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Gotthard base tunnel:

Total length: 57 km

Two parallel single track tubes with a 
diameter of 9.2 m.

Three intermediate access points for 
construction.

Access point of Faido will serve as 
multi-function section (MFS) for 
maintenance and rescue operations.
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Main geologic units along Gotthard base tunnel:

MFS Faido is 
located in the 
Penninic gneisses. 

Average 
overburden is 
~1500 m.
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Strong rock bursts during excavation work

Photo: T. Eppler, Amberg Engineering

Mainly at the active 
mining face but also in 
the back area.

75 % occurred within the 
first 3 hours after 
blasting.

Some strong rock bursts 
could be associated with 
small earthquakes 
recorded by the SED, 
e.g. rock burst on 
November 15, 2005, 
correlated with a Ml=1.5 
earthquake.
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Goals of study

• Monitor seismicity with a dense local network in order 
to estimate accurate locations (error < 50 m in 
epicenter and < 200 m in focal depth),

• Investigate processes that could generate the 
observed seismicity (correlation with rock bursts, 
tectonic activity, induced earthquakes),

• Assess seismic hazard associated with the seismicity 
during construction and future operation.

To reach these goals a contract was given by AlpTransit Gotthard AG 
(ATG) to SED for seismic monitoring. Furthermore, the working group 
Mikrobeben AG was established consisting of representatives of ATG, 
Amberg Engineering AG, Pöyry AG, Lombardi AG, Basler & Hofmann, and 
SED.
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Seismic network AlpTransit Faido

FUSIO

RITOM

LUKA

DOETR

NARA

CHIR

CHAT2
CHAT1

TONGO
MFSFA

MFSFB

9 surface stations (incl. 
SDSNet station FUSIO) 
and 2 tunnel stations.

Design consists of two 
“rings” of stations with 1 
km and 10 km radius.

Real-time data 
transmission to ETHZ 
and integration to 
existing data processing 
and alarming at SED.
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Seismic network AlpTransit Faido

Station DOETR at Alp Doetra

Stations were installed at 
sites with existing 
infrastructure (telephone and 
electricity) to allow real-time 
data transmission.

Sensors
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Seismic network AlpTransit Faido

Station MFSFA inside MFS 
Faido

Data transmission via fiber-
optic cable to control center at 
tunnel entrance; from there 
through ADSL (telephone line) 
to ETHZ.

Sensor

Digitizer and 
data 
transmission 
unit
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Determination of earthquake locations

68% error 
ellipsoid

Earthquakes were relocated 
using a non-linear 
probabilistic solution 
(NonLinLoc).

Includes a full description of 
the location uncertainties 
(represented by the 68% 
confidence error ellipsoid).

Hypocenter location of a 
Ml=1.9 earthquake recorded 
only at 10 SDSNet station 
using 3-D P-wave velocity 
model for Switzerland.
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Determination of earthquake locations

Same earthquake but 
relocated using SDSNet and 
Alptransit stations.

Error are reduced by a factor 
of ~2 in epicenter and by a 
factor of ~4 in focal depth.
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Setting Seismic Network Seismicity Discussion Outlook 

Determination of earthquake locations

Same earthquake but 
relocated using SDSNet and 
Alptransit stations.

Error are reduced by a factor 
of ~2 in epicenter and by a 
factor of ~4 in focal depth.

TunnelUsing 3-D P-wave velocity 
model focal depths are 2 km 
below tunnel!
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Calibration shot

A calibration shot of 100 Kg 
was used to calibrate seismic 
P-wave velocities.

Photo: T. Eppler, Amberg Engineering

Shot time was recorded by a 
sensor next to the shot 
borehole.
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Calibration shot

Measured P-wave 
velocities vary by 
more than 10 % !

CHAT1:
5.0 km/s 
(4.2 km/s)

TONGO:
5.2 km/s
(4.2 km/s)

CHAT2:
4.7 km/s
(4.1 km/s)

DOETR
5.3 km/s
(4.3 km/s)

LUKA1:
5.2 km/s
(4.3 km/s)

NARA:
5.7 km/s
(4.4 km/s)

CHIR2:
5.5 km/s
(4.3 km/s)

RITOM:
5.7 km/s
(4.4 km/s) FUSIO:

5.7 km/s
(4.5 km/s)
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Relocation of calibration shot

true location

3D Swiss model

diffx:  200 m
diffy:    20 m
diffz: 2100 m

mislocation (compared to true 
location)

Thursday, November 18, 2010



ECGS Workshop Induced Seismicity, SH 16.11.2010 

Setting Seismic Network Seismicity Discussion Outlook 

Relocation of calibration shot

diffx:  200 m
diffy:    20 m
diffz: 2100 m

mislocation (compared to true 
location)

true location

3D Swiss model

calibrated 
velocities

diffx:    25 m
diffy:    70 m
diffz:  250 m

mislocation (compared to true 
location)

Location accuracy of 75 m in 
epicenter and 250 m in depth!

Thursday, November 18, 2010



ECGS Workshop Induced Seismicity, SH 16.11.2010 

Setting Seismic Network Seismicity Discussion Outlook 

Temporal evolution (Oct. 2005 - Dec. 2007)

In total 112 
earthquakes were 
recorded.

Local magnitudes 
range from -0.9 
to 2.4.

Decay (in numbers 
and magnitudes) 
of seismicity over 
time.
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In total 112 
earthquakes were 
recorded.

Local magnitudes 
range from -0.9 
to 2.4.

Decay (in numbers 
and magnitudes) 
of seismicity over 
time.

Largest earthquake on 
March 25, 2006
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Earthquake of March 25, 2006

With Ml=2.4 strongest 
earthquake in the series.

Photo: T. Eppler, Amberg Engineering

Was widely felt in nearby 
villages.

Caused damage in the tunnel 
(mainly uplift of floor).

Caused intensive media 
interest.
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Earthquake of March 25, 2006 (cont.)

The large number of 
observations allowed to 
compute a reliable focal 
mechanism.

Strike of 2810 and dip of 830 
are in good agreement with 
geology.

Earthquake occurred likely on 
or to close to mapped fault 
zone.
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Epicenter locations

Earthquakes occurred 
mainly to the east of the 
fault zone in the 
Lucomagno gneiss.

Earlier earthquakes (Dec. 
2005 to Feb. 2006) tend to 
occur in the southern part. 

Only well-locatable 
earthquakes are shown 
(GAP < 1600, max. length of 
error ellipsoid < 1.0 km) Fault zone
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Waveform similarities

We observed clusters of 
earthquakes with very similar 
waveforms.

Example shows waveforms at 
station DOETR between 
January 2006 and April 2006 
(horizontal component EHE, 
BP 1- 10 Hz filtered)
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Systematic analysis of 
waveform similarities at station 
DOETR yield 12 clusters.

Ml=2.4 earthquake of March 
25, 2006, is part of cluster 11, 
the largest cluster.

Waveform similarities (cont.)
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Improved arrival time picks 
by cross-correlation 
measurements (Rowe et al., 
2002)

Improvement in pick quality 
shown for cluster11.

Improved pick quality

Setting Seismic Network Seismicity Discussion Outlook 

NLLoc: 
original picks
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NLLoc: 
original picks
NLLoc: 
adjusted picks

68% error 
ellipsoid

Error ellipsoids overlap 
indicating that absolute 
locations are not significantly 
different.
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HypoDD relative relocations 
show tighter clustering.

Cross-correlation 
measurements improve 
clustering.

HypoDD relative relocations
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HypoDD: 
original picks
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some scatter 
-> real or location artifact?
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Relative relocations still show 
some scatter 
-> real or location artifact?

Location scatter is 
supported by waveform 
similarities.

HypoDD relative relocations
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Epicenter relocations show 
NW-SE alignment consistent 
with orientation of mapped 
faults zone and active fault 
plane of the M2.4 earthquake.
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Spectral inversion 
(Edwards et al., 2008) to 
compute Ω, fc, t*+κ

Use Madriguaʼs (1976) 
equation to relate fc and 
source zone radius r0:

Source dimensions

Setting Seismic Network Seismicity Discussion Outlook 

Signal-to-noise ratio
(SNR) > 1.5 required -> 
in total 79 events could 
be processed.

Chapter 4. Method

frequencies fc of the Brune far-field source spectrum, signal moment amplitudes Ω̂, and combined

attenuation times t*+κ. For each event, a grid-search through the source corner frequencies is

combined with the optimization of a residual fit function to extract the path-dependent parameters

Ω̂ and t*(+κ). During the grid search, fc is varied between a minimum and maximum value with

5% intervals. The start and end values are defined by the equivalent fc for a 0.001 MPa and a

100 MPa approximate stress drop. The stress drop ∆σ can be related to the source radius r0 by

(Brune, 1970, 1971):

∆σ =
7
16

M0

r3
0

(4.9)

whereas the dependency between radius and source corner frequency is given by (Brune, 1970,

1971; Madariaga, 1976):

r0 = Kc
vs

2πfc
(4.10)

where Kc is a model dependent constant. By combining Eqn. 4.9 and 4.10, the corner frequency

can be written as a function of stress drop by:

fc =
Kcvs

2π

�
16
7

�1/3 �
∆σ

101.5MW +9.1

�1/3

(4.11)

where the seismic moment M0 has been replaced by the moment magnitude MW (Eqn. 3.5) and ∆σ
can be replaced by the predefined stress drop boundaries. Since the moment magnitude is unknown,

the corner frequencies are approximated by using the assumption that ML ≈ MW . Besides the

unknown MW , a shear wave velocity vs and the constant Kc need to be known. However, the wide

search range from 0.001 to 1000 MPa will prevent any bias in the results.

For each of the iteratively varied fc, the corresponding signal moments and t* values (combined

attenuation time t∗ + κ) are estimated with help of a Powell’s minimization. For the minimization

function, a log-space L2 fit is used which was found to be most effective in reducing the covariance

between t*, fc and Ω̂ (Edwards et al., 2008). The combined model misfit of Ω̂ and t∗ for each fc is

averaged over all station observations and the fc with the lowest misfit is chosen. A fitted spectral

model to an observed velocity spectra is shown in Figure 4.3.
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Figure 4.3: Spectral modeling adjusts signal moment amplitude Ω̂, corner frequency fc and attenuation
time t∗ + κ to fit observed frequency velocity spectra.

4.3.2 Deconvolution of signal moment

The signal moment Ω̂ consists of three parameters: The frequency-independent site amplification,

the geometrical spreading function, and the long-period plateau value normalized to the source
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Chapter 5. Source Parameters

not interpreted. For the number of observations, only useful recordings with a larger SNR than 1.5
are counted. In comparison to a total of 103 events, corner frequency could only be determined
only for 30 to 50% of all events. As shown in Figure 5.6a, corner frequencies are in the range of 3-12
Hz. A general trend to lower fc for larger ML is observed. However, fc corresponding to events
ranging from 1 to 2 ML are strongly scattered. Corner frequencies of high- and low-quality group
show similar corner frequencies and no systematic shift or bias is observed.

Rupture model

Corner frequencies and source dimensions can be related by using different earthquake source mod-
els. The circular source model introduced by Brune (1970, 1971) is the most widely used model to
estimate the size of natural earthquakes. Brune’s model is based on a circular dislocation as source
with instantaneous stress release over the whole source patch (Gibowicz and Kjiko, 1994). Corner
frequencies and rupture radii are related by a scaling coefficient Kc. Even if Brune’s source model
is widely used, studies in Polish mines found that whenever the size and geometry of underground
damage caused by rock-bursts could be estimated, its radius was considerably smaller than that
predicted by Brune’s model (Gibowicz et al., 1990; Gibowicz and Kjiko, 1994).

On the other hand, the quasidynamic model of a circular fault of Madariaga (1976) provides
reasonable results in good agreement with independent observations in mines (e.g. Gibowicz et al.,
1990). Marariaga’s model uses a circular fault as earthquake source which rupture initiates at a
point, propagates at constant velocity and stops suddenly when the rupture front reaches the edge of
the fault (Ambeh and Fairhead, 1991). The model is quasidynamic since the effective stress is fault
specified and the scaling coefficient Kc is a function of the angle θ of observation. The observation
angle is the angle between the normal to the fault and the take-off direction of P or S waves
(Gibowicz and Kjiko, 1994). Contrary to the azimuthal dependency implied in Madariaga’s model,
the source model of Brune considers instantaneous and simultaneous rupture on a circular fault,
independent of the observation angle. The azimuthal variation of Kc for both model is shown in
Figure 5.5. Kc is azimuthal dependent since the corner frequency, and consequently, the relationship
between corner frequency and source dimension, are strong functions of azimuth or position on the
focal sphere (Brune et al., 1979). It is therefore desirable to know the fault orientation and direction
of rupture propagation before interpreting the spectra in terms of fault parameters such as source
dimensions. However, in many cases, especially for small earthquakes, it is not possible to calculate
focal mechanism. Hence it is helpful to have an approximate relationship between corner frequency
and source dimension. Since for the microearthquakes in the MFS Faido, the fault orientation and
therefore the observation angle is unknown, an constant coefficient averaged over the spectrum is
needed for both models. The averaged Kc of Madariaga’s model is estimated by introducing a
rupture speed of 0.9 vs at an observation angle of 60° (Fig. 5.5). Both relations between rupture
radius r0 and corner frequencies fc with respect to a constant coefficient Kc are given by:

r0 = 2.34
vs

2πfc
Brune 1970

r0 = 1.32
vs

2πfc
Madariaga 1976 (5.2)

where vs is the shear wave velocity at the source and Kc is replaced by the averaged values estimated
by Brune (1970) and Madariaga (1976). As it can be observed, Kc estimated by Madariaga is
considerably lower than the value obtained by Brune. Since Kc is directly related to r0, estimated
rupture radii by Brune and Madariaga will also considerably vary by a factor of 1.75.
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Without adding any constraint about a SNR, the source model can not fit the observed signal
spectrum and a large model misfit is observed. After raising the SNR to 1.5, only 8 are used for the
inversion. Station TONGO has a lower SNR than 1.5 between the frequency band of interest and
is therefore excluded from the inversion. By excluding only a single station, the source model show
a significant higher fit to the observed spectrum within the chosen frequency bandwidth. While
increasing the SNR restriction to 2.5 or 3.5, no further improvement of source model fit is observed.

0.1 1 10 100
Freq.(Hz)CHAT2 EH_E 200601260003

0.01 0.1 1 10 100
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SNR = 0.0

SNR = 1.5

Figure 5.2: Normalized frequency spectra of the signal (red) and noise (blue) spectrum for a 1.3 ML event
of 12 June 2006. East components of stations LUKA1, CHAT2 and TONGO are shown. The black line
represent the prediction of the source model, inverted without (SNR=0) and with a SNR=1.5. Only the
source model calculated with a SNR=1.5 can represent the observed signal spectrum within the minimum
frequency bandwidth (dashed lines). For SNR=1.5, station TONGO is excluded due to noise interference.

Besides the fit of the source model, also the changes in signal moment amplitudes by applying differ-
ent SNR are analyzed. Figure 5.3 shows inverted signal moment amplitudes for four different SNR
restrictions. Each component is calculated individually, and differences between the components
are afterwards discussed in Section 5.2.2. As example event, the 2.4 ML earthquake of March 2006
was chosen. The event has a total of 41 station recordings which were reduced to 38 recordings by
increasing the SNR threshold to the maximum of 3.5. For this specific event, little information has
been excluded by increasing the SNR restriction. As shown in Fig. 5.3, the signal moment pattern
is significantly changing between a SNR of 0 and 1.5. Afterwards, no significant changes are visible
and the pattern remains constant during any further increase of SNR to 2.5 and 3.5. The pattern
for a SNR=0 shows some large amplitude outliers which were reduced by an order of magnitude
if a SNR of 1.5 is applied. However, large signal moment outliers were not produced by stations
with a low SNR and are therefore not removed by a increasing of the SNR restriction. Outliers are
suggested to be produced by the inversion algorithm due to influences from low SNR observations.
Besides the 2.4 ML event, also other events with lower magnitudes have been analyzed and support
this observation.

In summary, a SNR threshold of 1.5 is sufficient to have a good fit of the source model to the
signal spectra and to reduce the amplitude of large signal moment outliers. No further significant
improvements are observed by applying a higher SNR. Furthermore, a higher SNR will also influence
the number of observations used for the inversion. This will lower the quality and significance
especially for small magnitude events which are generally recorded only at a few stations.
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Source dimensions 
based on computed 
corner frequencies.

Each cluster represents 
an individual fault patch 
with overlapping rupture 
zones.

Source dimensions

Setting Seismic Network Seismicity Discussion Outlook 

cluster11

cluster12

Each fault patch ruptured 
repeatedly during the 
seismic sequence.
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Summary of seismic observations

Fault zone
Earthquakes occurred mainly 
to the east of the fault zone in 
the brittle Lucomagno gneiss.

The largest earthquake 
(Ml=2.4) occurred likely on or 
along the fault zone.

Several fault patches ruptured 
repeatedly.
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Fault model

Hypocenter locations and 
waveform similarity suggest 
that individual fault patches 
ruptured repeatedly.

Earthquakes occurred mainly 
on a complex system of steeply 
dipping faults.

These fault patches locate at 
100 - 200 m distance from the 
tunnel and are parallel to the 
mapped fault zone.
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Distinct-element modeling of stress redistribution

Two-dimensional modeling to assess 
static stress redistribution.

Material properties are taken from 
samples in the tunnel.
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Distinct-element modeling of stress redistribution:

Large increase of vertical 
stresses (~30 MPa) to 
the East of the fault zone 
where earthquakes 
occurred.

Strong decrease in 
vertical stresses 
(~20 MPa) around 
the tunnel tubes.
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Possible mechanism for earthquakes in MFS Faido

Combination of excavation work and  
local geology lead to stress increase 
in the brittle Lucomango gneiss.

Photo: T. Eppler, Amberg Engineering
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local geology lead to stress increase 
in the brittle Lucomango gneiss.
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(earthquakes).
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previous earthquakes “re-charged” 
the system.
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Possible mechanism for earthquakes in MFS Faido

Combination of excavation work and  
local geology lead to stress increase 
in the brittle Lucomango gneiss.

This stress increase in combination 
with existing stresses in the fault 
zone induced local failures 
(earthquakes).

Ongoing excavation in combination 
with stress redistribution of 
previous earthquakes “re-charged” 
the system.

With ceasing excavation activity a 
new stress equilibrium was 
established and seismicity stopped.

Photo: T. Eppler, Amberg Engineering
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Conclusions

Be aware of systematic shifts in 
hypocenter locations due to improperly 
known velocity structure!

Thursday, November 18, 2010



ECGS Workshop Induced Seismicity, SH 16.11.2010 

Setting Seismic Network Seismicity Discussion Conclusions 

Conclusions

Be aware of systematic shifts in 
hypocenter locations due to improperly 
known velocity structure!

Earthquakes in the MFS Faido were 
likely induced by stress changes related 
to tunnel excavation. 
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Implications for seismic hazard and tunnel operation

Results indicate that stress 
redistribution did not occur over a 
larger region. 
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Results indicate that stress 
redistribution did not occur over a 
larger region. 

Possibility for a larger (M>3) 
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There remains a small risk that a small 
earthquake can occur very close to the 
tunnel with the potential of damage to 
tunnel wall.
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Implications for seismic hazard and tunnel operation

Results indicate that stress 
redistribution did not occur over a 
larger region. 

Possibility for a larger (M>3) 
earthquake is therefore low.

There remains a small risk that a small 
earthquake can occur very close to the 
tunnel with the potential of damage to 
tunnel wall.

Monitoring system during operation is 
recommended.
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