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Abstract

High-rate GNSS observations are usually studied in relation to earthquake analysis and 
structural monitoring. Most of the previous research on short-term dynamic deformations has 
been limited to natural earthquakes with magnitudes exceeding 5 and amplitudes equal to 
several dozen centimetres. High-frequency position monitoring via GNSS stations is 
particularly important in mining areas due to the need to monitor mining damages. On 29 
January 2019 (12:53:44 UTC), an M3.7 event occurred in the area of Legnica-Głogów Copper 
District.

This study presents GPS-derived displacement analysis in relation to seismological data. 
Station position time series were determined by double differencing and Precise Point 
Positioning. The peak ground displacement was 2–14 millimetres. The correlation coefficients 
between GPS and seismological displacement time series reached 0.92. A statistical evaluation 
of GPS displacement time series was carried out to detect an event using only GPS 
observations.
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1. Introduction

High-precision GNSS (Global Navigation Satellite System) observations are usually related to 
measurements of deformation of the earth's crust and point displacements over a long period. The 
standard sampling interval is usually 1–30 seconds, with the position computation in periods from 
several hours up to years. On the other hand, high-rate GNSS observations (HR-GNSS) refer to 
applications requiring high-precision positioning within a short period. The sampling frequency is 
in the range of 1–100 Hz and observations are processed in the kinematic mode. HR-GNSS 
observations are applied in natural earthquake analysis [eg. 1–9], including early warning systems 
[eg. 10,11], as well as structural health monitoring, e.g., dynamic behaviour of bridges [12,13].

HR-GNSS observations are usually processed using an absolute approach, such as Precise Point 
Positioning (PPP) [14,15], or a relative approach, such as differential positioning (DD) [16,17]. With 
the use of double-differencing solution, most of the systematic errors are eliminated [18]. During 
an earthquake, the base station might be displaced; therefore, in GNSS-seismology, the PPP 
approach becomes increasingly important [19]. Within short periods, up to a few minutes, high-
rate PPP (HR-PPP) in kinematic mode can reach millimetre accuracy, provided convergence has 
been reached [20–22]. Standard PPP with a lower sampling frequency is capable of reaching 
positioning precisions of up to a few centimetres within tens of minutes. Shu et al. [23] analysed 
the influence of error sources on high-rate positioning accuracy and determined a horizontal 
accuracy of 3 mm and vertical of 6 mm, if ionosphere conditions do not change very rapidly within 
a very short time. This finding underlines that HR-PPP within a short period is significantly more 
accurate than conventional PPP. To perform PPP calculations, high-precision models and 
corrections are required, especially satellite orbits and clock corrections. Their interval and possible 
interpolation affect the PPP results [24–26]. Presently, the densest 5-second satellite clock 
corrections are provided by the Center for Orbit Determination in Europe (CODE). Lin et al. [25] 
concluded that the use of denser clock corrections improves positioning accuracy by smoothing the 
time series and reducing the noise. The alternative methodology to investigate dynamic co-seismic 
deformations is the variometric approach [27,28], where final products are not required, as this 
approach is based on broadcast orbits and the time differences of carrier phase observations from 
a single GNSS receiver. The GNSS sensors are significantly less sensitive for ground vibrations than 
seismological sensors, which results on the other hand might be potentially affected by data 
clipping, baseline error or mis-scaling [21,30–32].

Earthquakes can be induced by anthropogenic activities such as exploitation of water, oil and 
gas reservoirs, nuclear explosions or mining activity, which are called mining tremors. The Republic 
of Poland is located in an intraplate area where natural earthquakes are very rare. On the other 
hand, areas with a high density of active underground mining are threatened with induced 
seismicity. In Poland, these areas are mainly Upper Silesia Coal Basin (USCB) and Legnica-Głogów 
Copper District (LGCD) in the south, but also the open-pit mine in Bełchatów. Seismic tremors 
occur regularly in the underground mining areas, and there are several hundred events annually 
with magnitudes greater than 2, with maximum magnitudes reaching 4 [33]. As mining tremors are 
shallow and very frequent, they cause damage to infrastructure.

In this paper, the analysis of GPS-derived (Global Positioning System) waveforms of the first 
GPS-registered mining tremor with reference to seismological data is presented. The aim of this 
study is to examine the capacity to detect mining tremors with GPS in terms of displacements, 
compare the GPS-derived and seismological solutions and evaluate the detectability of mining 
tremors in GPS position time series. The main difference between this work and the analysis of 
common natural earthquakes with HR-GNSS is the event magnitude and amplitude of 
displacements, which here does not exceed a few centimetres, in contrast with the amplitudes 
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reaching decimetres or even meters presented in other papers [3,8,17,34,35]. Previous studies of 
the application of GPS for analysis of mining effects have mostly discussed long-term displacements 
recorded with GNSS receivers at a rate equal or lower than 1 second [36–40], often in integration 
with InSAR technology [eg. 41].
2. Data

Since the launch of the high-rate GNSS network through the efforts of the EPOS-PL project and 
the University of Warmia and Mazury in Olsztyn, the most prominent mining tremor event that has 
been recorded was in the area of LGCD on 29 January 2019 (12:53:44 UTC), with a magnitude of 
3.7. The epicentre was located at 51.51°N, 16.12°E, with a hypocentral depth of 800 m, a source 
radius of over 300 m and a cavity collapse mechanism, provided by the Institute of Geophysics, 
Polish Academy of Sciences. Three high-rate GNSS stations, close to seismic stations (SM), were 
located within approx. 3 km of the epicentre; a map of the co-located stations is shown in Figure 1. 
The distances between co-located GNSS and seismic stations and their epicentral distances are 
listed in Table 1.

Figure 1: Distribution of the high-rate GNSS stations (green circles) and the seismic stations 
(squares) in the proximity of the 2019 mining tremor. The black star is the epicentre location. The 

data from the earthquake catalogue refer to the period from July 2018 to March 2019.

Table 1: Details of co-located high-rate GNSS and strong-motion stations.

GNSS/SM
ORIGINAL 
GNSS/SM 

SAMPLING
SM TYPE

ORIGINAL 
GNSS
DATA

SEPARATION 
[KM]

EPICENTRAL 
DISTANCE 

[KM]

LES1/KOMR 10 Hz/250Hz accelerometer
GPS, Galileo, 

GLONASS, BDS, 
QZSS, SBAS

0.002 2.523

TRZB/TRBC2 50 Hz/250 Hz accelerometer GPS, Galileo 0.045 1.000
TARN/TRN2 50 Hz/100 Hz seismometer GPS 0.316 3.267
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3. Methods
3.1. Seismological data preparation

Concerning seismological data, accelerations and velocities were integrated into displacements 
(denoted as SM-displacements), and the timestamps were transformed into the GPS time. Then, 
the displacement time series were high-pass filtered with a cut-off frequency of 0.015 Hz to remove 
the low frequencies remaining from numerical integration and decimated to 10 Hz to perform 
consistency analysis of the GPS- and SM-time series.

3.2.GPS-data processing

In this study, the GPS position time series were obtained from phase measurements in the 
kinematic mode with two approaches: Precise Point Positioning (PPP) and relative differential 
positioning (DD). The accuracy of both PPP and DD approaches in short periods is similar. The 
influence of potential errors, induced by atmosphere or tectonics, are minor, in contrast to long-
term positioning. In contrast to large natural earthquakes, short term ground vibrations occurring 
during the mining tremors are detectable with GNSS observations only on small areas. Therefore, 
the problem of the potential instability of the reference station does not exist. However, the closest 
reference station with corresponding sampling frequency often might be localised in the long-
distance from the mining area, to not be exposed to long-term mining deformations. In both 
solutions – PPP and DD, two-hour-long 10 Hz GPS observations were processed. We decided to 
attenuate the sampling frequency of the TRZB and TARN stations to 10 Hz; the original 50-Hz 
observations resulted in higher noise values, and for this event, such a high sampling frequency is 
irrelevant, as the spectral window of vibrations does not exceed 2.5 Hz. DD solution was obtained 
with GAMIT software [16] using the CODE Final GPS orbit and clock products, with the UQRG 
high-resolution global ionosphere model from UPC [42]. We used the Melbourne-Wűbbena (L6) 
linear combination of L1 and L2 GPS frequencies to process the long baseline with ambiguity 
resolution, providing the satellite and receiver clock error mitigation and reference for the high-
rate positioning from outside the mining region. The reference station, WROE, is located 79 km 
south-east of the epicentre, as presented in Figure 1. The PPP solution was obtained using the same 
precise final ephemerides as for the DD solution and 5-sec clock data from the Centre of Orbit 
Determination in Europe (CODE) with RTKlib v2.4.3 software [43]. To validate the accuracy of the 
PPP solutions performed with RTKlib, the GPS dataset was calculated with the online CSRS-PPP 
application (the Canadian Spatial Reference System Precise Point Positioning tool), where IGS 
clock and orbit products are used, and the troposphere delay is calculated with Global Mapping 
Function. The PPP solution was performed without estimating integer ambiguities. The position 
time series were obtained in geocentric Cartesian coordinates (XYZ) and then transformed to the 
local topocentric Cartesian coordinates and to relative positions (denoted as GPS-displacements).

To estimate amplitudes and compare the GPS time series with seismological data, the time 
series needed to be reduced to one spectral window where both types of instruments registered the 
earthquake. This was done by applying the 2nd-order Butterworth band-pass filter. To prevent 
filtering the seismologically important frequencies, the Fourier spectra of displacement time series 
of co-located seismic sensors were analysed (first row in Figure 2) and the cut-of frequencies were 
determined on this basis. For all three sets of co-located stations, the high-pass cut-off frequency 
was set to 0.15 Hz. The analysis of high-frequency noise resulted in the selection of two values for 
the low-pass cut-off frequency. Due to the different ground characteristics of the TARN station, for 
this station, the spectral window needed to be limited to 0.15–1.20 Hz, while for the other two 
stations, it was set to 0.15–2.00 Hz. The dominant frequencies of the DD and PPP approaches are 
consistent, which agrees with the results presented by [34] for the very large natural earthquake. 
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Figure 2: Fourier spectra of band-pass filtered displacement waveforms.

The accuracy of the GPS-positions obtained with the CSRS-PPP, RTKlib-PPP and GAMIT-DD 
approaches are listed in Table 2. The accuracy was determined as the unbiased version of RMSE 
over 2-minute windows averaged during 60-minute time-series in stable conditions before an 
analysed mining tremor. They were calculated for non-filtered positions with the linear trend 
removed and for band-pass filtered positions. In particular, the RTKlib-PPP solutions show a 
significant linear trend, which had to be removed for further analysis. For non-filtered positions 
over 2-minutes, the accuracy is several millimetres, up to over 1 centimetre for the vertical 
component. The accuracy after band-pass filtering is comparable between all solutions, the error is 
over 65% smaller than for non-filtered GPS-positions, approximately 2 mm for the horizontal 
component and 4 mm for the vertical. Since the filtered CSRS-PPP and RTKlib-PPP solutions are 
consistent, for further analysis, the RTKlib-PPP results were used. The application of Butterworth 
filter led to reducing the low-frequency fluctuations, which for PPP solutions are probably caused 
by some unmodelled errors and for DD solution by some ionosphere error left due to long baseline.
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Table 2: Accuracy of non-filtered (linear detrended) and band-pass filtered GPS-positions in stable conditions. 
The accuracy was determined as the unbiased version of RMSE. The time span is 2 minutes.

NON-FILTERED BAND-PASS FILTERED
APPROACH STATION

E [MM] N [MM] U [MM]

SPECTRAL 
WINDOW 

[HZ] E [MM] N [MM] U [MM]

RTKLIB-PPP LES1 2.4 3.5 7.9 0.15–2.00 0.6 1.0 1.9

CSRS-PPP LES1 3.3 6.5 9.7 0.15–2.00 0.6 1.0 2.0

GAMIT-DD LES1 2.5 6.5 14.6 0.15–2.00 0.8 1.8 2.1

RTKLIB-PPP TRZB 4.6 5.5 12.0 0.15–2.00 2.0 2.7 5.8

CSRS-PPP TRZB 3.9 6.5 12.2 0.15–2.00 1.3 2.0 3.9

GAMIT-DD TRZB 3.7 6.0 18.5 0.15–2.00 0.7 1.1 1.0

RTKLIB-PPP TARN 3.0 5.6 13.5 0.15–1.20 2.3 3.6 4.5

CSRS-PPP TARN 3.7 5.9 9.5 0.15–1.20 1.5 2.3 4.7

GAMIT-DD TARN 4.4 5.6 9.1 0.15–1.20 2.1 2.9 6.5

3.3.Time series analysis

Considering the event length, for further analysis GPS- and SM-displacement time series were 
reduced to the period starting 30 sec before an event and finishing 90 sec after.

First, both time series were compared in terms of the Peak Ground Displacement (PGD), defined 
as the maximum absolute value of the 3D waveform, and the peak-to-peak amplitude 
(AMPLITUDE), defined as the maximum difference between peaks. Next, the Root Mean Square 
Error (RMSE) was determined, taking the SM-displacement time series as a reference. These three 
coefficients were calculated for the band-pass filtered GPS-displacement time series.

The next step of the similarity analysis was to perform coherence analysis in the frequency 
domain [19,44]. The magnitude square coherence was determined using Welch’s overlapped 
averaged periodogram method, provided by Matlab. A Hamming window of 100 samples (10 
seconds) and 80 samples of overlapping were used. In the literature, two time series are usually 
assumed to be strongly correlated in the frequency domain if coherence exceeds 0.8 [45]. Then, the 
Pearson’s correlation coefficient was calculated, and the time variability analysis of standard 
deviation (STD), median absolute deviation (MAD), mean and median of the GPS-displacement 
time series were calculated. The STD and MAD were calculated, assuming that during the period of 
analysis the station would be stable, if an event would not occur. We used MAD, as it is a robust 
statistic, in contrast with STD, which is strongly influenced by outliers [46,47]. All aforementioned 
coefficients were analysed within a 10-sec moving window and were used to test the ability to detect 
mining tremor with GPS-displacement time series only. The 10-sec window length was chosen on 
the basis of an event length, considering the number of samples in this period [27].
4. Results and discussion

4.1. Comparison of GPS- and SM-displacements

The peak ground displacements (PGDs) calculated for stations LES1 and TRZB with the PPP-
approach were very close to the PGDs calculated with the seismological data co-located with the 
GNSS stations (Table 3). For these two stations, the results obtained with the DD approach appear 
to be underestimated in comparison with the seismological data and PPP displacements. In both 
approaches, the PGD of the TARN station is significantly larger than for the co-located TRN2 
station, the difference is mainly due to the 316 m separation between sensors. For this pair of 
sensors, there are also significant differences in amplitude values. 

The RMSE reached about 1-1.5 mm for station LES1, which confirms the consistency between 
the displacement time-series of the very closely co-located stations LES1 and KOMR in both 
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approaches. For stations TRZB and TARN, the RMSE values were twice as large, which is likely the 
result of amplitude difference, higher noise level and greater separation between sensors.

Table 3: Peak ground displacements, peak-to-peak amplitudes and RMSE of filtered PPP and DD displacements 
(mm).

PGD AMPLITUDE 
(GPS)

AMPLITUDE 
(SM) RMSE

APPROACH GPS/SM 
STATION

SEPARATION 
[KM] GPS SM E N U E N U E N U

PPP LES1/KOMR 0.002 9.0 9.0 6.6 15.0 11.1 5.5 14.8 8.8 0.5 1.0 1.3

PPP TRZB/TRBC2 0.045 14.9 14.5 18.5 31.3 22.7 14.3 23.7 11.5 2.1 4.2 4.6

PPP TARN/TRN2 0.316 8.5 2.2 11.7 11.0 16.6 4.1 2.8 2.8 1.3 1.7 2.3

DD LES1/KOMR 0.002 8.8 9.0 7.8 15.0 14.1 5.5 14.8 8.8 0.6 1.2 1.4

DD TRZB/TRBC2 0.045 8.1 14.5 12.8 15.9 10.8 14.3 23.7 11.5 0.8 1.8 1.8

DD TARN/TRN2 0.316 8.5 2.2 12.6 11.4 16.6 4.1 2.8 2.8 1.3 1.8 2.4

4.2.Time series consistency

The consistency of the GPS- and SM-displacement time series in the frequency domain was 
assessed using coherence analysis in the common frequency range of 0–5 Hz. The PPP-processed 
displacement time series coherence values were similar to those for the DD-processed data (Figure 
3). According to the literature, a statistically significant coherence value should exceed 0.8. 
However, in the case of this mining tremor, which was relatively small compared to other studies 
concerning GPS seismology [3,5,17], the signal-to-noise ratio is smaller. Thus, in the performed 
coherence analysis, most of the visible coherence peaks are not statistically significant (Figure 3). 
Therefore, the frequencies where coherence was greater than 0.6 were marked as significant; these 
probably represent the earthquake dominant frequencies. For all three sets of stations, the 
coherence values were comparable between the two approaches, especially for the less noiser 
horizontal components, where there were two significant peaks of coherence values at frequencies 
0.31–0.39 and 0.66–0.74 Hz. The vertical component, usually much noiser, has slightly different 
characteristics, and there was no significant peak for station TRZB, whereas for the other two 
stations (LES1 and TARN), there was a peak of coherence values at frequencies 0.47–0.55 Hz. 
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Figure 3: Coherence values of band-pass filtered displacements calculated with the PPP (top) and DD 
(bottom) approaches.

Next, the Pearson’s correlation coefficients of the GPS- and SM-displacement time series were 
compared. In stable conditions, when no earthquake occurs, it is assumed that GPS- and SM-
displacement time series should not be correlated and any increase in the correlation coefficient is 
random. However, during an event, the correlation should significantly increase. To assess this 
hypothesis, the time variability of Pearson’s correlation coefficient was examined with a 10-second 
moving window. The results, presented in Figures 4–5, confirm the increase of the correlation 
during an earthquake. However, when the noise level is comparable with the earthquake amplitude, 
random jumps in the correlation coefficient occur, as for station TARN, presented in Figure 5b. 
Moreover, the correlation coefficient depends on noise level and the clarity of an event in the data; 
therefore, for the TARN and TRZB stations (Figure 5), the correlation coefficients are significantly 
lower than for the LES1 station (Figure 4). The maximum correlation coefficients obtained during 
an earthquake are listed in Table 4. The values strongly depend on the separation between sensors 
and the noise level of the GPS displacement time series.

Table 4: List of maximum correlation coefficients for PPP/SM and DD/SM band-pass filtered displacement time 
series.

DD/SM PPP/SMSTATION SEPARATION 
[km]

SPECTRAL 
WINDOW [Hz] E N U E N U

LES1 0.002 0.15–2.00 0.93 0.89 0.87 0.92 0.92 0.84

TRZB 0.045 0.15–2.00 0.94 0.89 0.52 0.90 0.82 0.58

TARN 0.316 0.15–1.20 0.66 0.55 0.70 0.70 0.61 0.62
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Figure 4: Time variability of Pearson’s correlation coefficient of band-pass filtered displacements in 
comparison with seismological data for station KOMR/LES1. Left panel “a” presents 2-minute time 

series of SM and PPP-displacements. Right panel “b” presents 30-second time series of SM, PPP and 
DD-displacements. On both panels, the correlation coefficient variability for both solutions is 

presented.

Figure 5: Time variability of Pearson’s correlation coefficient of band-pass filtered displacements in 
comparison with seismological data on 2-minute time series. Left panel “a” presents PPP-

displacements for station TRZB/TRBC and right panel “b” presents DD-displacements for station 
TARN/TRN2. On both panels, the correlation coefficient variability for both solutions is presented.

4.3.Detection of mining tremor in GPS position time series

As GNSS stations dedicated to dynamic displacement monitoring are not always co-located 
with seismological instruments, we decided to test the mining tremor detection performance 
of GPS-displacement alone using statistical evaluations. Hence, we tested the time variability 
of mean, median, standard deviation and median absolute deviation in a 10-second moving 
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window, shifting every epoch. The test was performed for PPP and DD processing approaches 
with band-pass filtering.

It has been presented that the low frequencies are eliminated by filtering since the median 
and mean coincide and oscillate around zero. The standard deviation (STD) and median 
absolute deviation (MAD) in stable conditions within a 10-second window oscillate around the 
values listed in Table 2. However, once the tremor occurs, both coefficients rapidly increase, 
reaching their maximum value when the window covers the entire event, which is especially 
clear for the horizontal component. After an event, STD and MAD return to the values present 
in stable conditions. As MAD is more robust to outliers than STD, the increase is less prompt 
and it requires more event samples to occur.

The clarity of the increases in MAD and STD during the tremor depends strongly on the 
noise level of the time series. The comparison of STD and MAD on the band-pass filtered 
displacement time series revealed the higher significance of the horizontal components in all 
tested cases, since they are less noiser. The tremor is clearest in STD and MAD for the 
displacements calculated with the DD approach, as in DD displacement time series, random 
jumps of these coefficients do not occur. From the analysed stations, in both approaches, the 
best result was revealed for the LES1 station (Figure 6), where the noise level is the lowest. The 
changes in STD and MAD are clearly visible for the East and North components of LES1 PPP-
displacements, where both coefficients increase from values of approx. 0.4 and 1 mm to 1.5 and 
2.6 mm, respectively. Interestingly, the displacement time series in the East direction is more 
stable than that in the North direction. For the vertical component, the increases in MAD and 
STD during the mining tremor were not clear. The aforementioned results were also observed 
for the other two stations, TRZB and TARN, but the changes in MAD and STD were even less 
noticeable. However, for all three stations, the change was definitely the clearest in the East 
displacement time series.

Figure 6: Statistics for the station LES1 2-minute band-pass filtered displacement time series 
calculated with the PPP (right) and DD approaches (left).

To determine that the increases in STD and MAD were not coincidental, it was decided to 
evaluate the changes in STD and MAD over a one-hour period for the East and North 
displacements transformed into horizontal displacements. This analysis revealed that with the 
PPP approach, for the LES1 displacement time series, the increases in STD and MAD for the 
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horizontal component are essential and make it possible to identify this event (Figure 7). For 
the PPP-processed TARN and TRZB displacements, however, the values of STD and MAD were 
high and varying; therefore, the change observed during the event was not distinct enough to 
identify the occurrence of the mining tremor using the GPS time series alone. With the DD 
approach, the event is detectable using STD and MAD for both the LES1 and TRZB stations. 
The example of station TRZB is presented in Figure 8. Unfortunately, for the TARN station, 
the tremor is not clearly visible in the STD and MAD changes.

Figure 7: Statistics for the LES1 1-hour band-pass filtered displacement time series calculated with the 
PPP (right) and DD approaches (left). 



12

Figure 8: Statistics for the TRZB 1-hour band-pass filtered displacement time series calculated with the 
PPP (right) and DD approaches (left).

5. Conclusions

In conclusion, to the best of our knowledge, this is the first study to analyse mining tremor 
using the high-rate GNSS technique, here limited to GPS data. Other studies have concerned 
natural earthquake analysis with HR-GNSS, and if they addressed induced shocks, it was only 
in the area of long-term displacement and standard sampling frequencies of up to 1 Hz. In the 
case of the Legnica-Głogów Copper District mining tremor, the peak ground displacements 
reached 16 mm and the comparison between GPS and SM derived displacements exhibited a 
Pearson’s correlation value ranging from 0.61 to 0.94 for horizontal displacements, after band-
pass filtering to remove low-frequency trends and high frequency noise. In this study, second 
order Butterworth band-pass filtering was applied. For the DD results, high-pass filtering is 
sufficient to obtain good agreement with seismological displacements, whereas for the PPP 
results, reduction of high-frequency noise is also important. The agreement in terms of 
coherence is significant for the dominant frequencies for this event, which are in the range of 
0.3–0.7 Hz. The results of detection tests showed that it is possible to detect a mining tremor 
with a GPS displacement time series alone. The changes in standard deviation and median 
absolute deviation associated with such a tremor are detectable, especially for a horizontal 
displacement time series calculated with the DD approach.

These results indicate that not only natural earthquakes of magnitudes over 5 can be 
analysed with GNSS technique, but smaller events might also be recorded with GPS receivers 
when the epicentral distance is shorter, benefiting of its high resistance to saturation. This 
method might be supplementary in seismological analysis, provided that the noise is 
minimized, for example, with digital filtering. Moreover, the GPS results might validate the 
orientation of seismological instruments, which is crucial in epicentre localization. 

In mining areas, a dense network of low-cost GNSS receivers recording with a minimum 
frequency of 5 Hz would allow for more extensive analysis of post-mining ground deformations 
and could contribute to more accurate determination of event parameters. 
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9.  Figure captions

Figure 1: Distribution of the high-rate GNSS stations (green circles) and the seismic stations 
(squares) in the proximity of the 2019 mining tremor. The black star is the epicentre location. 
The data from the earthquake catalogue refer to the period July 2018 to March 2019.

Figure 2: Fourier spectra of band-pass filtered displacement waveforms.

Figure 3: Coherence values of band-pass filtered displacements calculated with the PPP (top) 
and DD (bottom) approaches.

Figure 4: Time variability of Pearson’s correlation coefficient of band-pass filtered 
displacements in comparison with seismological data for station KOMR/LES1. Left panel “a” 
presents 2-minute time series of SM and PPP-displacements. Right panel “b” presents 30-
second time series of SM, PPP and DD-displacements. On both panels, the correlation 
coefficient variability for both solutions is presented.

Figure 5: Time variability of Pearson’s correlation coefficient of band-pass filtered 
displacements in comparison with seismological data on 2-minute time series. Left panel “a” 
presents PPP-displacements for station TRZB/TRBC and right panel “b” presents DD-
displacements for station TARN/TRN2. On both panels, the correlation coefficient variability 
for both solutions is presented.
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Figure 6: Statistics for the station LES1 2-minute band-pass filtered displacement time series 
calculated with the PPP (right) and DD approaches (left).

Figure 7: Statistics for the LES1 1-hour band-pass filtered displacement time series calculated 
with the PPP (right) and DD approaches (left). 

Figure 8: Statistics for the TRZB 1-hour band-pass filtered displacement time series calculated 
with the PPP (right) and DD approaches (left).

10.Table captions

Table 1: Details of co-located high-rate GNSS and strong-motion stations.

Table 2: Accuracy of non-filtered (linear detrended) and band-pass filtered GPS-positions in 
stable conditions. The accuracy was determined as the unbiased version of RMSE. The time 
span is 2 minutes.

Table 3: Peak ground displacements, peak-to-peak amplitudes and RMSE of filtered PPP and 
DD displacements (mm).

Table 4: List of maximum correlation coefficients for PPP/SM and DD/SM band-pass filtered 
displacement time series.
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HIGHLIGHTS

The mining tremor might be tracked via high-rate GNSS stations.

With high-rate GPS observations, subcentimetre vibrations can be detected.

It is possible to detect a mining tremor with a GPS displacement time series alone.

GNSS-seismology applies to the analysis of anthropogenic seismic activity.


