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ABSTRACT

Devils Tower, Wyoming, is a 265-m-high 
cylindrical rock tower of phonolite 
porphyry with deep cultural significance 
and is the site of America’s first national 
monument. We deployed a seismometer 
on the summit of Devils Tower for  
21 h in October 2024, in addition to two 
identical sensors at the base, and used 
ambient vibration modal analysis techniques 
to identify resonance modes. Close axial 
symmetry of the tower gives rise to similar 
frequencies for the first two modes at 1.1 and 
1.2 Hz. We then performed 3-D numerical 
modeling to predict modal deformation 
fields: the first two predicted modes are full-
height swaying of the tower in orthogonal 
directions, matching resonance frequencies 
from field data, followed by a third, torsional 
mode. The model derived a calibrated 
global Young’s modulus for the tower of 8 
GPa, which is approximately seven times 
lower than that measured from intact rock 
testing due to the added compliance of 
joints. Our results contribute to a growing 
understanding of the structural dynamics of 
freestanding rock landforms with different 
sizes, geometry, and composition, and more 
generally to engaging public interest in 
geologic features of cultural heritage sites.

INTRODUCTION

Freestanding structures at Earth’s surface 
are in constant motion, vibrating in response 
to wind, seismic energy, and anthropogenic 
forces (Carder, 1936; Cloud et al., 1952; Moore 
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Figure 1. Photographs of Devils Tower and seismometer deployments. (A) Tower with view toward east-south-
east (location inset); (B) view from the summit looking south showing seismometer under bucket (detail inset), 
covered data logger, and battery under tarp; climbers (C) hauling seismometer to the summit and (D) rappel-
ling with equipment; (E) Station C at the base of the south cliff; (F) Devils Tower looking north.
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et al., 2019; Weber et al., 2022). These inputs excite the normal 
modes of the structure, resulting in resonance. While the 
dynamic properties of civil structures have been investigated 
for more than a century (e.g., Omori, 1900), similar research on 
geologic features is still an emerging field (Dowding et al., 1983; 
King, 2001; Geimer et al., 2020; Müller and Burjánek, 2023). 
However, past studies have shown that the dynamic properties 
of freestanding geologic landforms have important similarities 
to their civil counterparts (Finnegan et al., 2022a), and that 
techniques used in engineering can be applied to understand 
resonance of geologic features (Häusler et al., 2021).

Modal analysis is the process of determining the resonance 
properties of a structure from frequency-domain techniques 
(Fu and He, 2001). In the past it was necessary to excite vibration 
of structures at different frequencies and measure the resulting 
response; however, with advances in instrument technology it 
is now possible to use ambient seismic data for modal analysis 
(Cloud et al., 1952; Brownjohn et al., 2010). Typical approaches 
involve spectral analysis, identifying frequency peaks in 
comparison to nearby reference sites, site-to-reference spectral 
ratios, and polarization analysis (e.g., Geimer et al., 2020). More 
advanced techniques offer resolution of modes with close 
frequency spacing, show directional modal vectors preserving 
phase information, include rotational or six component tensor 
data, and allow processing of sensor arrays (Häusler et al., 2021; 
Dzubay et al., 2022; Grechi et al., 2024).

Recent studies have shown that the resonance properties of 
rock towers can be described using analytical expressions for 
a cantilever (Dowding et al., 1983; Bottelin et al., 2013; Finzi 
et al., 2020; Martin et al., 2020; Finnegan et al., 2022a). Tall 
towers in particular occupy an end member cantilever bending 
description utilizing Euler-Bernoulli beam theory, but towers 
of different aspect ratios can incorporate elements of shear 
deformation, as described by Timoshenko beam theory (Michel 
and Guéguen, 2018; García Suárez et al., 2025). Results of these 
studies are valuable for assessing resonance susceptibility and 
vibration-induced damage risks for geologic features with 
important cultural value (e.g., King, 2001). Similar studies 
have also assessed the dynamic properties of large mountain 
landforms, highlighting topographic amplification relevant for 
earthquake triggering of landslides (e.g., Weber et al., 2022).

Despite growing interest in the dynamic properties of rock 
landforms, most research is confined to studies of a few key rock 
types (often sandstone) and typical landform scales that allow in 
situ seismic measurement (Finnegan et al., 2022a). While such 
studies continue to expand and include new materials (e.g., 
Grechi et al., 2024), it is also important to analyze large-scale 
features with different geometries. Moreover, vibration analysis 
of cultural heritage sites, including geologic features of national 
parks and monuments, is important not only in developing 
approaches for long-term management and conservation, and 
in aiding vibration risk assessment (e.g., Dowding et al., 1983; 
Moore et al., 2016), but also can be valuable for public outreach 
to generate new interest in geologic features as dynamic at time 
scales concurrent with human perception and visitation.

Here we describe the dynamic properties of Devils 
Tower, a 265-m-high rock tower of intrusive igneous rock in 
northeastern Wyoming and the site of America’s first national 
monument. We deployed a broadband seismometer on the 
summit of Devils Tower for 21 h in October 2024, and two 

other identical instruments at its base for comparison. Data 
indicate two closely spaced first resonance modes at 1.1 and 
1.2 Hz. With the aid of calibrated numerical modeling, we show 
the predicted deformation fields for these modes and derive 
a global Young’s modulus for the tower, which we compare 
with lab-measured values on core samples. Our results expand 
understanding of the resonance properties of rock landforms 
and provide a new means of visitor outreach describing Devils 
Tower as a dynamic landform constantly in motion, swaying in 
resonance with Earth’s forces.

STUDY SITE AND EXPERIMENT

Devils Tower is a ~265-m-high monolith of Cenozoic 
phonolite porphyry rising from surrounding Jurassic 
sedimentary rocks in northeastern Wyoming (Fig. 1). The iconic 
prominence of the tower, as well as its characteristic columnar 
jointing, have helped make it an important cultural site for 
millennia. Local Indigenous people refer to the tower as Bear 
Lodge (or similar variants thereof), while the name change to 
Devils Tower arose in the early 1900s, possibly stemming from 
a mistranslation (Rogers, 2007). The site was designated as 
America’s first national monument in 1906. Different theories 
exist as to the formation of the intrusive igneous body, whether 
it be a stock, laccolith remnant, volcanic plug, or lava coulee 
(see Závada et al., 2015). Today the site is a popular tourist 
attraction.

We deployed a Nanometrics Trillium Compact 20-s, three-
component broadband seismometer on the summit of Devils 
Tower from 12–13 October 2024 (Fig. 1). The instrument was 
carried to the summit by a team of climbers under an approved 
permit from the National Park Service. The seismometer (station 
D) was located on the northern portion of the tower summit 
(Fig. 2A). It was placed on bedrock, with a dab of adhesive putty 
under each foot to aid coupling, leveled and oriented north, and 
then covered to prevent wind buffeting. The seismometer was 
paired with a 24-bit Nanometrics Centaur datalogger recording 
continuous data at 100 Hz. Two identical seismometer setups 
were additionally deployed (Fig. 2A): station C on bedrock at 
the base of the tower’s south wall, and station A on a large flat 
boulder embedded in colluvium ~200 m south of the tower. 
The various instruments had different run times: station D 
ran the longest for 21 h from afternoon to late morning, while 
the overlapping duration of all three sensors was 19 h (12 Oct. 
20:00–13 Oct. 15:00 UTC).

METHODS

We processed continuous seismic data for spectral 
information using the approach of Finnegan et al. (2022a). 
We removed the mean, trend, and instrument response from 
each trace, then band-pass filtered data between 0.1 and 40 Hz 
and computed power spectral density curves using fast Fourier 
transforms in overlapping 5-min windows. We additionally 
used Frequency Domain Decomposition (FDD; Brinker and 
Ventura, 2015), which is a modal analysis technique used to 
identify natural frequencies, mode shapes, and damping ratios 
from ambient vibration data. FDD decomposes the cross-power 
spectral density matrix of recorded signals via eigenvalue 
decomposition, with peaks in the first eigenvalues indicating 
dominant modes and corresponding eigenvectors describing 
their shapes (Poggi et al., 2014; Labuta et al., 2025).
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We used the commercial finite-element software COMSOL 
Multiphysics to perform 3-D eigenfrequency simulations (i.e., 
solved in the frequency-domain, no input motion applied). 
Models require accurate representation of topography, which 
we obtained from a USGS 1-m LiDAR digital elevation model 
(Fig. 2), in addition to specified material properties. Following 
the approach of Moore et al. (2018), we set density at 2600 
kg/m3, representing unweathered phonolite porphyry (likely 
accurate to within ± 10%), and let Young’s modulus vary until 
a close match was found to resonance frequencies identified 
from experimental data. The surrounding country rock was not 
independently described as this material has negligible effect 
on modal deformation of the tower.

Laboratory rock strength and deformation testing were 
performed according to ASTM D7012 standards. We obtained 
a fresh phonolite porphyry boulder from the scree slope at 
the base of Devils Tower and extracted three 3.8-cm-diameter 
cores with lengths between 8.4 and 8.7 cm. Core specimens 
were prepared for testing following ASTM D4543, with ends 
machined flat and parallel and an axial strain gauge affixed, 
then loaded in an unconfined state until failure. Young’s 
modulus was determined as the slope of the stress-strain curve 
at 50% strength (ASTM D7102), and the uniaxial compressive 
strength was determined as the stress at sample failure.

RESULTS

Spectral analysis of ambient vibration data from the Devils 
Tower summit station shows a prominent peak around 1.1 Hz 
(Fig. 3A), which is strongest on the horizontal components 
of motion (HHX and HHY) and similarly seen on spectra 
from station C at the base of the tower (see also Fig. S1 in the 
Supplemental Material4). We interpret this peak as relating to 
a resonance mode of Devils Tower. Other higher frequency 
spectral peaks are also apparent. Additionally, we observed a 
strong peak at ~0.15 Hz, which is seismic energy created by 
the world’s oceans and measured equally across all stations 
(Longuet-Higgins, 1950). Modal displacements at the summit 
station at 1.1 Hz were ~0.5 μm at maximum during a windy 
period, and most often one order of magnitude lower during 
calm periods under ambient seismic excitation.

Close inspection of the 1.1 Hz peak indicates subtle 
differences between the E-W horizontal component (HHX) 
and the N-S (HHY), with the latter appearing slightly offset to 
higher frequency (Fig. 3A). To clarify, we extracted the frequency 
with peak power in the band between 0.9 and 1.3 Hz for 5-min 
windows over all 21 available hours (Fig. 3B). Results show that 
the dominant spectral peak switches randomly between 1.1 
and 1.2 Hz, which is clarified by the histogram in Figure 3C, 
where the two frequencies are clearly distinguished with equal 
count. This suggests that there are actually two spectral peaks 
representing two resonance modes of the tower at ~1.1 and 
1.2 Hz. We identified no drifts in these frequencies over time, 
which can accompany temperature changes and/or freezing 
pore water in the near surface (e.g., Geimer et al., 2022).

We applied FDD analysis in an attempt to discern properties 
of resonance modes with similar frequency. FDD confirmed 
two closely spaced peaks at 1.1 and 1.2 Hz (Fig. 3D). Particle 

motion associated with the 1.1 Hz mode is oriented EEN–WWS 
and appears elliptical rather than linear (Fig. S2), as is typically 
expected, while the 1.2 Hz mode shows a similar directional 
pattern. Based on previous observations at rock towers, the 
1.2 Hz mode shape is expected to be oriented perpendicular 
to the 1.1 Hz mode, which is also suggested by a peak in the 
second eigenvalue between 1.0 and 1.3 Hz. However, properties 
of the perpendicular mode cannot be identified from the first 
eigenvalue. FDD analysis also revealed several local maxima 
between 1.7 and 5 Hz (Fig. 3D), including a peak at 2 Hz that 
appears significant as suggested by characteristic shapes 
observed in the third, fourth, and fifth eigenvalues.

Numerical modal analysis allowed us to test the hypothesis 
that experimental data resolve resonance modes of Devils 
Tower. We implemented a 3-D uniform, isotropic model of 
Devils Tower in COMSOL Multiphysics for eigenfrequency 
analysis. Assuming a constant density of 2600 kg/m3, we 
found a Young’s modulus of 8 GPa produced results closely 
matching field data: the model predicts the first two resonance 
frequencies of Devils Tower are 1.1 and 1.2 (Fig. 4), matching 
measurements. The model also predicts a third mode at 2.1 Hz, 
similar to that evident in FDD analysis. Modeled mode shapes 
for the first two modes indicate full-height deformation in 
roughly orthogonal directions (approximately E-W for the first, 
N-S for the second), with the third torsional mode showing the 
tower rotating about a vertical axis.

4 Supplemental Material. Figure S1. Power spectral density plots for all stations. Figure S2. Particle motion for the first two modes. Figure S3. Results of laboratory 
rock testing. Figure S4. Visualized second mode of vibration. Animation S1. Modal animations. Audio S1. Sonified vibration of Devils Tower. Please visit https://doi.
org/10.1130/GSAT.S.31366117 to access the supplemental material; contact editing@geosociety.org with any questions.

Figure 2. Topography of Devils Tower. (A) Hillshade with elevation coloring, contour 
interval is 20 m. UTM coordinate given for reference. Layout of three seismic stations 
shown. Tp: phonolite porphyry; (B) topographic profiles at 45° azimuth intervals show-
ing radial similarity of the cross-profile. The slimmest aspect is the E-W direction while 
the thickest is N-S. Source: USGS 1-m LiDAR.
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Figure 4. Numerical modal analysis. (A–C) First three predicted resonance modes of Devils Tower showing ex-
aggerated modal deflection (view looking southwest; y = north, x = east). Color scale and arrows show relative 
modal displacement (black greatest, white zero); (D–F) map view of undeformed displacement vectors; green 
dot is seismometer location.

Figure 3. Spectral attributes of seismic data. (A) Power spectral density; power 
in decibels relative to unit acceleration; (B) frequency with peak power ex-
tracted in 5-min windows over time; (C) histogram of frequency data; (D) FDD 
results for joint analysis of stations A and D showing six frequency-dependent 
eigenvalues (in grayscale) of the cross-spectral density matrix. Dashed lines 
are 1.1 and 1.2 Hz.

DISCUSSION

Experimental and numerical modal analysis shows that the first 
two resonance modes of Devils Tower are full-height deformation 
likely in orthogonal directions (Fig. 4). This sequence is common for 
rock towers (e.g., Moore et al., 2019; Finnegan et al., 2022a; Müller 
and Burjánek, 2023; García Suárez et al., 2025; Jbara and Tsesarsky, 
2025). However, notable at Devils Tower is the close similarity of the 
first two resonance frequencies, which arises due to the near-axial 
symmetry of the tower’s form (cf. Cloud et al., 1952) and is clarified 
in Figure 2B. With perfect axial symmetry, the two modes would be 
at identical frequencies. However, the tower is slightly slimmer in the 
E-W direction (modeled orientation of motion for the first mode), 
and thicker in the N-S direction (modeled orientation of motion for 
the second mode).

The third resonance mode predicted for Devils Tower from 
numerical modeling is torsion with rotational motion about a 
vertical axis. This sequence of modes is also relatively common for 
other rock towers (e.g., Michel et al., 2010; García Suárez et al., 2025). 
Dzubay et al. (2022) noted similar observations for a ~30-m-high 
sandstone tower in Utah, where the first two modes were mutually 
orthogonal bending and the third was torsion, and confirmed the 
torsional mode using a rotational seismometer. In a study of a broad 
range of tower and fin landforms, Finnegan et al. (2022a) noted 
that geometry plays a key role in controlling the progression of 
mode shapes, with semi-symmetrical towers typically having two 
orthogonal first-order modes followed by torsion. The third mode 
at Devils Tower is only weakly apparent in spectral analysis, possibly 
due to a lack of strong excitation.

FDD analysis indicates the presence of multiple modes in the 
1.1–1.3 Hz range, with a peak in the second eigenvalue suggesting 
an orthogonal mode. The absence of an expected perpendicular 
mode shape in the first eigenvalue indicates a more complex modal 
structure, where the fundamental mode is split into closely spaced 
components. This multiplet likely overlaps with the 1.2 Hz mode, 
complicating mode shape estimation. An alternative explanation is 
that the second mode is only weakly excited and the fundamental 
mode dominates the observed response. Careful selection of time 
windows reveals multiple sub-peaks in the eigenvalues; however, 
the limited number of time windows reduces the robustness of 
this approach. The peak close to 2 Hz likely corresponds to the 
torsional mode predicted by numerical modeling, as suggested by its 
characteristic signature in the higher-order 
eigenvalues. More reliable characterization 
of higher modes would require a dense array 
of measurements across the tower.

Results from numerical modeling closely 
matched experimental field data, with 
nearly identical resonance frequencies 
predicted versus measured for the first 
two modes, despite the simplified uniform 
composition. This implies the tower can 
generally be considered monolithic, which is 
not surprising given theories on its genesis 
(Závada et al., 2015).

 In a previous study of the Matterhorn, 
Weber et al. (2022) hypothesized that 
implementing a stress-dependent Young’s 
modulus might be more appropriate for 
large-scale landforms where modulus 
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increases at higher confining pressures at depth; however, 
their tests did not reveal substantial differences to a uniform 
model nor an improved fit to field data. Thus, we elected to use 
the simplified uniform modeling approach. We also did not 
treat the surrounding sedimentary rock units as independent 
material in the model as these areas do not affect predictions 
for the tower.

The model-calibrated Young’s modulus of 8 GPa for Devils 
Tower represents a mean effective value for the rock mass. 
While derived from small-strain measurements, the value 
appears to better represent one we might expect for large strains 
in engineering applications, where the rock mass modulus is 
less than that of intact rock due to the added compliance of 
joints (Moore et al., 2018; Müller and Burjánek, 2023). To clarify, 
we measured the Young’s modulus of phonolite porphyry 
core samples from Devils Tower using standard laboratory 
techniques (see Fig. S3). The mean value determined was 55 
GPa (range: 48–66 GPa), which is ~7 times greater than that 
of our numerical model. For comparison, Moore et al. (2018) 
assessed similar data sets for Navajo Sandstone arches and 
found that resonance-based modulus estimates were 2–5 times 
lower than intact rock values.

The large difference between rock mass and intact moduli 
results from the compliance of joints, such as the vertical 
columnar joints that are a well-known feature of Devils Tower, 
which cannot be captured by laboratory measurements on small 
samples. Using the approach of Hoek and Diederichs (2006) 
and Grechi et al. (2024), we investigated use of the disturbance 
factor (D) to scale between intact and rock mass moduli. We 
found that a relatively large disturbance factor of 0.7–1 is 
required to match our values. While the parameter is normally 
applied in smaller-scale engineering studies, its use is intended 
to account for joint dilation and added joint compliance, which 
is applicable in our study. The result suggests that the bulk of 
the rock mass at Devils Tower contains dilated joints, even at 
depth. This may arise from the particular stress conditions and 
lack of confinement at the freestanding tower.

Past studies on rock landforms, including rock towers, cave 
formations, and cliff blocks, have found that the fundamental 
resonance modes of these features conform to that of a 
cantilever beam (Finnegan et al., 2022a). When validated, such 
comparisons mean that resonance frequencies and modal 
strain fields can be predicted from analytical solutions, which is 
valuable when field data are difficult to acquire. At Devils Tower, 
if we simply apply approximate geometrical properties (height: 
250 m, width: 250 m) in the Euler-Bernoulli cantilever equation 
(Moore et al., 2019) and use the value of 8 GPa for Young’s 
modulus determined from numerical modeling, we calculate a 
first resonance frequency of 1.1 Hz, close to our measured value. 
However, we note that a priori estimates of Young’s modulus 
are rarely available for all materials and feature scales, which 
remains a key output of this analysis.

Normal mode vibration of a cantilever is not always best 
described by the Euler-Bernoulli model, which is appropriate 
for slender towers and an end member of more generalized 
Timoshenko beam theory (García Suárez et al., 2025). Shorter 
towers, on the other hand, incorporate important components 
of shear deformation. Boutin et al. (2005) and Michel and 
Guéguen (2018) developed a parameter, C, that relates the ratio 
of bending stiffness to shear stiffness to assess the importance 

of each in the deformation at various modes. C values <~0.01 
indicate bending dominates while C >~1.0 indicates shear 
dominates. We found that the C value for Devils Tower, where 
the height and width are similar, is ~0.5, suggesting that modal 
deformation consists of a mix of bending and shear.

Results of our study are valuable in understanding the 
structural dynamics of freestanding rock landforms with 
different sizes, geometry, and composition. This information is 
useful for assessing risks from vibration-induced damage (e.g., 
Dowding et al., 1983; King, 2001; Moore et al., 2016; Finnegan 
et al., 2022b) or predicting co-seismic rockfalls and requires 
a growing number of field-based data sets. Equally valuable, 
and especially relevant at Devils Tower, our study helps create 
a new way for visitors to experience the landform—not only 
as a geologic structure evolving slowly over millions of years, 
but as a dynamic and lively landform constantly in motion 
at human timescales (Figure S4; Animation S1; Audio S1). 
While the movements are small, they are nonetheless a real 
part of the story of Devils Tower, and their knowledge may 
help visitors better appreciate the delicacy and sensitivity of  
geologic landforms.

CONCLUSION

Devils Tower vibrates at a set of identifiable resonance 
modes, excited by ambient forces such as wind and seismic 
energy. We deployed a seismometer overnight on the summit 
of Devils Tower, as well as two identical instruments at and 
near its base, and used frequency-domain modal analysis 
techniques to identify the resonance modes. We found the 
fundamental mode of Devils Tower occurs at 1.1 Hz, with a 
second mode at 1.2 Hz. The close frequency spacing arises from 
the relatively close axial symmetry of the cylindrical tower. 
We implemented the geometry of Devils Tower in a simplified 
numerical model in an attempt to replicate field observations. 
Results captured the fundamental mode and predicted a 
second perpendicular mode, with frequencies closely matching 
field data, and in addition predicted the third torsional mode 
that was evident from FDD analysis. Tuning material properties 
to match measured frequencies, we determined a calibrated 
global Young’s modulus for the tower of 8 GPa, a value that is 
~7 times lower than measured from intact rock testing, which 
results from the added compliance of joints at the rock mass 
scale. Our study contributes to better understanding of the 
dynamics of freestanding rock landforms with different scale 
and composition, and to engaging public interest in geologic 
features of national heritage sites.
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