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Modellingof earthquakeswarmssuggests
magmatic fluids in the upper crust
beneath the Eger Rift
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Earthquake swarms are enigmatic seismic phenomena that occur across diverse tectonic settings,
from volcanic to intraplate regions, and are often associatedwith fluidmigration, magmatic activity, or
stress redistribution. The Northwest Bohemia/Vogtland region is a globally recognized hotspot and
natural laboratory for such activity. This study examines the recent activation of an earthquake swarm
in the region after a century of dormancy. By integrating high-resolution seismicity patterns and
earthquake sourcemechanismswithmodels of fluidmigration,weprovide adetailed reconstruction of
the swarm’s temporal and spatial evolution. Our seismicity modeling suggests the activation of a pre-
existing fault by natural hydro-fracturing and hydro-shearing under the influence of ascending
magmatic fluids, beginning with a high-pressure CO2-rich fluid intrusion, followed by transitions to
low-pressure hydro-shearing on the fault, likely associated with CO2-magma mixtures. Our results
emphasize the pivotal role of fluid overpressure and fault zone weakening in controlling swarm
dynamics.

Locatedwithin theBohemianMassif, oneof the largest outcrops ofVariscan
basement in Europe, theNorthwest Bohemia/Vogtland region (Fig. 1) hosts
one of themost active seismic zones inCentral Europe. This region is where
the term “earthquake swarm” was first introduced1, highlighting its sig-
nificance in seismology. Persistent seismic activity makes this region a key
site for swarm studies. In addition, widespread carbon dioxide (CO2)
emissions associated with magmatic crustal underplating provide an
exceptional natural laboratory for investigating interactions between tec-
tonics, magmatism, and fluid migration. The Cheb Basin, situated at the
intersection of the Eger Rift and the Mariánské Lázně Fault (Fig. 1), is the
center of seismicity and gas emissions2 and is characterized by elevated heat
flow, alkaline volcanism, and five Quaternary volcanoes3. Since 1985, anNS
trending zone crossingNovýKostel (NK) (Fig. 1) has episodically produced
swarms with the largest seismic moment release in the entire region4.
However, in March 2024, an intense seismic swarm emerged in the
Klingenthal–Kraslice (KK) zone northeast of NK, after 125 years of rest1.
Thismarks a striking shift in regional seismicity, raising key questions about
its underlying mechanisms.

The mid-crustal earthquake swarms are commonly attributed to fluid
transfer from the uppermantle and pore pressure perturbations5. However,

the relative roles of magma, CO2, and their interaction with water and rock
in triggering swarms and driving upper crustal deformation remain less
understood. The new KK swarm began in December 2023 and peaked
during the March–May 2024 period. Since then, seismic activity has gen-
erally subsided, though intermittent bursts continue. It stands for the first
significant earthquake swarm near Klingenthal–Kraslice since 18971, which
developed into a phase of strong earthquakes distributed over the entire
Vogtland swarm region from1900 until 19151,6–8. There is only evidence of a
weaker swarm earthquake activity near KK in 19949 (Fig. 1c). Since the
recent activity is the first high-resolution instrumental observation of a
massive swarm near KK after a centuries-long hiatus, it provides a unique
opportunity to study the spatiotemporal patterns in detail and to compare
them with historical swarms.

Our seismic analysis benefits from exceptionally dense observations
in close proximity to the swarm, including high-frequency borehole
arrays with a sampling rate of 1 kHz (Figs. 1 and S1). By combining
seismicity and seismic source studies with fluid intrusion models, we
identify a transition from highly buoyant fluids at high overpressure to
less buoyant fluids at lower overpressure, e.g., from CO2-rich fluids to
CO2-magma mixtures, which cause first hydraulic fractures followed by
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growth of hydro-shearing on the activated fault. These findings are
compared with alternative models and shed light on the crucial role of
CO2-rich magmatic fluids in the formation of recurrent earthquake
swarms.

High-resolution catalog and moment tensors
In recent years, as part of the International Continental Scientific Drilling
Program (ICDP) “Drilling the Eger Rift” project, a unique network of surface
and multiple borehole high-frequency arrays has been established in the
study area (Figs. 1 and S1), in addition to the existingmonitoring networks10.
The infrastructure is located only a few kilometers from the swarm earth-
quakes, and the sampling rate is up to 1 kHz, which allows a detailed
investigation of subsurface processes such as fluid migration and fault zone

dynamics. By integrating this network with ML algorithms, we have built a
high-resolution earthquake catalog, recording 8069 seismic events from
December 2023 to June 2024, including the smallest-size events with mag-
nitudes of ML=−0.5. This represents a tenfold enhancement of events
resolved in classical agency catalogs and provides unprecedented spatial and
temporal resolution. The enhanced dataset specifies fine-scale fault geome-
tries, detects intricate seismicity patterns that were not formerly resolvable,
and documents the detailed history of the swarm with high accuracy.

The earthquakes, confined in a narrow NW-SE trending zone of
about 1.2 km width and 2 km length, show systematic spatiotemporal
migration patterns. To investigate the source mechanisms, we computed
centroid moment tensors (CMT), the first for this focal area, using a
Bayesian inversion approach11–13. We obtain 64 CMT solutions for events

Fig. 1 | Tectonic overview, 2024 swarm activity, and seismicity evolution in the
Eger Rift. a Regional map showing the tectonic setting and seismic activity from
1982 to 2024. The triangles represent the seismic stations used. The Mariánské
Lázně Fault (MLF) and the Bergen Baryt Fault are marked. The recent swarm
activity in the Klingenthal–Kraslice region (red) is defined by the black box, which
includes a ±2.5 km buffer around the main cluster to account for location uncer-
tainties, especially when comparing with earlier seismicity. The most prominent
seismically active area (Novy Kostel) is also highlighted (yellow-orange). b A
zoomed-in view of the Klingenthal–Kraslice swarm, with centroid moment tensors
(CMTs) for events withMW > 1.2 (lower hemisphere projections of double-couple
components). The December 2023 activity is marked with dark red dots, while the

main swarm (March–May 2024) is shown as red dots. c Temporal variation of
seismicity (1982–2024), showing event magnitudes (ML) and composite moment
tensors for larger events from previous studies12,14 and this paper. The earthquakes
are compiled from three different catalogs: (1) Neunhöfer (1962–1997)75, (2) West
Bohemia Local Seismic Network, WEBNET (1997–2023), (3)Qseek (2023–2024), a
high-resolution catalog covering 2023–2024, obtained through machine learning
(ML)-based detection and analysismethod. The indicated regions include the recent
Klingenthal–Kraslice swarm (in red); all events located within the black box in (a),
the seismically active Novy Kostel area (yellow-orange), and off-zone events (gray)
outside these highlighted regions. The normalized cumulative moment for the
Klingenthal–Kraslice and Novy Kostel regions is shown on the right axis.
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with MW > 1.2. This approach accounts for uncertainties, providing
robust estimates of the fault characteristics (see the Methods section).
The solutions reveal the activation of a previously unrecognized fault
segment, predominantly normal faulting, with strike = 329° ± 27, dip =
60° ± 6, and rake =−62° ± 12 (Fig. 1b), aligning with the spatial extend
of the swarm, likely influenced by localized stress accumulation. This
discovery is remarkable because other earthquake swarms in the region,
such as at NK, have been dominated in the past by strike-slip and thrust
faulting (Fig. 1c)12,14. The regional variation of mechanisms and activated
faults suggests significant heterogeneity in the stress field, likely influ-
enced by transient deformation, fluid migration, and metasomatic pro-
cesses within the crust.

Swarm phases
The first micro-earthquakes occurred in December 2023, about 2 km
north of the later KK swarm center, at a depth between 10 and 11 km
(Fig. 1b). These were the deepest events in the entire sequence. After a
period of about 3 months, the swarm moved slightly south to shallower
depths and exhibited an unprecedented rate of seismicity betweenMarch
and June 2024. Since then, the activity has been greatly reduced, but
micro-earthquakes occasionally occur for a few days. Figure 2 illustrates
the spatiotemporal andmagnitude distribution of all events and the CMT
results for the earthquakes MW > 1.2, revealing two distinct temporal
phases with contrasting seismicity patterns (Figs. 2 and S2). Figure 2a
highlights the spatiotemporal distribution of events projected onto the
strike and up-dip directions. The activity starts at (0, −0.5) km and
progressively extends bidirectionally in up- and down-dip directions
(Phase I), and later radially with a central point at (0,0) (Phase II). After
2 months of activity, the distribution forms an almost circular cluster
with slight asymmetry along the strike axis.

The magnitude versus time plot in Fig. 2 reveals distinct episodic
bursts of activity. The twomain phases, Phase I and II, are marked by the
vertical dashed lines and shading. Smaller magnitudes dominate the
initial Phase I of bidirectional growth in up- and down-dip directions
along the fault until March 29, 2024, corresponding to the early stages of
fault activation. As the growth mode of the swarm becomes radial in
Phase II, larger magnitudes emerge.

Interestingly, the ratio of P- to S-wave velocity (vP/vS) reflects the
different phases (Fig. 2c). We use a double-difference Wadati method15 in
moving windows to distinguish vP/vS at the activated fault (source) and
averaged over the path between the swarm and seismic stations (regional)
(Figs. S3–S6). While the regional vP/vS remains constant at 1.7 over the
course of the swarm, the source-related vP/vS is strongly reduced in the initial
phase of the swarm and returns to background values during Phase II
(Figs. S4 and S5). Such behavior has been observed for NK swarms before
[e.g., refs. 15,16], or during dike intrusions on Reykjanes Peninsula,
Iceland17, andmay be explained by the flushing of newly formed pore space
close to the intrusion with gaseous fluids in the initial phase of a swarm,
which gradually diffuses away over periods of days and weeks.

The reduced vP/vS ratios in the early phase of the swarmcorrelatewith a
change in the relative corner frequencies, or stress drops, between earth-
quakes during Phases I and II. The low ambient noise levels observed in
Fig. S7 confirm the high signal quality at both borehole stations, enabling
reliable waveform stacking and spectral analyses presented in Fig. S8.
Earthquakes of, e.g., ML = 0.7–0.8 have smaller corner frequencies—i.e.,
lower stress drops—during Phase I than during Phase II (Fig. S8). This
analysis is based on the largest events that are available within Phase I, as
magnitudes were typically small during that phase. The same magnitude
range was also used in Phase II to ensure a consistent comparison. Both full
waveform analyses and independent spectral analyses of the P and S waves
support the consistent variations in corner frequency between the two
phases.An anti-correlation between stress drops andpore pressure has been
previously reported for the hydraulic stimulation inBasel18.While high pore
pressure, as exhibited in Phase I, can be associated with a greater con-
tribution of distributed fluid flow and co-seismic volume expansion, which
leads to slower rupture velocities, we attribute the higher corner frequencies
to the higher rupture velocities associated with dominantly shear motion
during Phase II.

Hydro-fracture model for bidirectional and
radial growth
The first occurrence of earthquakes at greater depths and the subsequent
bursts of activity and phases at shallower depths between March and June
2024 indicate that fluids rising from greater depths may have triggered the

Fig. 2 | Spatiotemporal characteristics of the swarm and CMT inversion results.
a The spatial distribution of events projected onto the strike and up-dip directions,
forming an elliptical cluster along the fault plane.MW ofmoment tensors is indicated
in the legend;ML (Qseek catalog) scale non-linear to enhance the visibility of small
events. Colors are related to the occurrence times in (b), which shows temporal
clustering andmagnitude evolution (ML for catalog events,MW for CMT solutions),

with dashed lines and background shadingmarking distinct phases linked to rupture
dynamics. c compares the regional and source volume vP/vS as a function of time.
Uncertainties are plotted as vertical bars. The dashed line indicates a reference ratio
of 1.7. The pink and yellow shaded areas indicate the first 29 days inMarch 2024 and
the subsequent 29–70 days, corresponding to Phase I and II, respectively.
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activity. The reduced vP/vS ratios in Phase I of the 2024 swarm indicate a
temporary reduction in P-wave velocities in the source region, and the
increase in corner frequenciesbetweenPhase I and II suggests that the initial
Mode I ruptureswere increasingly overwhelmedby shear ruptures.This and
the spatiotemporal patterns of the swarm phases can be discussed in the
context of pore pressure diffusion [e.g., refs. 19,20] and hydro-fracture
models [e.g., ref. 21].

Hydro-facture models have mostly been developed for controlled
injection experiments, for example, in caseswherefluids are injected into the
rock at a constant downhole pressure or flow rate from a sealed wellbore.
Few natural processes are known to generate overpressure (pressure above
normal stress on a crack or fault), the most important being geochemical
process chains during metasomatism, e.g., in the vicinity of carbonatitic
melts [e.g., ref. 22], or physical buoyancy effects in closed fracture networks
when fluids have lower densities than the host rock. Estimating the over-
pressure in natural systems at 10 km depth seems challenging at first sight.
However, if injection-like processes are observed, we can base our estimate
on laboratory experiments for buoyant fluid injections, e.g., in brittle gelatin
[e.g., refs. 23,24]. With increasing injected volume, e.g., in the fault beneath
KK, an initially penny-shaped circular fracture becomes vertically elongated
until the overpressure at its upper tip is sufficient topropagate thefluid-filled
fracture further upwards. After that, the fracture will not increase in lateral
width and will only grow upward. Therefore, the lateral width of a fracture,
together with the fracture toughness of the rock, can be used to estimate the
first-order overpressure at the tip.

The static overpressure at the tip of the 3D batch is given by
ΔP = 2r0Δρg, where 2r0 is the lateral width of the fracture, g is the gravita-
tional acceleration, Kc is the fracture toughness, and Δρ is the density dif-
ference between the fluid and the surrounding rock, which itself can be
related to Kc and r0 by [equation A2 in ref. 24, setting Pg =Δρg]

Δρ �
ffiffiffi
π

p

4g
Kc

r3=20

: ð1Þ

The volume of the fluid entrapped in a buoyant 3D fracture is V ¼
4
3 rA � 2ð1�νÞ

G
Kcr

5=2ffiffi
π

p [see appendix in ref. 24], where ν is the Poisson ratio
and G the shear modul of the host rock. The measured lateral extent of
the seismic cloud is r0 = 200m in Phase I and r0 = 900m in Phase II
(Fig. 3a, b). Assuming Kc ≈ 100MPam1/2 [e.g., ref. 25], the density dif-
ferences of the first and second phases are estimated to be 1597 kgm−3

and 176 kgm−3, respectively. For example, if the density of the deep
Eibenstock granite host rock is 2620 kgm−3 [see Fig. 5 in ref. 26], then the
fluid densities in the first and second batches are 1020 kgm−3 and
2440 kgm−3, respectively. With these density differences and the mea-
sured lateral extent, the overpressures are estimated at ≈6MPa and ≈3
MPa for Phases I and II. The values represent a minimum. They are
independent of the question of whether the injection is driven from a
self-similar, constant volume fluid batch ascending through the crust, or
built up by metasomatic processes in the contact of melt and rock. The
lower buoyancy in Phase II is also reflected in the different distribution of
events in the up-dip direction. While the distribution of Phase I is
asymmetric with a focus in the upper region (Fig. 3a), the event density in
Phase II is almost symmetrical in the up-dip direction (Fig. 3b).

In the following, we discuss hydro-fracture models and directed
pressure diffusion for bidirectional and circular growth in more detail
(Fig. 3). While hydraulic diffusion models often assume a constant per-
meability in the fracture zone, hydraulic fracture models consider the
change in permeability (crack thickness) as the crack grows. The bidirec-
tional growth model21 (Fig. 3a) is suitable when the overpressure is so large
that the mode I stress intensity factor exceeds Kc. A circular growth as
observed in Phase II occurs dominantly at low overpressure and grows by
shear motion induced by increased pore pressure, known as hydro-
shearing (Fig. 4b).

Bidirectional flow in a rectangular channel
In the bidirectional fracture model, the laminar fluid flow in the growing
crack is controlled by the (over-) pressure at the injection point, the average
half-thickness of the crack, h, the fracture toughnessKc, and the geometry of
crack growth (curvature of the crack tip line). The over-pressure at the
injection point is large at the beginning of crack growth, and drops to zero
when growth stops. In between, the over-pressure function is largely
unknown. For simplicity, we divide the pressure function into two regimes:
(1) a constant over-pressure P0 during the injection phase (constant 2D flux
Q), and zero over-pressure during after-growth. If an effective driving stress
gradient exists, unilateral growth can develop after injection.We assume an
injection line source at the center. During the injection phase, the steady-
state viscous flow is described by laminar Hagen-Poiseuille flow with total
volume flux Q and the mean velocity21

v ¼ ∓
Q2

48η
geff

� �1=3
: ð2Þ

Here, η is the intrinsic fluid viscosity and geff is the effective driving stress
gradient, defined as geff ¼ γþ ∂P=∂x ¼ γþ ðPa � P0Þ=a ¼ � 1

a ðP0�
3
4

ffiffiffiffiffiffiffiffi
π=a

p
KcÞ, where γ = Δρg is the static driving stress gradient due to

buoyancy, P0 is the injection pressure at the injection point, and Pa is the
pressure in the channel at length a from the injection point.

Although the solution represents a steady-state flow, it can be used to
approximate slow crack growth for hydro-fracture experiments. Therefore,
we assume that the hydro-fracture has a time-dependent length a that
increases with velocity v so that the laminar flow is not disturbed. Such a
process requires that the pressure at the fracture tips adjusts such that for
each instantaneous time, the stress intensity K± at the crack tips of both
wings equals the fracture toughness Kc of the rock. As shown in ref. 21, the
asymmetric growth velocity v1/2 of the twowings during the injection phase
from time t1 to t2 can be equated by

v1=2ðaÞ ¼ ± v 1 ±
g
geff

� �
with v ¼ Q2

96η
π

a
P0 �

Kcffiffiffiffiffiffi
πa

p
� �� �1=3

: ð3Þ

An intrusion associated with an injection under high, almost con-
stant overpressure that abruptly ceases leads to a seismicity front initially
growing bidirectionally with higher velocities upwards than downwards.
Then, in the so-called “bleed-off” phase, there is a one-sided growth of
the seismicity front upwards, which is accompanied by a so-called “back-
front of seismicity generation,” which only propagates upwards from the

Fig. 3 | Bidirectional and radial crack growth
models. a Bidirectional crack growth by fluid
injection with high overpressure and buoyancy, and
b radial growth under low overpressure and buoy-
ancy, leading to hydro-shearing in the tip region of
the penny-shaped crack. For a simplified analysis,
cracks are replaced by theoretical models with
constant half-width h. Crack growth is considered
quasi-static, where the crack size is associated with
the fluid or pressure front, respectively.
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center of the opening fracture. The back-front develops when the internal
pressure in the fracture re-organizes into a linear function with depth.
With further growth at the longer wing, the point of maximal opening
migrates together with the upper crack tip andmarks the seismicity back-
front behind where the Coulomb stress in the surrounding rock reduces
and no longer increases. As shown in ref. 21, the time evolution of the
back-front and the final length of the hydro-fracture are independent of
other parameters and cannot be varied.

The seismicity cloudof theKKswarmshowsduringPhase I exactly this
predicted pattern (Fig. 4a, c) and can therefore be simulated by the bidir-
ectional growth model. Our modeling results indicate an injection phase

lasting 5 days (fromMarch 16, 2024, at 19:00UTC, toMarch 22, 2024) at an
overpressure of about 6MPa (pressure above normal stress on the fault)
and Kc ≈ 100MPam1/2, followed by a bleed-off phase over 7 days until
March29, 2024.Although thefluid viscosity is difficult todeterminebecause
the fracture mechanics modeling makes simplified assumptions about
the crack opening, the modeling shows that viscosities as small as a few
Pa s are sufficient to reproduce the observed growth of the seismicity
cloud. The observed one-sided back-front agrees with the predictions.
This is a strong indication that hydro-fracturing was the dominant process
in Phase I, resulting from the intrusion of a low-viscosity light fluid into
a dense rock. As expected from thismodel, the observed earthquake density

Fig. 4 | Evolution of seismicity patterns during fluid injection phases. a Seismicity
in Phase I projected onto the fault plane, illustrating bidirectional growth.
b Seismicity in Phase II, highlighting radial growth. The inset curves in both panels
show the normalized event densities as a function of the up-dip direction. The inlet
figures at the top right of (a, b) show numerical simulations of the vertical and lateral
shape of an ascending batch of buoyant fluid with Δρ of 1597 and 167 kg/m3,
respectively. The color scale indicates the overpressure of the fluid in MPa. The

numbers indicate the static overpressure at impact, the lateral extent, and the mean
opening of the rising batch. The observed spreading of seismic events is compared
with the theoretical growth models: c bidirectional growth model, with a fluid
density difference of Δρ = 1597 kg m−3; and d radial growth model, with a fluid
density of Δρ = 167 kg m−3. Red curves indicate model predictions, showing good
agreement with observed patterns.
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in Phase I is asymmetric in the up-dip direction, with a thick bulge at the
top (Fig. 4a).

Low-pressure injection leading to radial diffusion and hydro-
shearing
In Phase II (t > 29d, March 29, 2024), the seismicity cloud continued to
grow, but now radially, starting from the upper end of the previously
fractured segment on the fault (Fig. 4b, d). Slow radial growth of a seismic
cloud is often explained by pore pressure diffusion [e.g., ref. 27], inducing
both shear and opening-mode fractures. Aseismic slip may also play a
role28–30. Diffusion models suggest a radial growth proportional to

ffiffi
t

p
,

equivalent to a radial growth velocity v proportional to r−1. In a fracturing
model, radial growth is expected when both buoyancy forces and injection
pressures are lower [e.g., ref. 31]. In terms of growth rate, the circumferential
length of the crack increases with time, in contrast to the bidirectional
growth inPhase I. Therefore, the speed of the seismicity front decreaseswith
increasing radius of the activated fault patch, even if the inflow is constant.

The pressure function from injection with pressure P0 at radius r0 and
constant total flux Q into a confined aquifer with half thickness h is
describedby theThiemequation,whereP(r)−P0 varies logarithmicallywith
radial distance lnðr=r0Þ. The functional form is similar to the problem of
radial flow between two parallel disks. Using the same concept of a quasi-
static growth of the fractured, penny-shaped area on the fault, growing
together with the pressure front, and considering the stress intensity factor
of a penny-shaped crack, the radial growth velocity can be described by

vðrÞ � Q2

12π3η

ðr � r0Þ
r4 ln r

r0

P0 �
π

2
Kcffiffiffiffiffi
πr

p
� �" #1=3

for r > r0: ð4Þ

Note that the total flux has a unit of m3/s. The time needed to fracture a

radius r is calculated by the integral tðrÞ ¼ Rr
0
1=vðr0Þdr0. The expected

velocity is proportional to ðr � r0Þ=ðr4 lnðr=r0ÞÞ
� �1=3 � r�4=3, which is

similar to the predictions of pore pressure diffusion.

Our modeling shows good agreement with the observed growth of the
seismicity cloud in Phase II (Fig. 4d), if a lower injection pressure of about
3MPa and Kc ≈ 100MPam1/2 are used. The radial instead of bidirectional
growth is explained by a higher density of the inflowing fluid. This, together

with the lower injectionpressure, could also explain thatno significant back-
front is observed after the inflowhas stopped, contrary to borehole injection
experiments [e.g., ref. 32]. The injection under low overpressure predicts a
symmetrical event density around the center in the up-dip direction, as
observed (Fig. 4b).

The role of magmatic fluids in driving swarms—
discussion
Swarm activity also occurred in the KK region in 1897, exhibiting multiple
phases and similar source mechanisms to the 2024 sequence, allowing for a
meaningful comparison between the two swarms (Fig. S9). The recent KK
swarm sequence began with initial events in December 2023, preceding the
main activity by 3 months. These earthquakes were located approximately
1 km deeper and 2 km north of the subsequent swarm activity, which
intensified onMarch 16, 2024. During the first 5 days of themain activity, a
high rate of small-magnitude earthquakes indicated the injection of low-
density fluids into a pre-existing normal fault, with bidirectional fracture
growth over a lateral width of 400m and a vertical length of about 1.1 km.
According to ourmodeling, the initial overpressure was about 6MPa. After
the cessation of injection, the fracture continued to grow upward in the fault
by about 100m for 7 days, where a back-front of ceasing seismicity devel-
oped behind the upper seismicity front. This asymmetric pattern strongly
supports the injection of light fluids with an estimated density of around
1020 kg/m3, assuming a density of the granitic host rock of 2620 kg/m3 26.

Thepressurizationof the fault couldbe explainedbydifferentprocesses
accumulating CO2. For instance, a buoyancy-driven fracture could have
arrived (Fig. 5), originally formed from the degassing of carbonatiticmelts at
great depth or during ascent. Alternatively, pressurization could have
formed bymetasomatic processes close to the fault when carbonatitic melts
interact with host rocks [e.g., ref. 33].

The filling of pore space by CO2 or water could eventually explain
the suddendecrease in vPwhile vS remains less affected.However, very small
vP/vS ratios below 1.4 indicate possible vaporization of fluids associated
with an expansion of pore space. Because CO2 is in a supercritical state at a
depth of 10 km, only the water component can eventually vaporize (Fig. 6)
in the region of the crack tip cavity where tensional suction forces can
become extremely large if the host rock pore space is undrained34. Dis-
tributed hydro-fracturing and brecciation in the aurora of carbonatitic
intrusions can be violent [e.g., ref. 22] andmay play a role. Such zones have
been highlighted by a reduction of gravity and low vP

35. Fracture-induced

Fig. 5 | Sketch of a subsequent cyclic intrusion into
a pre-existing fault, inducing the KK swarm. The
smaller batch with volume V1 (Phase I) arrives first,
with a larger overpressure ΔP1. The batch with
volumeV2 feeding Phase II of the swarm has a larger
lateral size 2r1 and a smaller overpressure ΔP2.
Estimated parameters and literature values for the
density and viscosity of CO2 (see supplementary
material) and carbonatitic melt [e.g., ref. 76] are
given in the upper and lower table on the left,
respectively. Both the small overpressure in Phase II
and the small density-related buoyancy facilitate
hydro-shearing in the fault zone, triggering larger
earthquakes.
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anisotropy may also affect vP/vS, but studies on this topic are beyond the
scope of this article.

AfterMarch29, 2024, the swarmexperienced a secondphaseof activity
in which it grew radially within the fault to a radius of about 950m, starting
at the upper end of the seismicity in Phase I. A backfront similar to Phase I is
not observed. Because of this changing pattern, the arriving buoyancy-
driven fracture must have had different fluid properties and thus different
dimensions. Using a similar modeling approach as before, we estimate an
initial overpressure during Phase II of only 3MPa and a fluid density of
about 2440 kg/m3. This indicates that after the injection of CO2, a heavier
melt or melt brine flowed into the fault (Fig. 5). During this phase, the
earthquakes became larger and the corner frequency of their rupture
increased, indicating that shearing was more prominent than opening. The
lower injection pressure could explain why hydro-shearing became domi-
nant [see ref. 36, for mechanism]. A more detailed analysis of the source

spectra and corner frequencies could support these interpretations, but this
lies outside the objectives of the present study.

To date, a number of alternative models have been proposed for the
Vogtland region. Purely tectonic models based on the interaction of fault
networks [e.g., refs. 37,38]havenowbeen ruledout, asmodern geodetic data
show only minor tectonic deformations, difficult to explain, repeating
swarms. Proposals that the swarms are triggered by exogenous environ-
mental factors can also be ruled out39. Most proposals assume transients of
CO2 flow, sometimes linked to so-called valve mechanisms in fault zones
[e.g., ref. 40]. Decades of extensive measurements in Vogtland region
mofettes show thatflow transients can be triggered by differentmechanisms
and are therefore difficult to interpret [e.g., ref. 41]. A possible problemwith
the flow-controlled valve model is that already small volumes of CO2 are
sufficient to build up the excess pressure to reopen sealed fault patches,
making it difficult to explain month-long swarms alone. However, detailed

Fig. 6 | CO2 and H2O: P–T diagrams, density, velocity, and viscosity. Phase diagrams (P−T) of the state of pure CO2 (a) and H2O (c) are plotted together with estimated
density ρ, P-wave velocity vP, and viscosity η of CO2 (b) and H2O (d) along a depth trajectory from 0 to 10 km (dotted green line).
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analyses show that the swarm patterns result from a combination of fluid
intrusion and earthquake interactions driven by co- and postseismic stress
transfer, which can explain their duration42–44. Similarly, CO2 alone, which
is light and tends to move upwards, cannot explain the incremental
growth of the NK swarms in about 9 km depth horizontally over the length
of more than 20 km since 1985, if not an unbroken sealed layer is
assumed at approximately 7 km depth. Although we cannot rule out that
previously suggested processes, such as CO2-driven pore-pressure diffusion
in combination with earthquake-induced stress changes and rheological
boundaries or fault complexity, might also explain the observations, our
suggested model provides a straightforward and comprehensive explana-
tion for the observed rapid bidirectional and radialmigrationphases and vP/
vS changes.

Massive CO2 emissions at mofettes and springs extend over an area of
60 × 40 km2, including the locations of different swarms.Helium isotopes in
springs indicate that the CO2 is mantle-derived, facilitated by the upwelling
andmagmatic underplating45. Mantle xenoliths from the tephra deposits in
maars indicate that alkaline melts intrude at depths of 45–25 km46,47, which
is a favorable condition for the development of light and low-viscosity
carbonatitic melts during ascent. Suchmagmatic processes at Moho depths
have long lifecycles, which could also explain the persistent occurrence of
swarms, including the reactivation of the KK swarm after a hundred years.
Some previous studies suggested thatmelts were present at the depths of the
swarms. This is supported by geological maps that indicate that earthquake
swarms occur predominantly close to oldmagmatic intrusions [e.g., ref. 48].
Reference31 studied the aspect ratio of the seismicity cloud of individual
swarms beneath NKC and suggested that melts and CO2 separate during a
swarm to explain both upwards and lateral/downwards migration of
earthquakes. The analyses estimated a mean overpressure during the later
phase of a swarm in 2000 to be around 5MPa,while a shear stress between 9
and 17MPa was effective. Other investigations of repeating seismicity
clouds yielded an initial overpressure at the beginning of the NK swarm in
2008 of 15–25MPa5.

Non-differentiated peridotitic melts [e.g., basalts/nephelinites, see
refs. 49,50] do not alignwell with our observations. They typically have high
densities, meaning large volumes of melt must accumulate in vertical
fractures before the overpressure at the tip is sufficient to cause instability
and the entire batch to ascend through the crust. These large-volume
intrusions induce relatively strong earthquakes, up to magnitude MW ~ 5,
when they penetrate the brittle part of the crust. However, our maximum
magnitudes are below MW ~ 3. Additionally, the viscosity of silicate-rich
melts may be too high for them to propagate through grain boundaries and
faults in the brittle crust to generate hydro-shearing.

This suggests that small volumes of light, low-viscosity melts have
been available in our case, from which CO2 is also released. Alkaline
or calcium carbonatites could fulfill these conditions. The rise of carbonatite
melts to the upper crust overcomes some of the limitations mentioned
above. Carbonatites have very low viscosities, similar to water, and can
therefore migrate slowly through the crust in small volumes and penetrate
grain boundaries and faults without causing strong earthquakes. Their
ascent along pre-existing weak zones or in the vicinity of existing intrusions
or plutons may explain why earthquake swarms reawaken in the same
place after a long time. Another characteristic of carbonatite melts is
that they produce CO2 and H2O during their ascent and in contact with
the surrounding rock [e.g., ref. 51]. The time scales of this interaction are
not fully understood, but can be violent [e.g., pneumatic jackhammer
model, ref. 51] as networks of hydraulic fractures and breccia zones
are documented in fenite deposits in the volume around carbonatitic
intrusions.

Melt-rock interaction and the related hydrothermal systems may
lead to the formation of ores and minerals, which have been mined for
centuries in the Vogtland and close to Klingenthal. For example, the KK
swarm is located on the border of the Eibenstock granite pluton, which
covers an area of more than 30 km2, on the edge of which feldspar, barite,
and apatite were mined52.

Conclusions
Magmatic fluids in the NWBohemia/Vogtland swarm region develop and
accumulate in the upper mantle and at the crust-mantle boundary. When
such deep reservoirs evolve and become unstable, the lower-density melts
and fluids may separate and rise further through the crust. When these
magmatic fluids encounter the brittle-ductile boundary and interact with
pre-existing fault zones, seismic swarms can occur.

Our analysis suggests that the 2024 Klingenthal–Kraslice earthquake
swarm—the first significant seismic activity in the area in over 125 years
—was driven by such fluid-fault interaction, providing a concrete
example of mantle-derived, carbonate-rich fluids interacting with bed-
rock at the brittle-ductile boundary. This interaction caused 3 months of
intense earthquake activity, activating a previously unidentified normal
fault at a depth of 10 km. The swarm underwent an unexpected evolution
from vertical bidirectional growth to radial growth of the seismic cloud
over a period of 70 days. The vP/vS ratio in the source region decreased
significantly during bidirectional growth. Source spectra also indicate a
different fracture mode during this phase.

The spatial and temporal evolution of the swarm could be modeled
using a hydro-fracture model that provides constraints on overpressure,
viscosity, and density of the injected fluids. The first phase, which lasted
5 days and involves bidirectional vertical growth, is characterized by very
low viscosity and an overpressure of about 6 MPa associated with a higher
buoyancy force in the intruding fluid batch of a volume of about 320m3

ascending from below. This indicates a high H2O or CO2 content with an
average density of about 1040 kg/m3.

During the second phase of radial growth, the density difference
between the intruded fluids and the host rock decreases, which can be
explained by the influx of melt or melt brine with a density of about
2440 kg/m3 but still a very low viscosity. Although the estimated intruded
volume is larger at about 13,700m3, the realized overpressure is smaller at
only about 3MPa, favoring hydro-shearing events and generating
earthquakes of magnitude greater than 1.2. Carbonatitic melts would
explain such parameters.

Our study exemplifies how seismicity patterns can identify sequential
injections of light CO2 and melt-brines of very low viscosity and with
densities much smaller than that of the host rock in 10 km depth. We
propose that theNWBohemia/Vogtland swarm region is an areawhere the
ascent of low-viscosity melts into the upper crust, as well as the metaso-
matism and fenitization of carbon-rich melts, can be studied as they
develop today.

Methods
Earthquake detection and localization
We generated the earthquake catalog using Qseek, an automatic
waveform-based earthquake detector and locator, as detailed in ref. 53.
Qseek combines seismic phase arrival annotations provided by neural
network phase pickers and waveform stacking with an efficient adaptive
octree search. The resolution of the search volume is iteratively refined
toward the seismic source location, enabling fast and accurate detection.
The local magnitude was calculated using the formula from ref. 54.
Moment magnitude calculations from peak ground motions are
included55. Location accuracy is further enhanced by incorporating
station-specific corrections (SST) and source-specific station terms
(SSST). Themethod has been validated for multiple large seismic datasets
across various regions and geological settings53,56.

Methods implementing SSST can achieve relative locations similar to
double differencemethods [e.g., refs. 57,58]. In our case, SSSTswere derived
from a regional application ofQseek to NWBohemia and Vogtland for the
years 2018 to 2024, including the KK swarm. The waveform attribute
stacking approachwith static station correction terms, a preliminary version
of the Qseek approach, was directly compared to a high-resolution double
difference relative location applied to a NWBohemia earthquake swarm in
2008 using stations fromWEBNET59. Results showed very comparable high
precision relative and absolute locations,where data errorswere in the range
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between 0.2 and 0.5 km. Compared to 2008, the density and coverage of
stations have significantly improved, so we estimate that the uncertainties
from the updated Qseek application are in the range of 0.1 km.

The seismic catalog was created using the local velocity model from
ref. 60, a modified model version in ref. 61. Waveform data were sourced
from three borehole arrays (1D.LWS00, 1D.TIS00, 1D.STC00) of the ICDP
(Drilling the Eger Rift) Eger Virtual Network62, along with surface stations
operated by WEBNET54,63, SXNET64, TSN65, and BW66, as described in the
Data Availability section.

Centroid moment tensor inversion
We appliedmoment tensor inversion to earthquakes withMW > 1.2 for the
2024 KK swarm (Fig. 1) using a joint inversion of waveform and first
motions56. Uncertainties were estimated using a Bayesian bootstrap
approach implemented in the open source software Grond67, which com-
bines non-linear inversion and bootstrapping.

The source model parameterization includes centroid location, depth,
time, moment tensor components, and optional source duration. Green’s
functions (GFs) were precomputed using Qseis68 for a sampling rate of
100Hz, covering distances of 0–80 km and source depths of 7–13 km with
100m spacing, based on the velocity model of ref. 60. Theoretical travel
times and phase polarities were calculated using the Cake tool69. The
inversion minimizes the L1 norm misfit between observed and synthetic
data70, balancing weights for signal amplitude, source-receiver distance,
phase type, and data type.

Waveforms were inverted in time windows of ±0.25 s around P- and
S-wave arrivals in the time domain, with shifts of ±0.15 s allowed for
synthetic traces. Approximately 4000 manually verified P- and S-wave
arrivals were used, with a frequency range of 1.0–3.0 Hz. After 100,000
iterations, 64 earthquakes with robust centroid locations, low misfits, and
sufficient azimuthal coverage were selected for further interpretation
(Fig. 1). Full waveform fits are available as online reports and interactive
web-based visualizations (see “Data availability section”).

Temporal changes in vP/vS ratios in the swarm volume
The double differenceWadati method was developed by ref. 15 to estimate
temporal changes of γ = vP/vS in the source region of an earthquake swarm.
The traditionalWadati diagramuses the arrival time difference between the
S- and P-waves, tS−tP plotted over tP, for all stations recording the event,
which linearly depends on γ and the origin timeof the event.Averaging γ for
many events provides an average ratio for the crust beneath the seismic
network.

We use time differences between P-wave arrivals at each station for
pairs of events. Events are described as point sources. The same applies to
S-wave arrivals. These double differences are sensitive to velocity changes
between the different sources, as effects between the swarm and the stations
are canceled out. The challenge of the double differenceWadati approach is
to have precise pick times, TP and TS, with accuracies of 4 or 8ms,
respectively, in order to resolve variations in arrival time differences over a
path length of 1–2 km. In our case, we take advantage of the 250Hz sam-
pling rate on all WEBNET stations. Note that borehole chains in Tisova
(1D.TIS00), Landwüst (1D.LWS00), and Studenec (1D.STC00) samplewith
400 or 1000Hz.

The theory and inversion approach is described in ref. 15, where the
following equations are minimized,

k TSij � γTd
Pij � δi k isminimal ð regional ratioÞ

k ΔTSlj � γlΔT
d
Plj � Δδl k isminimal ð source region ratioÞ;

whereTSij andTPij are S andPwave arrival times at station j fromevent i,Td
Pij

is the event-wise demeaned P arrival time. δi is a constant that can be
estimated for each event. The symbol Δt refers to arrival time differences.
The index l refers to unique permutations of event pairs. The minimum is

found from a grid search over possible values of γ, where an L1 norm was
implemented.

We only considered earthquakes within a 23 km3 cube centered on the
swarm thatwith at least 14 accurate pickswithprobabilities greater than 0.8.
Stations with a TS−TP difference of more than 4 s and outliers with a
deviation of more than 0.05 s from the Wadati curve in a regional (con-
ventional) Wadati plot were removed. We also ensured a systematic input
dataset by selecting a set of stations that consistently providedpicks for every
included earthquake. We tested different station ensembles. Stations from
which rays emerge perpendicular to the fault result in very small (or zero)
arrival time differences for event pairs and are therefore not suitable for
studying velocity ratios. Those associated with rays along the activated fault
produced larger arrival timedifferences that exceeded the pick accuracy.We
tested different ensembles of stations. While the general result and trend in
vP/vS remained unchanged, themost convincing examples involved stations
located approximately 15 km from the sources. We ultimately employed
stations WB.LOUD, SX.WERN and SX.WERD for the analysis (see
Figs. S1 and S3–S6). Uncertainties of vP/vS in Fig. 2c represent standard
deviations estimated from the least squares of residuals.

Phase diagrams of CO2 and H2O
The phase diagram of CO2 is of particularly interesting for reconstructing
density and compressibility as a function of depth and temperature and
identifying areas where CO2 andH2O undergo phase transitions that could
potentially lead to pressure build-up. Figure 6 shows projections of the state
of CO2 and H2O in a P-T plane, and the density ρ and P-wave velocity vP
along a linear P-T path in the crust from 0 to 10 km depth. Phase diagrams
were calculated from refs. 71,72. Density and velocities have been cross-
checked against NIST Standard Reference Database 69 for thermophysical
properties of fluids73.

At 10 km depth, the ambient pressure is in the range of 270MPa and
the temperature is about 580 K. CO2 is clearly in the supercritical domain
and behaves like afluidwith a density of about 1000 kg/m3. In contrast,H2O
in 10 kmdepth is in thefluid state in the subcritical domainandhas adensity
of only about 900 kg/m3. While the density of CO2 continuously decreases
when ascending through the crust (Fig. 6b), the density of water increases
(Fig. 6d). The self-expansion ofCO2 would increase the volume of a batch of
constant mass ascending through the crust, and the increase in vertical
lengthof the batchwould additionally increase the overpressure at theupper
tip of the self-similar fracture. Both could lead to an accelerated ascent, as
long as the lithostatic pressure gradient is constant. In contrast, a batchfilled
with H2O would not necessarily accelerate as the volume and tip over-
pressure both would decrease along the ascent path. If CO2 andH2Owould
co-exist in the same fracture or fault, CO2 would move downward while
H2Owould be pushed upward to 10 kmdepth. In a depth of 6 kmor less, an
opposite behavior is predicted, and CO2 would lie on top of the water
column.

Data availability
The seismic data used in this study are available through the FDSN data
center network under the following codes: 1D (Longterm monitoring of
swarm earthquakes in the western Eger rift, https://doi.org/10.14470/
6Q705117), operated as part of the International Continental Scientific
Drilling Program (ICDP); TH (Thüringer Seismologisches Netz - TSN,
https://doi.org/10.7914/SN/TH), operated by Friedrich Schiller University
Jena, Germany; SX (SXNET - Saxon Seismic Network, https://doi.org/10.
7914/SN/SX), operated by theUniversity of Leipzig; BW(BayernNetz - BW,
https://doi.org/10.7914/SN/BW), operated by the Bavarian Seismological
Network, Germany; GQ (German Strong Earthquake Network), operated
by Federal Institute for Geosciences and Natural Resources (BGR), Ger-
many. The seismic data from the ICDP-EGER virtual network are archived
at GFZ Data Services (https://doi.org/10.14470/SN852091) and can also be
accessed through the virtual network. The fault inventory in Fig. 1 is
compiled from three different sources: (1) Bayerisches Landesamt für
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Umwelt - LfU Bayern (https://www.lfu.bayern.de/gdi/wms/geologie/
dgk25), (2) Sächsisches Landesamt für Umwelt, Landwirtschaft und Geo-
logie (https://www.geologie.sachsen.de/artus-2-aktive-stoerungszonen-
27587.html), and (3) Czech Geological Survey (https://cgs.gov.cz/en/
maps-and-data/web-services). Waveform data used in the moment tensor
inversion and the seismic catalog produced in this study can be found at the
Zenodo repository (https://doi.org/10.5281/zenodo.17703774). The online
reports of the results of each earthquake resolved by moment tensor
inversion (e.g., waveform fits and uncertainties) can be accessed inter-
actively via the following link: (https://data.pyrocko.org/publications/
grond-reports/2024-klingenthal). The earthquake detection and localiza-
tion frameworkQseek can be found under the link (https://pyrocko.github.
io/qseek). The probabilistic source inversion method with the Grond fra-
mework is available at the link (https://pyrocko.org/grond) under the Pyr-
ocko environment (https://pyrocko.org). The maps are prepared using the
PyGMT (https://www.pygmt.org), GMT (ref. 74), Python (http://www.
python.org), Matplotlib (https://matplotlib.org) visualization packages and
QGIS software (https://www.qgis.org).
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