = 0.999.

increase. The plot also shows that the magnitude of completeness is
not always increasing when increasing the distance to the receiver.
A higher magnitude of completeness can be derived close behind
the cavity wall, where the shadow effect of the cavity is largest,
while smaller M, can be derived at further distances. This result
confirms that the smoothing procedure, discussed in the methodol-
ogy section, should not force the decrease of detection probability
when increasing the source-receiver distance. The results along the

BBy profile show how the M, is affected at the same source-receiver
distance, when a cavity is located between source and receiver.

To verify the hypothesis that the distribution and geometry of
cavities is linked to the patterns observed in the probability of
detection at Morsleben, we compare theestimated probability of
detection with the geometry of cavities. The test is realized again
in two dimensions, and results interpretation must account for this
simplified assumption. We consider station 22 of the Morsleben
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Figure 9. (a) Synthetic maximum amplitudes (normalized) calculated at a presumed station (triangle) for an isotropic source located at the corresponding
gridpoint in the case of a homogeneous model without and with a rectangular cavity; right-hand side: magnitude of completeness (Mag) at two stations
(triangles) for a homogeneous model and a homogeneous model with a rectangular cavity; dashed lines denote profiles AA/ and BB/. (b) M, along profiles
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side) and normalized number of events (right-hand side) along a North—South cross-section at station 22.
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Figure 10. Effects of increasing the minimum number of required stations for locating events on the distribution of detection probabilities (Pp) for sensor 22
in different preferential directions (N30W, N60OE, S30E, S60W, up and down). The first and third columns show Pp derived with a minimum number of five
stations for locating events, columns second and forth with a minimum number of seven stations. Results show that the distribution of detection probabilities
are not significantly affected when increasing the number of stations required for location.

network and consider all seismic events located in a North—South
vertical section centred at this station (the E-W thickness of the
section is 25 m and only events located in this ‘slice’ are considered).
The section is divided in cells of 25 x 25m, and at each cell the
probability of detection at this single station (for events with Mg
1.5 £ 0.5) is computed. Fig. 9(c, left-hand side) shows how the
probability of detection decreases faster towards North, a pattern
that can be explained as a consequence of the nearby cavity. It
is important to point out that the spatial pattern of the detection
probability is not related to the spatial distribution of events (Fig. 9c,
right-hand side).

DISCUSSION

Detection probability distributions at Morsleben mine are com-
puted based on the information of recorded and not-recorded P
phases. Given the configuration of the Morsleben mine network,
high traveltime residuals may be derived due to cavity effects, and
consequently some events may be detected but not located, when
the number of good traveltimes becomes too small. Therefore, the
effects of missing and unlocated events should be considered in the
PMC analysis.

To investigate the effects of missed and unlocated events on
the detection probability distribution, we exploited the information
about the stations used in the localization procedure. We increased

the minimum number of required stations (Snin) for locating an
event to seven stations (instead of five). Consequently, some events
in each subcatalogues derived from different preferential directions
will be missed. After increasing the minimum number of required
stations for localization to seven, about 11 per cent of events are lost.
As a typical example, we discuss here the effect on the probability
distribution for station 22. Fig. 10 shows the differences between
detection probabilities for the six preferential directions subcata-
logues for sensor 22. The comparison between results shows that
the differences in Pp are minor, and negligible when compared to
the differences observed among Pp, for different preferential direc-
tions. This test proves that missing and unlocated events are not
affecting the results of Pp and completeness estimations.

Another point which can affect the estimation of the detection
probabilities is the role of the attenuation relation in the network. As
we discussed, the standard PMC approach estimates the same prob-
ability of detection for seismic waves from all directions for a spe-
cific station. This assumption leads to overestimated probabilities
and is not reliable especially for networks located in strongly het-
erogeneous media which attenuation is anisotropic. Our approach,
based on the direction of source location, provides us with results
based on the (directional) differentiation of observation picks. High-
frequency acoustic waves are differently attenuated in different ge-
ological structures, affected by shadowing effects due to cavities,
and scattered at blocks of anhydrite, small clay layers or inclusions
of gas or water which are embedded in most salt rock formation.
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These effects may lead to higher attenuation for regions close to the
cavities and weaker AE signals, with respect to those attenuated by
undisturbed rock salt (Manthei et al. 2006). Considering different
attenuation relations for signals recorded in different settings can
improve the magnitude uncertainty in the analysis and consequently
improve detection probabilities. However, considering the unknown
boundaries of the attenuation anomalies, and the combined effects
of different bodies (e.g. salt rock and anhydrite) and cavities, it is
currently not possible to account for them in our approach. They
could be considered by including a large number of preferential
directions (e.g. ignoring any a priori information on the geome-
try of the mine), or following the approach proposed by Plenkers
et al. (2011). Since most events are recorded in the direction of the
salt body, one velocity model (consistent with the salt body) and
one attenuation relation is used towards magnitude determination
in the network. In the modified PMC method the effect of cavities
and highly attenuating bodies is reflected in the decrease of the
detection probability in the specific direction to a sensor. Another
factor which may affect the detection probability of an AE sensor
is its orientation and coupling with the hosting rock. On one side,
piezoelectric sensor amplification is dependent on the direction of
the incoming seismic wave and detection performance may change
depending on the sensor orientation (Manthei ez al. 2001). Also, the
sensor coupling with the rock surface may affect the average detec-
tion rate, as confirmed by significant variations of the performance
of adjacent sensors. However, according to Plenkers et al. (2011),
effects related to sensors orientation may not have a strong influ-
ence on the detection probability, when compared to the influence
of structural heterogeneities.

CONCLUSIONS

Reliable estimations of the magnitude of completeness, especially
for networks in heterogeneous environments, provide valuable
knowledge about earthquake statistics and allow a correct inter-
pretation of seismic catalogues. In this work, we studied the spatial
distribution of the magnitude of completeness at the Morsleben
salt mine by adapting the PMC approach to account for different
source—receiver directions. A first attempt in this direction has been
done by Plenkers et al. (2011) for a significantly smaller data set in
a South African gold mine. We extended this approach and tested
it for the much larger data set of the Morsleben mine. Our method
still relies on the detection capability of each single seismic sensor
of a seismic network as the standard PMC, which was proposed for
regional surface networks monitoring regions with minor structural
heterogeneities. While the standard PMC approach can provide an
overall detection capability for each sensor and the whole seismic
network, it cannot account for effects related to structural hetero-
geneities and cavities. These effects are considered in our modified
approach, and their importance is confirmed by the observation of
significant variations in the detection probability when considering
seismic events located in different directions to the same sensor.
The modified PMC approach is suggested for large data sets, with
strong heterogeneities and different geological structures, as they af-
fect the wave attenuations to different stations and in along different
paths. The information on anomalous detection performance could
be used to infer the geometry of cavities or geological structure
units. The suggested method could also be applied to larger scale
settings where blocks with strongly different attenuation properties
are in close contact as, for example, at some transform boundaries
or in the case of a border between igneous and sedimentary rocks. A

second application to tectonic events could be at subduction zones:
deep and shallow events at the same distance to the sensors present
very different waveforms, and thus the detection performance can
change significantly. However, due to the introduction of subcat-
alogues representing the different preferential directions, a much
larger data set than in the original approach is needed and thus the
standard PMC will remain the method of choice whenever homo-
geneous or only moderately heterogeneous regions are studied. A
synthetic test using waveform modelling confirms that the patterns
observed in the detection analysis can be explained as consequence
of heterogeneities and cavities near the sensors.

The modified PMC approach is flexible and can be adapted and
applied to different mines based on the geometry of mining opera-
tions and structural details. The modified PMC method can provide
an image of the spatial distribution of the magnitude of complete-
ness. In addition, the method can be used to judge the network
performance and evaluate future network configurations. The re-
sults of the modified PMC approach find that the region of lowest
M. at Morsleben mine extends along a NNW-SSE direction, con-
sistently with the elongation of the salt body exhibiting low signal
attenuation.

Temporal completeness variations can affect different data sets
and this can be extremely important in mining environments. Tem-
poral changes reflect a time-dependent ability of the network to
detect events. A variation of the network configuration and the
number of sensors can have a strong influence on the overall detec-
tion performance. Seismic noise has also an effect on the detection
performance, and the reduced anthropogenic noise from working
activity in the mine can explain the larger number of detections (for
Mg below 1) at Morsleben during weekends. In consequence of
some activities in mining environments, for example, following ex-
cavations, refilling, blasting and mass shifts, the mine structure can
change with time. Such activities (which were not performed for
the time period discussed in this work) strongly change the mining
structure and should be reflected in a variation of the network de-
tection performance. The proposed modified PMC analysis could
be iteratively repeated for different time intervals, to investigate
possible changes in the mine structures.
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