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	 1.	 Quantifiable parameters for indicators of volcanic activity across Germany���������������������5

Conversion Factors
International System of Units to U.S. customary units

Multiply By To obtain

Length

meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Datums
Vertical coordinate information is referenced to the European Terrestrial Reference System 1989 
(ETRS 1989).

Horizontal coordinate information is referenced to the European Terrestrial Reference System 
1989 (ETRS 1989).

Altitude, as used in this report, refers to distance above the vertical datum.

Abbreviations
BGE	 Bundesgesellschaft für Endlagerung [Federal Company for Radioactive Waste 

Disposal]

BGR	 Bundesanstalt für Geowissenschaften und Rohstoffe [Federal Institute for 
Geosciences and Natural Resources]

DLF	 deep low frequency

GÜK250	 Geological Map of the Federal Republic of Germany 1:250,000

HLW	 high-​level radioactive waste

IAEA	 International Atomic Energy Agency

ka	 kilo-​annum; thousand years before present

LAB	 lithosphere-​asthenosphere boundary

Ma	 mega-​annum; million years before present

Moho	 Mohorovičić discontinuity

m.y.	 million years

StandAG	 Repository Site Selection Act of 2017 (Standortauswahlgesetz)

USGS	 U.S. Geological Survey



Forecasting Igneous Activity in Germany—A  
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By Alexander Bartels,1 Lisa Rummel,1 and Franz May1

Abstract
Igneous activity, including shallow intrusions and 

volcanism, has the potential to disrupt underground critical 
infrastructure. Notably, future underground infrastructure 
projects like high-​level radioactive waste repositories must be 
sited in areas of extremely low disruption probability by igneous 
activity. In Germany, according to the Repository Site Selection 
Act of 2017 (Standortauswahlgesetz, or StandAG), areas in 
which Quaternary volcanism is either present or future volcanic 
activity is expected within the next 1 million years (m.y.) must 
be excluded from the site selection process. Although the 
locations of regions with Quaternary volcanism are reasonably 
well known in Germany, forecasting potential igneous activity 
at intraplate volcanic fields is challenging, as many processes 
and their interactions control the spatial distribution of volcanic 
centers. Here, a semi-​quantitative, multi-​criteria approach is 
proposed for a regional evaluation of the relative potential of 
future igneous activity in Germany. A variety of geoscientific 
indicators are used, including seismic anomalies in Earth’s 
mantle, gravity data, tectonic activity, sutures, ground motion, 
earthquakes, mantle degassing centers, and geochronological 
data of volcanic rocks. The indicators describe the sequence 
of processes from potential melt generation in Earth’s mantle, 
through ascent and accumulation of melt within the lithosphere, 
to eruption at Earth’s surface. In total, 15 out of 30 proposed 
geoscientific indicators are selected and quantified using 20 
total assigned parameters. Defined threshold values are used to 
spatially delimit relevant parameter properties to focus on areas 
with higher potential of future magmatic activity. To consider 
uncertainties of parameters and their underlying processes, 
which are usually more spatially extensive below ground, buffer 
zones are defined in which values of relevance decrease with 
increasing distance from the initial lateral shape of a parameter. 
Normalized parameters are combined into an index, whose 
spatial value distribution is used to differentiate the relative 
potential of future igneous activity (within the next 1 m.y.). 
The sensitivity of the results is shown by varying the weighting 
factors for the relevant parameters in country-​wide index maps. 
Thereby, profiles illustrate the distribution of the resulting index 

1Federal Institute for Geosciences and Natural Resources, Germany.

values and respective index fractions of various parameters. 
Different index maps for the relative potential of future igneous 
activity are presented and can be used for hazard assessments.

Introduction
Igneous activity must be evaluated critically when looking 

for a repository location for high-​level radioactive waste (HLW) 
in deep geological formations. HLW, such as waste from 
nuclear power plants, must be isolated to protect people and the 
environment from harmful radiation. Many nations have elected 
to pursue isolation of HLW in underground repositories. Such 
repositories are expected to operate for hundreds of years, after 
which they will be permanently closed and the HLW will be 
inaccessible as the radioactive material decays to safe background 
levels over hundreds of thousands of years. To ensure the long-​
term stability of an underground repository site for HLW, areas 
that might be affected by future igneous activity must be excluded 
from consideration (International Atomic Energy Agency [IAEA], 
2016; Bundesgesellschaft für Endlagerung [BGE], 2020, 2022b). 
Considering the local geology, storage concepts, and technical 
feasibility of construction, repository mines are recommended 
to be built at depths between 300 meters (m) and 1,500 m below 
surface (BGE, 2020). Additionally, HLW must be retrievable 
for the duration of repository operation and up to 500 years 
after closure. In Germany, according to the Repository Site 
Selection Act of 2017 (Standortauswahlgesetz, referred to 
herein as “StandAG, 2017”)2, areas in which either Quaternary 
volcanism is present or future volcanic activity is expected in 
the next 1 million years (m.y) must be excluded from the site 
selection process. No specific criteria for the term “expected” 
are given in the description of the repository site criteria within 
the StandAG; however, the long-​term protection for society and 
the environment against ionizing radiation and other harmful 
effects of radioactive waste must be guaranteed for the next 1 m.y. 
(StandAG, 2017). Although Quaternary volcanic activity has been 
identified by previous geological mapping and geochronological 
data (for example, the Geological Map of the Federal Republic of 
Germany [GÜK250; BGR, 2019]; Wilson and Downes, 2006; and 

2https://www.gesetze-​​im-​​internet.de/​standag_​2017/​index.h​tml#BJNR10​
7410017BJN​E001200000.
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references therein), forecasting potential igneous activity is more 
challenging, especially if past eruptions occurred long before the 
Quaternary and volcanic fields became active again after several 
million years of quiescence. To consider the potential resurgence 
of volcanism in different regions of Germany, this report includes 
the complete spatiotemporal sequence of Cenozoic volcanism for 
hazard assessment of potential future igneous activity.

Worldwide, quantitative probability analyses of volcanic 
hazards are available for individual Quaternary volcanic fields 
(Weller and others, 2006; Connor and others, 2009; IAEA, 
2016; Marrero and others, 2019; Ang and others, 2020). Also, 
forecasting the activity and general behavior of large, already 
existing polygenetic volcanoes such as stratovolcanoes or shield 
volcanoes is possible; these volcanoes may be active over tens 
to hundreds of thousands of years and their history can therefore 
be studied extensively (for instance, Ubide and Kamber, 2018). 
Monitoring volcanic unrest with geophysical methods can only 
provide information on imminent volcanic eruptions usually on the 
timescale of days to months (Deligne and others, 2018; Carlino, 
2019; Barsotti and others, 2023; Eckel and others, 2023)—much 
less than the time needed to retrieve HLW from a threatened 
repository. Different precursory phenomena, such as changes in 
seismic activity, ground deformation, gravity and temperature, 
magnetic and electric fields, or gas flows and concentrations 
are observed over the span of several years, but usually only 
experience drastic changes minutes to months before an eruption. 
The ascent of primitive magmas from Earth’s mantle to the surface 
can occur within hours to days (O’Reilly and Griffin, 2010). The 
time between eruptions of a single volcano can be days (Passarelli 
and Brodsky, 2012) or even thousands of years (Connor and 
others, 2006). In distributed volcanic fields, recurrence rates are 
low (10⁻4 to 10⁻5 vents per year) compared to the longevity of the 
fields (105 to 106 years) (Molloy and others, 2009). Investigations 
by Rout and Wörner (2020) on igneous rocks of the Laacher See 
volcano in Germany reveal that during the entire lifespan of the 
underlying magma reservoir, a timespan tens of thousands of 
years, there was periodic recharge with no eruptions until recently, 
in the late Pleistocene. Consequently, the absence of historical (or 
even Holocene) activity or unrest is not an accurate measure of 
potential for future igneous activity during the next 1 m.y.

Forecasting the timing and location of eruptions in 
monogenetic volcanic fields, like those in Germany, are 
challenging because of their short-​lived activity and the numerous 
geodynamic processes and structural influences of overlying 
continental crust on melt migration. In addition, most intraplate 
volcanic systems are distributed over large areas, and new 
eruptions almost always occur at localities that have not previously 
experienced volcanic activity (Connor and others, 2019). Recent 
studies on forecasting new vent formation in young monogenetic 
volcanic fields focus on regions in which the spatiotemporal 
distribution of former eruptions is well known (Connor and others, 
2009; El Difrawy and others, 2013; Germa and others, 2013; 
Bartolini and others, 2015; Galindo Jiménez and others, 2016; 
Mazzarini and others, 2016; van den Hove and others, 2017). 
Kernel density estimation is a statistical method widely used to 
calculate probable locations of eruptive vents (Connor and others, 

2019); however, this method requires sufficient knowledge of 
the spatial and temporal distribution of vent localities within a 
certain volcanic field. This knowledge is not given for most of 
the volcanic fields in Germany, especially for older fields where 
volcanic rocks have been subjected to strong erosion and for 
which the recurrence rate of eruptions is uncertain. Given that 
many complex processes control the occurrence of volcanic vents 
in intraplate settings, additional geoscientific indicators, such as 
seismic anomalies, tectonic activity, ground motion, earthquakes, 
and mantle degassing centers must be considered for forecasting 
igneous activity. These indicators may provide information about 
recent or possible future processes connected to magmatic activity 
and its potential to culminate in an eruption.

Jentzsch (2001, 2013) proposed spatially differentiating 
areas within the Quaternary East and West Eifel volcanic fields 
in western Germany and Saxony and its surroundings in eastern 
Germany (fig. 1) by their respective likelihoods of future volcanic 
activity on the basis of different geoscientific indicators. A 
similar approach was taken by Schreiber and Jentzsch (2021) 
for Germany as a whole. Based on the distribution of Cenozoic 
igneous rocks and occurrence of different indicators (for example, 
swarm earthquakes, seismic low velocity anomalies in the mantle, 
helium isotopes in fluids with mantle signature, the occurrence 
of mofettes [CO2-​rich gas emanation] and bicarbonate water), 
Schreiber and Jentzsch (2021) defined areas with different relative 
probabilities of possible future volcanism by unequal evaluation 
of individual indicators and regions. In contrast, the multi-​criteria 
approach proposed here considers more geoscientific indicators, 
which are processed for Germany as a whole to ensure a fair 
and unbiased procedure for all federal states. The spatiotemporal 
history of igneous activity within individual volcanic fields 
therefore only contributes proportionally to the multi-​criteria 
approach (with 2 geoscientific indicators out of 14, table 1) and 
thus to the overall hazard assessment.

Geological Background
The Cenozoic volcanic fields in Germany are part of the 

much larger European Cenozoic Volcanic Province, which extends 
over approximately 1,200 kilometers (km) from France (Massif 
Central) through central Germany to the Czech Republic and 
Poland. According to the geological map GÜK250 and the charted 
igneous rocks therein (BGR, 2019), the Cenozoic volcanic fields 
in Germany form several groups within the European Cenozoic 
Volcanic Province (fig. 1). The northern volcanic fields present an 
extensive volcanic belt that runs in an easterly direction, parallel 
to the deformation front of the Alps, from the Eifel, Siebengebirge 
and Westerwald over the Vogelsberg, the Hessian Depression, the 
Rhön and Heldburger Gangschar to the complex volcanic fields 
of the Eger Rift and southwestern Poland (Schreiber and Jentzsch, 
2021). To the south, individual occurrences of igneous rocks 
follow along the Upper Rhine Graben and within the adjacent 
areas of exposed Paleozoic basement rocks. The smaller Hegau, 
Urach, and Kaiserstuhl volcanic fields form a second belt close to 
the Alps (fig. 1).
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In Germany, the volcanic activity of the European Cenozoic 
Volcanic Province started during the Late Cretaceous to early 
Paleocene, with isolated volcanic activity along the Upper Rhine 
Graben and southwest of the Vogelsberg (Horn and others, 1972; 
Schmitt and others, 2007; Martha and others, 2014; Nesbor, 2018). 

In the middle Eocene, volcanism started in the Hocheifel volcanic 
field, where it lasted until the late Oligocene and was characterized 
by two activity maxima during 44–39 mega-​annum (million 
years before present, Ma) and 37–35 Ma (Fekiacova and others, 
2007). The second period coincides with the first phase of volcanic 
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Figure 1.  Map showing the location of Cenozoic igneous rocks in Germany and their ages (in millions of years) within volcanic 
fields. Ages are based on geochronological data (see compilation in Rummel and others, 2021b). Distribution of igneous rocks 
according to the geological map GÜK250 (BGR, 2019).
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activity (38–25 Ma) in the Heldburger Gangschar volcanic field 
(Pfänder and others, 2018), as well as volcanism within the Lusatia 
volcanic field and the Ore Mountains (35–27 Ma; Abratis and 
others, 2015; Büchner and others, 2015), the latter associated with 
the main phase of volcanic activity in the Eger Rift. In the period 
between 29 and 14 Ma, a peak of volcanic activity in Central 
Europe, volcanism developed in the Upper Palatinate region (Todt 
and Lippolt, 1975; Ackerman and others, 2013) and the main 
parts of Siebengebirge and Westerwald volcanic fields (Lippolt, 
1976; Lippolt and Todt, 1978; Turk and others, 1984; Przybyla 
and others, 2017), followed by the Rhön volcanic field (21–13 Ma; 
Lippolt, 1983), the Vogelsberg volcanic field (19–14 Ma; van den 
Bogaard and others, 2001; Turk and others, 1984) and volcanism 
in the Hessian Depression (20–7 Ma; Wedepohl and others, 1994). 
Concurrently and following, the second phase of activity in the 
Heldburger Gangschar volcanic field began (16–13 Ma; Abratis 
and others, 2007). Around the same time, activity commenced at 
the Kaiserstuhl volcanic field (19–15 Ma), in the Hegau volcanic 
field (13–8 Ma), and around Bad Urach (17–11 Ma) in southern 
Germany (Lippolt and others, 1963; Weiskirchner, 1972; Baranyi 
and others, 1976; Kröchert and others, 2009; Rahn and Handt, 
2013; Schmid and others, 2014; Binder and others, 2022).

From the late Miocene to early Pliocene, a second phase 
of volcanic activity developed in the Westerwald volcanic field 
and within the area between Westerwald and Siebengebirge 
(Lippolt, 1976; Turk and others, 1984). In addition, two 
Quaternary events in the Westerwald volcanic field are assigned 
in the literature to the Quaternary volcanism of the Eifel 
volcanic fields (Lippolt and Todt, 1978). During the Quaternary, 
volcanism revived and formed the separate East and West Eifel 
volcanic fields, with the most recent activity in the East Eifel 
volcanic field at around 12.9 thousand years before present 
(ka; Laacher See) and the most recent activity in the West Eifel 
volcanic field at around 11 ka (Ulmener Maar) (Brauer and 
others, 2000). Additionally, some Quaternary eruption centers 
also formed in the Tertiary Hocheifel volcanic field, between the 
focal points for the eruptions of the East and West Eifel volcanic 
fields, as well as in the region of Upper Palatinate close to the 
border between Germany and the Czech Republic.

Presently, no scientific consensus exists on the underlying 
mechanisms and causes of igneous activity in Germany during 
the Cenozoic. The temporal and spatial distribution of volcanic 
fields, however, show that volcanism repeatedly shifted during the 
Cenozoic and in some cases reactivated within individual volcanic 
fields after long periods of quiescence (for example, the Eifel 
and Westerwald volcanic fields). This observed activity indicates 
a dynamic, long-​lasting, and potentially reactivable magmatic 
system. The nature of this magmatic system necessitates the 
inclusion of the complete spatiotemporal sequence of Cenozoic 
volcanism in the hazard assessment of future igneous activity for 
the next 1 m.y., though this inclusion does not imply future activity 
exclusively occurring within known volcanic fields; new volcanic 
fields may form elsewhere or activity may resume in existing 
Quaternary fields during the next 1 m.y. Using the proposed multi-​
criteria approach, where all assigned parameters of the indicators 
are combined into an overall hazard index (see “Methods” section), 

the distribution of past eruptions represents a small fraction of the 
calculated index (see also “Parameter Components of the Index 
Values” section). Therefore, past, especially Tertiary, igneous 
activity might only become relevant if additional parameters used 
within this report point to potential future igneous activity.

Methods

Quantification of Indicators Using Assigned 
Parameters

To spatially differentiate the relative potential of future 
igneous activity in Germany, a variety of geoscientific indicators 
were used in a multi-​criteria approach. Geoscientific indicators, 
referred to hereinafter as indicators, were identified considering 
the results of a proposal about the forecast of volcanic activity 
in Germany by using and evaluating existing data for volcanism 
related processes (May, 2019) and two expert surveys (Bartels 
and others, 2020; Rummel and others, 2021a). The purpose 
of these surveys was to gain an understanding of the scientific 
consensus and existing knowledge gaps concerning magmatism 
and volcanism in Germany, and decisions about the exclusion 
of regions in the site selection process for a HLW repository. 
Further, the experts were asked to rate the relevance of possible 
indicators regarding forecasts of volcanic activity in Germany. In 
these surveys, a total of 30 indicators were suggested that provided 
information about past and possibly recent magmatic processes 
and geological conditions that might indicate the potential for 
future eruptions.

Although all identified indicators are assumed to provide 
valid insight into forecasting eruptions in the next 1 m.y., 
suitable data are still needed to quantify the indicators across 
Germany. Considering both validity and availability of data, 15 
suitable indicators were identified for use in the multi-​criteria 
approach, and each indicator was quantified using at least one 
parameter (20 parameters in total for all indicators, tables 1 
and 1.1). It should be noted, however, that the two indicators 
“distribution of Cenozoic volcanic fields and volcanic rocks” and 
“isolated Cenozoic volcanoes” within the 30 indicators proposed 
by Rummel and others (2021a) were combined into a single 
indicator, “distribution of Cenozoic volcanic fields and rocks” 
(table 1). The indicators reflect a complete magmatic lifespan 
(later also referred to as a process chain) from (1) potential 
melt generation in Earth’s mantle, (2) ascent of melt through 
the lithosphere, and (3) eruption at Earth’s surface. To enable a 
comprehensive assessment of potential future igneous activity, 
the parameters were processed and applied to all federal states 
of Germany. Parameter values were assigned to a 1 km by 1 km 
spatial grid that covers the entire country. Some parameters, such 
as seismic anomalies (ΔVS, ΔVP), vary continuously, whereas 
others vary categorically, such as distribution of bicarbonate 
springs. Continuous variables may have an assigned value of 0 
where data are unavailable. For categorical variables, a value of 
0 indicates the respective feature is absent.
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The multi-​criteria approach is based on an independent 
consideration of all indicators and related parameters; therefore, 
the forecast is thought to be unbiased with regards to the 
distribution of past volcanic eruptions, as future igneous activity 
may occur elsewhere in and around distributed volcanic fields. The 
multi-​criteria approach is thus based on a variety of overlapping 
parameters and can be applied as long as the parameters from all 
critical steps of the process chain are considered.

Data Processing

The parameters described in table 1 require assessment in 
terms of quality, uncertainties owing to data collection procedures 
and preprocessing methods, and uncertainties in relation to long-​
term and large-​scale geodynamic and magmatic processes. Based 
on these assessments, processing strategies were developed for 
individual parameters to combine them into a semi-​quantitative 
index value of the relative potential of future igneous activity in 
Germany, without being able to determine absolute numbers for 
the eruption probability for a certain location.

Data Uncertainty
Apart from natural heterogeneities and variations, all 

parameters have uncertainty owing to data collection procedures, 
interpretation, and preprocessing strategies. Uncertainties exist 
for both the spatial distribution of data points and their underlying 
properties. Different kinds of uncertainties are identified, caused 
by (1) interpolation of properties between adjacent data points, 

(2) preparation and evaluation of data (for example, treatment of 
outliers or filtering and correction), (3) defined constraints (for 
example, for numerical simulations or other calculations), (4) 
attributed coordinates, (5) measurement errors, (6) data quality, 
and (7) generalizations and interpretations.

Parameters determined by geophysical methods are strongly 
dependent on the available monitoring network (especially the 
density of observation points) and the applied methods for data 
acquisition and processing, both of which might influence the 
resolution of the parameter results. For non-​interpolated data, 
uncertainties regarding data collection, position coordinates, 
measurement errors (for instance, for hypocenters of earthquakes 
or for the assigned position coordinates of geochronological 
data of volcanic rocks), or generalizations of parameters and 
their interpretations (for example, for faults and sutures [former 
plate or terrane boundaries]) are taken into account by assigning 
uncertainty zones of different shapes adequate to the specific 
parameter (see “Processing Strategies” section). Underlying 
large-​scale geodynamic and magmatic processes, which might 
affect a much larger area than the available dataset represents, 
are accounted for by additional buffer zones around the lateral 
extension of different parameters and their possible uncertainty 
zones. Within these buffer zones, the values of relevance for a 
specific parameter linearly decrease with increasing distance from 
the initial lateral shape or uncertainty zone of a parameter (see 
“Processing Strategies” section for more details). For example, 
the occurrence of igneous rocks at Earth’s surface can be assumed 
to only represent a small amount of the total melt ascending from 
Earth’s mantle, as most of the melt stalls during its ascent through 

Table 1.  Quantifiable parameters for indicators of volcanic activity across Germany.

[∆VP and ∆VS, seismic velocities of primary and secondary waves relative to horizontal mean; DLF, deep low frequency; LAB, lithosphere-​asthenosphere boundary; σ3, 
minimum principal stress; Moho, Mohorovičić discontinuity; He, helium; 3He/4He ratio (R) in relation to the atmospheric 3He/4He ratio (RA)]

Indicator Quantifiable parameter
Geochemical and isotopic analysis of mantle fluids He isotopes (R/RA values)
Teleseismic anomalies ∆VS

∆VP

Ground motions Uplift
Dilatational component of strain rate
Second invariant of strain rate

Temperature field and heat flux density Depth of LAB
Gravity anomalies Gravity anomalies in Earth’s mantle
DLF-​earthquakes Occurrence of DLF-​earthquakes (epicenters)
Swarm earthquakes Occurrence of swarm earthquakes (epicenters)
Mofettes and bicarbonate water Occurrence of mofettes and bicarbonate water
Neotectonic activity Seismic hazard areas

Structures of the European Cenozoic Rift System
Old faults and sutures Occurrence of sutures and terrane boundaries

Occurrence of deep and large-​scale faults
Stress field Magnitude of σ3

Critical fluid pressure for fracturing
Deep seismic structures Depth of Moho
Geochronological data Geochronological data of volcanic rocks
Distribution of Cenozoic volcanic fields and rocks Occurrence of igneous rocks (according to geological maps)
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the lithosphere (Sparks and others, 2019). Similarly, geodynamic 
processes associated with the formation of the European Cenozoic 
Rift System or suture zones must be much wider in subsurface 
regions than expected from observed near-​surface structures. 
Although we mostly rely on surface observations in quantifying 
the spatial extent of a parameter, we assume that most of the 
deeper processes (such as dike or crack propagation) affecting the 
depth level of a repository mine for HLW (for example, between 
300 m and 1,500 m below the surface) are covered by the applied 
buffer zones.

The described general application of uncertainty and buffer 
zones (see “Processing Strategies” section) for a specific parameter 
is only a first approximation for the region most likely affected by 
a parameter, given the possible underlying large-​scale processes 
and uncertainties in a country-​wide application of the multi-​criteria 
approach. Accordingly, the uncertainty and buffer zones could be 
adjusted in the future in more regional applications depending on 
the local geological conditions, especially if more precise data or 
additional information are available for certain parameters, or if 
data densities facilitate the application of geostatistical methods or 
machine learning.

Processing Strategies
The parameters and their data are heterogeneous with 

respect to their quality and spatial coverage. Data collected with 
geophysical or geodetic methods (for instance, seismic anomalies 
in Earth’s mantle, depth of the Mohorovičić discontinuity [Moho] 
and the lithosphere-​asthenosphere boundary [LAB], gravity 
anomalies, ground motion) as well as results from numerical 
simulations (for example, of the stress field) are mostly available 
for the whole of Germany (appendix 2). However, other datasets 
are limited to the surface expression of igneous rocks (for instance, 
geochronological data or distribution of igneous rocks) or form 
selective clusters or point data (for example, degassing centers 
and earthquakes). Evaluation of parameters is limited by the 
availability of data and information from different institutions 
and research groups. For areas in which no data are available for 
a certain parameter, a value of 0 is assumed with reference to the 
current data availability and knowledge base for the parameter. 
For some clustered information, like the occurrence of bicarbonate 
springs that have been used since at least ancient Roman times, the 
data can be assumed to be close to complete, and the lack of data 
reflects the absence of occurrences.

Depending on the parameter, threshold values are defined on 
the basis of (1) the statistical distribution of data within a reference 
region of different size (for example, for seismic anomalies, depth 
of Moho and LAB, gravity anomalies, stress field, ground motion, 
and seismic hazard areas), (2) specific levels of significance 
given in the literature (such as for helium isotopes), or (3) the sole 
existence of a parameter itself (for example, for the occurrence of 
igneous rocks, earthquakes, faults, and sutures). Depending on the 
parameter, the reference region in (1) is defined by (1a) an area 
in northern Germany unaffected by Cenozoic volcanism or the 
thickening of the lithosphere as a result of deformation related to 
the Alpine orogeny (for example, for depth of Moho and LAB), 
(1b) Germany as a whole (for instance, for seismic hazard), or (1c) 

Germany and adjacent areas (for example, for seismic anomalies, 
gravity anomalies, and stress fields). A detailed description of the 
threshold and the demarcation criteria for each parameter is given 
in appendix 1, table 1.1.

To compare and combine different parameters into hazard 
potential maps, their relevant values (delimited by the threshold 
value) are normalized to a uniform standard scale with values 
between 0 and 10, where 0 represents the lowest potential hazard 
and 10 the highest potential hazard of a certain parameter. 
However, the occurrence of a single parameter does not constitute 
an overall hazard for volcanism, as only elevated values of the 
index calculated from the combination of all parameters indicate 
a higher relative potential for future igneous activity. When values 
outside Germany are considered in the normalization procedure 
of specific parameters, the maximum value of this uniform 
standard scale of relevance may not be located inside Germany. 
Where interpolated data are available, the values are directly 
converted to the uniform standard scale of relevance (see strategy 
1). Parameters for which only a spatially limited interpolation is 
available within individual clusters of point data (for example, for 
helium isotope data; see strategy 2) are also directly converted to 
the uniform standard scale of relevance. For parameters whose 
existence itself acts as quantifiable property, the highest relevance 
is allocated to the initial lateral shape or uncertainty zone of the 
parameter (with surrounding buffer zones of decreasing values; 
refer to strategy 3).

References for the data used are given in the supplementary 
material (appendix 2). A detailed description of the datasets and 
the processing for each parameter is provided in the technical 
reports of Bartels and others (2022) and Rummel and others 
(2023). Data processing for individual parameters can be grouped 
into three strategies, which are briefly described here with 
examples illustrated in figures 2–4.

Strategy 1 is used for continuous parameters for which 
interpolated, country-​wide data records are available (∆VS and 
∆VP [seismic velocities of secondary and primary waves relative 
to horizontal mean], depth of LAB and Moho, magnitude of σ3 
[minimum principal stress], critical fluid pressure for fracturing, 
seismic hazard areas, uplift, second invariant of strain rate, dilatation, 
and gravity anomalies); an example showing seismic velocities of 
secondary waves is given in figure 2. To begin, the datasets (fig. 2A) 
are further interpolated to a 1 km by 1 km spatial grid (applied for all 
indicators) using a cubic or nearest neighbor interpolation method 
depending on the parameter (fig. 2B). Thresholds are defined 
(appendix 1, table 1.1) on the basis of the frequency distribution of 
all (or only positive or negative) values depending on the parameter 
using the average or the standard deviation of the respective data 
to determine critical values to be considered in hazard assessment 
(fig. 2C). Finally, the data between the proposed threshold value 
and the minimum or maximum value (in the example of seismic 
velocity for secondary waves, this minimum or maximum value 
is the most negative value of the anomaly; fig. 2C) are normalized 
to the chosen uniform standard scale of relevance with values 
between 0 and 10 (fig. 2D). If different datasets are available for a 
certain parameter, an average is computed before the normalization 
procedure (for example, for Moho and LAB depth). Other datasets 
were combined after normalization (for instance, three depth layers 
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Figure 2.  Maps and a frequency distribution of data processing strategy 1 showing seismic velocities of secondary waves (VS). Strategy 
1 is generally used for interpolated, country-​wide data records, whose value range can be directly converted to the uniform standard scale 
of relevance. A, Map of initial interpolated, country-​wide data and their resolution (from Collaborative Seismic Earth Model described in 
Fichtner and others, 2018) at 75 kilometers (km) depth after determining the deviation of absolute isotropic velocities from horizontal mean 
(VS to ∆VS), or isotropic anomaly. B, Map of the determined minimum values of ∆VS [min ∆VS] within 60–90 km depth (assumed here as the 
melting depth for each location), and interpolation of “min ∆VS” to a 1 km by 1 km spatial grid using a cubic interpolation method. C, Graph 
of threshold values from the negative “min ∆VS” distribution. D, Map that shows the scaling of “min ∆VS” between the proposed relevant 
threshold value and the most negative value of the anomaly to values between 0 and 10. %, percent.
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of the stress field, two sets of ∆VS) as only their normalized value 
distribution could be compared owing to different parameter scales. 
For example, stress generally increases with increasing depth. To 
consider only the lateral variation of the least compressive stress (σ3) 
in each depth level and not the total amount of stress, the data of the 
individual depth levels were processed separately and normalized to 
the uniform standard scale of relevance. The resulting normalized 
values were combined into a single layer for σ3.

Strategy 2 is applied for point datasets, which are further 
processed by either calculating a spatially limited interpolation (for 
example, for helium isotopes) or determining the spatial density 
of point data. An example of the latter is shown in figure 3 for the 
occurrence of mofettes and bicarbonate water using a planar kernel 
density method with an automatically determined bandwidth, 
modeled after Silverman (1986). In both cases, the resulting values 
are converted directly into the uniform standard scale of relevance 
(fig. 3B).

Strategy 3 is used for point, line, and polygon datasets that 
can be related to underlying large-scale processes that might 
affect a much larger area than the available datasets represent. For 
point or line data (for example, earthquakes, faults, and sutures), 
a surrounding area (for instance, a circular area for points and a 
belt for lines) with a specific spatial range is assigned to consider 
the uncertainties associated with the measurement, collection, 
and interpretation of data (for example, fig. 4B; see also “Data 
Uncertainty” section). The spatial range of these areas varies 

depending on the assumed uncertainty (for instance, 1 km radius 
around epicenters of DLF [deep low frequency] earthquakes, 10  km 
width for suture zones, 5 km width for generalized fault zones). 
For these uncertainty zones, a value of 10 (the highest value of 
the uniform standard scale), equivalent to the highest relevance 
of a parameter, is used. For parameters with polygon datasets 
(for example, structures of the European Cenozoic Rift System 
or distribution of igneous rocks), the area with highest relevance 
is already defined by the polygons. Uncertainties regarding the 
underlying large-​scale processes are considered for all datasets by 
assigning additional buffer zones that surround the defined area with 
the highest relevance. Depending on the parameter, the spatial range 
of the buffer zone varies (for instance, 1 km for fault zones and 
10  km for occurrences of igneous rocks). Within these buffer zones, 
the values of relevance linearly decrease with increasing distance to 
the center, from 10 (high relevance) to 0 (no relevance).

Besides these general applications of the third strategy, the 
parameter “geochronological data of volcanic rocks” is processed 
differently. For example, the available geochronological data are 
grouped into different age categories. The first category comprises 
the period of the Quaternary between 2.6 Ma and today, in 
accordance with the exclusion criterion “volcanic activity” stated 
in the StandAG. The second category is based on the specifications 
of the International Atomic Energy Agency (IAEA) for the safety 
of nuclear installations (IAEA, 2016) and covers the age range 
between 10.0 and 2.6 Ma. The other categories are divided into 
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Figure 3.  Maps showing an example of data processing strategy 2. Strategy 2 is generally used for point datasets with limited 
spatial interpolation. The resulting values can be converted directly into the uniform standard scale of relevance. A, Map of 
occurrences of mofettes and bicarbonate water in Germany and adjacent areas after Bartels and others (2022). References for the 
data are given in the supplementary material (appendix 2). B, Map showing normalized spatial density of the point data given in A.
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steps of 10 Ma up to an age of 60 Ma. To account for earlier 
volcanism possibly related to the European Cenozoic Volcanic 
Province, the last category includes all ages greater than 60 Ma 
up to 145 Ma. Because of the importance of young volcanism 
for the hazard assessment of future volcanic eruptions, values 
of relevance are assigned to the selected categories following 
an exponential function. A country-​wide assignment of values 
determined in this way to igneous units rather than to individual 
rocks cannot be made because of heterogeneous datasets related 
to different regional stratigraphic scales and definitions used by 
various authors. Alternatively, the values are applied to allocated 
circular areas with a uniform radius of 2.5 km around the position 
coordinate of the analyzed rock sample (assigned to a specific age 

datum). The size of the circle is defined by an assumed average 
size of volcanic structures (vents, craters, lava flows, and so on) 
in the volcanic fields of Germany. The chosen radius also covers 
most of the sizes of possible subvolcanic dikes, which might affect 
an underground repository. Uncertainties regarding the lateral 
distribution of the volcanic structures and magma conduits from 
lithospheric or asthenospheric magma reservoirs, which in some 
cases are larger than the assigned circular area with a 2.5  km radius, 
are taken into account by assigning 10 km wide buffer zones, with 
a gradual decrease of values from the respective prescribed value of 
relevance (fig. 4B). For the combined consideration of all age data, 
the individual age categories, together with their respective buffer 
zones (fig. 4C), are added and scaled between 0 and 10 (fig. 4D). 
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Figure 4.  Maps of the results from extended data processing strategy 3 showing geochronological data of volcanic rocks. Strategy 3 is generally used 
for point, line, and polygon datasets that can be related to underlying large-​scale processes that might affect a much larger area than the available 
datasets represent. All maps represent the same area shown on inset regional map. A, Map of available geochronological data of volcanic rocks in 
the Eifel volcanic fields and adjacent areas for a defined age category (2.6–0 million years ago). References for the data are given in the supplementary 
material (appendix 2). B, Map of assigned circular areas (radius of 2.5 kilometers [km]) and additional buffer zones of 10 km width around a sample position 
coordinate with normalized values of defined relevance. C, Map showing the superposition of all age categories investigated (visualized with 30 percent 
transparency). D, Map showing the result for the parameter “geochronological data of volcanic rocks” after adding the calculated values of given age 
categories from C and normalization to the uniform standard scale of relevance between 0 and 10. r, radius; s, width of buffer zone.
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The advantage of this approach is the general consideration of 
recurring volcanic activity within different periods of time without 
having to distinguish between episodic volcanism or long-​lasting 
and persistent activity.

Combination of Parameters to a Single Index Value

The aim of the combined consideration of all 20 parameters 
is to develop a semi-​quantitative index value for potential future 
igneous activity in Germany during the next 1 m.y. To compare 
different parameters (refer to the “Processing Strategies” section), 
their relevant values are normalized to a uniform standard scale. 
These normalized parameters are used to develop an index value 
for each geographical location of the 1 km by 1 km grid by 
multiplying the parameter values with defined weighting factors 
and adding them together. The higher the index value, the higher 
the assumed potential for future igneous activity in the respective 
region. Four different approaches are computed to account for 
different relevance of indicators and assigned parameters by using 
different individual weighting factors.

The expert surveys regarding forecasting volcanism in 
Germany (Bartels and others, 2020; Rummel and others, 2021a) 
conducted according to the Delphi method (Häder, 2009) yielded 
differences in expected relevance for individual indicators. In 
these surveys, indicators were ranked according to five possible 
categories. Assigned values varied between one (very low 
relevance) and five (very high relevance; Bartels and others, 2020; 
Rummel and others, 2021a). However, since the average ranking 
from all experts is used for each indicator, the resulting weighting 
factors after normalization are similar (table 1.2, approach 1). 
In approach 1, the respective parameters are weighted using the 
relevance for the indicators obtained from the expert surveys.

For approach 2, the parameters are assigned to different 
categories of processes that lead to a volcanic eruption. Parameters 
that provide information on possible melt formation in Earthʼs 
mantle are separated into one process category, separate from 
processes that provide information on possible pathways for 
melts within the lithosphere. A third process category comprises 
volcanic surface features (indicative of a past eruption), including 
the distribution of igneous rocks based on geological maps and 
their ages (table 1.2). To equally account for all three process 
categories, the sum of the weighting factors within each category 
must be equal to one third (table 1.2, approach 2). This procedure 
guarantees that processes for which many quantifiable parameters 
are available do not become disproportionately high in relevance 
when all parameters are summed.

Approach 3 is a combination of approach 1 and approach 2 
and includes both the results of the expert surveys as well as the 
different process categories.

To test for the sensitivity of the multi-​criteria approach, a 
statistical approach 4 is used, where the weighting factors within 
the process categories of approach 2 were computed using a 
random number generator with a uniform distribution. Weighting 
factors between 0 and 1 with a resolution of 0.01 were calculated 
and normalized to one third within each process category. Based on 
the resulting weighting factors, 1,000 possible realizations for the 
index were calculated and are used to determine the mean index 
value for each geographical location.

The results of the different approaches are described in the 
“Results” section and are illustrated in respective index maps 
(fig. 5).The approach 3, which considers both the results of the 
expert surveys as well as different process categories, is further 
used to calculate hazard index maps to determine the relative 
potential of future igneous activity in Germany for the next 1 m.y. 
(see “Index Maps of Relative Hazard Potential” section).

Results
For approach 1, high index values are observed for the 

Eifel region, with maximum values in the East Eifel volcanic 
field. Additionally, north of the Eifel volcanic fields around 
the Siebengebirge and southeast of the Eifel volcanic fields in 
the Hunsrück and Rhine-​Main lowlands, higher values of the 
calculated index are present compared to the surrounding areas. 
Other regions that show an elevated potential for future igneous 
activity during the next 1 m.y., based on the results of approach  1, 
are the Hessian Depression, Upper Palatinate and the southern 
Vogtland, as well as parts of the southern Upper Rhine Graben. 
Slightly lower, but still elevated, index values are present in 
southern Germany around Bad Urach and the Hegau volcanic field. 
Lineaments of faults and sutures are observed within the resulting 
index maps throughout Germany, with slightly elevated values 
compared to the surrounding areas (fig. 5A).

The results of calculated index values using approach 2 show 
clear differences to approach 1 (fig. 5A, fig. 5B). By considering 
process categories (as done in approach 2), the regions with 
substantially increased index values can be correlated with surface 
expressions of Cenozoic igneous rocks. Similar to approach 1, the 
maximum values appear in the area of the Eifel volcanic fields, 
but the lateral extensions of the maximum values for approach 
2 are more pronounced (fig. 5B). In the areas of northeastern 
Hunsrück, Taunus, Rhine-​Main lowlands, Hessian Depression, 
Upper Palatinate, southern Vogtland, and southern Upper Rhine 
Graben, values of the calculated index are slightly higher relative 
to the results of approach 1. Other regions that show an elevated 
potential for future igneous activity are around Vogelsberg, Rhön, 
Heldburger Gangschar, and the southern volcanic fields around Bad 
Urach and in the Hegau.

The results of the combined approach 3 (fig. 5C) are almost 
identical to those of approach 2 (fig. 5B), with the highest index 
values in regions where volcanism has occurred in the Cenozoic. 
The same can be observed for the statistical approach 4, with 
the difference being that the maximum values of the calculated 
averaged index are generally more pronounced when compared to 
approach 2 and approach 3 (fig. 5B, C, D).

To quantify differences between approaches and evaluate the 
multi-​criteria approach’s sensitivity in terms of different weighting 
factors, the absolute differences of index values between two 
different approaches were computed (fig. 6). The results show 
distinct differences between approach 1 and approach 2, with an 
average difference between index values of 0.16 and a maximum 
difference of 1.75. This difference illustrates the substantial 
effect of normalizing weighting factors within respective process 
categories instead of considering all parameters after sole expert 
valuation in the computed index values. When random weighting 
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Figure 5.  Maps of the spatial distribution of computed index values for four different approaches. A, Approach 1: considering results 
from expert surveys in the weighting factors. B, Approach 2: considering process categories for the weighting factors. C, Approach 3: a 
combination of approach 1 and approach 2. D, Approach 4: statistically determined weighting factors. An index value of 7 corresponds to 
the highest relative potential for the occurrence of future igneous activity in Germany.
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factors are used (approach 4) instead of factors obtained from 
expert surveys (approach 3) in the process categories, the 
average difference is smaller (0.08) but still clearly visible in the 
comparison map (fig. 6B). Nevertheless, the resulting images of 
the spatial distribution of index values are still similar (fig. 5), 
although the magnitude of the index regarding the potential 
of future igneous activity may vary regionally depending on 
approach. Accordingly, the proposed multi-​criteria approach 
appears mostly insensitive to the effects of different weighting 
schemes because of the large number of parameters considered in 
determining areas that have a relatively higher potential for future 
igneous activity in the next 1 m.y.

Discussion
In the following sections, the effects of individual 

parameters on the resulting index are shown, and it is discussed 
how the distribution of index values can contribute to a hazard 
assessment of future igneous activity. Furthermore, limitations 

of the multi-​criteria approach are identified, and the possible 
transferability of the multi-​criteria approach to other intra-​plate 
settings related to volcanism is presented.

Parameter Components of the Index Values

To quantitatively evaluate and visualize the results, the 
index values of the combined approach 3 are presented along 
defined profiles (fig. 7). The north-​south oriented profile, profile 
A–A′ (fig. 7A), shows a minor relative potential for future igneous 
activity in northern Germany and an increased potential in central 
and southern Germany (for instance, around the Tertiary volcanic 
field around Bad Urach). The west-​east oriented profile, profile 
B–B′ (fig.7B), passes through the Quaternary East and West 
Eifel volcanic fields. The index values are generally higher than 
along the north-​south profile and form a plateau in the west, with 
values between 5 and 6 (with a maximum value of 6.1 in the 
East Eifel volcanic field). These values decrease eastward, where 
another plateau with index values of about 3 occurs in the areas of 
Vogelsberg and Rhön volcanic field.
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Figure 7.  Graphs of 
index value distribution 
and its underlying index 
fractions from parameters 
of the combined approach  3 
(considering results from 
expert surveys and process 
categories for the weighting 
factors). A, Index value 
distribution along north-​south 
profile A–A′. B, Index value 
distribution along west-​
east profile B–B  ′. Note the 
x-axis scales on the profiles 
in A and B are different. C, 
Index fractions of individual 
parameters for profile B–B  ′ 
divided into the three process 
categories: possible melt 
formation in Earth's mantle, 
possible pathways for melts 
within the lithosphere, and 
igneous surface features. 
The index fractions represent 
normalized parameter 
values multiplied by 
respective weighting factors 
(approach 3, table 1.2), 
summed up to form an 
index. LAB, lithosphere-​
asthenosphere boundary; 
∆VP and ∆VS, seismic 
velocities of primary and 
secondary waves relative 
to horizontal mean; He, 
helium; 3He/4He ratio (R) in 
relation to the atmospheric 
3He/4He ratio (RA); Moho, 
Mohorovičić discontinuity; 
σ3, minimum principal stress; 
ECRIS, European Cenozoic 
Rift System; DLF, deep low 
frequency.
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An indirect indication of the factors that cause an increase 
or decrease of the index values is provided by the value 
distributions of individual parameters that in sum represent the 
index values. The relative distribution of index values along the 
profiles is controlled by the characteristics of all parameters and 
their respective weighting factors. Parameters with normalized 
values larger than the calculated index led to a general increase 
of the absolute index values, whereas normalized values smaller 
than the calculated index led to a decrease of the absolute index 
values. Figure 7C shows the relative fractions of normalized 
and weighted parameters of the index for profile B–B′. In areas 
where multiple parameters are present, the index values are 
generally elevated. Highly elevated index values around the 
Eifel region are due to the relative fractions of the following 
parameters: occurrence of igneous rocks, uplift, critical fluid 
pressure for fracturing, ∆VS, ∆VP, gravity anomalies in Earth’s 
mantle, occurrence of mofettes and bicarbonate water, and helium 
isotopes—expected characteristics of a volcanic field that was 
most recently active about 11 ka (West Eifel volcanic field) and 

that would likely have a higher potential for eruptions in the next 
1 m.y. Small variations along profile B–B′ are further induced by 
DLF and swarm earthquakes, geochronological data of volcanic 
rocks, structures of the European Cenozoic Rift System, and the 
distribution of faults, sutures, and terrane boundaries (fig. 7). 
However, the large number of considered parameters and their 
superposition make it difficult to link local variations of index 
values to the effect of specific parameters.

Index Maps of Relative Hazard Potential

Based on the spatial distribution of the index values, a 
country-​wide hazard index map with continuous trends of the 
relative potential for future igneous activity is proposed, as 
illustrated in the map section shown in figure 8.

The continuous distribution of index values results in a more 
differentiated image of the relative hazard potential compared to 
the results of Schreiber and Jentzsch (2021), who outlined areas 
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Figure 8.  Map of area in western Germany showing relative potential for future igneous 
activity using continuously changing index values calculated using approach 3 (considering 
results from expert surveys and process categories for the weighting factors). Contour lines are 
shown at index intervals of 0.5. An index value of 7 corresponds to the highest potential for the 
occurrence of future igneous activity relative to other areas in Germany.
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in Germany with or without “expected” future volcanic activity 
based on the occurrence of individual parameters. Furthermore, 
with the procedure recommended here, possible threshold values, 
which can be used for the assessment of the hazards from potential 
future igneous activity, can be displayed within the map using 
contour lines (isolines of the calculated index). Whether an area 
falls into a certain hazard class of potential future igneous activity 
depends on the individual assessment of the calculated index of 
the chosen approach (approach 1–approach 4) and the defining 
class boundaries for different hazard potentials. Figure 8 illustrates 
the calculated index values and their isolines for the combined 
approach 3 from the Eifel region to the Rhine-​Main lowlands. The 
area west of Koblenz, called East Eifel, is characterized by the 
highest values of the hazard index, with values > 6.5.

An alternative approach to create hazard maps is to 
define hazard classes based on the frequency distribution of 
index values using different data classification methods—for 
example, by using quantiles, equal-​sized subranges, or natural 
breaks. Depending on the classification method used, the 
limits of individual classes vary considerably. The assignment 
of local index values to a specific hazard class of potential 
future igneous activity is therefore strongly dependent on the 

classification method and the definition of critical thresholds. 
Furthermore, areas could be differentiated according to the 
number of existing parameters. The local value of an existing 
parameter (if greater than 0) can be ignored or incorporated 
by multiplying those numbers by defined factors representing 
the value distribution or the potential relevance of a parameter 
for the hazard assessment. Using a specific number of existing 
parameters as a required condition may better highlight the most 
likely regions of future volcanism by decreasing the values of 
relevance in areas that are not supported by enough parameters. 
Index maps with a different number of underlying parameters 
can be added to a more amplified hazard map. In figure 9, the 
results of classifying the index values using natural breaks 
(Jenks and Caspall, 1971; De Smith and others, 2007) with five 
possible classes are shown. In this classification method, similar 
values are grouped together, and the limits of classes are defined 
where large changes of data values occur.

However, the use of generalized classes with assigned potential 
future activity values (fig. 9) should be avoided when spatially 
differentiating the relative potential for future igneous activity, and 
only be used for simplicity. Classes defined in this way and the 
values standardized therein reduce the information content and 
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the possibilities for differentiation within a class and maximize 
the apparent difference between the classes, potentially leading to 
misinterpretations. Furthermore, fixed hazard classes do not reflect 
the current state of scientific knowledge about processes subject to 
volcanism nor the uncertainties in the underlying data when used for 
forecasting the potential of igneous activity in Germany.

Defining areas to be excluded for an underground repository 
for HLW because of potential future igneous activity should be 
linked to some threshold based on the calculated index. Volcanic 
hazards and related near-​surface igneous processes are, however, 
only one among many criteria used in the site selection process for 
underground HLW repositories. In particular, the proposed 1  m.y. 
performance period for a repository significantly exceeds the 
timeframe typically considered in traditional societal risk decisions 
(usually less than 100 years). In the end, pros and cons of 
candidate repository sites for HLW must be balanced—a process 
that can consider the local differences in the hazard index. As 
areas in Germany with index values of 0 are few, not discarding 
the information of index values below arbitrary thresholds is 
important, as those data could be used to compare different 
candidate sites during the final rounds of the selection process.

In addition to the geoscientific indicators considered in the 
multi-​criteria approach presented here, other indicators exist that 
do not provide information about the potential of future igneous 
activity. Rather, these indicators provide information regarding 
the type of volcanic eruption that may occur in the future and 
its effects on repository performance, as well as near-​surface 
environment and infrastructure (Jentzsch, 2001; Lorenz, 2007; 
IAEA, 2012, 2016; Jentzsch, 2013; Bartels and others, 2022). The 
influence of volatiles, fragmentation of magma, and distribution of 
volcanic products, as well as regional hydrogeological conditions 
and local topography might be of importance for understanding 
the consequences of any future eruptions. For example, Schmincke 
(2014) has shown that the distribution of the Laacher See tephra 
(deposited by the youngest volcanic event in the East Eifel 
volcanic field, just under 13 ka) is widespread in Central Europe. 
Additional calculations from Leder and others (2017) indicate that 
the effects of another eruption similar to that of Laacher See would 
not only affect nearby cities such as Koblenz, but also more distant 
cities like Frankfurt, owing to the prevailing westerly winds. Large 
deposits of tephra could therefore lead to significant damage. 
Additional volcanic processes, such as the formation of lahars or 
the damming of rivers like the Rhine because of lava flows and 
tephra deposits and possible subsequent dam failures, could occur 
in the future—events that could lead to considerable damage in the 
surrounding regions (Park and Schmincke, 1997; Jentzsch, 2001; 
Schreiber and Jentzsch, 2021). Other processes and phenomena 
that can have a direct result on the safety of nuclear installations, 
and therefore also on the safety of repositories for HLW during 
the operational and possible recovery phases (about 500 years; 
StandAG, 2017), are described in reports of the IAEA (IAEA, 
2012, 2016).

These site-​specific parameters could be considered 
separately after a country-​wide or regional application of the 
proposed multi-​criteria approach and may be important for the 
assessment of safety zones for critical infrastructure, such as for 
HLW repositories.

Limitations of the Multi-​Criteria Approach

In addition to uncertainties associated with individual 
parameters and those produced by data processing, described 
in the “Data Uncertainty” section and in more detail by Bartels 
and others (2022), further uncertainties in the assessment of 
potential future igneous activity result from the combination of 
parameters to form an index value. Depending on the approach 
used, the spatial dependencies of the calculated index values 
and the derived distribution of the hazard index in Germany are 
different. Accordingly, the choice of a specific approach is critical 
for the evaluation of the results in regard to the relative potential 
for igneous activity in the next 1 m.y., and the definition of hazard 
classes. The comparison of the various approaches (see “Results” 
section), however, also shows that the derived hazard maps are 
similar despite their differences in the absolute index values. The 
insensitivity of the proposed multi-​criteria approach to the effects 
of different weighting schemes is further supported by the results 
of approach 4, which considers a statistical variation of weighting 
factors for individual parameters inside each process category. 
The importance of considering process categories, included in 
approaches 2–4, is apparent as all available quantifiable parameters 
that can provide information about the relative potential of future 
igneous activity are considered in the multi-​criteria approach. 
Accordingly, a different number of parameters is used to describe 
a specific phenomenon that can be related to magmatic processes. 
To prevent processes with many available indicators and assigned 
parameters from being given disproportionally high weighting in 
a multi-​criteria approach, the same sum of weighting factors is 
used for each of the defined process categories to which different 
numbers of parameters are assigned.

The results are affected by data availability, completeness, 
resolution, and parameter quality to provide information about 
potential future igneous activity. Depending on the applied 
methods for data collection and processing and methods 
constraints, the spatial characteristics of different parameters 
may vary (Bartels and others, 2022). The data were analyzed 
considering the current state of knowledge and existing supra-​
regional datasets. Areas in which no suitable data are currently 
available are described by a parameter value of 0. A 0 value 
may influence the value distribution of the index (as a sum of 
all normalized parameter values) but is necessary because of 
insufficient data records and missing process understanding 
for some parameters (for example, for helium isotopes). Using 
random parameter values, instead of a value of 0 as proposed, 
without reference to process understanding or existing measured 
or computed values should be avoided, because the results would 
not be based on reliable data and could suggest a higher volcanic 
hazard than is the actual case in certain regions. The results from 
the multi-​criteria approach are thus a conservative estimation of 
hazard potential.

The multi-​criteria approach allows the incorporation of new 
datasets into the hazard assessment, if such data should become 
available. Additional knowledge of individual parameters may 
be used to further refine the hazard index. During a progressively 
focused search for repository sites for HLW, datasets that are 
only locally available and therefore could not be used in the 
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Germany-​wide hazard assessments can now be used in a regional 
application of the multi-​criteria approach to further improve 
the assessment results. Moreover, the use of regional scale 
geophysical datasets or geological maps with higher resolution and 
(or) a higher degree of precision is recommended when focusing 
the search for a repository site for HLW on smaller regions.

The indicators used and their assigned parameters can only 
provide information about areas with a higher relative potential for 
future extrusive or near-​surface intrusive magmatic activity over 
the timescale of long-​term geodynamic and magmatic processes 
in Earthʼs mantle and crust (thousands to millions of years). The 
long-​term processes include plate tectonic movements within 
Europe, which will lead to uplift, tectonic faults, crustal extension, 
subsidence, earthquakes, and magmatic activity. Similarly, mantle 
convection and smaller mantle upwellings (plumes, diapirs, 
and compensatory upwellings at plate boundaries) occur slowly 
compared to the million-​year timeframe required for a safe 
repository for HLW. Decompression in Earth’s mantle has led, and 
will probably continue to lead, to the formation of partial melts, 
from which magmas can develop and rise to Earth’s surface. 
Examining the age data of the volcanic fields in Germany reveals 
that, during the Cenozoic era, volcanic activity was sometimes 
very long-​lasting, but there was also renewed activity after periods 
of dormancy lasting several million years (Rummel and others, 
2021b). Therefore, a resurgence of volcanism cannot be ruled out 
in the future. Thus, although the multi-​criteria approach cannot 
be used to quantify the absolute probability or timing of a future 
volcanic eruption, the results can indicate the relative potential for 
future igneous activity over the long term.

Transferability of the Multi-​Criteria Approach to 
Other Regions

The multi-​criteria approach presented here is, in principle, 
applicable for the hazard assessment of long-​term (over the 
next 1 m.y.) near-​surface igneous activity related to distributed 
volcanic fields in general. A crucial requirement is the availability 
of data with high quality and resolution that describe individual 
parameters relevant to potential future magmatic activity. 
Depending on the available data, some parameters might 
be treated differently with respect to data processing in the 
assessments of other areas; for example, other indicators might be 
extended by additional parameters, or existing parameters could be 
quantified more precisely. Additionally, applying the multi-​criteria 
approach to other regions requires enough parameters (meaning 
that the inclusion or omission of a single parameter should not 
have a significant effect on the results) to be considered in the 
index value determination and that each of the different process 
categories (table 1.2) is represented by multiple parameters. 
Although such an index approach can be adapted to other 
magmatic provinces, the underlying data will always be different. 
As index maps are produced for specific regions and normalized 
to a uniform standard scale, however, the results for the relative 
potential of future igneous activity can provide important insights 
into potential future volcanic hazards. Using the index approach 
presented here allows for the rough differentiation of regions 

in terms of their relative potential of future igneous activity, 
and easily adapted threshold values can be used for the spatial 
demarcation of hazard potential. However, the multi-​criteria 
approach should primarily be regarded as a semi-​quantitative 
opportunity to indicate a relative potential of possible future 
igneous activity on a long-​term scale (for instance, over the next 
1 m.y.). The multi-​criteria approach is not a substitute for existing 
quantitative probability analyses of volcanic hazard in Quaternary 
volcanic fields (Weller and others, 2006; Connor and others, 2009; 
IAEA, 2016; Marrero and others, 2019; Ang and others, 2020), 
rather a supplementary means of extending such assessments or 
providing insights in the absence of such assessments.

Application of the multi-​criteria approach in recently active 
intraplate volcanic settings could help constrain indicators and 
parameters that might be critical for forecasting volcanic or 
igneous activity, assuming equal threshold values and normalized 
scales for individual parameters. Comparisons of different fields 
might reveal indicators of particular importance for forecasts. This 
knowledge would facilitate decisions about the applicability and 
further development of the multi-​criteria approach described here.

Summary and Conclusion
A semi-​quantitative, multi-​criteria approach is presented 

that can be used for a spatial differentiation of the relative 
potential for future igneous activity in Germany during the 
next 1 million years (m.y.). Various geoscientific indicators 
thought to provide information about recent or possible future 
processes connected to magmatic activity are evaluated using 20 
quantifiable parameters. Different strategies to define values of 
relevance are described for the parameters applied. Thresholds 
are established for each parameter using statistical distribution 
of data, specific levels of significance given in the literature, or 
the sole existence of a parameter itself (appendix 1, table 1.1). 
Data collected with geophysical or geodetic methods, as well 
as results from numerical simulations, are mostly available for 
the whole of Germany and can therefore be converted directly 
into a uniform standard scale of relevance, but other datasets are 
more spatially limited, forming selective clusters or point data. 
For spatially limited datasets, underlying large-​scale processes 
that might affect a much larger area than the available data 
and their assigned uncertainty zones represent, are considered 
by applying additional buffer zones around areas of different 
shapes, across which the values of relevance linearly decrease. 
The combination of all parameters results in a multi-​criteria 
index that presents the relative potential for future igneous 
activity in Germany over the next 1 m.y.

Four different approaches are presented for evaluating all 
criteria, with the difference between approaches being due to 
the weighting factors for individual parameters. In approach 1, 
the respective parameters are weighted using the relevance for 
the indicators obtained from expert surveys. A disproportional 
weighting of specific processes for which many quantifiable 
parameters are available is avoided in approaches 2 and 3 
by utilizing standardized weighting factors within process 
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categories. The results of approach 3, used for the final hazard 
assessment, show that the highest relative potential for future 
igneous activity in Germany exists in the Eifel region, followed 
by the Siebengebirge, the area of the northeastern Hunsrück 
and western Taunus, the Rhine-​Main lowlands, the Hessian 
Depression, the Vogelsberg, the Upper Palatinate, the southern 
Upper Rhine Graben, and the Hegau. Further areas with 
relatively lower index values are in the southern Vogtland, in the 
Rhön, in the region of the Heldburger Gangschar, and around 
Bad Urach. The results of this analysis can help to identify 
potential locations of a high-​level radioactive waste (HLW) 
repository, as opposed to a more arbitrary assessment; for 
example, where only regions with Quaternary volcanism (like 
the Eifel region) are excluded. The results of all approaches 
indicate that igneous activity during the next 1 m.y. may have 
the potential to occur in regions that have not been locations 
of Cenozoic volcanism. Low index values, indicating a low 
but not zero chance of igneous activity in the next 1 m.y., are 
present throughout Germany, reflecting the uncertainties in 
understanding the magmatic and geodynamic processes leading 
to intraplate volcanism. Accordingly, an absolute exclusion of 
volcanic activity within the next 1 m.y. is probably not possible 
anywhere in Germany.

The sensitivity of the model results with regard to different 
weighting factors is tested using statistical approach 4 in which 
the individual parameter values are weighted randomly with 
100 possible realizations within each process category when 
calculating the index. The tests reveal only minor differences 
in the resulting index distribution when compared to those of 
approach 2 and approach 3.

To estimate the relative hazard potential for future 
igneous activity, a spatial distribution of continuous index 
values is recommended (fig. 8). The results of the semi-​
quantitative, multi-​criteria approach form an objective basis for 
a comprehensive (equal and transparent) assessment of areas 
with elevated potential for future igneous activity in Germany. 
This multi-​criteria approach can thus be used in the geoscientific 
long-​term evaluation of possible repository sites for HLW.
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Appendix 1 
The threshold values used to normalize parameters to 

values of significance as well as the demarcation criteria for 
each parameter are described in table 1.1. Additionally, the 
relation that each parameter might have to different kinds of 
magmatic processes is provided. Although most parameters 
are not uniquely related to magmatic activity during the next 
1 m.y., the presence of values exceeding the thresholds of 
any single parameter enhances the potential of future igneous 
activity within the range of this datum.

A semi-​quantitative index value for the relative potential 
of igneous activity in Germany is computed by summing 
weighted normalized parameter values. The sum of the 

weighting factors is one. Four different approaches are used to 
show the sensitivity of the multi-​criteria approach. Approach 1 
includes results from the expert valuations for the relevance of 
individual indicators to forecast volcanism (Bartels and others, 
2020; Rummel and others, 2021a), approach 2 classifies the 
parameters into three groups representing different kinds of 
magmatic or geodynamic processes, and approach 3 represents 
a combination of approach 1 and approach 2. Approach 4 
averages 1,000 statistically determined index maps with 
randomly weighted parameters and is therefore not listed 
here. Table 1.2 shows the weighting factors of the individual 
parameters used for approaches 1, 2, and 3.

Table 1.1.  Threshold values, demarcation criteria, and relation to magmatic processes for each of the used parameters.

[He, helium; R/RA, 3He/4He ratio (R) in relation to the atmospheric 3He/4He ratio (RA); ∆VS, seismic velocities of secondary waves relative to horizontal mean; 
%, percent; km, kilometer; ∆VP, seismic velocities of primary waves relative to horizontal mean; yr⁻​1, per year; mm/yr, millimeter per year; LAB, lithosphere-​
asthenosphere boundary; mGal, milligal; DLF, deep low frequency; m/s2, meter per second squared; MPa, megapascal; Moho, Mohorovičić discontinuity; σ3, 
minimum principal stress]

Parameter Threshold [units] Demarcation criteria
Possible relation of parameter to 

igneous activity
He isotopes (R/RA values) 0.1 R/RA R/RA values greater than 0.1 are 

indicative for a mantle component 
in the gas phase

Measured R/RA greater than 0.1 may indicate 
large-​scale magmatic processes in Earthʼs 
mantle and pathways for melt ascent to 
Earth’s surface

∆VS −1.2 [%]; −1.9 [%] Average of negative values of minimum 
of ∆VS between 60–90 km depth for 
two different models, and determined 
relative to horizontal mean

Negative ∆VS values are related to higher 
temperatures or existing fluids/melts that all 
can promote melt formation

∆VP −0.9 [%] Average of negative values of 
minimum of ∆VP between 60–90 
km depth, and determined relative 
to horizontal mean

Negative ∆VP values are related to higher 
temperatures or existing fluids/melts that all 
can promote melt formation

Uplift 0.23 [mm/yr] Average of uplift Hints for uprising mantle material, potential 
decompression melting

Second invariant of strain rate 1.84 * 10−9 [yr−1] +1σ standard deviation of the second 
invariant

Hints for uprising mantle material and 
lithospheric deformation

Dilatational component of strain 
rate

0.89 * 10−9 [yr−1] Average of positive values 
(extension) of the dilatational 
component

Hints for uprising mantle material and 
lithospheric deformation, potential for 
opening conduits in the upper crust

Depth of LAB 96 [km] −​1σ standard deviation of the LAB 
from a region in northern Germany

A shallower LAB indicates elevated mantle 
temperatures that could promote melt 
formation

Gravity anomalies in Earth’s 
mantle

−40 [mGal] Average of negative values from the 
gravity anomalies

Negative anomalies in Earth’s mantle are 
produced by low density material and thus 
higher temperatures or existing fluids/melts

Occurrence of DLF-​earthquakes 
(epicenters)

None Occurrence itself
1 km radius of uncertainty zone for 

each epicenter
10 km width of surrounding buffer zone

Connected to the ascent of magma or 
magmatic fluids in the lithosphere



Parameter Threshold [units] Demarcation criteria
Possible relation of parameter to 

igneous activity
Occurrence of swarm 

earthquakes (epicenters)
None Occurrence itself

Radius of uncertainty zone 
surrounding epicenters 
of individual swarms is 
proportional to their areal extent

10 km width of surrounding buffer 
zone

Connected to fluids related to magmatic 
processes

Hints for possible melt pathways in the 
upper crust

Occurrence of mofettes and 
bicarbonate water

None Occurrence itself
Processed by kernel density method

Hints for magmatic processes at depth 
releasing CO2 and indicating melt pathways 
to Earth’s surface

Seismic hazard areas 1 [m/s2] Average of mean spectral response 
acceleration with a mean return 
period of 2,475 years

Connected to zones of crustal deformation, 
where faults could facilitate the ascent 
of melts

Structures of the European 
Cenozoic Rift System

None Occurrence itself
10 km width of surrounding buffer 

zone

Related to a shallowing of the crust and 
mantle lithosphere promoting melt 
formation and ascent

Mechanically weakened zone of the crust
Occurrence of sutures and 

terrane boundaries
None Occurrence itself

10 km minimum width of uncertainty 
zone

10 km width of surrounding buffer 
zone

Possible reactivation of pathways for 
ascending melts through the lithosphere

Occurrence of deep and large-​
scale faults

None Occurrence itself
5 km width of uncertainty zone
1 km width of surrounding buffer 

zone

Possible pathways for ascending melts 
through the crust

Magnitude of σ3 118 [MPa]; 223 [MPa]; 
345 [MPa]

Average of σ3 in 7, 12, and 19 km 
depth, respectively

The smaller the minor principal stress, the 
easier it is to open fractures for ascending 
melts

Critical fluid pressure for 
fracturing

102 [MPa]; 187 [MPa]; 
285 [MPa]

Average of critical fluid pressure in 7, 
12, and 19 km depth, respectively

The smaller the needed fluid pressure to 
generate new fractures, the easier it is to 
break the rocks

Depth of Moho 31 [km] Average of the Moho from a region 
in northern Germany

The shallower the Moho depth, the easier the 
ascent of melts

Geochronological data of 
volcanic rocks

None Available literature data
2.5 km width of uncertainty zone
10 km width of surrounding buffer 

zone

The presence of Cenozoic volcanism 
enhances the possibility of future 
volcanic activity according to the 
principle of actualism

Indicating melt pathways to Earth’s surface
Occurrence of igneous rocks None Occurrence itself

10 km width of surrounding buffer 
zone

The presence of Cenozoic volcanic rocks 
enhances the possibility of future 
volcanic activity according to the 
principle of actualism

Indicating melt pathways to Earth’s surface

Table 1.1.  Threshold values, demarcation criteria, and relation to magmatic processes for each of the used parameters.—Continued

[He, helium; R/RA, 3He/4He ratio (R) in relation to the atmospheric 3He/4He ratio (RA); ∆VS, seismic velocities of secondary waves relative to horizontal mean; 
%, percent; km, kilometer; ∆VP, seismic velocities of primary waves relative to horizontal mean; yr⁻​1, per year; mm/yr, millimeter per year; LAB, lithosphere-​
asthenosphere boundary; mGal, milligal; DLF, deep low frequency; m/s2, meter per second squared; MPa, megapascal; Moho, Mohorovičić discontinuity; σ3, 
minimum principal stress]
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Table 1.2.  Weighting factors for the different approaches (approach 1–approach 3) to calculate the index values used to forecast 
igneous activity in Germany.

[He, helium; R/RA, 3He/4He ratio (R) in relation to the atmospheric 3He/4He ratio (RA); ∆VS, seismic velocities of secondary waves relative to horizontal mean; 
∆VP, seismic velocities of primary waves relative to horizontal mean; LAB, lithosphere-​asthenosphere boundary; DLF, deep low frequency; Moho, Mohorovičić 
discontinuity; σ3, minimum principal stress]

Parameter Approach 1 Approach 2 Approach 3

Possible melt formation in Earth’s mantle

He isotopes (R/RA values) 0.0565 0.0417 0.0471
∆VS 0.0532 0.0417 0.0444
∆VP 0.0532 0.0417 0.0444
Uplift 0.0516 0.0417 0.0431
Second invariant of strain rate 0.0516 0.0417 0.0431
Dilatational component of strain rate 0.0516 0.0417 0.0431
Depth of LAB 0.0428 0.0417 0.0357
Gravity anomalies in Earth’s mantle 0.0387 0.0417 0.0323

Possible pathways for melts within the lithosphere

Occurrence of DLF-​earthquakes (epicenters) 0.0581 0.0333 0.0395
Occurrence of swarm earthquakes (epicenters) 0.0546 0.0333 0.0371
Occurrence of mofettes and bicarbonate water 0.0519 0.0333 0.0352
Seismic hazard areas 0.0490 0.0333 0.0333
Structures of the European Cenozoic Rift System 0.0490 0.0333 0.0333
Occurrence of sutures and terrane boundaries 0.0475 0.0333 0.0323
Occurrence of deep and large-​scale faults 0.0475 0.0333 0.0323
Magnitude of σ3 0.0451 0.0333 0.0307
Critical fluid pressure for fracturing 0.0451 0.0333 0.0307
Depth of Moho 0.0424 0.0333 0.0288

Igneous surface features

Geochronological data of volcanic rocks 0.0569 0.1667 0.1711
Occurrence of igneous rocks 0.0538 0.1667 0.1619
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Parameter Data source
Helium isotopes (R/RA 

values)
Aeschbach-​Hertig and others (1996); Bräuer and others (2008); Bräuer and others (2003); Bräuer and others (2004); 

Bräuer and others (2007); Bräuer and others (2011); Bräuer and others (2013, 2018); Bräuer and others (2014); 
Griesshaber and others (1992); Kämpf and others (2007); Kämpf and others (2013); O’Nions and others (1989); 
Schäffer and others (2021); Ufrecht (2006); Weinlich (1998); Weinlich and others (1999); Weinlich and others 
(2003)

∆VS Fichtner and others (2018); Zhu and others (2015)
∆VP Zhu and others (2015)
Uplift Kreemer and others (2020)
Second invariant of strain rate Kreemer and others (2020)
Dilatational component of 

strain rate
Kreemer and others (2020)

Depth of LAB Anikiev and others (2019); Artemieva (2019)
Gravity anomalies in Earth’s 

mantle
Kaban and others (2010)

Occurrence of DLF-​
earthquakes (epicenters)

Hensch and others (2019); Landeserdbebendienst Rheinland-​Pfalz (2022)

Occurrence of swarm 
earthquakes (epicenters)

Audin and others (2002); Buchholz and others (2013); Buchholz and others (2016); Buchholz and others 
(2019); Camelbeeck (1993); Dahlheim and others (1997); Dahm and others (2008); Dahm and others (2019); 
Erdbebendienst Bayern (2021); Fischer and Horálek (2003); Fischer and Michálek (2008); Fischer and others 
(2014); GeoSphere Austria (2022); Grünthal and others (1990); Hannemann and others (2021); Heinicke and others 
(2018); Hemmann (2002); Hensch and others (2019); Homuth (2020); Homuth and Rümpker (2017); Horálek and 
others (1996); Institute of Geophysics of the Czech Academy of Science (2021); Kämpf and others (2019); Korn 
and others (2008); Kraft and others (2006); LfULG (2021); Neunhöfer and Hemmann (2005); Schwezerischer 
Erdbebendienst (2022); Skapski (2022); Weber (2012); Weinlich and others (2006); Wirth and others (2000)

Occurrence of mofettes and 
bicarbonate water

Bräuer and others (2003); Bräuer and others (2007); Bräuer and others (2008); Bräuer and others (2011); Bräuer and 
others (2018); Carlé (1975); Fassbender (1990); Franzensbad (2020); Giggenbach and others (1991); Griesshaber 
and others (1992); Kämpf and others (2007); Kämpf and others (2013); Information Centre of the City of Karlovy 
Vary (2021); Konstantinsbad (2021); Köppen (1987); Langguth and Plum (1984); Mariánské Lázně Tourist Portal 
(2021); May (2002a); May (2002b); Rogge and Nowag (2018); Schäffer and others (2021); Schloz and Stober 
(2006); Schöttker (2022); Staatsbad (2022); Weinlich (1998); Weinlich and others (1999); Weinlich and others 
(2003); Weise and others (2001)

Seismic hazard areas GFZ Helmholtz-​Zentrum Potsdam (2022); Grünthal and others (2018)
Structures of the European 

Cenozoic Rift System
Bundesanstalt für Geowissenschaften und Rohstoffe (2023); Cajz and others (2004); Dèzes and others (2004); Egli 

and others (2017); Geluk and others (1994); Grimmer and others (2017); Lang (2007); Meschede (2015); Meyer 
(2013); Meyer and Stets (2002); Prinz and McCann (2021); Rajchl and others (2009); Reicherter and others 
(2008); Ring and Bolhar (2020); Rupf and Nitsch (2008); Schneider and Bankwitz (2003); Schreiber and Rotsch 
(1998); Schulz and others (2013); Sissingh (2003); Sissingh (2006); Stanek and others (2016); Thews (1996); 
Ziegler and Dèzes (2006)

Occurrence of sutures and 
terrane boundaries

Babuška and others (2010); Babuška and Plomerová (2013); Berthelsen (1992); Blundell and others (1992); 
Brandes and others (2019); Franke (2014); Franke and Hoffmann (1999); Hann and others (2003); Hetényi and 
others (2018); Huth and Zedler (2019); Lyngsie and Thybo (2007); Maystrenko and others (2008); Maystrenko 
and Scheck-​Wenderoth (2013); Meschede (2015); Müller and others (2019); Pharaoh (1999); Reinhold (2005); 
Scheck and others (2002); Schmid and others (2004); Shaw and Johnston (2016); Sintubin and others (2009); 
Smit and others (2016); The PACE TMR Network Team and Winchester (2002)

Occurrence of deep and large-​
scale faults

Agemar and others (2014a); Agemar and others (2014b); Agemar and others (2016); Decker and others (1994); 
Dehner and others (2015); DEKORP-​Research-​Group and others (1991); Egger (1997); Freudenberger and 
Schwerd (1996); Frisch and Kockel (2004); Kley and others (2008); Kockel (1998); LfULG (2022); Meyer and 
Stets (2000); Oncken and others (2000); Reinhold (2005); Ribbert (2010); Ribbert (2012); Scheck and others 
(2002); Schulz and others (2013); Thews (1996); Wrede (2017)

Table 2.1.  References of data used to quantify the parameters listed in alphabetical order.

[R/RA, 3Helium/4Helium ratio (R) in relation to the atmospheric 3Helium/4Helium ratio (RA); ∆VS, seismic velocities of secondary waves relative to horizontal 
mean; ∆VP, seismic velocities of primary waves relative to horizontal mean; LAB, lithosphere-​asthenosphere boundary; DLF, deep low frequency; σ3, minimum 
principal stress; Moho, Mohorovičić discontinuity]
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Parameter Data source
Magnitude of σ3 Ahlers and others (2022)
Critical fluid pressure for 

fracturing
Ahlers and others (2022)

Depth of Moho Anikiev and others (2019); Grad and others (2009); Molinari and Morelli (2011); Tesauro and others (2008);
Geochronological data of 

volcanic rocks
Abratis and others (2007); Abratis and others (2015); Ackerman and others (2007); Ackerman and others (2013); 

Alibert and others (1987); Bednarz and Schmincke (1990); Binder and others (2022); Birkenmajer and Pécskay 
(2002); Birkenmajer and others (2002a, 2002b, 2004, 2007, 2011); Blanchard (unpub. data, 2002); Bogaard 
(2000); van den Bogaard and others (1989); van den Bogaard and others (1987); van den Bogaard and others 
(2001); Brauer and others (2000); Büchel and Lorenz (1982); Büchner and others (2015); Cajz and others (2012); 
Cantarel and Lippolt (1977); Dersch-​Hansmann and others (1999); Fekiacova and others (2007); Förster and 
Sirocko (2016); Frechen and Lippolt (1965); Frechen and Vieten (1970); Frechen and others (1999); Friedrich and 
others (1999); Fuhrmann (1983); Fuhrmann and Lippolt (1985); Fuhrmann and Lippolt (1986, 1987a); Fuhrmann 
and Lippolt (1987b); Gögen and Wagner (2000); Hajdas and others (1995); Hofbauer (2007); Horn and others 
(1972); Kaiser and Pilot (1986); Keller (2001); Keller and others (2002); Kraml and others (1995); Kraml and 
others (1999); Kreuzer (1973); Kröchert and others (2009); Lenz and others (2015); Leyk and Lippolt (1999); 
Linthout and others (2009); Lippolt (1961, 1974, 1976, 1983); Lippolt and Fuhrmann (1980); Lippolt and Todt 
(1978); Lorenz (1978); Lorenz and Büchel (1980); Lustrino and Wilson (2007); Mertes and Schmincke (1983); 
Mertz and others (2000); Mertz and others (2015); Mertz and Renne (2005); Meyer (2013); Mrlina and others 
(2007); Müller-​Sohnius and Huckenholz (1989); Negendank and others (1990); Nesbor (2018); Paulick and 
others (2008); Pécskay and others (2009); Pfänder and others (2018); Preusser and others (2011); Przybyla and 
others (2017); Reinig and others (2021); Rohrmüller and others (2017); Schaber and Sirocko (2005); Schleicher 
(1986); Schmid and others (2014); Schmidt and others (2017); Schmincke and Mertes (1979); Schmitt and 
others (2007); Schnepp (1996); Schnepp and Hradetzky (1994); Schubert and others (2015); Schweigert (1990); 
Shrbený and Vokurka (unpub. data, 1985); Sibrava and Havlicek (1980); Singer and others (2008); Stanek and 
others (2003); Todt and Lippolt (1975a, 1975b, 1980); Turk and others (1984); Ulrych and others (2002); Ulrych 
and others (2003); Ulrych and others (2006); Ulrych and others (2008); Ulrych and others (2013); Viereck (1983); 
Wagner (1976); Wagner and others (2002); Wedepohl (1982); Wilson and others (1994); Wimmenauer (2003); 
Woda and others (2001); Zirkler and others (2021); Zolitschka (1998); Zolitschka and others (1995); Zöller 
(1991); Zöller and Blanchard (2009)

Occurrence of igneous rocks Bundesanstalt für Geowissenschaften und Rohstoffe (2023)

[R/RA, 3Helium/4Helium ratio (R) in relation to the atmospheric 3Helium/4Helium ratio (RA); ∆VS, seismic velocities of secondary waves relative to horizontal 
mean; ∆VP, seismic velocities of primary waves relative to horizontal mean; LAB, lithosphere-​asthenosphere boundary; DLF, deep low frequency; σ3, minimum 
principal stress; Moho, Mohorovičić discontinuity]

Table 2.1.  References of data used to quantify the parameters.—Continued
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