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Abstract—The crustal motions throughout Germany have not

yet been fully understood because the research scope of previous

studies often focuses only on some active grabens. Thus, we

investigate it in detail to identify the neotectonic motion charac-

teristics and specific deformation-ongoing regions. High accuracy

for monitoring and data analyses is required because the expected

crustal deformation in Germany is small. For this reason, we use

high-precision GNSS time series processing techniques and inter-

disciplinary data to reflect actual motions and determine the causes

of deformation. Also, an advanced technique of discontinuity

correction is introduced to unify the fragments of the GNSS

coordinate time series for better velocity field reliability. Our

findings show that the crustal motions in Germany tend to increase

at a maximum speed of ?1.0 mm/year. Meanwhile, local subsi-

dence of around �0.8 mm/year is concentrated in the river basins

(e.g., the Rhine, Ems, Elbe, Northern Oder, and Danube) and

extensive mining regions. The Earth’s crust here also behaves with

noticeable compressions. The intra-plate motion in Germany is

� 0.8 mm/year. A special region with an extension rate of

?4.3 nstrain/year is observed along the North–South trending

Regensburg-Leipzig-Rostock shear zone. Machine Learning clus-

ters the 3D plate velocity field in Germany into three distinct

regions with increasing speeds: Northwest, East, and Southwest.

Significant surface deformations are detected mainly in the Upper

Rhine graben, Eifel volcanic field, and Thuringian-Vogtland slate

mountains. The harmonic motions of the Earth’s crust in Germany

have an amplitude of � 4.7 mm, in which the surface loads con-

tribute half to this type of motion. The findings will contribute to

the overall picture of neotectonics here.

Keywords: Neotectonics, crustal deformation, GNSS, time

series analyses, discontinuity-correction technique.

1. Introduction

Germany lies on The Eurasian Plate and has

various geological characteristics of the European

Cenozoic Rift System (ECRS) (Ziegler, 1992;

Meschede and Warr, 2019). The Earth’s crust in

Germany has experienced tectonic processes like the

geologically old East-European Cratonization and the

young Alpine-Carpathian Orogen (Raab et al., 2010;

Kempe et al., 2017; Strozyk et al., 2017; Meschede

and Warr, 2019; Kühne and Weber, 2022). Many

studies revealed neotectonic evidence over Germany.

For instance, the deep crust layer is comprised of

crystalline and sedimentary rocks formed during the

Holocene epoch of the Quaternary period (Stosch

et al., 1992; Raab et al., 2010; Kushnir et al., 2018;

Lehmkuhl et al., 2018; Dill et al., 2020). Germany is

not located along an active tectonic boundary, but the

build-up and release of tectonic stresses in the upper

crust layer result in some noticeable shallow earth-

quakes (Ziegler, 1992; Meschede and Warr, 2019).

The earthquake faults in Germany are concentrated in

three major seismotectonic zones: (1) the Rhine area,

(2) the Swabian Alb, and (3) the earthquake swarm

area of Vogtland (Ritter et al., 2001; Grünthal and

Wahlström, 2003; Tyagunov et al., 2006; Rovida

et al., 2022; Zeiß et al., 2022). Thus, the ancient

geological evidence of crustal motions linked to the

active graben structures was also found in these

zones, such as the Hohenzollern, Ruhr, Rhine, and

Eger grabens (Ziegler, 1992; Ritter et al., 2001;

Grünthal and Wahlström, 2003; Tyagunov et al.,

2006; Place et al., 2010; Raab et al., 2010; Kempe

et al., 2017; Kushnir et al., 2018; Groß et al., 2022;

Rovida et al., 2022; Zeiß et al., 2022). In the Northern

and central regions of Germany, a few proofs

revealed tectonic processes related to fluid-controlled

brittle faults, Triassic clastic sediments, and in-situ

1 GFZ German Research Centre for Geosciences (Helmholtz-

Zentrum Potsdam Deutsches GeoForschungsZentrum GFZ),

Potsdam, Germany. E-mail: nhung@gfz-potsdam.de
2 Technische Universität Berlin, Berlin, Germany.
3 Hanoi University of Natural Resources and Environment,

Hanoi, Vietnam.
4 School of Earth and Planetary Sciences, Spatial Sciences

Discipline, Curtin University, Perth, WA, Australia.
5 Faculty of Geomatics and Land Administration, Hanoi

University of Mining and Geology, Hanoi, Vietnam.

Pure Appl. Geophys. 181 (2024), 87–108

� 2023 The Author(s)

https://doi.org/10.1007/s00024-023-03390-z Pure and Applied Geophysics

http://orcid.org/0000-0003-2085-6319
http://orcid.org/0000-0003-2938-1356
http://orcid.org/0000-0003-1091-5573
http://orcid.org/0000-0001-5443-0370
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-023-03390-z&amp;domain=pdf
https://doi.org/10.1007/s00024-023-03390-z


weathering of granite (Raab et al., 2007; Strozyk

et al., 2017; Kunkel et al., 2018; Kneuker et al.,

2020). Rabbel et al. (1995) also detected a � 10 km-

thick crust layer with P-wave high velocities in the

North German basin, typical of the extensional

movements of the lower crust intruded by mafic

magma during the Caledonian orogeny.

Neotectonics refers to the current tectonic process

of the Earth’s crust; its monitoring is thus essential

for a better understanding of the mechanism of the

geodynamics and then identifying deformation-risk

regions as well as predicting disasters. Various spatial

geodetic techniques (e.g., doppler orbitography and

radiopositioning integrated by satellites, very long

baseline interferometry, and interferometric synthetic

aperture radar) have contributed to monitoring

Earth’s motions with a wide application spectrum

(Campbell and Nothnagel, 2000; Couhert et al., 2018;

Bui et al., 2021). Of those, Global Navigation

Satellite Systems (GNSS) is one of the most com-

monly-used methods owing to its advantages in high

accuracy and continuous operation with a small

temporal interval covering a long period, which is

particularly useful for detecting slow-moving defor-

mation in the 3D space (Drewes, 1998; Ge et al.,

2006; Yu et al., 2020). However, studies of neotec-

tonics in Germany based on GNSS have mainly

focused on several areas associated with the ECRS,

such as the Rhine, Eifel, and Alpine foreland regions

(Rózsa et al., 2005; Fuhrmann et al., 2013; Kreemer

et al., 2020; Pintori et al., 2022). A few investigations

have been conducted in regional study areas,

including Germany, such as Western Europe and the

Euro-Mediterranean (Nocquet and Calais, 2003;

Piña-Valdés et al., 2022; Serpelloni et al., 2022).

Thus, they did not have a detailed assessment of the

crustal deformation in Germany. Little work has been

studied throughout Germany with a sparse GNSS

network but with a timespan that is not yet long

enough for a complete analysis of Earth’s surface

deformation (Goebell and Wetzel, 2006). So far,

there has been a lack of in-depth GNSS-based

investigations of neotectonic monitoring over the

entire of Germany.

Together with the improvement of deformation

monitoring techniques, cutting-edge data processing

algorithms are also proposed. A GNSS data

processing procedure often includes two main steps:

(1) processing raw GNSS observations to derive

station coordinates and (2) decomposing the coordi-

nate time series into linear trends and other non-linear

components (e.g., Nocquet and Calais (2003), Fuhr-

mann et al. (2015), Nocquet et al. (2016), Sánchez

et al. (2018), Pintori et al. (2022)). An important task

is to deal with discontinuities, which refer to sudden

changes or shifts in the GNSS coordinate time series.

There are two popular approaches for handling this

issue in crustal motion velocity computations. The

first approach was introduced in Nocquet and Calais ’

study 2003, where discontinuities (so-called jumps)

were solved by cutting the GNSS time series into

segments and then calculating velocities separately

for each segment. This results in different velocity

vectors for the same station, and thus, a further step

of unifying the estimated velocities by constraint

conditions must be conducted. This approach was

adopted in the piece-wise constant velocity model

(i.e., PCVM) invoked in the international terrestrial

reference systems (Bevis and Brown, 2014; Altamimi

et al., 2016). However, if these constituent velocities

are computed from short segments, the reliability of

the unified velocity will decrease. In the second

approach, the most stable segment of longer than two

years and between known antenna changes is selected

to determine velocities (Fuhrmann et al., 2015). In

this regard, the entire data are not utilized because the

observations beyond the considered segment were

excluded.

Therefore, our study suggests another approach to

solve discontinuities in a GNSS coordinate time

series in an auto-correction way, which combines

stepwise regressions and auxiliary data to detect and

offset discontinuities caused by measurement device

changes. In this way, observations of the entire

monitoring timespan will be utilized to obtain a

consistent velocity field for better capturing the

motions of the Earth’s crust. We then apply the

proposed approach to a dense GNSS network of

� 30-km baselines to analyze neotectonics for the

whole of Germany.

This article is structured as follows. Section 2

presents experimental data and GNSS processing

strategies, in which an explicit description of the

discontinuity-correction technique is also included.
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Section 3 shows results and discussions about crustal

deformations in Germany using the delicately pro-

cessed coordinate time series. Finally, conclusions

and suggestions are summarized in Sect. 4.

2. Data and Methodology

2.1. Data

We collected and processed data (1994-2020)

from 503 continuous GNSS stations in Germany from

different networks (e.g., IGS,1 EPN,2 GREF,3 and

SAPOS4). Based on primary investigations from the

PPP (Precise Point Positioning) solutions, we selected

346 stations that met strict conditions of deformation

monitoring (e.g., accuracy, reliability, and robustness

of solutions) for in-depth analyses of crustal move-

ment characteristics (Fig. 1a). The selected stations

covered a timespan from 3 to 26 years, among which

276 stations were observed continuously over ten

years, accounting for 79.8 % of the total stations.

Additionally, we use the seismic data (i.e.,

earthquakes), GNSS metadata (e.g., antenna changes

or firmware updates), and the data of groundwater

extraction and ore mining data to verify discontinu-

ities, anomalies, and subsidence. These auxiliary data

are available in the databanks: USGS, GEOFON,

Semisys, and BGR. For example, Fig. 1b shows

antenna change records obtained from Semisys

(Bradke, 2020) for discontinuity corrections in the

GNSS time series. The ESMGFZ models are pro-

vided by Dill and Dobslaw (2013) to determine the

effect of surface loading on the crustal motions in

Germany. The links to the data archives are listed in

Table 1.

2.2. GNSS Processing Strategies

The tectonic process has been occurring over

millions of years, and the Earth’s crust is driven by

both endogenous and exogenous factors (Oliver,

1991; Hilst and McDonough, 1999; Wessel, 2011).

Its motions form a complicated trajectory, including

linear and non-linear patterns, as mentioned by Bevis

and Brown (2014). Thus, this study focuses on two

typical long-term motions: linear trends and har-

monic variations. The linear element in the GNSS

coordinate time series is the basis for computing

crustal motion velocity fields. The tides (both solid

Earth and Ocean) contribute to the harmonic motions

of the Earth’s crust but have been corrected during

the network adjustment by the GFZ-EPOS.P8 soft-

ware, following the IERS conventions (Petit and

Luzum, 2010). However, non-tidal loadings (e.g.,

hydrology, atmosphere, and ocean), causing system-

atic and significant surface deformations of the

Earth’s crust (Dill and Dobslaw, 2013; Männel

et al., 2019), have not yet been considered while

adjusting the GNSS network. To conserve global

mass, we also need to consider barystatic sea-level

variations, which are not yet accounted for in the

oceanic loading model. Moreover, there is no glob-

ally unique dominating loading type because the

pressure magnitude of loading will depend on (1) the

relative position between the monitoring stations and

loading sources and (2) the Earth’s elasticity. There-

fore, this study investigates four surface loadings

(hydrology, atmosphere, ocean, and sea level) to

determine their effect on the Earth’s crust and how

far the loadings drive it on a linear trajectory.

The GNSS coordinate time series are obtained

from the Network (NET) solutions in the ITRF2014.

This study uses nine control stations surrounding

Germany (Fig. 1a) selected from the highest accuracy

category, based on the station classification criteria in

the previous studies (Legrand and Bruyninx, 2020;

Le et al., 2022). The strategies of the GNSS network

adjustment follow our GFZ-repro3 campaign, which

has been described in Männel et al. (2020), Männel

et al. (2021). As a continuation, this study will delve

into the time series post-processing. Taking advan-

tage of functions in the MATLAB� library, we build

an end-to-end workflow of the GNSS time series

analyses (Fig. 2), including the discontinuity-correc-

tion technique discussed in Sect. 2.3. The program’s

inputs are the outputs of EPOS.P8 (i.e., the raw

GNSS coordinate time series). The derived time

series are decomposed by function approximation

1 https://www.igs.org/network.
2 https://epncb.oma.be/.
3 https://gref.bkg.bund.de/Subsites/GREF/DE/Home/home.html.
4 https://sapos.de/.
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methods and the remove-restore principle, in which a

specific element of interest is extracted for further

analyses by removing any unrelated characteristics.

When all is done, we restore all elements back to the

original GNSS time series. Linear regressions are

applied to determine linear crustal motions. Then, we

fit the GNSS time series to determine nonlinear

elements using a combination of sine functions.

Ultimately, the output of this program is fine data

ready for further analyses.

2.3. Discontinuity-Correction Technique

There are several causes of discontinuities in the

GNSS coordinate time series, such as antenna

changes (Fig. 1b), earthquakes (Fig. 1d), and the

impacts of humans or extreme weather on monu-

ments. Based on the origins, the discontinuities can

be divided into two types related to (1) monitoring

device changes, which will lead to artificial motions,

and (2) seismic events, which likely reflect actual

motions of the Earth’s crust. Thus, discontinuities

that come from the first cause must be corrected.

Figure 1
Distribution of the continuous GNSS stations used for investigating the crustal motions (a) and the auxiliary data to verify discontinuities and

anomalies in the GNSS time series, including antenna changes (b), monument description (c), and earthquake distribution in the European

countries (d)
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We filter outliers in the GNSS coordinate time

series to avoid biased conclusions due to anomalies.

Additionally, using the cleaned GNSS time series can

reduce the number of condition loops in

distinguishing anomaly values (i.e., outliers or

extreme values) from abrupt changes. Accordingly,

removing outliers in the GNSS time series will speed

up processing. Several popular algorithms, such as

moving average (Xiong et al., 2013), generalized

extreme studentized deviation (Martel, 2016), quar-

tiles (Vinutha et al., 2018), moving median (Zhang

et al., 2019), and Grubbs (Aslam, 2020), can be

employed for outlier removal. Among these, the

moving median algorithm proved optimal, demon-

strating sensitivity to noise while maintaining

robustness and unbiased to anomalies (Le et al.,

2021). Therefore, it is utilized in this study to filter

outliers in all GNSS coordinate time series. The

discontinuity-correction technique for the GNSS

coordinate time series is performed in two main

steps as follows:

In the first step, stepwise regressions are applied

to detect abrupt changes and their magnitude in the

Table 1

The auxiliary data for correcting discontinuities in the GNSS time

series and verifying crustal deformations

Auxiliary data Databanks Sources

Earthquakes GEOFON https://geofon.gfz-potsdam.de/

USSG https://earthquake.usgs.gov/

earthquakes/search/

GFZ-GNSS metadata Semisys https://semisys.gfz-potsdam.

de/

Groundwater and ore

extraction

BGR https://www.deutsche-

rohstoffagentur.de/EN

Geophysical fluid

loading models

ESMGFZ https://isdc.gfz-potsdam.de/

esmdata/

Figure 2
The flowchart of the high-precision GNSS coordinate time series processing
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GNSS time series. The antenna change records in the

GNSS metadata are used as the priori number of

abrupt changes in each time series. If the GNSS

metadata is unavailable or the antenna change record

equals 0, an alternative mode based on statistical

tests, such as ANOVA (Analysis of Variance),

between segments in a GNSS time series will be

used. This option is embedded in the condition loops

of abrupt change detection. The regression process is

computed as follows:

RðSegiÞ þ RðSegjÞ þ s\RðSegijÞ

Where s is the statistical threshold for detecting dis-

continuities and R (Seg) is the cost function of the

regressions corresponding to each segment in the

GNSS time series.

It should be noted that we only consider abrupt

changes (so-called jumps). Thus, no jumps might be

found if its linear trend is steady, even though the

harmonic pattern varies considerably. Depending on

the characteristics of the GNSS time series, we will

opt for the linear regression model or the mean

regression model (i.e., regression toward the mean).

The linear regression model is selected for the GNSS

time series with a strong linear trend. We choose the

mean model for the GNSS time series with a weak

linear trend. The program detects the most significant

changes and then ignores the ones with a magnitude

smaller than two times the Root Mean Standard

Errors (RMSE) of that GNSS time series (corre-

sponding to a probability of 95 %).

The earthquakes tracked in Germany are minor

(please see Fig. 1d), but we would develop algo-

rithms that can also work efficiently on global data.

Therefore, this study utilizes seismic data to verify

the causes of discontinuities. We use McCue ’s 2004

experimental equation to determine GNSS stations

located in the earthquake perception radius. A

moving window surrounding the mainshocks of the

earthquakes helps us identify discontinuities related

to these seismic events. The discontinuities might

then be skipped after double-checking. This step

finishes by distinguishing between the discontinuities

caused by device changes and other factors, and the

magnitude of the discontinuities is also found.

In the second step, discontinuity-level shifting is

implemented based on the nearest neighbour (n). This

means that the last observation of the previous

segment (Segi) will merge with the first observation

of the next segment (Segj). The distance to the

nearest neighbour depends on the regularity of the

measurements. For instance, n = 1 if there is no

missing observation. This process is performed from

left to right of the GNSS time series by shifting the

segments up or down (the blue arrows in Fig. 3).

Notice that this technique can also be applied to

converge the antenna centres into one position (for

GNSS stations using multi-antennas) or homoge-

neous two GNSS time series from a former station

with an active station. In that case, we only need to

tighten the statistical thresholds to ensure that minor

abrupt changes will also be detected and corrected.

The efficiency of the discontinuity correction will be

shown in the following section.

3. Results and Discussions

3.1. Correcting Discontinuities in the GNSS

Coordinate Time Series

As mentioned before, outliers in the GNSS time

series are first filtered at a 99 % confidence interval

by the moving median algorithm. Then, the modified

Akima cubic-based interpolated values will replace

the observations identified as outliers. Interpolation

does not change the accuracy of crustal motion

velocity vectors. However, it can avoid losing data

and misinformation in the post-audit process (e.g.,

counting observation records, outliers, jumps, and

unobserved days) to contribute to the GNSS metadata

and report the final results. We set a three-day

moving window surrounding the earthquakes’ main-

shocks, corresponding to before, on, and after the day

the earthquake occurred.

An example of discontinuity correction for the

North and Up components of the SAPOS station 0260

in Bavaria is presented in Fig. 3. Clearly, the

discontinuities in the GNSS time series deflect the

linear trends and then lead to the distortion of the

velocity vectors in this station. Five antenna changes

are used to set the maximum number of abrupt

changes, but three discontinuities in the North and

four in the Up are significant. Two small abrupt

92 N. Le et al. Pure Appl. Geophys.



changes skipped are 1.0 and 2.1 mm in the North and

Up, while the corresponding maximum discontinu-

ities are ?595.8 and �211.0 mm. The discontinuity-

level shifting is the same way in both the North and

Up. For instance, in the North, Segment 1 shifts up

?595.8 mm to merge with Segment 2 to generate a

longer Segment 12. Next, the whole of Segment 12

shifts down by �596.5 mm, to create Segment 123.

Similarly, Segment 4 matches Segment 123 by

offsetting ?594.4 mm to merge into a consistent

segment (Fig. 3).

The distribution of outliers and discontinuities at

the German GNSS stations is displayed in Fig. 4.

Almost 85,500 outlier records have been found in three

North, East, and Up components, accounting for

� 1.8 % of the daily coordinate solutions. On average,

there are � 19 outlier records per station each year.

Outliers occur more frequently in Eastern Germany,

where antennas are fixed on rooftops (Fig. 1c). In

comparison, discontinuities are related to antenna

changes rather than the location of the GNSS station

installation. This is demonstrated by the correlation

between the discontinuities and antenna changes equal

to 0.82, while this relationship with receiver changes is

only 0.22 (Fig. 5a). There are � 2000 abrupt changes

detected in all three components of the GNSS time

series, in which 1040 discontinuities exceed the

statistical thresholds. The number of discontinuities

in the Up component is 546, twice larger than in the

North and East (Fig. 5b). This reason can be attributed

to how the antenna is mounted on a monument, which

can be easily adjusted vertically but not horizontally.

The maximum magnitude of the corrected discontinu-

ities is 14,607.25 mm at the SAPOS station 0283 in

Mitterteich, occurring on 20 June 2009 (the blue star in

Fig. 4b).

Almost 87 % of German GNSS stations have

undergone discontinuity corrections (Fig. 5b). More

than half of them (shown in yellow in Fig. 5b) have

had at least one discontinuity since the installation.

The minimum abrupt changes are 0.26, 0.21, and

2.23 mm in the North, East, and Up, respectively.

These numbers do not represent much for the

algorithm’s sensitivity in discontinuity detections

(please see the options for defining the maximum

number of abrupt changes in Sect. 2.3) but reflect the

German GNSS data quality. This finding also advo-

cates the prospect of GNSS for high-precision

geodetic applications, especially in horizontal coor-

dinate accuracy that can reach up to � 0.3 mm.

More details on the efficiency of time series

processing techniques in improving the accuracy of

the solution are shown in Table 2. Of these, the

median values are determined in a 95 % confidence

interval, unbiased by anomalies. The Standard Devi-

ation (SD) mean of the coordinate time series is

Figure 3
Correcting discontinuities in the North (a) and Up (b) components of the GNSS coordinate time series at the SAPOS station 0260 in Bavaria
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obtained from the network solutions over the 346

German GNSS stations. The results indicate that

thanks to cleaning data and correcting discontinuities,

noise in the GNSS coordinate time series (i.e.,

RMSE) was reduced by 1.5 times. In addition, the

velocity vector certainty (i.e., SD) also improves by

half. The following steps thereby use these cleaned

and discontinuity-corrected time series to identify the

crustal motions over Germany.

3.2. Identifying Neotectonic Motion Characteristics

in Germany

3.2.1 Linear Motions

Figure 6 shows the horizontal velocities and their

accuracy based on the NET solutions. The Earth’s

crust behaves rigidly with an average velocity of

� 24.6 mm/year toward the Northeastern (Fig. 6a).

Figure 4
The distribution of outliers (a) and discontinuities (b) in the GNSS time series at the German monitoring stations

Figure 5
The correlation matrix of the antenna changes, receiver changes, and offset discontinuities (a), and the comparison of discontinuity records at

the German GNSS stations (b)
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This movement direction suits the geologically

tectonic evidence, such as faults and slips in the

Northern Phyllite, Saxothuringian zones, and Alpine

molasses (Meschede and Warr, 2019). These

motions, often implying the deep crust layer, also

steadily follow the general trends of the Eurasian

plate found by Kreemer et al. (2014) and Serpelloni

et al. (2022). However, relative movements (i.e.,

intra-plate motions), which are derived by subtracting

the ITRF14 plate tectonic model from the GNSS

coordinate time series, present non-homogeneous

trends (Fig. 6b). In this figure, we excluded eight of

the 346 investigated stations whose standard devia-

tions exceeded three times the maximum relative

movement. The remaining stations have a monitoring

timespan ranging from 4.4 to 26.0 years. The average

intra-plate velocity throughout Germany is 0.8 mm/

year. The maximum velocity reaches up to 2.6 mm/

year at station TGDA in Dagebuell (Hamburg),

which was monitored continuously for 8.8 years with

2882 daily records (the red arrow in Fig. 6b). We

confirm Nocquet and Calais ’s 2003 finding in the

Eastern side of the Upper Rhine graben by following

their suggestion of using a longer GNSS time series.

Here, the Earth’s crust is moving with an intra-plate

velocity of � 0.5 mm/year (based on the observa-

tions up to 23.5 years obtained from eight GNSS

stations along the Black Forest to Mannheim), a little

faster than their result (� 0.4 mm/year). To avoid a

biased interpretation caused by local movements in

Table 2

Estimations of the accuracy of the crustal motion velocities before and after applying the cleaning data and correcting discontinuities

Criteria NET solutions Linear regressions

SD mean RMSE (raw) RMSE (clean?offset) SD (raw) SD (clean?offset)

North East Up North East Up North East Up North East Up North East Up

Median (mm) 0.59 1.02 1.58 2.39 3.60 8.40 1.51 2.32 6.77 0.67 0.97 2.36 0.43 0.62 1.78

Mean (mm) 1.10 1.67 2.57 12.65 11.42 14.37 1.74 2.53 6.88 4.02 3.51 4.46 0.51 0.74 2.04

Figure 6
The absolute movement velocity fields using the NET solutions (a), the relative movement velocities by subtracting the plate velocity fields of

ITRF14 (b), the error ellipses of the velocity vectors at a 95 % confidence interval (c), and the highlighted velocity vectors of stations TGDA

(red) and 0388 (black)
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this fault zone, we excluded the SAPOS station 0388,

� 2.4 mm/year (the black arrow in Fig. 6b), located

on the Rheinschleuse Iffezheim dock, as it may have

been directly affected by the flow regime of the Rhine

river.

The band between 11.5� E and 12.5� E is of

special interest as it moves faster than other regions,

with an average speed of � 1.0 mm/year. This band

is found along the North–South trending Regensburg-

Leipzig-Rostock shear zone (Schmidt et al., 2013;

Nickschick, 2017). Due to the higher intra-plate

movements, this region shows the most significant

dilation, with an average rate of ?4.3 nstrain/year

(Fig. 7).

For other regions, the maximum dilatation rate

peaks at ?13.5 nstrain/year in the Northern Alpine

foreland. Characterized by compression, the Lower

Rhine bay reveals local displacements with a max-

imum rate of up to �16.4 nstrain/year at 51.5� N and

6.4� E. Likewise, the compression signals have been

seen noticeably in the typical graben regions, such as

the Upper Rhine graben, Swabian Alb, the Ems and

Weser river basins, and the borderland with Poland.

Our findings provide further and up-to-date informa-

tion on neotectonics and crustal deformations in

Germany, which were just mentioned partly in

Reicherter et al. ’s 2005; 2008 neotectonic studies.

To estimate the accuracy of the crustal velocities,

we use three robust statistic criteria: (1) the SD mean

of station coordinates in the NET solutions, (2) the

RMSE in linear regressions, and (3) the SD of

velocity vectors. These criteria will respond to the

velocity vectors’ reliability, robustness (in linear

regression solutions), and stability. Figure 6d pre-

sents the error ellipses of the horizontal velocity

vectors (95 % confidence interval) at the 346 GNSS

stations. The components of the semi-major and

semi-minor axes are computed from the independent

Figure 7
Strain tensors of the Earth’s crust, in which (a) is strain rates and (b) is strain-rate heatmap using the bicubic interpolation algorithm
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GNSS coordinate time series, making the correlation

of the North and East equal to 0; thus, the rotation

angle of the semi-major axes is equal to 90�. The

average semi-major axis of the error ellipses is

0.62 mm (\10 % of the absolute crustal movements).

Of the investigated stations, 179 show error ellipses

with semi-major axes smaller than the intra-plate

velocities. The findings demonstrate that all 346

stations match strict conditions in monitoring the

absolute movements, and � 52 % of that can reflect

relative movements with high reliability. Considering

both the GNSS observation accuracy and intra-plate

velocities, changes in crustal motions exceeding

random errors can be observed over a monitoring

period of three years. We thus recommend updating

velocity field maps in Germany after at least five

years (so that intra-plate velocities are more signif-

icant than two times random errors, corresponding to

a 95 % confidence interval).

Regarding vertical movements, the velocity fields

in Germany show a general uplifting pattern (the red

arrows in Fig. 8), in which 136 monitoring sites move

with a speed of [0.1 mm/year. Our findings agree

with Kreemer et al. ’s 2020 in the Eifel region, where

the crust moves with a speed of almost ?1.0 mm/

year (e.g., at stations 0525 and 0526). Furthermore,

we also found that uplifts occur in active tectonic

regions, such as the Thuringian-Vogtland slate

mountains, Saxony, and Alpine foothills (Southern

Bayern). The maximum upward movement reaches

?1.1 mm/year at the SAPOS station 1657 in Hameln

(Lower Saxony) within a monitoring timespan of 6.2

years. In contrast, the significant subsidence with

�0.8 mm/year is in Haltern (North Rhine-West-

phalia), observed at station 0261 for 10.1 years. It

is a fact that the geological feature of the upper crust

layer in river basins is mainly formed from the

sediment deposition processes, which are often

regarded as geologically weak or

Figure 8
Vertical motion velocity fields using NET solutions (a) and the vertical motion heatmap based on the Bicubic interpolation algorithm (b)
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unstable backgrounds. Proof of this is ongoing

subsidence in the river basins, such as the Havel,

Elbe, Northern Oder, Rhine, and Ems rivers. Added

to this, human activity-related factors, like ground-

water extraction and ore mining, also significantly

impact the local subsidence mentioned above. The

mining data from BRG indicates that some significant

subsidence and compression areas (e.g., in Bremer-

haven, Lower Saxony, Gransee, and Rheine) are

close to groundwater stations and reservoirs or

extensive mining regions of gas, petroleum, oil shale,

and asphalt.

3.2.2 Harmonic Motions

We apply the function approximation methods by

combining sine functions and filtering noise to

decompose the non-linear characteristics of the

GNSS time series and to determine the harmonic

wave parameters (e.g., amplitude, phase, and fre-

quency). Figure 9 describes the non-linear elements,

correlations of the GNSS time series at station POTS

in Potsdam, and autocorrelation testing by the Ljung-

box Q-Test. The wavelet cross-spectrum measures

the non-linear correlations between the detrended

GNSS time series and the fit models in the North,

East, and Up components. The coherence exceeding

0.5 is displayed in arrows. The arrows’ orientation

aligns with the unit circle’s phase delay. For instance,

the vertical arrow signifies a phase delay of p=2 or

one-quarter of a cycle for the harmonic wave. The

associated time lag depends on the cycle’s duration.

The corresponding lag in time depends on the

duration of the cycle. Here, we set a spectral

frequency in cycles per year (cpy) to identify the

harmonic motion characteristics of the Earth’s crust.

The spectrum estimations in Figs. 9a and b reveal

that the annual variations in the horizontal compo-

nents are negligible and dominated by noise in the

time series. In contrast, a strong positive correlation (r

[0.8) exists between harmonic variations of the Up

and the annual sinusoidal pattern. This is indicated

via a significant non-linear coherence in the red

colour spectrum at a frequency of one year over the

monitoring timespan (Fig. 9c). The Up component’s

semi-annual and annual waves fluctuate around an

amplitude of 2.8 and 5.3 mm, respectively. White

noise varies by � 2.7 mm, while colour noise flickers

with an amplitude of � 4.1 mm (Fig. 9d). Addition-

ally, the autocorrelation tests indicate that the

variables of the white noise (i.e., the lagged time

series in Fig. 9e) do not correlate (shown via r � 0).

Whereas the flickers generate a downtrend pattern

with a high correlation (shown via r � 0.8 for the

time series lagged � 5 days). The statistical tests

demonstrate that differences in the GNSS station’s

coordinates within five days are likely because of

white noise but not caused by actual motions. This

finding implies that using the weekly GNSS coordi-

nate time series can also reflect the harmonic

variations of the Earth’s crust as adequately as the

daily time series.

We conduct the same processing strategies

described by station POTS to all the GNSS stations

to determine the harmonic motion characteristics of

the Earth’s crust. The average annual amplitudes

corresponding to the three coordinate components are

1.0, 1.2, and 4.7 mm, as seen in Fig. 10. Similar

patterns with station POTS, noise dominates the

annual characteristics of the horizontal coordinate

time series in � 80 % (East) and � 90 % (North) of

the investigated GNSS stations. According to the

North, East, and Up, the maximum amplitudes of 7.2,

8.2, and 8.8 mm are observed in the Alpine foreland,

Northeastern, and Rhine regions, where the GNSS

stations are situated in river basins and close to large

lakes. Significantly, the annual horizontal variations

at SAPOS station 0016 in Gransee (Brandenburg) are

more pronounced than the vertical variations, and

three coordinate components respond with an ampli-

tude of 7.2, 5.8, and 6.8 mm, respectively. This

station is located on a rooftop in an area with a

possibly unstable geological background (according

to the GFZ-GNSS metadata). It also lies next to

Geron Lake and a groundwater station that extracts

up to 10 million m3/year (according to BGR5). The

annual variations of the surface loadings in the

vertical direction at this site also exhibit a significant

amplitude of 7.6 mm. The most prominent reasons

are groundwater flow regimes and water level

variations of the Havel River and nearby lakes. The

5 https://www.bgr.bund.de/EN/Themen/Wasser/gw-leiter?ww-

d_karte_en.html?nn=1548136.
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findings point to a close relationship between har-

monic crustal motion patterns and water flow

mechanisms, as well as the elasticity of the Earth’s

crust.

3.2.3 Surface Loading Effects on the Crustal Motions

We first regard the loading effects on the harmonic

crustal motions. Loading exerting on the Earth’s crust

in the vertical direction is more significant than the

horizontal as the pressure acts perpendicular to the

touching surface. Hence, the conclusions hereafter

are investigations of the surface loading regimes on

the Up component at the monitoring stations through-

out Germany. Based on the ESMGFZ models, we

determine the annual variations of loadings at the

GNSS stations. Among the four investigated loading

components, hydrological loading impacts the

Earth’s surface most significantly, with an annual

amplitude ranging from 3.5 to 5.4 mm. The German

Southwestern region along the Rhine river is espe-

cially vulnerable. In contrast, the contributions of the

sea-level loading (regarding effects due to sea-level

changes) and non-tidal ocean loading (primarily

driven by the weight and redistributions of ocean

water mass) to crustal motions are minor, with an

average amplitude of 0.6 and 1.6 mm, respectively.

The GNSS stations observed with noticeable varia-

tions are concentrated in the German coastal area

associated with the North and Baltic seas. Finally, the

atmosphere presses the Earth’s surface at an ampli-

tude of � 1.8 mm, and its effect decreases steadily

from the Southeastern to the Northwestern regions

(Fig. 11).

The annual variation pattern observed at the

GNSS stations in Fig. 10 is driven by different

factors (i.e., wave sources). Each loading depicted in

Figure 9
The spectral coherence between the GNSS time series and sine fitting models (i.e., harmonic waves) in the North, East, and Up at station

POTS in Potsdam (a, b, c), the non-linear elements (d) and autocorrelation tests of white noise and flicker oscillations (e) in the Up component
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Fig. 11 regards a wave source impacting the Earth’s

crust. Depending on phase differences, the superpo-

sition of nonidentical waves can exhibit constructive

or destructive interference, which results in an

increase or decrease in the total wave amplitude

compared to constitutive waves. By subtracting the

loading time series from the GNSS coordinate time

series, we determine their total impact on the Earth’s

crust at the monitoring stations. In terms of data

characteristics, correcting for the loading effects can

considerably reduce annual variations and noise in

the Up component of the GNSS time series. That

enables improving the velocity field’s certainty in the

vertical direction. For example, after subtracting the

four surface loadings, both the amplitude and noise of

the Up decrease significantly. Specifically, the annual

amplitude falls from � 5.3 to � 1.1 mm, and the

noise signal reduces from 0.093 to 0.057 dB on a

normalized frequency band (Fig. 12a). Furthermore,

Pearson’s statistical test indicates a strong correlation

(r = 0.88) between the sinusoidal wave phase in the

GNSS time series and total loading (Fig. 12c). As

shown on the heatmaps, at most GNSS stations, the

annual variations reduce significantly after correcting

the loading effect, where the average amplitude

decreases from 4.7 to 2.5 mm (Figs. 10c and 12d). In

other words, the surface loadings account for half of

the annual variations in the Earth’s surface. However,

it is also important to emphasize that after removing

the loading effect, other periodic variations still

remain, but with a smaller amplitude and extended

frequency (Fig. 12b). Long-term climate cycle-re-

lated factors might cause these variations. Hence,

further investigations should be carried out to deter-

mine how many factors and how much each factor

influences the long-term harmonic motions of the

Earth’s crust.

Concerning the linear motions, the linear dis-

placements before and after subtracting the surface

loadings are described in Fig. 13 and Table 3. The

3D linear trends of the total surface loading in

Germany are �0.18, ?0.02, and ?0.05 mm/year

(Table 3). The loadings drive the crustal motions in a

linear trajectory. As shown in Fig. 11, the hydrolog-

ical loading most significantly impacts the crustal

motions. It thus also causes the displacements of the

Earth’s crust here at the highest level.

The linear trends of the Earth’s crust caused by

the surface loading are clear and homogeneous.

Notably, 79.5 % of the investigated stations moved

toward the Southwest (Fig. 13a). In comparison,

72.0 % exhibited a downward trend (Fig. 13b).

Throughout the 26-year monitoring period (from

1994 to 2020), the loading caused a displacement of

Figure 10
Annual variations of the North (a), East (b), and Up (c) components at the German GNSS stations
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roughly 1.8 and 7.5 mm, responding to the horizontal

and vertical directions (Table 3). Accordingly, the

maximum displacements related to the loadings turn

to � 0.8 mm/year (North–East) and � 1.1 mm/year

(Up). Noticeably, these movement modules exceed

the average relative crustal motions and are opposite

to the absolute crustal motion trends. Nevertheless,

the possibility of systematic errors from the surface

loading models used in this study is yet to be ruled

out. Therefore, investigations on the loading models

provided by other research centres should be con-

ducted for a more comprehensive conclusion of the

surface loading effect on the Earth’s crust.

3.2.4 Clustering of Crustal Motion Major Regions

As indicated above, crustal deformations occur

heterogeneously throughout Germany. Thus, we use

the unsupervised ML techniques (namely, K-means,

Fuzzy C-means, and Hierarchical clustering) to

identify major blocks for a better view of the crustal

motions here. To implement algorithms, we first

normalize the 3D velocities by the Z-score algorithm

to avoid biased results due to significant differences

in the feature scales. In fact, feature scaling is not

always needed for ML techniques. However, this

study applies the ML algorithms based on distances

Figure 11
The effect of the surface loading on the annual variations of the Earth’s crust observed at the continuous GNSS stations; in which a, b, c, and d

correspond to the hydrological, atmospheric, ocean, and sea-level loadings
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between data points to determine their similarity of

data characteristics for clustering the features into

distinct groups. Meanwhile, the horizontal velocities

remain at a range of tens of mm/year compared to

only a few mm/year for the vertical velocities. Thus,

scaling features before clustering the 3D velocity

field is recommended for better identifying crustal

deformation regions.

Then, we test the velocity clusters’ consistency

(C) by linkage trees, where velocity correlation is

computed in the Euclidean distance. A higher C value

presents a lower ambiguity among clusters. For

example, the 3D velocity field behaves at C of 0.81

(Fig. 14a), which implies a significant difference

among the clustered velocity groups. The y-axis

displays the Euclidean distance of the linkages. The

relative height of linkage trees or the width of the

Figure 12
The spectral estimations (a) and annual variations (b) of the Up component at station POTS before and after subtracting the total loading,

Pearson’s correlation of the sinusoidal wave phases between the GNSS time series and total loading (c), and the annual variation heatmap of

the Earth’s crust over Germany after correcting the loading effect (d)
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cutoff thresholds measured on the y-axis shows the

consistency of clusters. The F values are fuzzy

boundaries between two linkages. In the case of

clustering into three groups, the lower and upper

boundaries are defined by the cutoff thresholds

ranging from 8.7 to 14.5. The linkage trees show a

high accuracy in clustering the 3D velocity field into

three groups, with an Euclidean distance of � 5.7

(i.e., the difference between F2 and F3). Similarly, in

the case of clustering velocities into two categories,

this distance is � 6.7, corresponding to the difference

between F1 and F2. By contrast, it is very fuzzy in the

case of clustering into smaller groups, where this

number stays at � 0.2 for four clusters and � 1.1 for

five clusters. In short, increasing the number of

clusters also increases the ambiguity among the

clusters. Thus, together with the manifestation of

crustal displacement revealed via the above investi-

gations, we set the number of clusters equal to three

to determine crustal deformation regions.

There is a high agreement in clustering deforma-

tion major regions among the three investigated

methods (Fig. 14b). The velocity discrepancy mainly

follows the characteristics of the horizontal motion

rather than the vertical motion (Fig. 14c). Figure 14d

shows the 3D velocity field clustered by processing

optimization on the three ML algorithms: K-means,

C-means, and Hierarchy. The average NEU velocities

corresponding to the three clusters are 25.0 (red), 24.9

(green), and 23.8 mm/year (blue). Accordingly, the

Southwest region, covered by Cluster 1, moves with

the fastest plate motion velocity while Cluster 3,

corresponding to Northwest Germany, remains at the

slowest motion level. Along the boundaries of clusters

often exhibit a higher possibility of deformations due

to the significant differences in movement character-

istics (e.g., direction, magnitude, and speed). Notice

that, according to the velocity means of the clusters,

these three central points can be considered as the

Euler reference sites for the local motions in Germany.

Figure 13
The total loading effect on the linear motions of the Earth’s crust in the horizontal (a) and vertical (b) directions
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The adjoining regions between different clusters (i.e.,

the North–South trending Regensburg-Leipzig-Ros-

tock shear zone, Thuringian-Vogtland slate mountains,

and Saxo-Thuringian zone) reveal evidence of notice-

able deformations. The deformation regions found by

ML provide additional evidence for the aforemen-

tioned results in intra-plate velocities (Fig. 6b), strain

rates (Fig. 7), and vertical crustal movements (Fig. 8).

4. Conclusions and Recommendations

Together with employing unsupervised ML tech-

niques, this study conducted high-precision GNSS time

series analysis methods in an end-to-end workflow.

Below are the main conclusions and recommendations:

Our study has introduced a discontinuity-correc-

tion technique to determine a consistent velocity field

over the monitoring period. This technique can also

distinguish between seismic-related actual motions

and pseudo displacements caused by changes in

GNSS devices. Following the proposed workflow of

crustal motion analyses, the findings reveal that the

Earth’s crust in Germany is stable, exhibiting an

average intra-plate velocity of � 1.0 mm/year. The

vertical displacement is small and generally generates

an upward pattern, especially in active motion

regions, where velocities can reach up to ?1.0 mm/

year. Subsidence of � 0.8 mm/year occurs in the

river basins in Germany, centralized mining regions,

and the Upper Rhine graben, where strong compres-

sions are also indicated. The highest extension region

of 11.5� E to 12.5� E stretches along the Regensburg-

Leipzig-Rostock shear zone with an average strain

rate of ?4.3 nstrain/year. Found by ML, the areas

particularly vulnerable to deformations are South-

western Germany and the lowlands of the Havel and

Elbe rivers. In addition, harmonic motions show

annual variations with an amplitude of � 4.7 mm.

The surface loadings considerably impact both the

nonlinear and linear motions of the Earth’s crust, in

which the hydrological loading forces exert at the

highest level. Based on the characteristics of crustal

motions in Germany and the accuracy of GNSS

observations, updating velocity field maps after at

least five years is recommended.

Germany has an evenly distributed GNSS network,

but most stations are built for multi-purposes. For the

convenience of monitoring and maintenance, the sta-

tions are mainly located on constructions (e.g.,

chimneys, rooftops, and walls). These installations

might cause a local monument displacement and

increase data post-processing complexity. Moreover, it

is a fact that GNSS-based height positioning is still

challenging in high-precision deformation monitoring.

For cross-validations, it is necessary to establish inte-

grated geodetic networks (e.g., the combination of

GNSS, InSAR, and leveling) for tracking crustal

motions. In which the monitoring stations should be

installed on rock basements along geological traces

(e.g., the Eifel volcanic field, Albstadt, Regensburg-

Leipzig-Rostock shear, Upper Rhine graben, and river

basins).
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