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Abstract. We are investigating the potential of seismic monitoring for safeguards for underground final 
repositories. To learn about the strengths and other properties of seismic signals produced by different mining 
activities in a salt dome, a first project was devoted to acoustic and seismic measurements. The present project is 
to model the propagation of seismic signals caused by mining activities to potential monitoring sites, mostly 
underground, close to and within the salt dome. Due to the complicated geological structure this is done by 
numerical modelling in three dimensions. The structure is represented by a somewhat simplified model of the 
salt dome and its surrounding rock. Source time functions model activities such as blasting and picking, seismic-
velocity signals are computed at various potential sensor sites. Their strengths can be compared with measured 
data. The evaluations are on-going with the goal to derive detection capabilities. 
 

1. Introduction – Geophysical Research for Safeguards for Final Repositories 

Without reprocessing spent nuclear fuel contains plutonium so that underground final repositories 
need to be under IAEA safeguards. Geophysical methods seem useful for the detection of undeclared 
activities. Tasked by the German Support Programme to the IAEA we are studying the question 
whether acoustic/seismic monitoring can be used for such detection. In a first project (2010-2012) we 
measured acoustic and seismic signals from various mining activities in the Gorleben Exploratory 
Mine, Germany, underground and at the surface. The second project (2012-2014) is devoted to 
numerical three-dimensional modelling of signal propagation to assess what the detection capabilities 
of seismic sensors in the vicinity of a repository in a salt dome would be. The evaluations are on-
going. 

2. Measurements in a Salt Dome - Signal Strengths 

Systematic measurements were done 2010-2012 in the Gorleben Exploratory Mine, Germany [1, 2]. 
During seven weeks of measurements in total nearly all sources of sound and vibration available in the 
mine were covered, sometimes with background signals from on-going exploration elsewhere. 
Acoustic and seismic sensors were deployed at many positions underground at the main exploratory 
level at 840 m depth and at the surface. Microphone and geophone signals were recorded between 2 
Hz and several kHz, signals from piezoelectric sensors had a bandwidth from several kHz to 160 kHz. 
Many aspects were evaluated, for example localization using the wide-band sensors. Here only an 
exemplary look will be cast at signal strengths and their decrease with distance. 
 
Figure 1 shows geophone signals underground and at the surface from a blast. Around 30 charges in 5 
m long drill holes were exploded to prolong a tunnel. Ignition was in twelve groups spaced by 0.25 s; 
the shot sequence is visible clearly. The amplitude underground is five orders of magnitude above the 
noise at about 30 m distance and three orders of magnitude at around 200 m. At the surface (1.1 km 
from the source, with several layer boundaries in between) the signal-to-noise ratio is around two 
orders of magnitude.  
 
Figure 2 shows signals from vertically sensitive geophones when salt rock was removed using an 
electropneumatic hand-held pick hammer. Several periods of picking are visible. 
 
Signal strengths were measured by the maximum peak-to-peak values of seismic velocity. These 
values varied considerably, by a factor 2 to 5 for similar conditions. Because of this and the widely 
differing distances, the values are plotted versus distance in double-logarithmic scale, and the decrease 
with distance is modelled by an empirical power law, fitted to the measured data. Figure 3 shows two 
examples. 
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Figure 1  Geophone signals underground (left) and at the surface (right) from a blast, with source 
distance on the right. Left: only vertical signals, right: vertical (z) and horizontal (north, east) 
components. The blast consisted of 12 shots spaced 0.25 s apart. 
 

 
Figure 2  Vertical-geophone signals underground from picking, with source distance on the right. 
 

  
Figure 3  Maximum peak-to-peak value of vertical seismic velocity versus distance from two blasts 
(left) and from picking with an electropneumatic pick hammer (right), double-logarithmic scale. 
Power-law fits result in exponents -2.3±0.6 and -2.1±0.5 for the blasts and -1.3±0.3 for picking. (For 
the blasts the closest and farthest positions were excluded from the fits because of different 
conditions.) 
 
A catalogue of sources with their signal strengths and their decrease with distance was produced from 
the geophone measurements. Fitted by a power law, the decrease with distance is with an exponent 
mostly between -2 and -1. To compare the various sources, the peak-to-peak values of vibration 
velocity were referred to 100 m distance. As Figure 4 shows, these values range from tenths of 
micrometres/second for a hand-held chain saw via a few µm/s for other tools such as picking, to tens 
of µm/s for vehicles, big drilling machines, the scaler, the roof cutter and sledge-hammer blows. A 
grader with plate compactors produces hundreds of µm/s, and a blast shot around 100,000 µm/s. The 
last two sources could be detected at the surface, too, at about 1.1 km slant distance; blasts were even 
seen at 5-6 km distance. 
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Figure 4  Nominal seismic peak-to-peak velocity at 100 m distance for all sources measured, in 
logarithmic scale. 
 

3. Numerical Modelling of Signal Propagation 

3.1. Model Structure and Programs Used 

The salt dome has a complicated structure, as evident from Figure 5 that shows two-dimensional 
sections from the part that has been explored in detail. As a consequence the propagation of seismic 
signals has to be computed by three-dimensional numerical modelling.  
 

 
 
Figure 5  Sections through the three-dimensional model of the salt dome as derived from seismic 
surveys, drill holes and building the mine by the Federal Institute for Geosciences and Natural 
Resources (BGR). This model does not cover the full dome. (Drawing data courtesy of BGR) 
 
The spectral-element open-source program SpecFEM3D [3-6] is used. It is run on the LiDO computer 
cluster of TU Dortmund [7], on 256 or 128 cores in parallel. Meshing is done on a Linux PC with the 
program Cubit/Trelis [8]. Because the full three-dimensional structure of the salt dome and the 
surrounding rock is not available, a simpler model is used. This is derived from a simplified two-
dimensional cross section (Figure 6). Attenuation increasing with frequency is incorporated using 
constant quality factors for the different media. 

3.2. Two-Dimensional Test Runs 

In a first step, propagation is computed in two dimensions, using the structure of Figure 6 as it is, 
using the corresponding program SpecFEM2D [3]. Figure 7 shows snapshots of wave propagation 
caused by an explosion at 900 m depth. The P-wave velocities are represented by different grey 
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values. At the boundaries between media with different velocities, reflection and refraction occur, as 
well as conversion from compressional (P) to shear (S) waves and vice versa. Attenuation is included, 
it is stronger in the upper sediments so that e.g. at later times multiple reflections between the salt-
dome top and the surface are strongly damped. 
 

 
Figure 6  Simplified two-dimensional cross section through the salt dome and its surrounding rocks. 
Three-dimensional model structures are gained by extending this orthogonally in the y direction, along 
the dome axis, by 1 km. Overlain are sensor (red diamonds, some numbers indicated) and source 
positions (black x) in the model central vertical plane at y = -0.5 km. The same arrangement is used at 
four parallel planes. (Based on BGR figure (Figure 36 in [9])) 
 

   

Figure 7  Wave fronts 0.250 s (left) and 0.450 s (right) after an explosion of 5 ms half duration was 
applied at 900 m depth (yellow cross), computed with SpecFEM2D. The seismic compression-wave 
velocity of the different media is coded in grey scale, darker means higher. Green dots denote the 
sensor positions at which the excitation is recorded by the program. 
 

3.3. First Three-Dimensional Computations 

For the first computations in three dimensions the two-dimensional section of Figure 6 was extended 
in the third dimension, but further simplified in that the various media were combined so that only 
three different ones remained: the base rock, the salt dome, and the surrounding and overlying rock. 
Because here the same seismic properties apply near the surface and at depth, this is very unrealistic. 
Thus in the next step the laterally surrounding rock was separated from the overlying rock. Figure 8 
shows this four-media structure with a mesh of intended size 40 m applied. 
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Figure 8  Further simplified model structure used in the first three-dimensional computations: only 
four different media are assumed. The extension is 5.6 km (x) by 1.0 km (y) by 3.6 km (z). A mesh of 
intended size 40 m has been added, the 337,950 hexahedral elements are deformed so that edges hit 
the media and model boundaries perpendicularly. 
 

 

 
Figure 9  Horizontal x (left) and vertical (z) component of seismic velocity in m/s at 144 m from the 
source (Position 07, see Figure 6) (top) and at 2544 m, just outside the salt (Position 13) (bottom), 
versus time in s, resulting from a downward (-z) pulse with 1 N integrated force. Source and sensors at 
900 m depth. 
 
As an example one picking blow is simulated by a downward vertical force pulse of half duration 5 
ms, applied at 900 m depth. With a mesh of intended size 40 m, about 340,000 hexahedra are formed. 
Computing 80,000 time steps of 0.05 ms (total duration 4.0 s) with attenuation takes about 1.6 hours 
on 256 cores. Figure 9 shows the resulting signals (x and z components) at a close and a distant sensor 



6 
 

position, both at 900 m depth too. Both positions are in the source plane (Positions 07 and 13, see 
Figure 6), so that the y component vanishes there. The delayed arrival at Position 13 is evident. With 
an integrated force of 1 N seismic velocities on the order of 10-12 to 10-10 m/s result; since the problem 
is linear, more realistic values can be gained from simple scaling. 
 

 
Figure 10  Signals from one (left) and 11 consecutive (right) blast shots, x component of seismic 
velocity in m/s versus time in s, 2144 m from source at the same depth (900 m) (Position 12). A 
seismic moment of 1 Nm was assumed. 
 

 

 
Figure 11  Signals from one (left) and 100 consecutive (right) horizontal chisel blows with 23 ms 
spacing, x component of seismic velocity in m/s versus time in s. Top: 144 m (Position 07), bottom 
2544 m from source (Position 13), both at the same depth as the source (900 m). An integrated force 
of 1 N with 5 ms half duration was applied horizontally in x direction. 
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To simulate a multi-shot blast, signals from a model run with a one-explosion source (omnidirectional 
excitation) were repeated with 0.25 s period and superposed. The single signal and the superposed one 
are shown in Figure 10 for Position 12 at 2144 m distance. Because the single signal has only little 
energy after 0.25 s, there is not much overlap with the respective following repetition and the 
superposed signal looks similar to a repeated single one. 
 
In the measurements the pick hammer showed a chisel-blow period of 23 ms period. Thus 100 one-
blow model signals with the respective delays were superposed. The single-pulse and superposed 
signals are shown in Figure 11, for the same sensor Positions 07 and 13 as in Figure 9, now assuming 
a force pulse in horizontal x direction. Because now the repetition period is shorter than the event 
duration, significant overlap exists between consecutive repetitions, and the form of the superposed 
signal is influenced strongly. Many more different shapes result at the various sensor positions. 
 
As a first step to assess the pick-hammer force in the measurements, the model peak-to-peak vertical-
seismic-velocity values were evaluated for many sensor positions and compared to the measured ones. 
In order to fit to the measured values, the integrated source force has to be increased from the used 
value of 1 N to about 700 N (with the chosen 5-ms half duration of the source pulse), as shown in 
Figure 12. With or without the farthest four sensors (that are outside of the salt dome) power-law 
exponents of -1.6 and -1.1, respectively, result, fitting well to the value of -1.3±0.3 found with the 
measured data. Whether this integrated force and the half duration are plausible remains to be studied.  
 
 

 
Figure 12  Maximum peak-to-peak value of vertical seismic velocity from picking, versus 
distance, double-logarithmic scale. Red squares: measured, with power-law trend line (solid); 
blue diamonds: model results, multiplied by 700, with power-law trend lines including 
(dashed) or excluding (dotted) the four farthest positions. The measured values are the ones 
from Figure 3 (right). 
 

4. Next Steps 

In principle, monitoring of a repository in a salt dome after the emplacement phase could be done by a 
“fence” of mostly underground sensors around the repository, at some safety distance. As shown in 
Figure 13, most sensors would be outside of the dome, while a few would be in the salt with 
correspondingly less attenuation at higher frequencies. To arrive at statements about detectability of 
certain activities at such monitoring positions the source-strength question will be studied. Also the 
model structure will be refined to better reflect the many media of the salt dome. Finally, for 
validation of the results a proof-of-principle experiment will be proposed. 
 



8 
 

 
Figure 13  Notional possibilities for placement of seismic sensors after a possible emplacement 
phase in the Gorleben mine, avoiding the repository volume in the salt-dome centre (brown 
quadrangles). Blue: in the salt dome, red: surrounding it. Additional sensors could be placed 
in the overburden above the dome. 
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