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Abstract We applied state‐of‐the‐art seismic processing and imaging techniques to crustal‐scale seismic
reflection data from the BELCORP/DEKORP87 lines 1A and 1B. The aim of the presented work was to identify
structural evidence in the Earth's crust and upper mantle related to the ongoing magmatic activity in the
Quaternary West Eifel Volcanic Field (WEVF) in Central Europe where ca. 70 eruptions happened since 65 ka.
Following careful signal‐processing, Fresnel volume migration was applied and yielded images with
exceptionally strong lithospheric reflectors in the SE of the WEVF. Sparse signal representation revealed
numerous reversed polarities. Using petrophysical relations, the corresponding reflections can be interpreted as
reflections from melt and/or volatile‐bearing (supercritical CO2) zones which appear as horizontally elongated
lens‐shaped sills. Furthermore, we observed reflections with similarly inverted polarities from structural
features located around the Moho at of 31 km depth, indicating fluids or melts from the uppermost mantle and
supporting magmatic underplating models.

Plain Language Summary We re‐processed a more than 35 years‐old seismic dataset with new
processing methods to search for active magmatic structures in the Earth's crust and upper mantle, Western
Germany. There, in the Eifel mountains, volcanic eruptions happened until just 11,000 years ago. This young
age, current volcanic gas emissions, current wide‐spread uplift, and hints of magmatic processes at depth
indicate that the volcanic processes are dormant but not extinct. A possible reawaking of volcanic eruptions
would present a significant hazard in Central Europe, with the potential for severe impact on air traffic for
example, The reprocessing of seismic data finds strongly reflecting structures at depths of 10–30 km beneath the
youngest part of the West Eifel Volcanic Field. The observation of reversed signal amplitudes is a strong
indication that some reflectors consist of magmatic melt, fluids, or gas. Thus, future hazard assessments should
consider the presence of this magmatic material in the Earth's crust.

1. Introduction
In Central Europe, volcanic hazard does not seem to represent a significant threat. However, the most recent
eruptions in Germany and France are of Holocene age (Global Volcanism Program, 2023). In the Eifel region of
Germany (Figure 1), the history of volcanic eruptions (Nowell et al., 2006; Schmincke, 2007), ongoing gas
emissions (Bräuer et al., 2013), and estimates of current melt in the upper mantle (Dahm et al., 2020; Ritter, 2007)
do not indicate an end of the volcanic activity. One crucial point for risk assessment is the knowledge about active
magmatic systems in the lithosphere. These are thought to be mush‐like melt reservoirs in the form of sills, dykes
etc (e.g., Sparks et al., 2019). Seismic imaging of melt in the lithosphere is quite challenging and its success
depends on the volume, concentration, and type of melt distribution as well as the design of a seismological
experiment (Paulatto et al., 2022). Melts, fluids, and volatiles reduce seismic velocity, especially for shear waves,
and they increase anelastic damping and influence the ratio between compressional (P) and shear (S) wave ve-
locities (vp/vs) (Mavko, 1980; Takei, 2017). In the Eifel region, Mechie et al. (1983) and Dahm et al. (2020)
determined a strongly reduced P‐wave velocity of approximately − 20% underneath the Moho with seismic
refraction data. They interpreted this seismic model as active magmatic underplating. Ritter (2007) described a
low P‐ and S‐wave velocity anomaly in the upper mantle, which can be explained by increased temperature and
about 1% melt underneath the Eifel. Seismic reflections due to melt or fluid‐bearing zones have not yet been
observed in the Eifel but have been reported from other continental regions. The latter include sill‐like structures
in the US (Jarchow et al., 1993), Tibet (Brown et al., 1996), Campi Flegrei (Zollo et al., 2008) and the Eger Rift
(Hrubková et al., 2017).
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Recently, Hensch et al. (2019) interpreted up to 45 km deep low‐frequency (ca. 2–8 Hz) earthquakes as possible
deep injections of magmatic fluids near the Laacher See Volcano in the East Eifel Volcanic Field. There, a strong
eruption (volcanic explosivity index = 6) occurred only 13,000 years ago from which ashes can be found in
several European countries (van den Bogaard and Schmincke, 1985). Around 30 km further to the west, in the
WEVF, a series of approximately 70 eruptions (e.g., Dauner Maars, Pulvermaar, Wartgesberg and Bad Bertrich
volcanic groups etc.) started only ca. 65,000 years ago (Figure 1 and Figure S5 in Supporting Information S1;
Schmincke, 2007; Brandt & Ritter, 2023). The most recent eruption at the Ulmener Maar happened only
11,000 years ago and is still visible as a ca. 340 m wide crater.

The NE part of the WEVF overlaps with the much older Tertiary High Eifel Volcanic Field (HEVF), which was
active at 44–39 Ma and 37–35 Ma (Fekiacova et al., 2007). The HEVF exhibits distinct geophysical signatures,
including deep‐reaching crustal anomalies, such as the Kelberg Magnetic High (KMH) as documented by
Büchel (1992). This positive magnetic anomaly, with an estimated diameter of around 20 km, is thought to be
associated with the Tertiary magma chamber located at a depth of ca. 10 km. At the KMH there is a seismically
transparent zone which is completely different from reflective structures in the direct vicinity (Dahm et al., 2020;
DEKORP Research Group et al., 1991).

Figure 1. Geological map of the study area including the seismic lines BELCORP/DEKORP87 1A and 1B (black lines). The
seismic lines are aligned about perpendicular to the local fault zones (red lines). Line 1 A runs NW‐SE from the Aachen
Thrust (AT) across the North Variscan Deformation Front (NVDF), the Stavelot‐Venn Massif (SVM), the limestone troughs
of the Eifel North‐South Zone (ENSZ) and ends in the Tertiary Hoch Eifel Volcanic Field (HEVF). Line 1 B runs NNW to
SSE across Line 1A in the HEVF, the Kelberg Magnetic High (KMH) and the SE area of West Eifel Volcanic Field (WEVF)
with, for example, the Ulmener Maar (U), Pulvermaar (P), Emmelberg scoria cone (ESC), the Siegen Main Thrust (SMT)
and the Bad Bertrich volcanic group (BB). Eruption centers are marked as gray circles. Aa: Aachen, Ad: Adenau B:
Blankenheim, (h) Hellenthal. Background geology is from BGR (2020), the color code is shown in Figure S1 in Supporting
Information S1. The inset map shows the position of the study area in the border region of Germany (DE) and Belgium (BE)
with neighboring Luxemburg (LU), France (FR) and the Netherlands (NL).
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2. Seismic Reflection Data
Seismic data were acquired in 1987 along long‐range deep‐reaching reflection lines within the German Conti-
nental Reflection Seismic Program (DEKORP) (In Meissner & Bortfeld, 1990; Stiller et al., 2020a, 2020b). The
BELCORP—DEKORP line 1A covers the western part of the Variscan Rhenish Massif, extending from the
Stavelot‐Venn Massif (SVM) in Belgium in the west to the Eifel Mountains in Germany in the east. It runs south
of the city of Aachen across the Eifel Mountains and ends near the town Adenau in the Tertiary HEVF (Figure 1).
Line 1 B starts NW of Adenau and runs SSE across the HEVF, over the KMH, and further across the Quaternary
WEVF to terminate close to the Moselle River (Figure 1 and Figure S5 in Supporting Information S1). To the
south an additional seismic line 1C is located, which has not been reprocessed within this work but is described in
DEKORP Research Group et al. (1991) and Dahm et al. (2020). The DEKORP seismic lines provide a unique
dataset to explore the deep structure beneath Germany and its diverse tectonic units.

The dataset was acquired with five Vibroseis trucks weighing 19.4 t each that generated a linear sweep from 12 to
48 Hz with a peak force of 125 kN and a duration of 20 s at 40 m source distances and five‐fold vertical stacking.
An additional 16 s of listening time allowed for the recording of near‐vertical reflection signals from the lower
lithosphere (ca. 50 km depth). Up to 400 geophones were deployed at 40 m distances in an asymmetric split‐
spread geometry, with a total line length of 16 km. A total of 1,891 and 1,049 vibration points were used for
lines 1A and 1B, respectively (Stiller, M., 2020a, 2020b), which leads to an up to 200‐fold coverage. Further
details can be found in the supplementary materials.

3. Imaging Results
The results of conventional CMP processing are published in DEKORP Research Group et al. (1991), while an
updated processing result including common‐reflection‐surface (CRS) stacking is discussed in Dahm
et al. (2020). Here, we conducted a standard seismic time‐domain pre‐processing for both lines (with processing
steps shown in the workflow in Figure S4 in Supporting Information S1), which enhances the amplitudes of
reflection phases while attenuating noise and undesired first‐arrival phases. The performance of the pre‐
processing is shown in Figure S5 in Supporting Information S1. Subsequently, Fresnel volume migration
(FVM, Buske et al., 2009) was applied to precisely image reflecting structures at depth. Velocity models derived
from the analysis of local seismicity (Ritter et al., 2024) were used as input for the FVM. Additionally, a
comprehensive amplitude polarity analysis was conducted to determine the nature of the impedance contrasts at
the reflectors. This has been combined with a sparse signal deconvolution technique to separate overlapping
signals (Dai et al., 2018). A comprehensive description of the analyzed reflectors is provided in the supplementary
Information.

4. Seismic Reflectors and Their Origin
4.1. Overview

The migration results for lines 1A and 1B reveal a rich inventory of reflectors from the surface down to the
uppermost mantle (Figures 2 and 3). Some reflectors are well resolved for the first time and many new details
(relative reflection strength and impedance contrast) are found. Many near‐surface structures can be identified
and correlated with the known geology and previously imaged reflectors (DEKORP Research Group et al., 1991),
for example, we observe shallow reflectors related to the NVDF (Figure 2): Aachen Thrust (1, 2, 3, 4), Sötenich
Thrust (5), and Blankenheim Thrust (6) with unprecedented resolution.

The upper crust down to about 15 km depth is characterized by several distinct reflectors, with varying dip di-
rections (1–6 in Figure 2; 13, 14 and 18 in Figure 3). Along line 1A, the reflectors dip approximately SE in the
upper part of the lower crust (ca. 15–22 km depth), whereas at greater depths the reflectors appear subhorizontal
or dip preferentially toward NW (11 and 12 in Figure 2). The deep crustal reflectors form an often described
lower‐crustal laminated structure (Mooney & Meissner, 1992) along both lines with the exception at a non‐
reflective zone below the HEVF (17 in Figure 3).

The lower end of the visible reflectors indicates the crust‐mantle transition (Moho) (7–10 in Figures 2 and 20 in
Figure 3). The Moho is nearly horizontal below the NW part of line 1A (Figure 2) with a minimal dip toward the
SE with its maximum depth at around 31 km below the Blankenheim area. Further SE the Moho rises toward the
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HEVF (Adenau region) to about 26 km depth. Along line 1B (Figure 3), the Moho dips toward SSE (profile
kilometers 0–35) and subsequently rises toward the SSE end of the line.

4.2. HEVF

Below the north of the HEVF at the crossing of lines 1A and 1B, three clear reflectors (14–16) can be observed
which dip SSE (Figure 3). Reflector 14 corresponds to reflector 4 in Figure 2 and is part of the NVDF main
detachment. In the lower crust, the prominent reflector 15 represents the top of a reflective sequence extending
down to reflector 16 at the Moho. This sequence is also observed along line 1A and it is possibly composed of sills
which may be of either recent (WEVF), Tertiary (HEVF) or Permian age (Shaw, 2021). The main feature of the
HEVF is the seismically transparent zone (STZ) (17 in Figure 3; Figure S7 in Supporting Information S1) located
below the Tertiary Hochkelberg Volcano with the KMH at profile kilometers 12–27. This zone is also described
in DEKORP Research Group et al. (1991), Büchel (1992), and Dahm et al. (2020). The lack of reflections in the
STZ remains unclear. Büchel (1992) proposed incoherent scattering of the downgoing seismic wavefield at small‐
scale fractures inside a Tertiary magmatic intrusion zone. The high resolution of our reprocessed data limits this
fracture model to small cracks, with lengths of less than 300 m, assuming a dominant frequency of 20 Hz and/or
extremely low‐impedance contrasts. Otherwise, distinct reflections should be visible.

Dahm et al. (2020) proposed that the STZ is potentially due to a hot mush zone north of the Siegen Main Thrust
(SMT) and bounded by a steep Moho step. This interpretation implies that the STZ is related to the WEVF
magmatism. However, the majority of the most recent eruptions in the WEVF along line 1B occurred south of the
STZ (e.g., Mertz et al., 2015) and our image (Figure 3, Figure S7 in Supporting Information S1) can be interpreted
without a steep Moho step.

Atop the STZ a strongly reflecting zone (18 in Figure 3) is interpreted by Büchel (1992) as an upward volatile
magmatic flow or a cap‐rock‐like magmatic layer related to the magma reservoir of the HEVF. Dahm et al. (2020)
describe this bright spot as a possible layer structure with CO2‐ and/or fluid‐bearing layers below solidified sills of
a Tertiary magma reservoir. In subsection K (Figure S20 in Supporting Information S1), the bright spot has a
depth extension of 8–10 km between profile kilometers 17.5 to 21.5. The lateral coherence of reflection signals

Figure 2. FVM result along line 1A (Figure 1) with normalized stacked energy as amplitude value. Individual reflective
elements are numbered, see also detailed description in the supplementary information. Our interpreted Moho is shown as
solid line, connected, and extrapolated to the SE by dashed lines where its location appears unclear. ENSZ: Eifel North South
Zone, HEVF: Hoch Eifel Volcanic Field, SVM: Stavelot Venn Massif.
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with the same polarity is mostly short, less than a few hundred meters. The occurrence of negative impedance
contrasts may support the presence of fluids, however clear, continuous solid barriers cannot be resolved (Figure
S20 in Supporting Information S1).

4.3. WEVF

The southeastern half of line 1B crosses the dormant WEFV with the volcanic centers Jungfernweiher Maar,
Ulmener Maar (most recent eruption ca. 10.9 ka), Pulvermaar Region (a ca. 700 m wide crater, ca. 21 ka, Zöller
and Blanchard, 2009), Wartgesberg (ca. 33 ka, Schmidt et al., 2017) and Bad Bertrich (ca. 15–17 ka) volcanic
groups. Here the strongest reflections are observed along line 1B (Figure 3 and Figure S7 in Supporting Infor-
mation S1). An inclined reflective zone (13 in Figure 3) coincides with the surface trace of the SMT. In Figure S23
in Supporting Information S1, numerous short high‐amplitude reflections with negative polarity are evident
within this zone, extending only across a few hundred meters along the geophone spread. The SMT and its
tectonic history may have formed a 2–3 km wide damage zone and fault gauge with crushed rock and increased
porosity, that allowed the intrusion and storage of magmatic fluids, imaged as negative reflections. This magmatic
reservoir possibly fed the numerous Pleistocene volcanic eruptions. At profile kilometers 27–41, the most
coherent reflector (19) is located at 14.5–17.5 km depth. It represents the top of a clear reflector series that extends
to the Moho (20). Figure 4a depicts reflector 19 in greater detail including enhanced signal polarities (23I–25I). In
order to determine the lateral dimensions of the smallest resolvable structures down to the Moho, a resolution
analysis was carried out. For this we placed six point diffractors at a depth of 31.4 km and performed FVM with
synthetic seismograms. Based on these tests, the smallest resolvable size of typical impedance is 300 ± 50 m
(Text S6 in Supporting Information S1, Figure S25 in Supporting Information S1). Smaller structures may be
present but cannot be resolved with our method. The images in Figure 4 contain several patches with reversed

Figure 3. FVM result along line 1B (Figure 1) with normalized stacked energy as amplitude value and the interpreted Moho.
HEVF: Hoch Eifel Volcanic Field, WEVF: West Eifel Volcanic Field. The black boxes outline the locations of reflection
phases shown in Figures 4a and 4b.

Geophysical Research Letters 10.1029/2024GL111425

EICKHOFF ET AL. 5 of 10

 19448007, 2024, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
111425 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [13/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



polarity across neighboring traces, for example, at the upper ends of reflectors 23I and 24I in the lower crust and at
31 and 32M close to the Moho (yellow arrows in Figure 4). Their lengths of 300–500 m are within the resolution
of the FVM (Figure S25 in Supporting Information S1).

The deeper reflectors 26I and 27I also contain laterally coherent negative and positive polarity patches. These sill‐
like reflectors occur across the whole lower crust and end at the prominent reflector 20 (Figure 3), highlighted in
Figure 4b with reflectors 31–33M at the Moho. In Figure 5, we compare the observed and modeled reflection
signal for the sequence of the impedance contrasts above the Moho (M31, red outlined arrow in Figure 4b). The
convolution of the input signal with reflection coefficients of up to − 0.11 (Section 4.4, Figure 5), match the
observed signal well.

4.4. Petrophysical Interpretation

The petrophysical properties of the impedance contrasts are estimated from the reflection coefficients. The two‐
way amplitude A1 of the reflected signal is approximately equal to (neglecting geometrical spreading):

Figure 4. Seismic images with sparse representation of the polarity of the seismic phases. (a) subsection I, (b) subsection M
from line 1B (see black boxes Figure 3 for location). Blue fillings indicate positive‐polarity phases, hence the same polarity
as the input signal. Red fillings indicate negative‐polarity reflections due to a low‐impedance contrast of the corresponding
reflector. The yellow arrows mark distinct negative‐polarity patches.
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A1 = A0 exp (
− π
Qf t) (1)

A0, Q, f , and t are the initial source amplitude, seismic quality factor, center frequency of the signal, and two‐way
travel‐time. The measured amplitude of the reflected signal, Ar, depends on the reflection coefficient R:

R =
Ar
A0

(2)

To roughly estimate the reflection coefficients at depth the amplitudes A0 and Ar are measured in a raw seismic
shot record. A0 is the average first‐arrival amplitude and Ar is measured at the respective reflection signal. These
amplitudes are only corrected for geometrical spreading and Q is taken as 250, as an average value in the Earth's
crust (Sheehan et al., 2014). With (1) and (2), and assuming the zero‐offset vertical incidence case, we find an
estimated maximum reflection coefficient of R = − 0.11 (Figure 5), corresponding to a P‐wave velocity (vp)
change (δvp) of ca. − 20%. Both values have an uncertainty of ca. 20%, so R = − 0.11 ± 0.3 and
δvp = − 20% ± 4%. This reduction may be due to reduced density, vp and/or a fluid phase associated with the
reflector. While this estimation remains greatly simplified, it still provides a reasonable δvp for reflector 31M and
similar reflectors along line 1B.

The middle and lower crust of the Eifel region is composed of meta‐sediments, meta‐granitoids and mafic
granulites (Mengel et al., 1991; Sachs & Hansteen, 2000) with P‐wave velocities in the range of ca. 6.3–6.5 km/s.
A massive solid layer with δvp ∼ − 20% (vp ∼ 5.0–5.2 km/s) is not realistic, as rock material at 10–30 km depth is
typically characterized by higher vp (Christensen & Mooney, 1995). However, fluids (e.g., supercritical CO2) or
melt can cause a strong negative δvp, depending on its type of distribution within the rock matrix. We us the code
compute_seismic_properties_magma.m by Carrara et al. (2022, supplement) to compute vp of a rock material
with up to three different phases (solid, fluid and gas). Ambient pressure and temperature in the Eifel and rock
physic parameters of are taken from the literature (see Supporting Information S1). A δvp of − 20% ± 4%, can be
explained with an accumulation of 5%–10% basaltic melt (fluid phase) of or 1.5%–3.3% supercritical CO2 in the
lower crust. In the Moho region, similar values of 5%–10% basaltic melt or 2.3%–4.8% CO2 can produced the
required δvp for the reflection signals. A gas phase of just 1% leads to an unrealistic low vp (ca. − 70% reduction)

Figure 5. Modeling of seismic reflection signal at reflector 31M (orange arrow in Figure 4). (a) Observed signal, (b) reflection
coefficient in 30.3–32.7 km depth with a series of positive and negative polarity contrasts, (c) reconstructed synthetic signal.
The reconstruction uses a tapered and smoothed Klauder wavelet, which represents the autocorrelation function of a
Vibroseis sweep.
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and at the ambient p‐T conditions a supercritical state of magmatic volatiles is more realistic (Edmonds
et al., 2020).

Our estimated melt ranges are in agreement with studies in other regions studied with seismological methods (Chu
et al., 2010; Jarchow et al., 1993; Schmandt et al., 2019) and are in accordance with recent petrophysical models
relating melt and seismic velocity in magmatic settings (Caricchi et al., 2008; Lyakhovsky et al., 2021; Ueki and
Iwamori, 2016).

The positive amplitude reflections observed in the lower crust can be explained by the presence of solidified
pyroxenitic intrusions (Shaw, 2024) that have a δvp ∼ +15% to +20% relative to the mafic granulite matrix
(Christensen & Mooney, 1995).

5. Conclusions
The reprocessing of BELCORP/DEKORP87 lines 1A and 1B reveals distinct and well resolved images of the
crustal structure in the western Eifel region, along with information on amplitude polarities for petrophysical
interpretation. The observed negative impedance contrasts can be explained by patches of magmatic fluids or
partial melt of up to 10% in sills underneath the WEVF. This suggests that this Pleistocene volcanic field is
presently in a dormant state and that new eruptions could occur once the melt has enough buoyancy to rise to the
surface. Although 10% basaltic melt is a low value, this equates to a volume of about 50 million cubic meters of
melt for just one sill which is approximately 6 km long, 200 m thick (Figure 4) and possibly 500 m wide. A part of
this volume (2%–5%) could be filled with supercritical CO2 that is found in numerous springs (e.g., Bräuer
et al., 2013; May et al., 1996) and that is even commercially exploited in the Eifel region.

Compared to other Quaternary intraplate volcanic fields in Europe such as the Eger Rift (Hrubcová et al., 2017),
Ciomadual volcanic complex (Laumonier et al., 2019) or Chaînes des Puys (France et al., 2016), evidence for
ongoing deep magmatic activity is well documented in the Eifel by passive and active seismic methods (Rit-
ter, 2007; Hensch et al., 2019; Dahm et al., 2020; this study). Herewith our seismic image of a section of the
WEVF indicates melt/fluid pockets and deep low‐frequency seismicity is documented in the EEVF (Hensch
et al., 2019). Consequently, high‐resolution studies utilizing modern geophysical and geochemical methodologies
should be conducted in order to obtain more comprehensive constraints in both volcanic fields for a state‐of‐the‐
art volcanic assessment, following for example, Ewert et al. (2018).

Data Availability Statement
The DEKORP87–1A and DEKORP87–1B data used for seismic reflection imaging in the study are available
Stiller et al. (2020a, 2020b).
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