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Finite Element Analysis models were developed to 
better understand the GGN problem

• FEA models have confirmed previous 
analytical results

• Gained a better understanding of 
GGN contributions

• Future work for FE analyses
• In-homogenous / layered medium
• Cavern geometries
• Surface wave contributions
• Testing subtraction schemes
• Improved analytical models 
developed (Giancarlo Cella,
Jan Harms)
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equation [11]
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The above describes harmonic Rayleigh waves propagating far from the source. In reality,
excitation of a medium results in a combination of all the different wave fields; body and surface.

As waves propagate through the medium, their amplitude decreases. This attenuation can be
attributed to two factors; material and geometric damping. Geometrical damping is a result of
energy spreading over an increasing area. The frequency dependent material damping involves
energy lost due to friction. Seismic wave attenuation can be described by [12]
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where A1 and A2 are the wave amplitudes at distance r1 and r2 from the source, n is the
geometric damping coefficient, f is the frequency and c the propagation speed of the wave. The
material damping is represented by the loss factor η. The geometric damping coefficient can be
determined analytically by assessing the type of wave involved and the source type. For radial
surface waves n = 1/2 while radial body waves within the medium decay with n = 1. At typical
value for η in hard rock is ... which corresponds to a damping of just ...% over a distance of
10 km at 1 Hz. Because this is insignificant in comparison to geometrical damping it will be
neglected in the rest of the paper.

For a given distribution of masses, which can be described by the mass density function
ρ(r, t), the acceleration experienced by a test mass (i.e. an interferometer mirror) located at y
can be written as

a(y, t) = G
∫

V
ρ(r, t)

r′

|r′|3
dV, (5)

where r is the position of the mass volume dV and r′ = r−y. In our FE analysis the acceleration
is the summation of the contributions from each node i with mass mi located at ri. The
acceleration at the test mass is given by
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|r′
i
|3
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with G the universal gravitational constant. When a seismic disturbance is present, the nodes
suffer a displacement denoted by ξi(r, t). We are only interested in the change in the gravitational
field and not in the absolute value. The fluctuations in the local acceleration can be approximated
by a first order, 3 dimensional taylor expansion around a null displacement field acceleration.
The gravity gradient acceleration due to these fluctuations is then given by

aNN (y, t) =
∑

i

ξi(r, t)
TDai(y, t0), (7)

where Dai(r, t0) is the gradient of the acceleration due to node, i, at t = t0. Note that in the
gravity gradient calculations presented here, the mass associated with each node is assumed to
be constant. The corresponding analytical expression can be obtained by substitutingmi → ρdV
and evaluating the resulting integral.

3. Finite element ground motion simulations
Simulation of the ground displacement fields was done with the FE software package Comsol [13].
In the FE framework we subdivide a 3D continuum into small hexahedral elements. Within
each element the relevant physical parameters, like displacement and stress, are approximated
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Assumptions: - Surface detector
   - Isotropic body pressure waves
   - Saulson Model

ET sensitivity targets can be translated to an 
equivalent GGN producing seismic noise requirement 
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Can a suitably seismically quiet 
location be found to satisfy this 
requirement?



Seismic measurements have been done throughout 
Europe to classify underground locations

• 2 Trillium 240 seismometers
• Broadband mHz - 30 Hz

• Hard-rock tile

• Insulation cover

• Data acquisition systems
• LabView readout through 18 bit 
DAQ card

• Low noise amplifier
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Characterization of sites is done using spectral 
variation plots of half hour averages

The Netherlands
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Characterization of sites is done using spectral 
variation plots of half hour averages

The Netherlands

High / Low noise model

Micro-seismic peaks



SuSa Mo
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Seismic noise at 1 - 20 Hz is dominated by 
anthropogenic activity

Earthquake, Solomon Islands, Magnitude 6.8 Mining blast

Spectrogram Slanic salt mine Romania
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Data collected 
from these sites

3rd party data 
obtained and 
analyzed from 
these sites
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Data collected 
from these sites

3rd party data 
obtained and 
analyzed from 
these sites

5/16/10 10:52 AMInotani Station, Japan - Google Maps

Page 1 of 2http://maps.google.com/

Address

AND, Basarsoft, Geocentre Consulting, Mapabc, PPWK, Tele Atlas, Transnavicom, Europa Technologies, Google, INEGI, LeadDog Consulting, MapLink -

ETseismic locations

SITE CHARACTERISTICS:
- Decommissioned lead mine.
- Local geology is andesite (wave speed equal to granite)
- Longest mine drift is approximately 3km.
- Mine is at 330m depth.
- Current seismic station is at approx 50m.
- Local population density 75/km2 (Gyongyosoroszi 21.39km2)
- Distance to sea or ocean is approximately 500km.
SITE MEASUREMENTS:
01/04/2010 UNTIL 07/04/2010
Seismic info:
https://workarea.et-gw.eu/et/general/public-slides/sites/Hungary.pdf

 

GYÖNGYÖSOROSZI MINE

         View in Google Earth Print Send Link  Get Directions My Maps

To see all the details that are visible on the
screen,use the "Print" link next to the map.

2 Seismometers in 
Homestake mine, SD
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GYÖNGYÖSOROSZI MINE

         View in Google Earth Print Send Link  Get Directions My Maps

To see all the details that are visible on the
screen,use the "Print" link next to the map.

2 Seismometers in 
Homestake mine, SD

5/16/10 10:57 AMInotani Station, Japan - Google Maps

Page 1 of 2http://maps.google.com/

Address

©2010 Google - Map data ©2010 AND, Europa Technologies, Geocentre Consulting, Mapabc, ZENRIN, SK M&C -

 

SITE CHARACTERISTICS:
- Decommissioned salt mine (largest salt mine in Europe)
- Local geology is andesite.
- Already contains some large caverns.
- Current depth of seismic station is unknown.
- Depth of mine is at a few hundreds of metres.
- Local population density is 180/km2 (Slanic 40km2).
- Distance to sea or ocean is 300km.
SITE MEASUREMENTS:
08/04/2010 UNTIL 14/04/2010
 
Seismic info:
https://workarea.et-gw.eu/et/general/public-slides/sites/Romania-SLANIC-PRAHOVA.pdf

Sl!nic

Baksan Neutrino Observatory

         View in Google Earth Print Send Link  Get Directions My Maps

To see all the details that are visible on the
screen,use the "Print" link next to the map.

Thanks to:
Dr. Kazuaki Kuroda
Dr. Uchiyama Takashi
Dr. Osamu Miyakawa
Dr. Shinji Miyoki
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Surface seismic data from > 200 sites (Orfeus network, KNMI)



Results will be presented from all sites with a focus 
on three seismically interesting ones

• Sicily, Italy
• Heimansgroeve, The Netherlands
• Gyöngyösoroszi mine, Hungary
• Slanic Salt mine, Romania
• LSM, Frejus tunnel, France
• LSC, Canfranc, Spain
• Sos Enattos mine, Sardinia, Italy
• Gran Sasso, Italy
• Virgo site, Italy
• Black forest, Germany

8

• Moxa, Germany
• Konnevesi, Finland

• Kamioka, Japan
• Homestake mine, USA
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Gyöngyösoroszi mine - Hungary

• Old lead-zinc mine currently being 
rehabilitated 

• 80 km north east of Budapest
• Surrounding rock is Andezit and 
Andezit-tufa

• Underground depths ranging from 60 - 
400 m at an altitude of 400 m

• Entrance by train through west 
entrance by lift at the eastern shaft

9
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Two seismic stations installed in the mine 
Measurements taken from 2-6 April

• Station “A”
• Down secondary draft 3750 m from entrance
• 400 m overhead rock
• Station “B”
• 1450 m from entrance
• 70 m overhead rock
• close to ventilation system ( ̃100 m)
• Seismometers placed on tile fixed by concrete to 
hard rock, then covered by acoustic insulation 
cover.

• Nearby permanent surface seismic station of the 
Hungarian Academy of Science
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Results from the Hungary site showed it was a low 
seismic environment
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Horizontal Vertical

Preliminary



Preliminary

A nearby surface seismic station provided a good 
indication of attenuation with depth
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Laboratorio Subterráneo de Canfranc, Spain

• 8.5 km road tunnel in northern 
Pyrenees between France and Spain

• Access through parallel 
decommissioned railway tunnel

• Very low background experiments 
currently housed in lab (2500m water 
equivalent)

• Seismic measurements taken at 800m 
depth

• Very low population density

15



Laboratorio Subterráneo de Canfranc, Spain
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Mt. El TobazoAccess way, old railway tunnel



The Canfranc site is a low seismic environment with 
a small spectral variation
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Horizontal Vertical
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Sos Anattos Mine - Sardinia, Italy

• Former lead-zinc mine now 
converted to a tourist mine

• Near Lula, 50 km south of Olbia on 
north eastern side of the island
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Figure 6: Schematic of the ”Sos Enattos” mine. The experimental area used between July the 2
nd and the 4

th is
indicated in yellow, while the site used from the 7

th to the 9
th corresponds to the +218 sign.

It is interesting to note that this last peak it has always been found at a frequency of ∼ 0.2 Hz, both in European

[7] and US [8] sites, while the PSDs reported here suggest a more complicated pattern between 0.1 and 0.9 Hz.

The peak at 0.2 Hz is still visible in fig.7, together with 2 other peaks at ∼ 0.4 and ∼ 0.6 Hz, while in the

PSD of fig.9 the shape and the frequency of these peaks have changed. The height of the peaks at 0.2 Hz varies

between 4 · 10
−14

and 8 · 10
−14

(m
2
/s

4
)/Hz.

As we will see in the next sections, this particular behavior of the seismic field below 1 Hz is a peculiarity

of the Italian region, being present in all the studied sites. This common characteristic is probably due to

the superposition of the effects coming both from the oceanic waves and the mediterranean ones. A deep

understanding of this dynamic, however, is still missing [9].

At the PSD frequencies above 1 Hz we observe a very low seismic signal, almost as low as the NLNM. This is

what we expected to find, since the anthropic activity, which is the main source of noise above 1 Hz, is reduced

underground. The time variability of the PSD value at fixed frequencies is shown in fig.13, where the constant

height of the PSD at 5 Hz underlines the quiet environment of the mine, which is not affected from cultural

noise. The small variation of the two microseismic peaks at 0.2 and 0.4 Hz seems to be due to the local seismic

activity: this is particularly evident for the peak at 0.2 Hz, whose maximum values at ∼ 7 and ∼ 33 hours can

be easily related to the earthquakes occurred at the same time as in the spectrogram of fig.8.

We also think, following the work of [9], that the spectral amplitude in the 0.2− 1 Hz frequency range could be

influenced by the swell activity of the nearby sea. This last point is still under investigation.

The ”Sos Enattos” mine is found to be an exceptional low seismic noise environment, satisfying the ET-B

requirement [6] of seismic background for frequencies > 2Hz, as in fig.11 and fig.12. The deepest points of these

plots show a PSD which is 3 order of magnitude lower than the ET requirement.

• Access via “cork screw” road 
tunnel

• Two seismometers installed at 
190 m depth



Sos Anattos Mine - Sardinia, Italy

19



The Sardinia site reached low quiet time spectra and 
had a “tertiary” microseismic peak
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Preliminary

Shallow sites already showed orders of magnitude 
improvement on the existing GW detector site
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Preliminary

Shallow sites already showed orders of magnitude 
improvement on the existing GW detector site
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Preliminary

Deeper locations generally show lower seismic 
noise levels

23

Romania, 190 m

LSM, France, 1750 m

Gran Sasso, 1400 m
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Preliminary

Sites show considerable improvement on existing 
GW detector site 
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Sardinia, 185 m

Hungary, 400 m

LSC, Spain, 800 m
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Preliminary

LCGT will profit from a seismically quiet environment
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Expect to visit a Belgium underground Nuclear waste 
storage research facility next month

• HADES underground laboratory 
for nuclear waste storage
• 223 m deep
• In “Boomse” clay formation
• Impenetrable by water
• Well-known industrial drilling 
techniques used for excavation

26



Next step is to ear-mark a few sites for long term 
investigation

• Criteria for candidate sites
• Seismic and geological suitability

• Commitment from local scientific and governing bodies

• No other large scale infrastructure plans in the area

• Long term study for
• Seismic noise, seasonal variation, rock stability

• Geology / hydrology, suitability for large underground facilities

• Consider (self)generation of seismic noise in design phase

27



Seismic sensor array and filter algorithms can be 
used to predict and subtract GGN from local sources

• Use secondary sensors to 
measure the density 
perturbations around the 
detector.

• Create models that estimate
the sensor to test mass 
impulse responses. 

• Use adaptive filter 
techniques to estimate and 
reduce GGN
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- Sun Tzu



Results of simple filtering algorithm with FEA models 
show a GGN reduction of 1.5 orders of magnitude
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Conclusions

• Suitably seismically quiet locations for the Einstein telescope can be 
found in Europe

• Production of seismic noise due to our own activities (pumps,people) 
needs to be monitored and minimized

• Seismic sensors and filtering schemes can be used for subtraction
• Next step: a long term study of a few sites in Europe
• Seasonal variation / long term stability
• Geo / Hydrological studies
• Drive from local community is important
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Preliminary

Summary of all locations
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