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Abstract The Rhenish Massif in Central Europe, which includes the Eifel Volcanic Fields, has shown
ongoing ground deformation and signs of possible unrest. A buoyant plume exerting uplift forces at the
bottom of the lithosphere was proposed to explain such deformation; the hypothesis of (possibly concurrent)
melt accumulation in the crust/lithospheric mantle has not been explored yet. Here, we test deformation
models in an elastic half-space considering sources of varying aspect ratio, size and depth. We explore the
effects of data coverage, noise and uncertainty on the inferred source parameters. We find that the observed
deformation would require melt accumulation in sub-horizontal sill-like structures expanding at the rate of

up to ~0.045 km?3/yr. We discuss feasibility, limitations and possible interpretations of our resulting models
and elaborate on further observations which may help constrain the structure of the Rhenish Massif magmatic
system.

Plain Language Summary Geodetic observations over the last 20 years recorded small but steady
ground deformation over a wide area centered on the Eifel Volcanic Fields, Germany, where volcanism has
occurred as recently as 11,000 years ago. Together with geophysical and geochemical evidences of possible
ongoing unrest, the observed deformation has renewed interest over the origin of volcanism in the region.

The deformation has been tentatively related to a buoyant plume in the asthenosphere. Here, we test whether
the deformation may be, at least partially, originating in the lithosphere. We find that deformation data would
be consistent with melt intrusions in one or more horizontal lenses located in the lithosphere, but limitations
exist due to models simplifications. We discuss feasibility, limitations and possible interpretations of our
results, and what additional data may improve our knowledge on the underlying magmatic system.

1. Introduction

The Rhenish Massif (RHM) is a large lithospheric block located in Central Europe (Figure 1a) embedding several
volcanic fields, as Westerwald, Eifel, and Siebengebirge (e.g., Prodehl et al., 2006). These are part of the Central
European Volcanic Fields (CEVF) which developed during the Tertiary, and partly the Quaternary, over a belt
region spanning France, central Germany, Czech Republic, and south-west Poland (Schmincke, 2007). Activity
at Eifel Volcanic Fields (EVF) started in the Tertiary with the Hocheifel volcanic field formation (Fekiacova
et al., 2007). In the Quaternary two volcanic fields formed west and east of Hocheifel (West EVF and East EVF;
green dots in Figure 1). The late Quaternary volcanism culminated in the Laacher See Volcano eruption in East
EVF at 13 ka (volcanic explosivity index VEI = 6) and continued until ~11 ka (Forster et al., 2020; Nowell
et al., 2006; Reinig et al., 2021; Schmincke, 2007). Paleo-deformation studies mostly based on fluvial incision
showed that the RHM experienced several periods of uplift with variable rates in space and time (Demoulin &
Hallot, 2009), up to 0.3 mm/yr starting from the Quaternary (Meyer & Stets, 2007).

The predominant physical mechanism behind CEVF intraplate magmatism, and in particular of RHM, is still
debated. Based on geochemical and geophysical evidence (deep-mantle features of volcanic rocks and gases,
low seismic velocity anomaly from ~50 to ~410 km depth), magmatism is often related to a mantle plume
located underneath RHM (e.g., Ritter, 2007; Ritter et al., 2001; Walker et al., 2007). This hypothesis is, however,
inconsistent with the lack of a clear space-time progression in the RHM volcanism pattern, which would suggest
a hotspot track, and the volume of erupted magma is small compared to established intraplate hotspot volcanic
regions as Iceland or Hawaii. Several geochemical, petrological, and geodynamic studies support alternative
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Figure 1. (a) Geographic location of the study region (red rectangle). Green dots are centers of Quaternary EVF activity,
dark green line contours the Rhenish Massif and dashed gray contour outlines area of significant (>20) dilatation rate
estimated from Kreemer et al. (2020). (b) Schematic representation of the possible deformation sources. (c to f) Velocity
spatial distribution at GPS sites and grid nodes.

models linking the magmatism at RHM to plate tectonic processes associated with the Alpine collision (e.g., Jung
et al., 2005; Lustrino & Carminati, 2007; Regenauer-Lieb, 1998; Wilson & Downes, 1992).

Debate over the source of volcanism, availability of new/reprocessed data and signs of possible ongoing unrest
at EVF have renewed the interest about this area. Recent reappraisal of past seismic data sets (Dahm et al., 2020)
and existing petrological and geophysical studies (Bréuer et al., 2013; Hensch et al., 2019) provided evidences of
melt in lower crust/upper mantle. In particular, a long-range seismic refraction experiment in 1978-1979 (Mechie
et al., 1983) showed a decrease in seismic compressional wave velocities (from 8.1 to 6.3 km/s) in the upper
mantle, at the crust-mantle boundary (Moho), below the currently uplifting RHM. Dahm et al. (2020) interpreted
this as a sub-horizontal, thin (~6 km), wide (~300 km) magma reservoir with a peak melt fraction of ~10%. Signs
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of ongoing unrest involve degassing at mofettes and mineral springs (Bréuer et al., 2013; Caracausi et al., 2016),
occurrence, since 2013, of deep low-frequency earthquakes in the lower crust and upper mantle beneath Laacher
See Volcano (Hensch et al., 2019), and ongoing surface deformation (Henrion et al., 2020; Kreemer et al., 2020).
Global Positioning System (GPS) data over the last ~20 years show uplift in RHM area with peak rates >1 mm/
yr and lower horizontal velocities with heterogeneous directions, but revealing areal dilatation approximately
coincident with the uplifting area. This deformation was interpreted by Kreemer et al. (2020) as the effect of a
buoyant plume impinging the lithosphere, modeled through a distribution of half-space vertical forces exerted on
a plane at ~50 km depth.

Given the evidences of melt accumulation at the Moho and at shallower depths, in the brittle crust, that would
presumably cause some deformation at the surface, it appears important to explore the hypothesis that the
observed deformation originates in full or partly within the lithosphere (Figure 1b), which is estimated to be
rather thin (60 — 100 km) across the CEVF (Artemieva, 2019). Here we tested this using the GPS long-term linear
trends (velocities) estimated by Kreemer et al. (2020), exploring different source solutions, shapes and depths in
an elastic half-space and analyzing the effect of different data coverage, noise and uncertainty. This is nonethe-
less challenging due to the regional scale of the observed deformation and its overall small rates. We discuss the
feasibility, limitations and possible interpretations of the resulting models.

2. Data

Kreemer et al. (2020) computed velocities from position time-series between January 2000 and October 2019,
both at available GPS sites and as gridded values (at 0.1° steps, i.e., ~10 km) obtained after data post-processing.
This involves steps of despeckling velocities computed at GPS sites (i.e., leveling out velocity values against
outliers) and subsequent gridding. The vertical gridded component was further corrected for the effect of glacial
isostatic adjustment (GIA), as modeled by Husson et al. (2018). The GPS horizontal velocities were used to
compute strain-rate distribution, from which gridded horizontal velocities have been modeled. We used both
data sets (at GPS sites and as gridded values) since they represent two end-members: velocities at GPS sites, free
of possible artifacts but scattered and noisy, and post-processed gridded values, more uniform and with higher
spatial resolution.

We focused on an area of about 400 km X 400 km (3.5°-9.5°E, 48.5°-51.9°N) that embeds the uplift region
around the RHM (Figure 1) comprising 250 GPS sites and 2135 grid nodes. We projected the GPS sites/grid-
ded longitude, latitude coordinates into a local metric Cartesian reference frame (X along west-east, ¥ along
south-north) referred to the center of the study area (6.5°E, 50.2°N).

Since GIA was not previously removed from the provided vertical velocities at GPS sites, we derived the GIA
correction from the difference between the provided corrected and non-corrected gridded velocities and removed
it from the vertical GPS velocities (Figure S1 in Supporting Information S1). The vertical data show a spatially
coherent uplift area over the Rhenish Massif region with highest values (~1-3 mm/yr) at EVF (Figures 1d and 1f),
while subsidence is probably related to noise and/or residual trends at continental scale (Kreemer et al., 2020).

In general, the horizontal velocities are lower than the vertical ones (~0.33 mm/yr of maximum horizontal sepa-
ration rate across the uplift anomaly) and show a less clear pattern (Figure 1c¢). However, they reveal an extension
region slightly offset north-west from the highest uplift area (Kreemer et al., 2020) (gray line in Figure 1; Figure
S2 in Supporting Information S1).

GPS velocity uncertainties as estimated by Kreemer et al. (2020) have median values of ~0.1 mm/yr and ~0.3 mm/
yr respectively for the horizontal and vertical components (Figures S3a and S3b in Supporting Information S1).
For the vertical gridded velocities, Kreemer et al. (2020) provided two different uncertainty estimation based on
the comparison between gridded velocity values and, respectively, raw (hereafter “std1,” Figure S3d in Support-
ing Information S1) or despeckled (hereafter “std2,” Figure S3f in Supporting Information S1) GPS vertical
velocities. std1 is up to 3 times larger than std2.

We consider three different three-dimensional (3D: horizontal and vertical) velocity data sets: (a) raw velocities at
GPS sites and related uncertainties (hereafter “GPS-sites”; Figures 1c and 1d; Figures S3a, and S3b in Support-
ing Information S1); (b) gridded velocities with std1 vertical uncertainties (hereafter “gridded-std1”; Figures le
and 1f; Figure S3d in Supporting Information S1); (c) gridded velocities with std2 vertical uncertainties (hereafter
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“gridded-std2”; Figures le and 1f; Figure S3f in Supporting Information S1). In the last two cases we assumed a
uniform value of 0.1 mm/yr for the uncertainties associated to the gridded horizontal velocities (Figures S3c and
S3e in Supporting Information S1).

3. Methods

Nearly horizontal planar volcanic sources, such as sill-like magma intrusions, typically generate a single region
of uplift at the surface and are inefficient at generating horizontal deformation (e.g., Segall, 2010; Troise
et al., 2007). Pressurized sills-related deformation can be modeled using Tensile Rectangular Dislocations
(TRDs) (Okada, 1985) with prescribed uniform opening embedded in a homogeneous elastic half-space (e.g.,
Delgado & Grandin, 2021; Jonsson, 2009). Here we employed the TRDs solutions of Nikkhoo et al. (2017).
Each TRD is defined by its position, dimensions, orientation and opening. Since we are dealing with velocities,
hereafter we refer to opening rates. In order to estimate the distribution of opening rates, we defined a grid of
horizontal TRDs (“patches”) with 30 km sides and oriented North-South. The patches dimension was chosen as
a compromise between the horizontal spacing of GPS and gridded data points to reduce artifacts in the retrieved
opening rate distribution (Amoruso et al., 2013). We fixed the overall extent of the TRDs grid to the study region
size (400 km X 400 km). We first set its depth at 30 km (Moho) based on the seismic waves velocity anomaly
(Section 1), and we additionally tested depths between 10 and 80 km.

For a given TRDs geometry, the velocities and opening rates are linearly related as
d=Gm+e¢ 1

where d is a 3N X 1 data-vector (N number of GPS sites/grid nodes) collecting the 3D observed velocity values,
m is a M X 1 model-vector (M number of TRD patches) collecting the distribution of opening rates, and € is a
3N x 1 vector containing observation uncertainties. G is a 3N X M matrix expressing the effect of unitary opening
rates and estimated assuming a homogeneous half-space with Poisson's ratio of 0.25. To avoid data over-fitting
and nonphysical sharp spatial irregularities in the opening rates distribution, we applied a smoothing regulariza-
tion via finite-difference approximation of the Laplacian operator (L). The smoothing amount to balance data-fit
and opening rates-roughness is controlled through a regularization parameter k. The forward model therefore is

Wd WG
= m @)
0 kL

where W is a diagonal weighting matrix (W'W = X-!, with X as data variance-covariance matrix). Further-
more, we imposed a positivity constraint on m to reproduce an inflation process (uplift). We solved the resulting
weighted damped least-squares problem with inequality constraints using the non-negative least-squares (NNLS)
iterative method by Lawson and Hanson (1995) (Isqnonneg Matlab function).

To select the optimal k, we tested both the L-curve (Hansen & O’Leary, 1993; Harris & Segall, 1987) and
cross-validation (CV) (Hreinsdéttir et al., 2003; Matthews & Segall, 1993) methods and we finally used CV
for the GPS-data case and L-curve for the gridded-data cases (Table 1; further details in Text S1 and Figure S4
in Supporting Information S1). Conversely, the positivity constraint precludes the use of the Akaike's Bayesian
information criterion-based method (Fukuda & Johnson, 2008; Yabuki & Matsu'ura, 1992).

Since iterative NNLS methods do not construct an explicit expression for the model parameters m, hindering an
explicit computation of related uncertainty (e.g., Menke, 2012), we employed the bootstrap method (Efron &
Tibshirani, 1986) to estimate the opening rates uncertainty (Text S1 in Supporting Information S1).

As a further test on source parameters, we employed the horizontal penny-shaped crack model by Fialko
et al. (2001) (using routines by Battaglia et al., 2013). We inverted for the depth, radius and dimensionless
excess-pressure (pressure/shear modulus) rate of a source centered at (X = 0, Y = 0) through a non-linear Nelder-
Mead optimization (Lagarias et al., 1998) testing different starting values for the inverted parameters.

We finally tested whether more isotropic sources (in an elastic half-space) could better explain the data using:
(a) the quasi-analytical solutions for the pressurization of a single finite (triaxial) ellipsoidal cavity by Nikkhoo
and Rivalta (2023); (b) the point compound dislocation model (point CDM) by Nikkhoo et al. (2017). The latter
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is composed of three mutually orthogonal rectangular dislocations representing planar and volumetric sources
of various aspect ratios. We considered a horizontal grid of point CDMs located at the center of each TRD and
at 30 km depth. We inverted for the source potency in three directions (AV,, AV,, AV) for each point CDM,
using a weighted damped NNLS method analogous to the TRDs. A horizontal TRD-like model would corre-
spond to a point CDM with only AV_ # 0, whereas non-null values of AV, and/or AV, would indicate more
equidimensional-like sources.

4. Results

TRDs inversion results suggest that the observed surface deformation would require the inflation of a sill-like
source distributed over an area of up to ~300 X 300 km? with total volume growth rate of about 0.045 km?*/yr
(Table 1, Figure 2; Figure S5 in Supporting Information S1). The retrieved opening rate spatial distribution is
mostly consistent across the three data sets reaching highest values (~0.8—1.3 mm/yr) at the center of RHM. In
particular, for GPS-sites and gridded-std1 cases the highest opening rate is mostly concentrated slightly to the
north-west of the Quaternary EVF activity location (Figures 2a.1 and 2b.1) and produces a horizontal veloc-
ity pattern mostly compatible with the area of significant dilatation rate (Kreemer et al., 2020) (Figures 2a.2
and 2b.2). In the gridded-std2 case, instead, the highest opening rate coincides with the Quaternary EVF activ-
ity location, where the highest uplift is observed (Figure 2c.1). This difference is mainly due to the overall
higher uncertainty (lower weight) of vertical velocities for the GPS and gridded-std1 cases (Figures S3 and S5 in
Supporting Information S1). The effect of the low signal-to-noise ratio of vertical data is also clear from solutions
obtained imposing equal weights (W = I); the main features are still consistent with the “weighted” solutions
(Figure S6 in Supporting Information S1). The estimated volume growth rates are consistent for the three data
sets (~0.043-0.050 km?/yr), with ~13% higher value in the GPS-data case. Due to the lower site coverage and
higher data noise, opening rates uncertainty is higher for the GPS-data case (Figure S7 in Supporting Informa-
tion S1), resulting in a higher volume growth rate uncertainty (0.01 km?/yr, Table 1). The modeled deformation
matches reasonably well with the observed one, with root-mean-square error RMSE ~0.5 mm/yr and 0.1 mm/yr
respectively for GPS and gridded data sets (Figure 2). Further tests we conducted (adding rigid translation rates
common to the whole data set; assuming a slight—up to 10°—dip angle; spatial filtering, removing horizontal
outliers and/or vertical negative values in GPS data set) resulted in minor differences in the model parameters
values.

We find a tendency to lower smoothing factors with higher TRDs depths (Table 1), since fewer patches with
higher opening rates and covering a smaller area have a similar effect to smoother, spatially spread, opening rates
distributions at shallower depths. Deeper sources result in slightly worse data fit, particularly for the gridded data
sets (RMSE difference up to 20%). However, the misfit differences are not significant compared to data uncer-
tainties and the results could be affected by some intrinsic level of subjectivity in the smoothing factor selection.
The source depth is hard to constrain, but the volume growth rates at different depths are consistent with each
other and within the uncertainty estimated for the 30 km depth solution.

Results for the horizontal penny-shaped crack are consistent with the TRDs model, with optimal source depth
between 25 and 50 km and corresponding volume growth rates between 0.031 and 0.050 km?3/yr (Table 1).

Besides some inversion instabilities at the grid edges, the point CDM sources with gridded data result in low
(<0.3) horizontal-to-vertical potency ratios (Figure S8 in Supporting Information S1) below the RHM. Results
for GPS-sites data, even if still indicating higher AV, values below the RHM, show a more complex pattern. The
inversion is however quite sensitive to the low signal-to-noise ratio of the data. The total volume growth rate asso-
ciated with the point CDM model (0.044-0.052 km?/yr) is consistent with other tested models. The TRDs model
is therefore suitable to reproduce the observed deformation and the threefold number of parameters involved in
point CDMs is not needed.

Finally, the tests for different source shapes provide satisfying data-fit with sill-like source and consistent volume
growth rate values, while excluding prolate spheroidals to explain the observed deformation.

5. Discussion and Conclusions

Our results indicate that, in the assumption of an elastic-half space, a subhorizontal magma body, or an aggregate
of subhorizontal bodies, inflating at a total rate of up to 0.04 + 0.01 km?/yr, distributed over an area of up to
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Figure 2. Model results for a TRDs grid at 30 km depth. The last row show modeled versus observed data cross-sections at ¥ = 0 km (dotted purple lines in maps). All
other elements are the same as Figure 1.

300 x 300 km, and located at a poorly constrained depth between 20 and 60 km, would reproduce the deformation
pattern observed at RHM (Figure 1b). Our model represents a first, simplified attempt at modeling the observed
deformation at RHM with a magmatic intrusion mechanism. We discuss now the feasibility, limitations and
possible interpretations of our results.
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We considered a single source at different assigned depths, but ascending mantle melts may be trapped at vari-
ous levels within the crust. A source shaped as an aggregate of subhorizontal, smaller magma lenses distributed
over our preferred depth range would fit the deformation equally well (e.g., Amoruso & Crescentini, 2009). The
presence of tabular zones of magma accumulation located at several depths, possibly forming a transcrustal
magma system, has been suggested by recent seismicity, tomography, and petrological studies, multi-isotope gas
analysis and magnetotelluric methods (e.g., Brduer et al., 2013; Dahm et al., 2020; Hensch et al., 2019; Jodicke
et al., 1983; Rizzo et al., 2021; Schmincke, 2007).

The involved large spatial extent and relatively shallow depths represent a challenge, as they put the source in
the very-near field requiring finite-dimension source models at the limit of applicability of half-space analytical
solutions (e.g., Fialko et al., 2001). Furthermore, within a linear-elastic framework, sills whose half-length is
larger than their depth are unstable and tend to propagate away from their plane, due to the interaction with the
free surface (Fialko, 2001). This would be the case if we interpreted our inferred source as a continuous magma
body in an elastic half space.

Our estimated volume growth rate and source dimensions should be considered as upper values. Indeed, further
complexities might play a non-negligible role and could decrease the estimated parameters values. The inferred
size and growth rate for the sill, or aggregate of sub-horizontal melt lenses, is tied-to/trades-off-with the consid-
ered rheology. In purely elastic models all the surface deformation is generated by overpressure on the reservoir
walls. At the examined depths (some tens of km) and time scales (at least 20 years, but possibly much longer),
temperatures are elevated and prolonged magma accumulation may have further weakened the host rock, making
elastic rheology unrealistic. Viscoleastic relaxation and/or thermal expansion would result in a broader surface
uplift pattern which may account for part of the observed deformation (e.g., Lisowski et al., 2021; Newman
et al., 2006; Novoa et al., 2019). Viscoelastic models can produce the same amplitude of displacement for signif-
icantly smaller pressure changes when compared to elastic solutions, and there is a gradual broadening of the
uplift profile in layered viscoelastic models (e.g., Hickey & Gottsmann, 2014). Modeling a rheologically complex
lithosphere for RHM is however challenging due to a lack of constraints on the recent deformation history. Even
though the present-day uplift rate of ~1 mm/yr observed over the last ~20 years might be traceable back to
several decades (e.g., Milzer et al., 1983; Ziegler, 1992), uplift rates have varied considerably in geological times
(Meyer & Stets, 2007).

Viscosity also affects the maximum depths at which sill-like intrusions could develop. Host rock viscosities 10
to 14 order of magnitudes higher than magma viscosity are required for tensile fracturing, and, thus, hydraulic
fracturing to occur (Rubin, 1993). If deep (few tens of km) sills will be confirmed through, for example, imaging
below Rhenish Massif, this could provide information on the host rocks rheology and the still poorly understood
mechanisms of diking at lower crust/lithospheric mantle depths.

At the involved spatial scales (hundreds of km) earth curvature might also have some effect. In a spherical earth
model there is less elastic material resisting deformation, requiring a smaller source to reproduce the observed
deformation. Moreover, viscoelastic relaxation diffuses deformation away from the source and would further
increase the importance of earth curvature (Segall, 2010).

Additional complexities such as topographic loading and material heterogeneities might also affect the estimated
model parameters values.

We note that a combination of one or more sills with lower volume growth rate and a buoyant plume as proposed
by Kreemer et al. (2020) could also reproduce the observed deformation. In our model, melt ascending from the
mantle tends to collect in discrete magma pockets. Thus, magma emplacement becomes localized, inducing, or
contributing to, lithosphere deformation (Figure 1b). Melt accumulation in the litosphere might be needed in the
buoyant-body model by Kreemer et al. (2020), since it does not entirely reproduce the shape of the highest uplift
area and it implies a buoyancy force distribution over a 150-180 km radius area, much larger than the imaged
~60 km diameter plume stem below RHM (Ritter, 2007; Ritter et al., 2001).

Our inferred deformation source could represent a volume of magma stagnation in the lithosphere over a large
region beneath RHM, and could partly correspond to the wide layer of low seismic wave velocity inferred
by Dahm et al. (2020) (Section 1). Magma might originate from the rise of a mantle plume underneath or
decompression-induced melting from passive rifting (e.g., Acocella, 2021). Melt ponding in subhorizontal frac-
tures in the elastic lithosphere (underplating) has been documented in other regions to explain long-term uplift
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rates and surface deformation (Pedraza De Marchi et al., 2021; Thybo & Artemieva, 2013). Active magmatic
underplating has been hypothesized for the region beneath the Eger rift and Cheb basin (Hrubcova et al., 2017),
and for the Limagne graben (Michon & Merle, 2001), which are thought to have a common rift formation mech-
anism to the EVF.

The inferred dimensions for our source are rather unprecedented, and probably overestimated, as previously
discussed. Nevertheless, there are evidences of large extinct/active magma bodies (10>-10% km radius; e.g.,
Thybo & Artemieva, 2013; Cruden et al., 2018; Acocella, 2021). A large mid-crustal sill (~250 X 100 km) and
an even larger partial-melt layer at the Moho lay beneath Snake River Plain, USA (Peng & Humphreys, 1998).
The Altiplano Puna Magma Body in Central Andes, located at 14-20 km depth, has a sill-like geometry with
~200 km diameter and is associated with an ongoing uplift of ~10 mm/year concentrated in a smaller area
(Perkins et al., 2016). Other large, deep (30-40 km) magma bodies exist, but they are often imaged through 2D
tomography sections, so their full size is unconstrained (Thybo & Artemieva, 2013).

The upper-end value of volume growth rate we inferred (~1072 km?/yr) is considerably higher than prior esti-
mates of magma extraction rate for EVF. These are however mostly based on erupted material at local scales
(e.g., lower-crust intrusion rates of 10~*—10~* km?3/yr beneath the East EVF; Dahm et al., 2020). Estimates of
carbon dioxide fluxes from the whole Eifel region are in the order of 0.5—-1 Mt/yr (Puchelt, 1983). Assuming a
magma density of 2600 kg/m?, our volume growth rate corresponds to a mass accumulation rate of 1.2 - 10! kg/
yr. This means that the CO, fluxes would correspond to about 1% of the magma mass rate. Similar ratios of CO,
in parental magmas are found in continental rift regions (Aiuppa et al., 2021).

Possible implications for magma propagation and future eruptions based on our volume growth rate can be inferred
from Galetto et al. (2022), who found that magma volume increase in crustal reservoirs at rates <0.01 km?/yr have
not led to magma propagation in 90% of cases. The magma supply episodes analyzed by Galetto et al. (2022) were
located in the middle-to-upper crust, so in the RHM case the eruption likelihood would be lower, but still deserves
attention, as magma may ascend relatively swiftly from large depths (e.g., Mayotte and Cumbre Vieja, La Palma,
eruptions; Cesca et al., 2020; del Fresno et al., 2023).

Even if previous studies showed no significant gravity anomaly unequivocally related to the EVF plume or to
the regional uplift (Ritter et al., 2007; Van Camp et al., 2011), accurate gravity measurements could in principle
constrain the total mass and the density of the potentially intruding material (e.g., Nikkhoo & Rivalta, 2022).
The expected free-air corrected gravity changes at the surface associated with our TRDs model is <0.2 uyGal/yr
(Text S2 in Supporting Information S1), showing that gravity changes above measure uncertainties would require
long observation periods. However, absolute gravimeters campaigns of sub-uGal accuracy, if carried out over
protracted time periods, may help measuring the uplift with higher accuracy, after removing the effects from
other deformation sources such as hydrological and anthropic activity (Nikkhoo & Rivalta, 2022; Van Camp
et al., 2011).

In conclusion, understanding the process causing the current RHM uplift and the recent unrest at EVF requires
further studies and new and complementary observations at multiple spatial and temporal scales (e.g., defor-
mation, seismicity, tomography, geochemistry). The spatial extent of the area under examination and the low
deformation magnitude represent a challenge. GPS data were fundamental in revealing the ongoing deforma-
tion, but better constraint of the deformation source would require longer, more accurate (particularly of the
horizontal-to-vertical ratio), and possibly spatially denser measurements, together with further understanding
of other ongoing processes at large (e.g., GIA), regional (e.g., faulting and seismicity within the Lower Rhine
Graben) and local (e.g., human activity) scales. Currently ongoing measuring campaigns (e.g., dense seismic
networks) at EVF may shed new light on the underlying magmatic system and its implications.

Data Availability Statement

The final GPS and gridded velocities and GPS time-series can be found in the Supporting Information of
Kreemer et al. (2020) and in Kreemer (2020), while the original GPS time-series can be retrieved from Blewitt
et al. (2018). Gridded data uncertainties were provided by Corné Kreemer. We used routines by Battaglia
et al. (2013), Nikkhoo et al. (2017), Beauducel (2022), and Nikkhoo and Rivalta (2023). Data and main codes are
collected in Silverii et al. (2023).
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