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Stealthy magma system behavior
at Veniaminof Volcano, Alaska
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Although Veniaminof Volcano in Alaska experiences frequent eruptions and
has eight permanent seismic stations, only two of the past 13 eruptions
have had precursory signals that prompted a pre-eruption warning from the
Alaska Volcano Observatory (AVO) since 1993. Seismic data from Venianimof
indicate that most eruptions from 2000 to 2018 do not coincide with increased
seismicity. Additionally, analyses of InSAR data available from2015 to 2018which
covers the pre-, syn-, and post-eruption periods of the 2018 eruption do not
show clear signs of deformation. The systemic lack of systematic precursory
signals raises critical questions about why some volcanoes do not exhibit clear
unrest prior to eruption. Volcanoes that erupt frequently without precursory
signals are often classified as “open” systems with magma migrating through an
open network to eruption, rather than pausing at a shallow reservoir. However,
the precursory signals, or lack thereof, from a small or deep closed magma
systemmay be difficult to observe, resulting in a stealthy eruptionmimicking the
behavior of an open system. In this study, we utilize finite element, fluid injection
models to investigate a hypothetical closed magma system at Veniaminof and
evaluate its ability to erupt with no observable early-warning signals. Specifically,
a series of numerical experiments are conducted to determine what model
configurations lead to stealthy eruptions – i.e., producing ground deformation
below the detection threshold for InSAR (<10 mm) and developing no seismicity,
yet resulting in tensile failure which will promote diking and eruption. Model
results indicate that the primary control on whether eruption precursors from
deformation and seismicity will be present are the rheology of the host rock and
the magma flux, followed by the secondary control of the size of the magma
chamber, and then its depth and shape. Volcanoes with long-lived thermally
mature magma systems with moderate to small magma reservoirs are the most
likely to exhibit stealthy behavior, with the smallest systems most likely to fail
without producing a deformation signal. This result is likely because small,
deep magma systems produce minimal surface deformation and seismicity.
For stealthy volcanoes like Veniaminof and others in Alaska (e.g., Cleveland,
Shishaldin, Pavlof) and around the world, understanding the underlying magma
system dynamics and their potential open vs. closed nature through numerical
modeling is critical for providing robust forecasts of future eruptive activity.
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1 Introduction

Volcano monitoring and forecasts are crucial to evaluate and
mitigate the potential risks and socioeconomic impacts of volcanic
activity. Seismicity, ground deformation, and gas emissions are
commonly used as precursory signals and play a critical role
in providing early warning of volcanic activity and impending
eruption (e.g., Segall, 2013; Voight et al., 1998). However, sometimes
observations of deformation and/or increase in seismic activity
do not correlate with the timing of eruptions (Biggs et al.,
2014; Roman and Cashman, 2018). Evaluating volcanoes that
lack eruption forecasting signals is necessary to understand the
characteristics of stealthy magma systems and develop strategies to
mitigate their impacts. Veniaminof, an active caldera system on the
central Aleutian Arc of Alaska, exhibits the characteristics of these
stealthy eruptions (Figure 1). Although Veniaminof experiences
frequent eruptions and currently has eight permanent seismic
stations, only two of the past 13 eruptions since 1993 have had
precursory phases that prompted a pre-eruption warning from the
Alaska Volcano Observatory (AVO; Cameron et al., 2018). Previous
research has indicated several hypotheses for why a volcano may
erupt without warning, including: magma reservoirs that are too
deep to create detectable inflation signals during magma recharge
and the migration of eruptive products from a deep mid-crustal
reservoir that only transit through the shallow magma storage
systems (Grapenthin et al., 2013); magma flux that is below the
detectible level; and open volcanic systems that have open vents
and frequent degassing resulting in a lack of detectable pre-eruptive
ground uplift precursors (Chaussard et al., 2013; Biggs et al.,
2014). However, the spectrum between open-vent and closed-
system unrest is likely not dichotomous but rather relative, with
volcanoes experiencing variations between open and closed modes
of unrest (Rose et al., 2013; Acocella et al., 2023). Well-recognized
open-vent volcanoes such as Villarrica (Chile), Stromboli (Italy),
and Galeras (Colombia) may represent archetypal cases. In contrast,
Veniaminof may occupy a position that incorporates elements of
both models. The precursory signals from a small or deep closed
magma system may be difficult or impossible to distinguish from
open vent unrest, as both result in eruptions without observable
precursors.

The goal of this study is to investigate the magmatic processes in
closed systems that lead to stealthy eruptive behavior characterized
by the absence of seismicity (i.e., shear failure) and observable
ground deformation, while still resulting in tensile failure leading to
dike initiation and eruption. In other words, we aim to investigate
how a closed magma system may behave in a way that mimics
open system unrest. We use seismicity and ground deformation
observations from Veniaminof in conjunction with finite element
method (FEM) modeling (Le Mével et al., 2016; Gregg et al.,
2012) to address specific questions regarding volcanic activity that
does not produce precursory signals of an imminent eruption:
1) What magma system parameters have the greatest effect on
observable eruption precursory signals? 2) What parameters are
necessary to trigger stealthy eruptions from closed magma systems?
3) What do these findings indicate about the magma system at
Veniaminof–such as the associated inter-eruptive behavior, the
stability of the system, and its potential for eruption? Axisymmetric,
2D fluid injection models are utilized to identify the configurations

that produce ground deformation signals below the detection
threshold of InSAR (<10 mm) and no seismicity, while requiring
a minimum magma flux needed to produce tensile failure and
drive eruption. Elastic models with non-temperature-dependent
and temperature-dependent rheology are applied to Veniaminof
Volcano to evaluate the overall effect on observation of seismicity
and ground deformation. To constrain the cases that result in
stealthy eruptions, ones that occur without visible precursory
signals, our particular focus is the effects of parameters such
as the size, geometry, depth of the magma chamber, and the
flux of magma injecting into the conduit and chamber, on the
displacement, tensile rupture, and Mohr-Coulomb failure related
to the observable precursor signals of InSAR deformation and
seismicity.

2 Geologic background

Mt. Veniaminof is an ice-clad, basalt-to-dacite stratovolcano
located on the Alaska Peninsula, ∼750 km southwest of Anchorage
(Figure 1). It is one of the largest caldera-forming volcanoes
of the Aleutian arc and is comprised of a 10 km diameter
caldera surrounded by 600 m wall scarps formed during caldera-
forming eruptions 3.7 kya with an estimated volume of ∼350
km3 (Miller et al., 1998; Bacon et al., 2007). Veniaminof is one
of the most active volcanoes in the Aleutians and has erupted
at least 15 times in the past 200 years from the intra-caldera
cone (∼300 m in height). Eruption compositions are primarily
basaltic to basaltic andesite, resulting in the formation of minor
tephra deposits and small lava volume effusive flows mostly within
the boundaries of the caldera (Loewen et al., 2021). Veniaminof
is surrounded by extensive pyroclastic-flow deposits from two
Holocene caldera-forming eruptions, nine kya and 3.7 kya, and lahar
deposits (Miller and Smith, 1987; Bacon et al., 2007). Historical
eruptions have produced small-volume basaltic to andesitic deposits
from an intra-caldera cone, while the post-3.7 kya dacitic pumice-
fall deposit represents explosive silicic eruptions (Fournier and
Freymueller, 2008; Bacon et al., 2007). Previous work indicates that
the subsurface magma system of Veniaminof consists of a shallow
reservoir comprised of a region of segregated felsic magma on
top of a crystal mush column where basaltic magmas occasionally
intruded (Bacon et al., 2007). The observation of anhydrous
phenocryst assemblages and whole-rock geochemistry indicates a
dry, reduced, and high-temperature magmatic system (Miller and
Smith, 1987).

Since the 1830–1840s, 19 eruptions have been documented
(Waythomas et al., 2022), with most occurring without clear
early warning, such as the 2004, 2005, 2006, and 2008 eruptions,
which were classified as “detect only” by the Alaska Volcano
Observatory (Cameron et al., 2018). The most recent eruptions
in 2021 and 2018 also lacked distinct precursory signals. The
2021 eruption (VEI 1) was not detected until 3 days after its
onset, when sulfur dioxide emissions were observed, followed
by increased surface temperatures, an ash cloud, and an ash
plume from Cone A, which consisted of small explosions and
minimal lava effusion within the glacial melt pit 1 km east of Cone
A (Waythomas, 2021; Smithsonian Institution Global Volcanism
Program, 2021; Orr et al., 2024). While the 2021 eruption has
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FIGURE 1
Veniaminof Volcano located in the Aleutian Arc, Alaska. (A) Coastline map of the volcanoes of Aleutian Arc. Red box represents the location of (B). (B)
Topographic map of Mt. Veniaminof showing its summit (red triangle) and the locations of eight permanent seismic stations maintained by AVO
(yellow squares).

not been analyzed in detail, recent investigations of the 2018
eruption provide insights into the magma system. In fall of 2018,
a relatively long-duration eruptive event occurred (VEI 2), lasting
from September 4th to December 27th 2018. The strombolian
eruption generated a lava flow 800 m long, and minor ash emissions
(Smithsonian Institution Global Volcanism Program, 2021). From
September to December, the explosivity of the eruption increased
producing a continuous ash plume of 400 km on November 21st
(Loewen et al., 2021). In addition to the observation from the
local seismic networks and satellite images, tephra and lava flow
samples have been collected (Wallace et al., 2020; Loewen et al.,
2021). Preliminary analyses, including glass geochemistry and
whole-rock studies, indicate basaltic andesite products initiating
from ∼16 km depth with consistent compositions throughout
the eruption period (Loewen et al., 2021). While 2018 eruption
exhibited low-level volcanic tremor, slight surface temperature
increases, and minor steam emissions immediately before its onset,

these signals resembled past non-eruptive unrest and occurred too
close to onset for reliable warnfing (Waythomas et al., 2022).

Changes in seismicity rate can be a precursory signal of
imminent eruption. However, Veniaminof eruptions during
2000–2021 either mismatch changes in cumulative seismicity or
have no concurrence with rapid increases in seismicity (Figure 2;
Power et al., 2019). Additionally, several increases in seismicity
occurred between 2008 and 2013 and no eruptions occurred
during this 5-year period. Changes in the cumulative seismicity
may correspond with eruptions in 2004, 2008, and 2015, but
there is a dearth of shallow earthquakes. Overall, the number of
the shallow earthquakes associated with volcanic unrest/eruption
at Veniaminof is minimal. These observations indicate that
seismicity is not a reliable precursory signal for Veniaminof
eruptions, leading to the question of whether Veniaminof is an open
system (e.g., Chaussard et al., 2013) or a closed, stealthy magmatic
system. To determine the dynamics underlying Veniaminof ’s
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FIGURE 2
Earthquake hypocenters from 2000 to 2021 near Veniaminof Volcano, Alaska. (A) Earthquake epicenters within 20 km of the summit color coded by
magnitude. (B) Longitude versus hypcentral depth. The red triangle indicates the location of the Veniaminof summit. (C) Hypocentral depth versus time
and cumulative number of located earthquakes (red line). Green regions indicate eruptive periods. Most eruptions between 2000 and 2021 are not
proceeded by increased earthquake activity, while no eruptions between 2008 and 2021 occurred when several increases in earthquake activity were
detected. (Power et al., 2019 and personal communication from Power, J.).

activity additional characteristics of its magma reservoir must
be examined.

3 Methods

3.1 Persistent Scatter SAR interferometry
(PS-InSAR)

To observe the spatiotemporal evolution of the ground
deformation before and throughout the 2018 Veniaminof
eruption (September to December 2018), Persistent Scatter SAR
Interferometry (PS-InSAR) (Ferretti et al., 2000) was applied on
the Sentinel-1 data from 2015 to 2018. The summer data (June to
October) are selected for each year to obtain the best coherence
between images, as the images are impacted by the ice and snow
coverage at the caldera of Veniaminof. The SAR images are C-
band (wavelength = ∼5.56 cm) Single-Look-Complex (SLC) Level
1 products of Sentinel-1A from ascending tracks, using IW swath
mode with VV polarization and incidence angle 20°–46°.

StaMPS was used to perform time-series analysis of the SAR
acquisitions (Hooper et al., 2004; Hooper, 2006; Hooper et al.,
2007; Hooper et al., 2007; Hooper, 2008). The topographic
phase was removed from the interferograms with Shuttle Radar
Topography Mission (SRTM) one arc-sec (30 m) data. Orbit error
and atmospheric phases were estimated and subtracted from
differential interferograms during the StaMPS processing.

3.2 Finite element methods

To investigate host rock stability in response to the ground
deformation caused by inflation of magma chamber, we use
a thermomechanical Finite Element Method (FEM) modeling
approach. We build upon previous numerical experiments
(Gregg et al., 2012; Grosfils et al., 2015; Le Mével et al., 2016;
Gregg et al., 2018) utilizing COMSOL Multiphysics 6.0 to model
an inflating magma reservoir at Veniaminof Volcano (Figure 3).
The COMSOL modules utilized in this investigation include Heat
Transfer Module, Fluid Transfer Module, Nonlinear Materials
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FIGURE 3
Finite element method (FEM) model set up for Veniaminof. The fluid injection approach of Le Mével et al. (2016) is modified to investigate the magma
system at Veniaminof and its ability to erupt with no geophysical precursors. An axisymmetric 2D model is set up with side and bottom roller
boundaries and the free boundary on surface, including the approximate topography of Veniaminof volcano. Magma intrudes upward from a
deep-seated source (>13 km) via a conduit into a shallow reservoir. Volumetric growth of the magma chamber is caused by the magma injection. All
the following displacement results (Figures 5–7) are taken as the edge of the caldera (yellow dot in this figure).

Module, and Structure Mechanics Module. The fluid-structure
interaction, time-dependent model was constructed following
the setup of Le Mével et al. (2016), to solve for temperature,
mass transport, and stress and strain in response to magma
flux into a shallow reservoir (see Supplementary Tables 1, 2 for
a list of parameters and variables). Outputs from the numerical
experiments provide constraints on the failure behavior of the host
rock surrounding a reservoir.

The 40 by 16 km two-dimensional model space is constructed
with a symmetrical central axis, roller boundary conditions are
implemented along the side and bottom, and the ground surface is
free boundary including an approximate topography of the edifice
and caldera of Veniaminof (Figure 3). An existing magma reservoir
is assumed with a connecting conduit to accommodate magma
transporting from a deeper source (>13 km). The initial magma
reservoir is varied in size from 1–6, with Size one being the largest
volume and Size six being the smallest, and shape (spherical, oblate,
and prolate ellipsoids). The surrounding host rock is modeled
as a linear elastic material. For additional details of the model
implementation please see the Supplemental Methods.

4 Results

4.1 InSAR-derived ground deformation

The time series of observed ground deformation from summer
2015 to 2018 (before and during 2018 eruption) covering the area of
volcano edifice of Veniaminof generated by PS-InSAR are provided
in Figure 4. The line of sight (LOS) displacements are in the range
of ±3 cm including motion towards the satellite (uplift) and away
from the satellite (subsidence). The time series deformation results
at each coherent pixel were presented in Supplementary Figure A.1.
The uplift and subsidence of a deforming volcano are considered

to be the result of the movements of subsurface magma related to
the unrest and eruption activities (Dzurisin, 2003). However, the
time series of SAR images shows no clear trend. Although our data
processing involves the removal of SAR images with high noise, the
displacement signals are still ambiguous, and suggest the signals
observed in these images are likely due to the atmospheric effects.
This lack of an observable volcanic ground deformation signal
may indicate that the inflation signal caused by volcanic activity is
being masked by the atmospheric effects and below the detection
threshold. The detection threshold depends on number of SAR
images (more images generate less uncertainty), the atmosphere
condictions and topography of the study area, and the algorithms
of InSAR approaches (Hanssen, 2001). In the case of Veniaminof,
1–2 cm is the approximate uncertainty of displacement. That is to
say, if the precursory signal of inflation prior to the 2018 eruption
is below this threshold, a clear trend may not be visible in the
time series. Additionally, ground deformation at Veniaminofmay be
masked by the glacier located in the center of Veniaminof ’s caldera.
In this study we seek to link observations of ground deformation
based on the ongoing InSAR data with seismicity to evaluate the
stealthy nature of Veniaminof to determine the nature of its magma
system that is evolving below the threshold of seismic or ground
deformation to be observed as eruptive precursors.

4.2 Sensitivity tests in FEM-Based
simulations

The primary goal of our numerical experiments is to determine
the model configurations needed to produce stealthy eruptions
- in other words, magma system states that produce a ground
deformation signal that remains below the detection threshold for
InSAR and results in little to no seismicity (as calculated by shear
failure throughout the model space) while maintaining a minimum
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FIGURE 4
Ground deformation and velocity from InSAR time series from 2015 to 2018. (A,B) are pre-eruption (June 2015 to August 2018) and co-eruption
(September 2018 to October 2018) ground velocity maps generated by PS-InSAR. P1 to P4 are selected locations from near edge to away from edge.
The time series of ground deformation of these points are plotted in (C-F). Time series of the ground displacement (C-F) for four locations at P1, P2, P3,
and P4, respectively.

flux of magma needed to produce the eruptive volume recorded
for the 2018 eruption of Veniaminof Volcano. As with other active
systems (e.g., Katla and Grímsvötn in Iceland; subglacial volcanoes
in Antarctica; Mount Spurr and Westdahl in Alaska) the center
portion of Veniaminof is masked from deformation observations
due to summit glacier/snow. As such, modeled deformation results
are taken from the caldera rim coinciding with where the InSAR
observations are coherent.

The numerical results illustrate how observable ground
deformation and the stability of magma system are controlled by the
underlying magma reservoir characteristics including size, shape,
depth, and magma flux (Figures 5–7). First, as is to be expected,
shallowermagma chambers are associated with higher displacement
(Figure 5). Second, higher displacement is directly associated with
larger chamber sizes (e.g., Size 1 and Size 2). However, for the largest
reservoirs, there is also a dependence on the specific depth, shape,
and flux combination as Size 2 can produce slightly higher flank

displacements than Size 1 for non-temperature dependent prolate
and spherical models. Third, in most cases, oblate chambers are
predisposed to maximal displacement, in contrast to the minimal
displacements associatedwith prolate chambers.Note, the difference
between the prolate and oblate geometries may be due to the
chosen observation spot on the edge of the caldera rather than the
center of the summit. An oblate shape will generate more upward
displacement as its elongated horizontal shape extends towards the
edge, whereas prolate geometries result in greater deformation in
the center. In addition, because the deformation is calculated at
the caldera edge, the displacement does not always increase with
shallower magma chamber depths (Figure 5). For example, the
highest displacement value for oblate reservoirs is from −4 to −6 km
(Figures 5A,B). Fourth, as is to be expected, a direct correlation
exists between magma flux and displacement, with the flux rate
being the most crucial factor controlling ground deformation and
the timing of failure (Figures 6, 7). Negative values of displacements
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FIGURE 5
Magma chamber depth vs. ground deformation. Depth is to the surface of volcano edifice with summit of ∼2 km, while ground deformation is at the
edge of summit caldera (see the edge location in Figure 3) caused by inflating magma chamber. Flux is taken assumed to be 0.0507 m3/s, estimated by
the volume of volcanic products produced during the 2018 eruption of Veniaminof. Magma chamber size 1 to 6 (from largest to smallest) represents
the scenarios where the eruptible volume of the chamber is 0.16%, 1%, 5%, 10%, 20%, 50% of the overall reservoir volume (see details in Supplementary
Table 3). The yellow shaded area indicates displacement from 0 to 10 mm, the detectable threshold of Sentinel one data. The dashed line (20 mm)
marks the approximate upper limit of the detectable threshold used in Figure 7. Experiments in (A-C) assume a non-temperature dependent models,
while (D-F) assume a temperature dependent rheology. Y = yes, N = no, Sm = small, Shear = shear failure, and Tensile = tensile failure. “Tensile Y”
indicates tensile failure occurred along the reservoir or conduit in the experiment (assuming a tensile strength of 0 MPa as a conservative minimum).

(<0 mm) are generated when the flux rate is <0.01 m3/s, i.e., 0.0003
km3/yr. To visualize the relationship, Supplementary Figures A2, A3
provide additionalmodel results for flux values from 0.01 to 0.1m3/s
with steps of 0.01 m3/s to mimic the case of the flux leading up to
Veniaminof ’s 2018 eruption.

Our study indicates that the key trends apply in both non-
temperature dependent and temperature dependent rheological
conditions: 1) high flux typically leads to increased displacement
and a higher chance of tensile andMohr-Coulomb failure; 2) shallow
depth is associated with high displacement but has very little impact
on tensile and Mohr-Coulomb failure; and 3) larger chambers
usually exhibit more displacement but are less prone to cause tensile
and Coulomb failures.

5 Discussion

5.1 Factors controlling precursory
observations

Temperature-dependent models have a lower calculated
displacement and, thus, a lower likelihood of producing tensile
and shear failure. Therefore, to reach the same displacement
and threshold for failure, temperature-dependent models

require a higher magma flux rate (Figures 5, 6). Specifically,
initiating tensile failure to catalyze eruption requires a higher
flux rate than the non-temperature dependent models (i.e.,
low fluxes of 0.01 m3/s will not suffice). Figure 7 illustrates
different combination of factors and their influence on stealthy
eruptions.

1) High flux and large chamber size: high flux combined
with a large size tends to produce significant displacement,
excluding the likelihood of a stealthy eruption, although
Mohr-Coulomb failure may not necessarily be high. This
is attributed to the positive association between both high
flux and large size with displacement. In temperature-
dependent models (Figures 7B,D), a flux of 0.10 m3/s with
large chamber size remains stealthy, and observable eruptions
are beyond the plotted range due to the temperature-
dependent rheology shifting the upper flux limit for stealthy
eruptions rightward.

2) High flux and small chamber size: this combination typically
results in high Mohr-Coulomb failure, making seismic signals
observable and unambiguous. High flux and small size jointly
increase the affected subsurface region of Mohr-Coulomb
failure. Yet, this combination contributes to initiate tensile
failure, facilitating eruption onset, and displacement may
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FIGURE 6
Magma flux vs. ground deformation. Ground deformation at the edge of summit caldera caused by inflating magma chamber, with a constant depth =
−6 km (depth to the surface of volcano edifice with summit of ∼2 km height). Flux = 1e−5, 5e−5, 1e−4, 5e−4, 1e−3, 5e−3, 0.01, 0.05, 0.1 m3/s. Magma
chamber size and shape parameters are described in Supplementary Table 3. The yellow shaded area indicates displacement from 0 to 10 mm, the
detectable threshold of Sentinel one data. The dashed line (20 mm) marks the approximate upper limit of the detectable threshold used in Figure 7. The
gray shaded region indicates models results of subsidence at the flank. Experiments in (A-C) assume a non-temperature dependent models, while
(D-F) assume a temperature dependent rheology. Y = yes, N = no, Sm = small, Shear = shear failure, and Tensile = tensile failure. “Tensile Y″ indicates
tensile failure occurred along the reservoir or conduit in the experiment (assuming a tensile strength of 0 MPa as a conservative minimum).

not be significantly high, as the small size counteracts
the effect of high flux. This “observable eruption” scenario
is illustrated in the unpopulated areas in Figures 7A,C.
With temperature dependent rheology (Figures 7B,D), the
upper flux limit of “stealthy eruption” shifts rightward,
accommodating higher flux values without substantially
increasing Mohr-Coulomb failure.

3) Low flux and large chamber size: a low flux coupled with
a large chamber size typically prevents tensile failure (i.e.,
reducing likelihood of triggering of eruption) and Mohr-
Coulomb failure, as both low flux and large size decrease the
probability of such occurrences, although this might result
in low displacement due to low flux. In non-temperature-
dependent models, a low flux (0.01–0.02 m3/s) combined with
a large chamber size remains effective, indicating temperature-
dependent wall-rock properties amplify the combined effects
of low flux and large size, thereby diminishing the likelihood
of tensile failure initiation.

4) Low flux and moderate to small chamber size: in this scenario,
tensile failure and Mohr-Coulomb failure are unlikely.
Although displacement is below the threshold for detection,
the absence of tensile failure suggests that an eruption will
not occur. While small size increases the likelihood of tensile
failure, the predominant influence is the low flux.

Therefore, the primary determinants on eruption precursors
from deformation and seismicity are the rheology of the warm wall
rock and the magma flux, followed by secondary parameters of the
size of themagma chamber, and then its depth and shape. Essentially,
a long-lived system with ample thermal input to warm the rheology
has a greater parameter space that will produce stealthy eruptions
without precursory signals.

Our models, both temperature dependent and non-temperature
dependent, are elastic and do not account for the viscosity of
the wall rock. A viscoelastic rheology typically results in greater
deformation compared to purely elastic models, as the viscous
component allows for more prolonged and extensive deformation
under stress before reaching failure (Bonafede and Ferrari, 2009;
Del Negro et al., 2009; Gregg et al., 2012; Hickey et al., 2013;
Newman et al., 2001). However, an elasticmodel is appropriate when
the loading time is shorter than the host rock’s relaxation time, and
particularly appropriate for Veniaminof which has an inter-eruption
time interval of ∼5 years which should experience negligible effects
due to viscous relaxation (Zhan and Gregg, 2019).

5.1.1 Long-lived vs. transient magma systems:
When does temperature matter?

Distinguishing between transient and long-lived magmatic
systems is essential for understanding volcanic behavior and
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FIGURE 7
The parameter space for stealthy eruptions. Plotted results include models that produce <20 mm of surface displacement and little to no shear failure,
but exhibit tensile failure surrounding the magma reservoir. (A,B) are the results for shallow magma reservoirs (1–4 km depth below the summit) that
produce stealthy eruptions (shaded gray), whereas (C,D) illustrate the regions of the parameter space for deeper reservoirs (>6 km depth below the
summit) that produce stealthy eruptions (shaded green). The overlap in parameter space is indicated by the black lines for ease of
comparison. See Supplementary Table 3 for the specific values of the radius of magma chamber size (1–6) for different shapes. CF = Mohr-Coulomb
failure, TS = tensile stress that is over the critical threshold, and disp. = displacement.

associated hazards. Long-lived magma chambers exhibit sustained
activity over protracted periods, often with complex, multi-tiered
magma chambers, and extend through the crust and comprise
heterogeneously distributed melt, crystals, and exsolved volatiles
(Cashman et al., 2017). In contrast, transient magmatic systems
typically feature ephemeral magma chambers that undergo rapid
modifications influenced by processes such as volatile degassing,
which critically impact magmatic overpressure and consequently
drive volcanic eruptions (Mittal and Richards, 2019). The lifespan
of a magma chamber can vary significantly depending on several
factors, including the tectonic setting, the composition of the
magma, and the dynamics of the magmatic system (Gualda et al.,
2012; Cooper et al., 2017; Turner and Costa, 2007), and eruptible

portions within long-lived chambers typically last from centuries to
hundreds of thousands of years (Karakas et al., 2017).

Veniaminof displays some characteristics of a long-lived system,
such as sustained activity over millennia, but the behavior of
the 2018 eruption also aligns with aspects of a transient system.
Veniaminof ’s eruption styles vary widely, ranging from effusive to
explosive with a history of sustained volcanic activity characteristic
of a long-lived system; however, historical eruptions demonstrate
simultaneous explosive and effusive activity from separate vents,
which could also be indicative of a transient magmatic system
(Waythomas, 2021). The eruptive behavior of 2018, evolving in
explosivity over time (Loewen et al., 2021; Bennington et al.,
2018), might also be consistent with a transient magmatic system.
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Moreover, the potentially small magma chamber volume of
∼0.8–5 km3 and relatively low flux rate indicated by our models, as
well as the short repose time between its frequent eruptions may
suggests a transient magmatic system dynamic. Veniaminof might
not maintain a continuous, high level of activity due to a consistent
supply of magma, but rather due to more episodic activity, where
eruptions occur in response to the accumulation of sufficientmagma
to initiate failure.

In long-lived magma systems with substantial heat and material
influx, the thermal state of the host rock becomes a critical factor
for assessing reservoir stability (Gregg et al., 2012; Jellinek and
DePaolo, 2003). For example, simulations of magma injection
into a long-lived thermally primed host rock indicate that models
excluding temperature-dependent elastic moduli and viscosity fail
to reproduce realistic stress evolution (Gregg et al., 2018) or
observed deformation level (Le Mével et al., 2016). While the
inclusion of temperature-dependent rheology is an important factor
for estimating the stress evolution when investigating long-lived
system dynamics, the non-temperature dependent models might
be applicable to Veniaminof given the potentially low flux and
a small chamber size estimated by the volume of its volcanic
products. The influence of the host rock’s thermal state might not
be as pronounced when compared to volcanoes with larger, long-
lived systems. Nevertheless, including a temperature-dependent
host rock inmodels for Veniaminofmay be appropriate. Veniaminof
may represent an intermediary scenario within the constraints of
parameters tested by our models, embodying a magmatic system
that merges aspects of both end-member cases, cold host rock
rheology (non-temperature dependent models) and warm host rock
rheology (temperature dependent models).

5.2 Stealthy vs. observable magmatic
system

Veniaminof Volcanomay exemplify a stealthy eruption scenario,
confirming that such eruptions are indeed feasible, an eruption
characterized by the absence of observable precursory signals
including seismicity and ground deformation, but sufficient tensile
stress to initiate an eruption without the observable warnings.

5.2.1 Comparison of stealthy and observable
closed magma systems

Our models are constructed based on closed volcanic systems
and indicate the possibility of two types of eruptions: the
“observable” eruption and the “stealthy” eruption. As depicted in
Figure 8A, the “observable” eruption encompasses various activity
stages. During the pre-eruptive stage, the influx of new magma
or the exsolution of volatiles leads to reservoir pressurization
and volcanic edifice inflation. This inflation, both in distance and
elevation on the surface, can be detected using methods such
as InSAR or GPS (Figure 8A1). Additionally, during this stage,
the wall rock experiences stress due to magma ejection from the
deep source. As a result, rupture of the wall rock occurs around
the chamber and conduit region, accompanied by a significant
number of volcano-tectonic earthquakes corresponding to shear
failure. When the pressure surpasses the crustal strength and the
tensile stress on the wall rock exceeds the critical threshold of

0 MPa (chosen as an end-member, minimum value), magma can
ascend through a conduit/dike toward the surface, initiating the
volcano’s eruption (Figure 8; Supplementary Figure A2). Once the
eruption commences, during its co-eruptive stage, the removal of
magma and gas from the reservoir causes the magma chambers
to contract and the pressure to decrease. Consequently, deflation
surface signals can be observed, unless there is additional recharge
during the eruption. Additionally, in the usual case, volcano-
tectonic earthquakes disperse during this stage. During the post-
eruptive (cooling) stage, characterized by the deflation of the edifice
(Figure 8; Supplementary Figure A3), deflation signals are evident,
and there is no further increase in volcano-tectonic earthquakes.
Vents or dykes are sealed by solidification and cooling, and
solidification and crystallization occur within magma reservoirs.
When no magma is supplied from the depth to the shallow magma
system, the volcano remains dormant, with no surface deformation
or seismic signals observed (Figure 8; Supplementary Figure A4).
After a period of dormancy, the cycle recommences.

Ideally, the detection of both earthquakes and ground
deformation enables successful forecasts of volcanic eruptions,
including detailed predictions of their timing, location, and
magnitude. Notable examples include the 1980 eruption of Mount
St. Helens, with accurate forecasts of all subsequent eruptions
from April 1981 to December 1982 based on seismic and
deformation data, leading to precise predictionswithout false alarms
(Malone et al., 1983; Swanson et al., 1983), the 1991 eruption of
Mount Pinatubo, where forecasting significantly mitigated hazards
and saved thousands of lives (Voight et al., 1998; 1999), and
the accurate short-term prediction of the 2000 Hekla eruption
(Soosalu et al., 2005), and these cases highlight the importance
of integrating seismic, deformation, and other geophysical data for
effective eruption forecasting (Segall, 2013). It is worth noting that
an unerupted unrest scenario, marked by observable deformation
and seismic signals without a subsequent eruption, can arise,
e.g., the Westdahl volcano in the Aleutian Islands displayed
significant inflation signals, typically considered precursors to
eruptions, yet no eruption occurred within the observed timeframes
(Lu et al., 2000; Gong et al., 2015).

In contrast, the stealthy eruption presents a starkly different
scenario compared to its observable counterpart, characterized by
minimal detectable signals. During the pre-eruptive stage of a
stealthy eruption (depicted in Figure 8; Supplementary Figure B1),
the wall rock is stressed due to magma ejection from deep sources.
The accumulation of volcano-tectonic (VT) earthquakes may not
be readily apparent because, according to our models, there is only
minimal shear failure around the magma chamber, with no shear
failure detected around the conduit. While edifice inflation occurs,
the signals of Line of Sight (LOS) displacement are too subtle to
be detected with current monitoring techniques like InSAR. In
such cases, the magma reservoir pressurizes, and the tensile stress
exceeds the strength of the surrounding crust, potentially leading to
an eruption without observable surface inflation or an increase in
seismic activity. In the co-eruptive stage, despite the opening of a
dyke or conduit resulting in the release of gas and magma from the
reservoir, there remains no detectable ground deflation or significant
seismic activity, highlighting the eruption’s stealthy nature (Figure 8;
Supplementary Figure B2). Similar to observable eruptions, this is
followed by the post-eruptive (cooling) stage, where vents collapse
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FIGURE 8
Schematic illustration of eruptive cycle model of two cases: (A) observable eruption and (B) stealthy eruption. The cycle consists of stages 1)
pre-eruptive, when shallow magma inflates as it is fed by the deeper source through the conduit, 2) co-eruptive, when eruption starts as tensile stress
exceeds the critical threshold (>0N/m2) and deflation follows as a result of release of magma from chamber, 3) post-eruptive, the cooling stage with
deflation of magma chamber, and 4) repose, when flux stopped from deeper magma reservoir and the shallow magma chamber crystallize. In the (A)
observable eruption case, upward ground deformation due to the inflation of magma chamber can be detected by InSAR/GPS and increase in number
of volcano-tectonic earthquakes caused by the Coulomb failure can be observed (stage 1), and deflation ground deformation signal can be detected
since the eruption occurs (stage 2). In contrast, in the (B) stealthy eruption case, no ground deformation and earthquake precursors can be detected at
both pre-eruptive stage (stage 1) and co-eruptive stage (stage 2) because the displacement and Coulomb failure are too low. Inspired by
the figure in Chaussard et al. (2013).
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or close, and the magma in the upper-crustal reservoir solidifies
and crystallizes, cooling the reservoir without observable signals
of these processes (Figure 8; Supplementary Figure B3). And finally,
the repose stage heralds the onset of a new cycle, with magma
replenishment from deeper sources leading to the swelling of
magma reservoirs and setting the stage for the next eruption cycle
(Figure 8; Supplementary Figure B4).

The stealthy eruption cycle often evades early detection due
to its subtle manifestations, posing challenges in monitoring
and forecasting with current technological capabilities. The
magma system can either be long-lived or transient. To
produce stealthy eruptions, a lack of seismicity requires a large
reservoir size, more oblate shape, and low flux, while low
displacement requires a small reservoir size, more prolate shape,
low flux, and a deeper chamber. Considering the host rock
rheology, long-lived, thermally primed magma systems allow
for a wider range of the parameter space to result in feasible
scenarios for stealthy eruption as opposed to transient systems
(Figure 7).

5.2.2 Veniaminof: open or closed and stealthy?
Many volcanoes that erupt without observed deformation have

long been classified as open-system volcanoes (e.g., Chaussard et al.,
2013). In open systems, triggers of eruption include minor
magma intrusions, conduit over-pressurization, or lava dome
destabilization. One interpretation suggests the deeply rooted
plumbing systems pressurize before eruption such as Cleveland
and Pavlof volcanoes in Alaska (Lu and Dzurisin, 2014), Galeras
in Columbia (Fournier et al., 2010), and Stromboli in Italy, an
open-conduit volcano with persistent activity >1,000 years fed
by deep seated gas-rich magma (Barberi et al., 2009). Systems
with established shallow reservoirs, exhibiting low precursory
deformation and the existence of persistent or semi-persistent
pathways for magma ascent, are exemplified by volcanoes such
as Popocatépetl and Colima in Mexico, and Merapi in Indonesia
(Chaussard et al., 2013). Like Veniaminof, the 1999 sub-Plinian
basaltic eruption of Shishaldin, Alaska also eluded prediction
efforts due to the lack of precursory signals of both InSAR-
detectable deformation and VT earthquakes (Lu and Dzurisin,
2014; Moran et al., 2006), although later studies suggested
that a swarm of deep long-period (LP) earthquakes, coupled
with short-period earthquakes, should have been recognized
as precursory signals (Power et al., 2004; Rasmussen et al.,
2018). Shishaldin’s lack of precursory signals aligns with both
closed-system stealthy eruptions and open-system eruptions;
yet vapor saturation pressure studies indicate the inclusion
compositions are more consistent with open-system degassing,
characterized by a predominant release of CO2 before H2O
(Rasmussen et al., 2018).

Should Veniaminof be considered stealthy, fed by a closed
magmatic system? Some geophysical observations (lack of
precursory seismicity and observations of ground deformation)
and the frequent eruptions at Veniaminof may point to an open
volcanic system. According to the volcanic activity summary by
AVO (Orr et al., 2024), the majority of historical eruptions since
1830 have likely originated from cone A. This apparent recurrence
of eruptions from the same vent could suggest the presence of

an open conduit system. Loewen et al. (2021) characterize the
2018 eruption as an exemplar of a frequently active open-vent
system, which explains several of Veniaminof ’s characteristics:
nearly continuous, low-level background seismicity punctuated
by two periods of elevated tremors linked to increased tachylite
textures that indicate the intense ash production and possibly
reflecting a deeper conduit to initiate seismic tremors; explosive
activity alongside lava flows integrating into the ice cap; and a
transition from Strombolian to Hawaiian eruption styles, indicative
of varying gas release and magma dynamics. Nonetheless, while
seismic tremors and mineral textures indirectly hint at continuous
gas emissions, there is no direct evidence of steady outgassing
of volcanic gases (SO2, CO2, H2O) through eruptions or even
quiescent periods (Rose et al., 2013; Lyons et al., 2011) and a lack
of robust documentation on exceptionally high gas emissions (a
hallmark of open-vent systems) or detailed studies correlating
continuous gas flux with seismic activity during past eruptions.
Additionally, the continuous seismic activity indicating magma
movement within the volcanic conduit, typical of open-vent
volcanism, is not prominent in Veniaminof ’s history, as shown by
the low number of detected shallow VT earthquakes. The presence
of a persistent lava lake or exposed fresh lava in the form of a
dome with frequent gas emissions common in some open-vent
volcanoes (Rose et al., 2013) remains unconfirmed. Furthermore,
detailed investigation of variations in seismic velocity structure
shows decreases in the seismic velocities prior to Veniaminof ’s
2004 and 2013 eruptions indicating the potential buildup of
magmatic fluids in a closed magmatic system (Bennington et al.,
2018). The detailed architecture and dynamics of the magma
plumbing system, particularly regarding conduit dynamics essential
for sustaining an open-vent paradigm, remain unclear. Detailed
analyses of infrasound data to predict open-vent eruptions, used
at Villarrica, Chile (Johnson et al., 2018), have yet to be applied
to Veniaminof. These gaps complicate classifying Veniaminof ’s
magmatic system and determining how closely it conforms to the
open-vent model.

The pattern of eruption frequency at Veniaminof does not
strictly align with the open system hypothesis. Its historical
explosive eruptions including those recent events in 2013, 1983,
and 1956 (up to VEI 3, Global Volcanism Program, 2021), may
result from new magma injections into a shallow chamber,
similar to Askja, Iceland, Krakatau, Indonesia, Nevado del Ruiz,
Colombia, and St. Helens, United States which are characterized as
closed systems (Colucci andPapale, 2021). Furthermore, concerning
its absence of long-term, edifice-wide ground deformation, often
linked to open-vent systems, it is critical to note that InSAR
data for Veniaminof excludes the summit caldera due to ice
coverage but the periphery area. Our models suggest that scenarios
producing 15–18 mm of LOS displacement at the caldera’s edge,
which falls below Sentinel-1 detection threshold, could indicate
40–270 mm deformation at the center, depending on the chamber’s
shape, size, depth, and magma flux. Should caldera data become
accessible, we might observe ground deformation indicative of
stealthy closed-system eruptions (instead of open-vent eruptions),
characterized by negligible peripheral deformation and a marginal
increase in seismic activity, driven by low magma influx or warm
rheology.
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5.3 Implications for future monitoring of
volcanic systems

Recent technological advancements in data collection and
analysis have significantly enhanced our capabilities on volcano
monitoring and forecasting. Yet, we are still facing complexities
in volcano monitoring and forecasting, including the need for
approaches that forecast not only the likelihood of an eruption
but also its location, magnitude, style, duration, and potential for
ash plumes that impact a long distance (Segall, 2013; Acocella,
2014; Bebbington and Jenkins, 2019). The challenges in short-term
volcanic eruption forecasting are significantly heightened by the
absence of reliable eruptive precursors despite of the expansion of
instrumental networks, the complexity of non-linear pre-eruptive
behaviors, and the inherent unpredictability of volcanic systems
due to unknown parameters and the potential for sudden changes
(Sparks et al., 2012; Acocella, 2014). Specifically, data processing
and magma system modeling in forecasting efforts still face
significant challenges in quantitatively linking monitoring data to
the probabilities of future volcanic events, a limited understanding
of volcanic physics, geometries and material properties for physics
based modeling, specialization of models for mathematical and
computational viability that complicate the task of choosing
appropriate models for an as-yet unobserved eruption (Marzocchi
and Bebbington, 2012; Poland and Anderson, 2020). Although
novel machine learning approaches have facilitated forecasting by
detecting critical changes in volcanic activity patterns that indicate
transitions at the onset or end of volcanic activity (e.g., classification
method by Manley et al., 2021) and despite of advancements in
algorithms, the application of machine learning faces challenges
including the opaqueness of “black box”models, lack of insights into
underlying physical mechanisms, and data limitations due to scarce
well-monitored eruptions (Reichstein et al., 2019).

Observable eruptions exhibiting seismicity, deformation, and
gas emissions, as depicted in Figure 8A are the subjects of extensive
research. As they allow for direct monitoring of precursory signals,
there have been successful forecasts of such volcanic eruptions (e.g.,
Segall, 2013). In cases where eruptions lack detectable precursory
seismic activity, alternative indicators such as deformation and
increased gas emissions (such as exemplified by Redoubt Volcano)
can provide warnings (Roman and Cashman, 2018), and usually
average duration of deformation and degassing (932 days and
282 days, respectively) are longer than seismic unrest (197-day)
(Phillipson et al., 2013). Additionally, continuous local stress field
monitoring, detectable through changes in seismic velocity and
shear-wave splitting,may reveal aseismic staging.Meanwhile, small-
scale earthquake swarms, indicative of shallow magma chamber
recharging, suggest a years-long eruption risk eruption potential.
The deep seismic activity may serve as a near-term harbinger of
imminent eruption (Roman and Cashman, 2018).

In scenarios where ground deformation remains undetected
by GNSS and InSAR despite sufficient coverage of the volcanic
edifice, it is important to recognize these techniques’ inherent
limitations, which have been well documented (Arrowsmith et al.,
2021). For example, during the episodes of intense volcanic
activity at Mount Etna during spectacular lava fountains, no
discernible signals were observed in GNSS or InSAR datasets
(Currenti and Bonaccorso, 2019; Carleo et al., 2023; Cardone et al.,

2024). These techniques often fail to capture ground deformation
induced by small, short-term volcanic events with millimeter-
to centimeter-scale accuracy, prompting the deployment of high-
precision borehole instruments, such as tiltmeters and strainmeters,
on volcano flanks to complement GNSS data and better resolve
pre-eruptive deformation (Dzurisin, 2007; Linde and Sacks, 1995;
Currenti and Bonaccorso, 2019; Carleo et al., 2023; Cardone et al.,
2024). Furthermore, continuing technological research is exploring
innovative methods for volcano deformation monitoring, including
the fiber optic sensing, which is highly sensitive to external physical
processes and observables at specific locations (Jousset et al., 2025).

In addition to ground-deformation techniques, infrasound
monitoring can capture signals of volcanic activity that InSAR
or GPS fail to detect, as inaudible low-frequency sound waves
are generated by processes such as effusive eruptions and lava
lake agitation near volcanic vents (Matoza and Fee, 2018). Real-
time analysis of these persistent infrasound signals, emblematic of
degassing activities within open-vent systems, alongside seismic and
gas compositional data, is crucial for providing key insights into
degassing styles and persistent degassing pulses for early eruption
forecasting, exemplified by the studies on sustained infrasonic
tremor observed at volcanoes like Stromboli, Kilauea, Villarrica,
and Shishaldin (Johnson et al., 2018). Open-vent volcanoes are
also subject to geochemical monitoring of emissions-whether as
plumes, fumaroles, through soil diffusion, or via springs (Edmonds,
2021), with measurements like SO2 emissions being particularly
informative (Wilkes et al., 2023; Coppola et al., 2019). Moreover, the
characteristic “excess degassing” behavior of open-vent volcanoes,
which releasemore gas than contained in the eruptedmagma, points
to a process of endogenous or cryptic growth magmatic system-
the intrusion of unerupted magma within the volcano that does not
result in substantial long-term surface deformation. This process is
detectable through satellite-derived thermal anomalies in addition
to gas emission measurements (Coppola et al., 2019).

5.3.1 Monitoring enhancements at veniaminof
volcano

Enhancing future monitoring and forecasting capabilities for
Veniaminof Volcano necessitates overcoming significant challenges
posed by the existing technological limitations. The high-elevation,
steep-slope terrain and snow-covered landscape of Veniaminof
present formidable obstacles to detecting volcanic deformation via
InSAR, primarily due to atmospheric noise interference and loss of
coherence over the volcano summit. Possible strategies to enhance
detection accuracy include enhancing InSAR coherence using
long-wavelength SARs with much shorter temporal repeats and
employing variogram modeling for precise simulation of residual
atmospheric noise (Beker et al., 2023). Moreover, supplementing
InSAR with campaign GPS systems in the vicinity of the caldera
could provide detailed temporal changes in the volcanic system from
pre-eruptive stages to inform future eruption predictions (previous
campaign GPS at Veniaminof, e.g., Fournier and Freymueller,
2008; Drooff and Freymueller, 2021). Furthermore, deploying high-
precision borehole instruments, such as tiltmeters and strainmeters,
on volcano flanks could improve the detection of subtle ground
deformation (e.g., Currenti and Bonaccorso, 2019; Cardone et al.,
2024). Additionally, AVO has been upgrading the Aleutian
seismic network to broadband seismometers with real-time digital

Frontiers in Earth Science 13 frontiersin.org

https://doi.org/10.3389/feart.2025.1535083
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Li et al. 10.3389/feart.2025.1535083

transmission since 2003, with the upgrade at Veniaminof completed
in 2022 (Power et al., 2020). By applying advancedmachine learning
methods to seismic signal processing, the ability to detect volcanic
precursor signals amidst background noisemay be greatly improved
(Zhu and Beroza, 2018; Malfante et al., 2018; Bueno et al., 2020).

For stealthy volcanoes like Veniaminof and others in Alaska
(e.g., Loewen et al., 2021) and around the world, numerical
modeling is an invaluable tool. Numerical models of magma
reservoir evolution significantly aid in deciphering the processes that
lead to the accumulation and transport of magma and eruption-
triggering mechanisms, essential for forecasting the future behavior
of volcanoes (Caricchi et al., 2021).The2DFEMmodels in our study,
for example, offer insights into the key factors controlling stress
accumulation in the host rock of magma reservoirs including the
size, shape depth of the magma chamber, and magma supply rate.
Thus, they enhance our understanding of the physical and thermal
evolution of volcanic plumbing systems and the conditions that
lead to rock rupture and eruption. These are critical for forecasting
eruption repose times and guiding strategic data collection efforts.

6 Conclusion

Our comprehensive study on Veniaminof Volcano offers pivotal
insights into the behavior and characteristics of “stealthy” volcanic
eruptions: characterized by the absence of detectable seismic or
geodetic precursors, despite the occurrence of an eruption. The
numerical modeling results of Veniaminof Volcano, exemplifying
stealthy volcanic eruptions within closed magmatic systems,
illuminate key factors necessary for such eruptions that occur with
minimal ground deformation and seismicity rate changes, based on
a series of constraints on various parameter combinations, including
magma chamber size, shape, depth, and magma flux rate, under
both temperature-dependent and non-temperature-dependent host
rock rheology.

Two critical conditions are a low magma flux rate and a warm
rheology of the host rock. A reduced magma ascent rate ensures
minimal stress on surrounding rock, limiting ground deformation
and volcano-tectonic earthquakes. Warm rheology allows gradual
magma movement and deformation within detectable thresholds,
generating fewer seismic signals.

Veniaminof ’s eruptive cycle, including pre-eruptive, co-
eruptive, post-eruptive, and repose stages, provides a framework
applicable to other volcanic systems globally. Insights from
Veniaminof ’s stealthy eruption guide future forecasts and highlight
the need to integratemultidisciplinary data and numericalmodeling
for accurate predictions. This enhances risk mitigation strategies,
reducing volcanic hazards' impact on communities. This study
serves as a model for similar volcanoes and advances future
monitoring and forecasting efforts in volcanology.
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