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e We used array-based ambient vibration modal analysis and eigenfrequency modeling to characterize the dynamic behavior
and structural conditions of a partly collapsed lava tube roof.
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1 Introduction

Near-surface underground cavities can pose significant
hazards when located near urban areas or strategic infra-
structure. Generally, the combination of local geology and
anthropogenic factors can lead to the formation of sinkholes,
geologic features often originating from dissolution and
deep piping processes (Waltham 2008; Esposito et al. 2021),
which can evolve toward collapse of the ground surface. At
the same time, underground cavities, such as caves, caverns,
and lava tubes, can also be designated as natural or cultural
heritage sites known for their unique geological features and
archeological value (Nehme et al. 2013; Woo et al. 2019;
Bentivenga et al. 2019). The UNESCO World Heritage List
currently includes more than 100 natural and anthropic cav-
ern sites worldwide famous for their natural and historical
significance. Thus, improved knowledge of the location, spa-
tial extent, and structural conditions of underground cavities
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is increasingly needed for both hazard and conservation
management, including design of restoration or mitigation
strategies to avoid potential safety threats or heritage losses
(Cardarelli et al. 2006; Esposito et al. 2021).

Traditional invasive methods of cavity detection, such as
drilling, trenching and field surveys offer high-resolution
geological data but are often time-consuming, costly, and
limited in coverage (Liu et al. 2023). To overcome these
challenges, geophysical methods and remote sensing tech-
niques have emerged as valuable tools for the non-invasive
location of underground cavities. Among geophysical meth-
ods, electrical resistivity tomography (ERT) (Cardarelli et al.
2006; Park et al. 2014), ground penetrating radar (GPR)
(Ebraheem and Ibrahim 2019; Pilecki et al. 2021), micro-
gravity (Arisona et al. 2023), and seismic methods (Liang
et al. 2018; Rao et al. 2021) have been widely applied to
investigate karst networks, sinkholes, and underground insta-
bilities (Liu et al. 2023). Satellite-based monitoring tech-
niques, such as Interferometric Synthetic Aperture Radar
(InSAR), have also succeeded in detecting cavities and
monitoring the evolution of sinkholes and subsidence-prone
areas, demonstrating the ability to provide wide spatial data
coverage with adequate geometric and temporal resolution
(Malinowska et al. 2019; Esposito et al. 2021). However,
selecting the appropriate investigation technique represents
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a nontrivial issue as it often involves a trade-off between
geometric resolution, cost-effectiveness, and diagnostic
capabilities (Cardarelli et al. 2014).

A significant shortcoming of the abovementioned tech-
niques is their limited ability to retrieve information on the
structural conditions of underground cavities. While most
geophysical or remote sensing techniques are generally
employed for mapping cavity networks, structural characteri-
zation of potential ground instabilities is mainly conducted
using geomechanical testing and invasive field surveying
techniques (Margherita et al. 2018; Bastidas et al. 2022).
Nevertheless, recent studies have highlighted that ambient
vibration modal analysis can be used to reveal mechanical
and dynamic material properties of ground and slope insta-
bilities, as well as their extent and structure, by identifying
natural resonance frequencies, local site amplifications and
polarization attributes (Kleinbrod et al. 2019; Bessette-
Kirton et al. 2022; Geimer et al. 2022). In particular, the
combination of experimental modal analysis and numerical
eigenfrequency modeling has been used to improve geologic
models by constraining material properties (Moore et al.
2018; Geimer et al. 2020; Miiller and Burjanek 2023) and
has provided valuable new insights on local boundary condi-
tions and structural characteristics (Colombero et al. 2017,
Bessette-Kirton et al. 2022).

In this study, we utilize an integrated approach compris-
ing ambient vibration measurements and numerical mod-
eling to analyze the modal behavior of a partly collapsed
lava tube roof complex in the Tabernacle Hill volcanic field
of central Utah. We generated data from a dense nodal geo-
phone array consisting of 43 stations to perform spectral
and array cross-correlation analyses to identify and visu-
alize resonance modes of the roof complex. Results from
experimental modal analysis were used to calibrate a het-
erogeneous 3D finite-element numerical model of the site.
The combination of numerical modeling and array cross-
correlation ultimately improved our geologic model of the
site by providing a refined mechanical and structural charac-
terization of the lava tube roof complex. These outcomes can
be used as the basis for future analyses or monitoring, and
the approach is applicable across a wide variety of similar
applications and sites.

2 Study Area

The Tabernacle Hill lava field is located in central Utah,
USA, within the Black Rock Desert volcanic district
and precisely the Ice Spring Quaternary volcanic field
(age < 100-0.7 ka) (Johnsen and Smith 2010). The Taber-
nacle Hill volcano erupted ~ 16 ka ago into Lake Bonneville
during the high-stand phase of the Provo level (Oviatt 1991),
beginning its activity as a phreatomagmatic eruption that
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generated a primary tuff cone. Subsequent eruptions gener-
ated cinder cones, basaltic and andesitic lava flows, a lava
lake, and a dense field of lava tubes (Hintz 2008; Johnsen
and Smith 2010). This site is now a tourist attraction in the
Fillmore, UT region due to the presence of easily accessible
lava tubes, which can have diameters up to 15 m and sev-
eral windows or skylights (i.e., partly collapsed portions of
the lava tube roof) (Fig. 1a). These windows have openings
between 1 and 10 m, while the lava tube roof has a variable
thickness of 0.5-1 m (Fig. 1b—d). We selected the site due to
its excellent and safe access in order to test the feasibility of
an integrated geophysical and numerical approach for modal
analysis and structural characterization of underground cav-
ity roofs.

The outcropping basalt at the site is vesicular with a rela-
tively large volume of gas pockets and corresponding rough
texture. From field observations, the rock mass is generally
massive and poorly layered apart from the lava tube roof
and window areas which feature dense fracture networks
with open joints, often 1-10 mm wide and characterized
by weathered infilling and diffuse surface alteration. Based
on these characteristics and the blocky to very blocky rock
mass joint density, which can also be inferred by the size of
the collapsed blocks covering the lava tube floor, we rate the
Geological Strength Index (GSI) at the site as between 45
and 55 (Hoek et al. 2013). This GSI range is comparable to
what has been observed and measured at other lava tube sites
(Theinat et al. 2020). Due to the impossibility of collecting
intact rock core samples at the site, we relied on literature
values to characterize rock matrix material properties for
the implementation in our numerical modeling (Goodman
1989; Schultz 1993). The size and geometric features of the
lava tube interior were measured and reconstructed using
a LiDAR scan performed inside the underground cavity
(Fig. le). A detailed description of the reconstruction stages
of the lava tube 3D model is provided below.

3 Methods

Ambient vibrations were recorded by 43 three-component
Fairfield Zland 5-Hz nodal geophones during an overnight
survey in October 2022. The array, which covered an area of
700 m?, consisted of five lines (L1-L5) spaced ~5 m apart,
with 3-m station spacing, and was designed to encompass
the extent of the curving lava tube (Fig. 2a). Two additional
sensors (namely stations 998 and 999) were deployed to
improve coverage in the skylight area between alignments
L4 and LS. Geophones were leveled and aligned to mag-
netic north. Due to the presence of rocky topsoil, most geo-
phones far from the window areas were deployed using the
attached spikes, while sensors closer to the collapsed roof
were adhered to bedrock using adhesive putty (i.e., stations
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Fig. 1 a Aerial view of the
Tabernacle Hill lava tube site
located near Fillmore, UT, USA
(location inset). b, ¢ Photos of
the main windows or skylights
from the SW to d the NE sector
of the investigated lava tube
(person for scale; see photo
locations in (a). € 3D model
and DEM of the lava tube
interior constructed from the
LiDAR survey also showing
topographic cross sections at S1
and S2
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104, 105, 106, 506, 998, 999). We additionally deployed one
nodal geophone underground inside the lava tube in the NE
section of the array as a local reference for surface stations
(white triangle in Fig. 2a).

We recorded continuous ambient vibration data at a sam-
pling rate of 250 Hz for 18 h between 9 October 22:00 UTC
(16:00 MST) and 10 October 16:00 UTC (08:00 MST).
Vibration data were processed for spectral content to identify
natural frequencies of the lava tube roof complex. Prior to

processing, the dataset was examined to extract the longest
undisturbed (e.g., due to wind, earthquakes, or anthropo-
genic noise) continuous time block. We selected a 40-min
window (10 October 2022 01:30-02:10 UTC) of quiet con-
ditions for all further processing. We first removed the mean,
linear trend and the instrument response for every compo-
nent of each array station. Power spectral densities (PSD)
were then computed using Welch’s method (Welch 1967)
using 40-s Hanning-tapered windows with 75% overlap
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Fig.2 a Aerial view of the Tabernacle Hill lava tube with the loca-
tion of surface active (colored circles) and underground reference
(white triangle) geophone array stations. Surface stations are color
coded by distance from the lava tube central axis. The inset sketch
shows the spatial distribution of the five geophone lines with respect

and a 0.15 Hz smoothing window. Poor ground coupling
at some stations resulted in high noise levels on horizontal
components, which led to us excluding three stations from
further analysis (stations 207, 302 and 506). Therefore and
because of the anticipated modal deflections, we elected to
focus solely on analysis of vertical component recordings.
Spectral ratios of vertical components across the array were
computed using the station inside the lava tube as a local
reference (Colombero et al. 2018; Finnegan et al. 2022). We
first inspected the reference time series and PSD to ensure
it was suitably free from spurious noise. We then calcu-
lated the amplitude spectrum of every station segmenting
the recordings into 100-s Hanning-tapered windows with
80% overlap and a 0.2 Hz smoothing window. Spectral ratios
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to the lava tube outline and window locations. b—g Velocity power
spectral density estimates for the reference and five active geophone
stations. Decibel powers are relative to 1 m? s> Hz™'. Gray shadings
in c—e highlight three resonance modes identified across the array

were computed for every segment by dividing each roof sta-
tion spectra by the reference spectra and then averaged over
the 40-min window. Lastly, we constructed mean vertical
spectral ratio maps using nearest neighbor interpolation
to generate 2D visualizations of the spatial distribution of
amplified ground motion in 0.5 Hz frequency bands.
Experimental modal analysis was performed via cross-
correlation using 40 of the 43 roof stations to character-
ize the spatial distribution of relative modal displacements.
All data were first downsampled to 100 Hz, segmented into
5-min tapered windows with linear trend and mean values
removed (Geimer et al. 2020; Bessette-Kirton et al. 2022),
and spectral whitening was applied (Bensen et al. 2007; Lin
et al. 2013). The maximum amplitude of every window was
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used for temporal normalization before stacking each station
pair to retrieve cross-correlograms for vertical components
(ZZ). Every station pair cross-correlogram was filtered to
0.3 Hz bandwidth windows between 5 and 23 Hz, and the
zero-time lag amplitude for each station pair was extracted
omitting auto-correlations (Geimer et al. 2020; Bessette-
Kirton et al. 2022). The resulting curves allowed us to iden-
tify the relative amplitude and phase at each array station,
enabling visualization of mode shapes along individual lines
or across the array. Every station curve was normalized by
the maximum Root Mean Square amplitude (RMS) of all
station curves and averaged to obtain mean and standard
deviation values used to reconstruct mode shapes. We then
extracted mean amplitude values at all station locations and
for every previously identified resonance frequency, and
plotted these as vectors on a 3D model of the area to visual-
ize mode shapes across the array.

We performed 3D finite-element eigenfrequency mode-
ling to support structural and material characterization of the
lave tube roof complex. To accurately recreate the geometry,
we generated a georeferenced drone-based photogrammet-
ric model of the roof area using the Structure-from-Motion
(SfM) software Bentley Context Capture (bentley.com),
while the scaled inner geometry of the lava tube was recon-
structed using the LiDAR sensor of an Apple iPhone 13 Pro
with the open-source 3D Scanner App (3dscannerapp.com).
Reconstruction of the lava tube inner geometry, as well as
the possibility of measuring its width, height and roof thick-
ness at the skylight areas was crucial for accurate model
construction. The availability of a LIDAR scan, in particular,
enabled the generation of a 3D model reflecting the in situ
conditions of the lava tube by preserving the most important
geometric features. Moreover, it allowed us to approximate
the overall detailed geometry of the lava tube using a more
regular, circular-shaped tunnel with 5 m radius to avoid com-
putational issues due to large geometric complexities. The
two meshes were then merged using Meshmixer (meshmixer.
com), refined to smooth surfaces and eliminate irregulari-
ties, before being transformed into a solid 3D object that
we imported into COMSOL Multiphysics (comsol.com) for
eigenfrequency analysis. Based on the results of spectral
analysis, we cropped the model to preserve the geophone
array coverage by removing areas not participating in modal
deformation. The final model, which includes three skylights
and the ~40 m long lava tube, was created by applying auto-
matic meshing with tetrahedral and triangular finite elements
(i.e., 78,000 elements) characterized by maximum and mini-
mum side lengths ranging from 2.5 and 0.1 m. Hence, we
adopted two different numerical representations of the lava
tube under the assumption of homogeneous density (p) and
Poisson’s ratio (v), at a nominal value for basalt of 2900 kg/
m? and 0.25, respectively (Schultz 1993, 1995). In a first
modeling attempt, we simulated the entire lava tube area as

an isotropic, continuous and homogeneous rock medium.
We assigned the entire model a Young’s modulus (E) of 3
GPa, which was calibrated by matching the first measured
resonance frequency of the site. Next, based on field obser-
vations and considering both local rock mass conditions and
the presence of collapsed parts of the roof complex (i.e.,
skylights), we implemented a heterogeneous model allowing
variable Young’s moduli for different areas of the lava tube
roof complex. In particular, we assigned a reduced Young’s
modulus (E,) in the window areas as compared to the sur-
rounding uncollapsed roof. Fixed boundary conditions were
applied to replicate in situ conditions (Fig. 4a). We then var-
ied E of the window areas to match the identified resonance
frequencies and relative modal displacements from experi-
mental data analysis (Moore et al. 2018; Geimer et al. 2020).

4 Results

Spectral analysis of array data revealed elevated spectral
peaks on station alignments L1, L4, and L5, which we iden-
tify as the first three resonance frequencies: f;=17.1 Hz,
f>=19.3 Hz, f;=20.8 Hz (Fig. 2b—g). These peaks are spa-
tially clustered in the northeast and southwest sectors of the
lava tube roof and were not identified at all array stations.
Only stations close to the windows, which were themselves
generated by localized collapses of the lava tube, show clear
spectral peaks. In particular, the first two resonance frequen-
cies have maximum spectral amplitudes at central stations
of L4 and LS5 (i.e., stations 404 and 505) (Fig. 2d—e), while
the third emerges only on L1 (i.e., station 105) (Fig. 2c). No
corresponding peaks are found at the reference station or on
other alignments, suggesting that the identified frequencies
can be interpreted as resonance modes of different sectors
of the roof complex.

Computed spectral ratios using the station inside the lava
tube as a reference showed vertical amplifications of up to
60 on alignments in the window areas (L1, L4, LS5; Fig. 2a).
Spectral ratios for all stations in L1, L4 and L5 are shown in
Fig. 3a—c. Spectral ratio peaks match those observed from
PSD plots, supporting the hypothesis that these represent
resonance modes of the lava tube roof. Moreover, the ampli-
tude of spectral ratios along each alignment decreases mark-
edly with distance from the lava tube center. For example
at L1, the closest stations to the window (i.e., 104, 105 and
106) have peak amplification at f; ranging from 20 to 60,
while all other stations show no amplification (Fig. 3a). This
same behavior can be observed for L4 and L5 at f; and f,
(Fig. 3d—e). Here, a few additional higher-order peaks are
visible on L4 and LS5 at > 22 Hz, especially on stations 405,
503 and 504, however, these may be artifacts related to the
computation of spectral ratios as they do not appear on cor-
responding PSDs. High spectral amplification recorded at f;
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near station 405 was interpreted as caused by poor ground
coupling of the geophone rather than deriving from local
structural conditions. This same hypothesis led to us neglect-
ing three other stations from our analysis since they showed
PSD and spectral ratios that were not comparable to sur-
rounding stations (i.e., stations 207, 302 and 506).

We generated interpolated vertical spectral ratio maps
to visualize the spatial distribution of amplification across
the array for each of the identified resonance frequencies
(Fig. 3f—h). Each frequency is characterized by clear spa-
tial clustering of amplified motion, with maximum ampli-
tudes in the window areas of the roof complex. The first
two modes are limited to the NE sector of the lava tube,
where three of the four windows are closely concentrated,
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while the third is located around the small bridge bounding
the window in the SW (Fig. 1b). This zonation is particu-
larly visible by the abrupt decay of spectral ratios far from
the window areas and at the lava tube perimeter, both in
the transverse and longitudinal directions. For instance,
considering the map for f; (Fig. 3 h), spectral ratios drop
from 64 to 1 within a distance of 15 m moving from the
window to the farthest stations of L 1.

Cross-correlation analysis revealed relative modal dis-
placements for each of the identified resonance frequencies,
enabling the description of mode shapes and relative phase
across the array. Results for L1 at f; (20.8-21.1 Hz) are
shown in Fig. 4b. Relative displacements describe a verti-
cal bending mode mainly affecting stations near the window
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Fig.4 Results of experimental and finite-element modal analysis. a
3D visualization of the mesh implemented in COMSOL highlight-
ing window areas with reduced Young’s modulus (E,). b Array cross-
correlation results for line L1 in the 20.9-21.2 Hz frequency band
corresponding to the third identified resonance mode (f;) of the roof
complex. Colored lines represent the RMS-normalized cross-correla-
tion amplitude at each station with respect to all other stations, while
the black line shows the mean and standard deviation. c—e 3D rep-

resentation of normalized modal displacement vectors at each array
station for the three identified resonance frequencies (Figs. 2, 3). Red
and blue arrows indicate upward and downward modal displacement,
respectively. f-h Modelled resonance modes of the lava tube for the
heterogeneous model including reduced elastic modulus volumes.
i—k Modelled resonance modes of the lava tube for the homogeneous
model. For both models, normalized modal displacement amplitude
and direction are described by colors and arrows
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(i.e., 104 and 105). To better constrain the spatial distribu-
tion of modal displacements, we plotted vertical-component
cross-correlation results on a 3D model (Fig. 4c—e). The
resulting maps demonstrate that relative displacements for
the identified resonance modes agree with the pattern of
amplification retrieved from spectral ratio analysis. The
spatial visualization of modal vectors also provides phase
information for each of the resonance modes, which is not
available from spectral ratios. Such information is particu-
larly valuable as it helps distinguish different mode shapes
for f and f,, which are close in frequency and located in the
same area of the array, depicting a first- and second-order
vertical bending mode in the NE sector of the roof complex
at f; and f,, respectively (Fig. 4c—d).

We used the experimental description of the first three
resonance modes of the lava tube to calibrate a numerical
eigenfrequency model. We first implemented a homogene-
ous and isotropic model to reproduce the modal parameters
obtained from experimental results. Under this assumption,
however, modeled resonance frequencies and mode shapes
poorly matched experimental results, indicating that a homo-
geneous model is inappropriate for the site (Fig. 4i-k). For
this reason, and to account for the structural setting of the
area, we generated a heterogeneous model by assigning a
reduced Young’s modulus (E,) to the partly collapsed sec-
tions of the lava tube (i.e., window areas) in contrast to the
intact portions of the roof (Fig. 4a). This model allowed us
to achieve a good fit between field data and numerical mod-
eling results, closely matching eigenfrequencies and mode
shapes for the three identified resonance modes (Fig. 4f-h).
This match was achieved by assigning a reduced Young’s
modulus of 2.4 GPa for the partly collapsed window areas
as compared to 10 GPa in the intact areas. Furthermore, the
numerical modeling results predict predominantly vertical
displacement vector fields at all three resonance frequencies,
validating our simplification of analyzing only the vertical
component of geophone data at each array station.

5 Discussion and Conclusion

We analyzed a dense, array-based ambient vibration data-
set to characterize the modal behavior of a partly collapsed
lava tube roof. Results revealed the spectral and polarization
properties (i.e., frequency, ground motion amplification and
orientation) of three resonance modes of the roof in the fre-
quency range between 16 and 21 Hz. The localized spatial
distribution of modal deformation (Figs. 3, 4) indicates that
local geo-structural features of the lava tube play a key role
in controlling its dynamic behavior. We found that resonance
modes are only observable in the NE and SW sectors of the
lava tube around partly collapsed roof areas. Field observa-
tions indicate that thickness of the roof complex is almost
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constant over the study area, with minimal variations mov-
ing from collapsed to uncollapsed areas of the lava tube,
suggesting that the existence of skylights mainly reflects
weakness zones and a higher degree of fracturing in the local
in situ rock mass. This hypothesis is supported by numeri-
cal modeling where the implementation of a heterogeneous
mechanical model of the lava tube, with reduced Young’s
modulus in the window areas, was crucial to reproduce field
data. Moreover, numerical modeling allowed us to estimate
the extent of the stiffness contrast between partly collapsed
(E,=2.4 GPa) and intact portions (E=10 GPa) of the roof.

Although Young’s modulus values for intact basalt sam-
ples typically range from 35 to 85 GPa (Goodman 1989;
Schultz 1993), when accounting for the effect of scale,
rock mass deformation modulus reduces accordingly to
the range of 5-40 GPa, for RMR and GSI between 45
and 75 (Schultz 1993, 1995; Blair et al. 2017). Our esti-
mated value of 10 GPa for most areas of the lava tubes is
thus well within the range of past in situ measurements
of rock mass deformability (Schultz 1993). However, the
rock mass around the lava tube skylights is, in particu-
lar, uniquely characterized by open fractures with large
aperture in the range of 1-5 mm, further reducing rock
mass modulus (Hoek et al. 2013). We can describe this
as similar to excavation induced damage, and implement
a disturbance factor (D) in the description of rock mass
deformability (Hoek and Diederichs 2006). Assuming
D =0.8 (akin to poor quality blasting), rock mass defor-
mation modulus decreases from 10 to 3 GPa, similar to our
implemented value around the lava tube skylights. Moreo-
ver, while the Young’s modulus obtained from our analysis
of seismic data represent low-strain conditions (Barton
2007), they are similar to in situ experimental results of
rock mass deformation testing (Schultz 1993). This finding
was also described by Moore et al. (2018), who used simi-
lar field and numerical modeling techniques, that while
strains resemble dynamic measurements, the resolved
elastic moduli more closely resemble values from static
measurements, being smaller than corresponding labora-
tory data. We hypothesize that measured modal deforma-
tions of the lava tube roof likely involve compliant opening
and closing of rock mass discontinuities at multiple scales
(and at scales appropriate for the investigated rock mass),
making the deformability resolved from our analysis rep-
resentative of a rock mass value.

Our modeling approach represents a simplified, contin-
uum-based numerical modal analysis technique modeling
jointed and fractured rock masses through a reduction of
Young’s modulus in discrete volumes. In contrast, several
past studies have successfully modeled single, compliant
and pervasive discontinuities by introducing planar surfaces
(Colombero et al. 2017), open rear fractures (Guillemot et al.
2022), or boundary elements characterized by fixed or free
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conditions (Bessette-Kirton et al. 2022). Here we used a sim-
plified method suitable in geological applications for rock
masses characterized by a high degree of fracturing (i.e.,
where the influence of single discontinuities cannot be easily
discerned), in which the mechanical condition of a jointed
rock mass can be approximated through the application of
reduced-stiffness volumes (Burjanek et al. 2019).

The integrated approach applied in this study, combining
ambient vibration array data and numerical eigenfrequency
modeling, shows promising potential for mapping and struc-
tural characterization of underground cavities. As opposed
to previous studies that mainly exploited ambient vibra-
tion measurements for subsurface imaging of karst systems
(Nehme et al. 2013; Fedin et al. 2021), our results highlight
that a similar methodology can be successfully applied for
generalized characterization and structural health monitor-
ing of underground cavity roofs in different geological con-
texts. While no inferences on the lava tube stability can be
made from the obtained results, our approach can represent
a benchmark in the perspective of replicating non-invasive
field measurements after intense events (e.g., earthquakes or
heavy rainfall), or periodically monitoring potential recover-
able and permanent structural damage (Bessette-Kirton et al.
2022). For example, having identified the resonance modes
of the Tabernacle Hill lava tube roof, it is now possible to
perform periodic or long-term ambient vibration monitoring
surveys to identify frequency drifts caused by progressive
rock mass damage (Colombero et al. 2021; Geimer et al.
2022). Our integrated ambient vibration and numerical mod-
eling approach could also find application in a broad range
of other geological and cultural settings. In particular, this
non-invasive methodology may be particularly useful for
structural characterization and health monitoring of under-
ground natural or cultural heritage sites in support of hazard
assessment and conservation management.
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