
SPECIAL TOPIC: NEAR SURFACE GEO & MINING

F I R S T  B R E A K  I  V O L U M E  4 0  I  A U G U S T  2 0 2 2 5 5

1 DMT GmbH & Co. KG | 2 Ruhr-University of Bochum | 3 Delft University of Technology
* Corresponding author, E-mail: tim.hupe@rub.de

DOI: 10.3997/1365-2397.fb2022066

Active and passive-source underground seismic 
data acquisition
T.-J. Hupe2*, D. Draganov3, and D. Orlowsky1 demonstrate that PSI can be used to produce 
virtual-source underground seismic surveys resembling an active-source seismic survey.

Abstract
As part of the European research project Seismic Imaging 
Techniques for Mineral Exploration (SIT4ME), in-mine seis-
mic active-source and continuous noise measurements were 
performed within an underground mine gallery of a former radi-
oactive waste repository – the Asse II salt mine (Lower Saxony, 
Germany) to investigate its geological conditions. Inspired by 
recent underground active-seismic surveys in the Cote Blanche 
salt mine and former In-seam seismic surveys in the German 
hard-coal district of the Ruhr area, we apply conventional explo-
ration and processing methods to an image of the subsurface. 
Among others, these include data sorting, bandpass filtering, 
normal moveout correction, static correction and depth (distance) 
conversion. To process the passive seismic data, we perform an 
illumination diagnosis for the retrieval of body-wave arrivals 
and apply passive-source seismic interferometry by cross-cor-
relation (PSICC) on noise data dominated by S-waves. We show 
that active-source seismic measurements can be used from 
underground mine galleries for the identification of geological 
structures. Furthermore, we demonstrate that PSICC can be used to 
produce virtual-source underground seismic surveys resembling 
an active-source seismic survey.

Introduction
In recent years, a growing demand for resources and the 
challenges of a global pandemic, supply-chain difficulties, and 
the accelerated transition to renewable energies require the 
application of affordable, non-destructive geophysical techniques 
to allow sustainable mining exploration. However, due to its 
complexity with respect to staff safety, equipment requirements, 
timing and planning, the demand for these technologies was, until 
today, rather low. This is likely to change with altering industry 
needs and challenges. Therefore, high-resolution underground 
active- and passive-source seismic surveys may be good alter-
natives to expensive conventional large-scaled active-source 
seismic surveys from the surface to enhance geological models of 
the subsurface or support drilling procedures. While underground 
reflection seismic imaging in the form of In-Seam Seismic (e.g., 
Dresen & Rüter, 1994; Schott & Waclawik, 2015), Horizontal 
Seismic Profiling (HSP) (e.g., Bohlen et al., 2003; Dickmann, 
2005), or conventional reflection seismic (e.g., Orlowsky et al., 

2018) are common methods for the identification of geological 
structures from underground mines and tunnels, the utilization 
of passive-source seismic interferometry (PSI) is rather unknown 
for use in underground mines. To date only Olivier (2015) 
approached the application of PSI in an underground mine with 
respect to microseismic monitoring to improve mine safety. 
Despite many applications from the surface, such as seismic 
imaging via cross-correlation (e.g., Draganov & Ruigrok, 2014; 
Chamarczuk et al., 2018) and auto-correlation (Polychronopou-
lou et al., 2020), no current study targets seismic imaging of the 
subsurface from a mine gallery. In this context, we carried out 
both an active- and passive-source seismic survey in an aban-
doned gallery of a former German salt mine to investigate the 
suitability of both methods with respect to underground reflection 
seismic imaging.

Test site
Between October 22 and November 12, 2019, we carried out 
an active- and passive-source seismic survey in the former salt 
mine and radioactive waste repository – the Asse II mine. The 
mine is located between the villages Remlingen, Groß Denkte 
and Groß Wahlberg approximately 70 km south-east of Hanover 
(Figure 1).

The mine is part of the western Subhercynian Basin and 
positioned at the western end of the NW-SE trending Asse-Jerx-
heim salt structure. The Asse-Jerxheim salt structure is built up 
by anticlinal-uplifted Late Permian Zechstein evaporites and 
Triassic sediments which were tectonically deformed to a salt 
wedge. At the south-western flank of the mine the salt wedge 

Figure 1 Location of the Asse II mine site after Szymaniak & Schäfer (2002).
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seismic survey carried out by Orlowsky (2006) and the principle 
of Horizontal Seismic Profiling introduced by Dickmann (2014). 
Both techniques make use of seismic imaging based on the 
evaluation of elastic body waves propagating through the ground 
and being reflected at geological interfaces.

First, we import the data into the processing system ReflexW 
and separate the recorded data in its three receiver components 
– X, Y, and Z. Then, we sort the recorded data according 
to their source orientation (vertical/horizontal hammer blows) 
and perform an interactive quality control to be able to edit 
low-quality data. High reflection amplitudes were observed for 
both the vertical and horizontal hammer blows. We analyse these 
high amplitudes and relate them to reflected S-waves, because 
of their propagation velocity of around 2300 to 2500 m/s, which 
is in accordance with typical S-wave velocities in salt. Due to 
very low P-wave amplitudes at all three receiver components 
and strong S-wave amplitudes in the Y-component data, we con-
centrate further data processing on these S-waves. For both the 
vertical and horizontal hammer-blow data we apply a bandpass 
Butterworth filter between 25 to 250 Hz and suppress the seismic 
traces with interfered signals by muting. In addition, we suppress 
the direct waves along the gallery side wall (surgical muting) and 
amplify the signal. Then, we transform the coordinates by sorting 
the chosen data set into common midpoint gathers to which we 
subsequently apply normal move out correction followed by 
stacking. To compensate for spherical divergence, we amplify 
the signal and use a low-pass filter to average over the X- and 
Y-component. For a smooth result tailored to the targeted distance 
of 300 m, we combine neighbouring traces by a running average 
and shorten the seismogram to a two-way traveltime of 400 ms. 
Following this step, to compensate for the distance between 
source and receiver position for the horizontal hammer blows at 
the tunnel sidewall we statically correct the locations of the sourc-
es. Finally, we depth convert the seismograms of the vertical and 
horizontal hammer-blow data with a velocity of 2300 m/s. The 
velocity was estimated to be the dominant S-wave velocity after 
first-break evaluation. Subsequently, we combine the horizontal 
and the vertical seismic sections to enhance the signal-to-noise 
ratio and to increase the reflection amplitudes (Figure 3).

is joined to the evaporites of the Triassic Upper Buntsandstein 
(Pollok, 2018).

Geometrical layout
Both seismic measurements were performed in a 140m-long 
abandoned gallery section of the Asse II mine. The geometri-
cal layout corresponds to a linear distribution of 35 vertical, 
2.5-m-deep receiver holes with a spacing of 4 m. For data acquisi-
tion, three-component receiver probes, connected to and powered 
by DMT’s Summit X-one equipment, were assembled inside 
the drilled holes according to the geometry shown in Figure 2. 
Both vertical hammer blows at the gallery floor next to every 
receiver and horizontal hammer blows at the opposing side-wall 
were carried out to generate seismic signals for the active-source 
acquisition. The recording time was set to 500 ms with a sample 
rate of 0.5 ms. The blows were repeated four times at each source 
position, and their recordings stacked to increase the signal-to-
noise ratio. Figure 2 displays schematically a 3D close-up of 
the measuring layout implemented in the gallery section of the 
Asse II mine. Receiver positions including the seismic receivers 
are illustrated by cylinders. The orientation of the receivers in 
the receiver holes is indicated by colour-coded arrows. Source 
positions next to, in between, and at the opposing gallery sidewall 
of the receivers are shown with blue stars.

On completion of the active-source measurement, the 
three-component receivers remained in the boreholes and record-
ed a total of 156 h of continuous ambient-noise data. The data 
were stored in 60 s segments with a sample rate of 1 ms. For 
further processing and evaluation, we selected 24 h of coherent 
data including the X-, Y-, and Z-component data of all 35 receiv-
ers combined to one noise panel of 105 channels.

Methods
After active- and passive-source data acquisition, we process 
each set differently to obtain optimal seismic imaging.

Active-source seismic data processing
We process the active-source seismic data following a hybrid 
processing flow inspired by the principles of an in-mine reflection 

Figure 2 Close up of the geometrical layout 
implemented in the Asse II mine.
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to retrieve virtual-source responses from ambient-noise measure-
ments by cross-correlating seismic signals at different receiver 
locations (Wapenaar & Fokkema 2006). To obtain final virtual 
common-source gathers (VCSG), we individually sum parts of 
the causal and acausal parts of the summed correlation panels 
(Panea et al., 2014). We generate VCSG for virtual sources at 
each receiver position. Figure 4 illustrates VCSGs 300 ms long 
with a virtual source at receiver position a) 1, b) 10, c) 20, and d) 
30. The data were summed over a window of 10 min.

Then, we resort the VCSG to common midpoint gathers and 
perform a velocity analysis via semblance. Both the illumination 
diagnosis as well as the velocity analysis determine the dominant 
S-wave velocity to be 2500 m/s, thus similar to the S-wave veloc-
ity range given by the active-source seismic. Finally, we apply 
to the VCSGs of the X-component a processing scheme similar 
to the one used for the active-source data. Figure 5 displays a 
stacked and distance converted VCSGs of the X-component. 
However, this processing scheme still has to be refined and 
performed on the VCSGs of the remaining receiver components.

Results
From the stacked and depth-converted seismic section of the 
active-source data, we identify 24 reflections up to a distance 
of approximately 350 m from the receiver layout. For the 
interpretation of these reflections, we plot the seismic section 
onto the geological floor plan of the mine gallery. Figure 6 shows 
the imaged reflectors projected on the 2D geological map of the 
574-m-gallery of the Asse II mine. Figure 6a represents the final 
stacked and depth-converted section with black lines in relation 
to the amplitude of each reflector while Figure 6b illustrates the 
reflectors obtained from the final stacked and depth-converted 
section. The reflectors are labelled with RAS1 to RAS24. We 
relate each reflector in Figure 6 to geological elements of the 
current geological model of the Asse II mine. Table 1 lists the 
main reflectors between RAS1 to RAS24 and their geological 
interpretation. The reflectors are in good agreement with the 
geological interfaces in the salt structure. However, we identify 
minor reflectors as internal layering or faulting of the particular 
geological unit. Minor deviations of the locations for RAS20 and 
other reflectors from geological interfaces are either due to the 
particular incidence angle of the seismic signal when impinging 
on the geological structure or are caused by the incidence angle 

Passive Seismic Interferometry
After visual inspection, we proceed with using 24 h of 60-s-long 
noise panels of the continuous ambient-noise recordings, and 
separate them into their X-, Y-, and Z-components. Subsequently, 
we perform filter tests on pre-correlated and post-correlated data 
which identify the main frequency content in a low-frequency 
band of 15 Hz to 45 Hz. Following these filter tests, we normalize 
all 60-s-long noise panels and apply cross-correlation for every 
receiver component individually in correlation-panels of 1 s 
and sum them to 60-s-long correlation panels. Next, we apply 
illumination diagnosis according to Vidal et al. (2014) for each 
correlation panel to determine its dominant wave-type arrival 
(body or surface wave). The illumination diagnosis shows that 
X- and Y-direction panels are dominated by S-waves, while 
body-wave arrivals in the Z-direction panels are diverse and not 
clearly definable. We further process the pre-sorted S-wave data 
with PSI by cross-correlation (PSICC) by summing the correlated 
panels diagnosed to be dominated by S-waves. PSICC is a method 

Figure 3 Stacked and depth-converted seismic section consisting of the combined 
horizontal and vertical seismic section.

Figure 4 VCSG for a virtual source at receiver position 
a) 1, b) 10, c) 20, and d) 30 (marked in red) of the 
X-component obtained from noise panels dominated 
by S-waves.
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not plot the passive-source section on the geological floor plan of 
the gallery, as the section seems rather raw and undifferentiated. 
Although it is possible to identify some reflectors between 100 
to 136 m distance along the gallery and up to 500 ms in distance 
to the geometrical layout with constantly strong amplitudes, 
it still seems difficult to distinguish between minor and major 
reflections. This might be improved with further processing of 
the passive-source data.

Conclusion
We performed active- and passive-source seismic measure-
ments inside an abandoned mine gallery of a former salt mine 
and nuclear waste repository in Lower Saxony, Germany. We 
implemented a measurement geometry including a receiver line 
following conventional seismic and Horizontal Seismic Profiling 
geometrical layouts comprising 35 vertically arranged three-com-
ponent receiver probes. Following the measurements, individual 
quantitative and qualitative data processing and analysis resulted 
in stacked depth-converted sections. The active-source section 
allowed the verification of pre-known geological structures and 
partly identification of new structures but also indicated the 
suitability of passive-source seismic interferometry (PSI) for 
underground exploration. Using PSI, we were able to retrieve 
virtual common-source gathers resembling the active-source 
data. The data obtained from them preliminary depth-converted 
section showed features similar to the active-source section. We 
refined processing techniques for active- and passive-source 
measurements in underground mines. Although the preliminary 
results from PSI are promising, further processing and evaluation 
is needed to develop a processing flow for applications in under-
ground salt mines. However, it already became clear that PSI has 
the potential of playing a crucial role in the development of salt 
mines and their exploration replacing other more expensive and 
time-consuming geophysical techniques. Further testing in other 
underground mining environments such as ore or mineral mining 
are desirable to see if the applicability is transferrable.
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Table 1 Interpretation of the main reflectors shown in Figure 6 with respect to the 2 -projection of the geological model in the area of the measurement layout. 

Reflector Interpretation

RAS1 and RAS2 Reflector of the gallery below the layout

RAS3 Geological interface between Potash layers and ‘Line’-salt.

RAS4 Internal geological interface between ‘Line’-salt and ‘Orange’-salt.

RAS5 Geological interface between base salt (‘Bank/Bänder’-salt) and ‘Bunten’-salt.

RAS6 Geological interface between ‘Bunten’-salt and ‘Anhydritmittel’- salt.

RAS7 Geological interface between ‘Anhydritmittel’- salt and ‘Schwaden’-salt.

RAS12  Geological interface between ‘Schwaden’-salt and red salt clay.

RAS16 Geological interface between Aller-Halite and Limiting Anhydrite.

RAS20 Geological interface between limiting Anhydrite and lower Buntsandstein, Limits of the salt dome.




