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Abstract

Thousands of rock arches are situated within the central Colorado Plateau—a region
experiencing small- to moderate-magnitude contemporary seismicity. Recent anthropo-
genic activity has substantially increased the seismicity rate in some areas, raising ques-
tions about the potential for vibration damage of natural arches, many of which have
high cultural value. However, predictions of the vibration response and potential for dam-
age at a given site are limited by a lack of data describing spectral amplification of ground
motion on these landforms. We analyzed 13 sandstone arches in Utah, computing site-to-
reference spectral amplitude ratios from continuous ambient seismic data, and compared
these to spectral ratios during earthquakes and teleseismic activity. We found peak
ground velocities on arches at their dominant natural modes (in the range of 2-20 Hz)
are ~20-180 times the velocity on adjacent bedrock, due to amplification arising from
slender geometry and low modal damping (0.8%-2.7%). Ambient spectral ratios are gen-
erally 1.2-2.0 times the coseismic spectral ratios. Because arches experience highly ampli-
fied ground motion, the range of earthquakes considered potentially damaging may
need to be revised to include lower-magnitude events. Our results have implications
for conservation management of these and other culturally valuable landforms.
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Supplemental Material

Introduction to their slenderness and low damping ratios (Moore et al., 2019;

Seismic activity is a prominent contributor to the generation and
propagation of damage in rock masses, aiding in the erosion and
collapse of freestanding landforms (e.g., Lopez et al., 2020;
McPhillips and Scharer, 2021). Such features are likely to expe-
rience significant amplification of ground motion during earth-
quakes or other excitation of their normal modes (ie.,
resonance), which can have important implications for coseismic
rock fracturing. Relevant past studies have assessed amplification
phenomena resulting from topography, near-surface soil, and
weathered rock layers, as well as rock slope fracture networks in
generating sometimes strongly amplified ground motions (site-
to-reference spectral amplitude ratios of 10 or more) under
ambient excitation and during earthquakes (e.g., Borcherdt,
1970; Boore, 1972; Celebi, 1987; Havenith et al, 2002;
Burjének et al., 2010; Hausler et al., 2022; Weber et al., 2022). We
hypothesize that rock arches are likely to amplify ground motion
to an even greater degree than fractured rock slopes, in part, due
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Geimer et al., 2020). However, aside from a single past measure-
ment (Moore et al., 2016), no studies have systematically assessed
the seismic response of arches, in particular, quantifying spectral
amplification of ground motion linked to resonance.

Large earthquakes have historically been rare in southeastern
Utah, United States; consequently, arches in the region have
likely evolved in a relatively seismogenically quiet setting
(Wong and Humphrey, 1989; Fig. 1). However, growing
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anthropogenic energy inputs, such as blasting and injection-
induced earthquakes, are altering the vibration environment.
For example, in 1991, the Bureau of Reclamation began injecting
brine into a desalination well in Paradox Valley, Colorado, and
has since recorded more than 6400 local earthquakes (Block et al.,
2017; Foulger et al., 2018). In March 2019, the Paradox injection
facility induced an M,, 4.5 earthquake (U.S. Geological Survey
[USGS], 2022), with peak ground velocity (PGV) in the
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Figure 1. Arches and earthquakes in southeastern Utah. Arch locations
sourced from the World Arch Database (Van Bebber, 2013) (black dots),
earthquakes (circles scaled by magnitude) are from the USGS (2022)
Earthquake Catalog between December 1978 and February 2022.
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Moab, Utah area (“Courthouse Reference™ Fig. 1) exceeding
2 mm/s at frequencies coinciding with the natural modes of most
arches, which may represent some of the strongest seismic shak-
ing experienced by nearby landforms in decades. Although most
of these induced earthquakes are not large enough to cause slope
failure (e.g., Keefer, 1984), the increased rate of occurrence of
these events, in addition to other sources, may contribute to
an increased rate of progressive crack growth in arches and other
rock landforms. Geotechnical analysis at a given site, however, is
limited by an incomplete knowledge of the PGV experienced—a
value needed to evaluate crack propagation using fracture
mechanics models (Eppes and Keanini, 2017).

In this study, we measured site-to-reference spectral ampli-
tude ratios for 13 natural arches in Utah, which have a broad
range of spans and generally slender geometry. We calculated
spectral ratios from ambient vibration data curated to mini-
mize nearby human disturbances and wind excitation. We
quantified the seismic response of the landforms, that is,
PGV and amplification, through comparison of these ratios
during ambient and coseismic periods. Our results help inform
analyses of vibration damage to these and similar features,
given an expected or experienced earthquake, blast, or other
ground-borne vibration input, in support of conservation
management of culturally valued landforms.

Study Sites

We selected 13 natural arches, all formed in sandstones, to cal-
culate ambient spectral amplitude ratios (Table 1 and Fig. 1; Fig.
S1, available in the supplemental material to this article). The
arches are in southern Utah on the traditional lands of the
Hopi, Navajo, Pueblo, Southern Paiute, Ute, and Zuni peoples,
and Rainbow Bridge and other arches are held in special regard
by these groups (Stoffle et al., 2016). Many of these arches are
popular tourist attractions, with some seeing millions of visitors
each year (National Park Service, 2021). We selected these land-
forms to include a range of sizes, with spans between 3 and
83 m, as well as different geometries, from slender beam-like
arches to more curved arches formed in alcoves. Through modal
analysis (e.g., Geimer et al., 2020), we determined that the arches
have fundamental or mode 2 natural frequencies between ~2
and 20 Hz (Table 1), with deflection polarity (i.e., vertical or
horizontal) of the modes determined from polarization analysis.

Methods

We collected continuous ambient vibration measurements at
arches and adjacent bedrock reference sites, the majority of
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which were overnight recordings (Table 1). We additionally
feature a dataset with nearly continuous measurements span-
ning 15 months at Aqueduct Arch (data in winter months were
sparse due to loss of solar power). We used three-component
instruments (Nanometrics Trillium Compact 20 s seismome-
ters or Fairfield Zland 5 Hz nodal geophones) to record ambi-
ent vibrations of the landforms and reference sites, with
sampling rates between 100 and 250 Hz. We placed one instru-
ment directly on each arch, leveled and aligned to magnetic
north, and another on nearby bedrock (5-100 m away) that
served as the reference, using the same sensor type paired
for each measurement. We attempted to place the arch seis-
mometer in the location experiencing the maximum funda-
mental mode deflection (e.g., top center of arch), but, due
to limited access, a few datasets suffer from suboptimal sensor
placement and thus do not record peak vibration amplitudes
(Fig. S2). Some of the recordings captured earthquake activity,
including local and regional earthquakes as well as teleseisms.

For ambient overnight measurements (212 hr long), we
rotated velocity data to the arch’s orientation from magnetic
north and used either the transverse or vertical component
for subsequent processing (Table 1), corresponding to the
deflection polarity of the arch’s dominant mode (i.e., natural
frequency with the greatest spectral amplitude). We detrended
and demeaned the data, removed the instrument response, and
bandpass filtered to include the range of natural frequencies
identified from spectral analysis (Fig. 2b; Fig. S3), and con-
firmed these using frequency-dependent polarization analysis
and numerical modal analysis following Geimer et al. (2020)
for the arches not previously studied. We calculated the veloc-
ity spectrogram using 10-s windows with 80% overlap, zero-
padded by a factor of 2, and tapered with a Hanning taper.
We divided the spectrogram into five-minute time blocks with
no overlap. Dissimilar distance to an energy source, like a per-
son walking near an arch, causes unequal excitation at the site
and reference stations and invalidates the spectral ratios.
Similarly, wind nonuniformly excites bedrock and arch geom-
etries. To remove noisy periods in which wind or human activ-
ity adversely affected the data, we employed a reference site
power threshold: if the average 5-15 Hz reference power
exceeded the threshold over the five-minute time block, the
block was excluded from further processing (Fig. S3). We
determined the threshold empirically by selecting a decibel
power value of —185 dB and then adjusted the value slightly
to accommodate for differences in site noise conditions. The
resulting range was between —175 and -189 dB, except for

The Seismic Record 158


https://www.seismosoc.org/publications/the-seismic-record/

(-abed 1xau panunRuo)d)

"¢ 9PON|

(0202) e 19 JswiaD Aq pazuapeleyd Ajsnoinaid JoNg

*sauoydoab [epou puejz plaIjIeS YUM Spew JUUIRINSea|Al,
JUBWIINSEAW Wi}-Buo| Ssoide anjea uelpaj,

"JUSWAINSEAW 3} o} Wiojpue| 3y} uo juawade|d Juswnisul [ewpdogns,

3lilenb iyt ‘€0 ‘a|ipenb 1siy ‘LD ‘ydou dnaubew ‘N "s1alaLowWsIas Pedwod WL SOLIaWOURN BuIsn apew aiam SJUBWAINSEAL ‘paiew Ssajuf ‘suofelie ainjeadwa} [euoseas 0} anp asiie alis abuls e Je sjuswainseaw udamiag fuanbaly
[eInleu Ul SUBIBYIQ “SlusWaInseaw Jeadal yym sayis o} papiodal sones buidwep pue ‘soesr apnyjdwe ‘suoijeinp ‘sapuanbayy jeinjeu adyny Buidwep yum paniodal ale jgejiere uaym saxenbyued buunp sapnyjdwe pue sapnyjdule JualquIe UBIpay

80

vl
0¢
Gl

0L
o'l

60

80

1670

(%)
puidweq

7€l '68 (907 ‘0S1) SL1

(02 'z8) 79

(601 '€L) T6

€€ (69 '£S) 79
(€9 "8¥) S
(08 '09) 0L

(69 'LY) LS

(8€ 'LD) T€

(orL '8L) L6

(lz's1) 481 (9¢ 's0) ,0¢
(€D ’LD) oney (€0 "LD)

spnyjdwy  oney spnyydwy
ajenbyyey  jusiquiy uelpap

ov:vL

s01:81

ov:cc

0S:0v
+x00:7C
+00:7¢C

046l

£95:81

+C0:7C

LSYluow g

(wuwizyy)

uoneing
p10d3y

auojspues
Wiy sHym

uoijeuo4
sy

uonew.o4
BIND

auolspuesg
epenu3y

auolspues
esaln
lepa)
auo}spues
a1ebuipy

auolspues
olenep

auolspues
aebuipy

Hun
J160j0an

LE

8l

4

0t

8¢

144

(w)
uedg

1wy

9

10°S

9'6

6'Cl
10°G
9
G~
(zH)

fouanbauy
|einieN

Py

[edIIBA 869/'601— '6GEP'8E  uewsssniy

5obpug

INEYVY

oCLL '9SI9AsUeI] 0€45°601— ‘V1LL'8E dibe

iy
[eJIUSA  8ZL9'60L- '€ZyS'8E  9bpug amIT

sUIY
06T ‘8sIoAsuel] 0129601~ ‘066L'8E 0 ?|qnoq

Py

peaymoLy

[B21IBA 80LT0LL~ "96EL°LE big

sy

[BI1IBA 85€9'601~ '6909'8€ 9)jalieg

Py

09C| 'dsIansuel] 16ES°0LL— '9501°8€E dlussly

Py

0G9 '9siaAsuel] G916'601— ‘TLEL'BE »npanby

(NN wouy ) ajqednddy (sea4bdg owep auS
Jl uonjejUdQ  Jewaq) apnybuoy
pue juauodwo) ‘apnye] uonedo]

Juswiainses|\ ydej jo uoijeinqg pue

1uq 2160]039 ‘ueds yday ‘(js1I21sy ue Aq payey ssajun [eauswiepuny) 3sasd3u] jo Louanbaiy [eanjep ‘uonedo buipnpuj ‘sonsiisldeIRY) puE S3)S ApNls Jo isi]

L 9.l

159

The Seismic Record

10.1785/0320220017

DOI:

https://www.seismosoc.org/publications/the-seismic-record/

Downloaded from http://pubs.geoscienceworld.org/ssaltsr/article-pdf/2/3/156/5646663/tsr-2022017.1.pdf

bv auest


https://www.seismosoc.org/publications/the-seismic-record/

"¢ 9PON

(0202) fe 18 Jawien Aq pazuapeleyd Ajsnoinaid 10N

"sauoydoab [epou puejz ppaIpIed UM BpeUl JUBLIBINSEIN,

Juswisinseawl C‘:mu.mco_ $S0.>e anjeA Uelps|A|,

‘JUBLIBINSEAW By} 10} WIOjpue| 3y} uo Juswade|d Juawnisul fewndogns,
‘3)ienb payy ‘D ‘ojenb 3siy 1Y ‘Yo dnaubew ‘N "sieawowsas 1Dedwod) wnijju] SHLIBWOURN buisn apew a1am SJUSWRINSeIW ‘paIeWw Ssajun "SsuoneleA ainjesadwa) [euoseas 0} anp astie ayis 9|BUIS B Je SJUALIBINSEAW U3aMIAq Aousnbaly
[eIN}eU Ul SAUIIRYIQ "SIUBLIAINSEIW Jeadal Yum sayis Joj papiodas sones Buidwep pue ‘sones apnyyduwe ‘suoieinp ‘sapuanbaiy eanjeu ajdnynyy “Buidwep yum papiodai ale ajqejieAe uaym saxenbypea buinp sapnydwe pue sspnyjduwe Julque uelipajy

60
60

60
60

L'l

o'l

6l

(%)
puidweq

9C

18 '6€

(€0 "1D) oney
apmyjduy
ayenbyyieg

(0z 'sl) L1
(€S 'v€) ¥

(65 oY) €
(¥S1 '99) 601

(SS1 ‘9zl) vil

(1S 'ev) 9y

(0Ll ‘Z8) 16

(€11 'L8) L6

(86 '09) 9/

(€0 "10)
oney wq:_“_.__a_.:<

JuRIquIy ueIpaly

o6l
Gl6l

o€l
oozt

oLl

x00:91

GE00

001

00:20

(wwi:yy)
uoneing
pi033y

uoiew.oq
uosed

auojspues
olenep

auolspues
olenep

auojspues
epeiu3

auoIspues
esa
lepa)

Hun
J160j0an

cl

€8

S

(w)
uedg

L'El
9'€l

0°€l

1’

9'0¢

v's

(zH)
fouanbauy
|einjeN

[e21L19A

€219

oG ‘asiansuel|

[e21L19A

[e21LI9A

(N wouy ) djqedijddy
}1 uonejusariQ
pue juauodwo)

6€91°CZLL- 'T1T9’Le  3bpug om|

6EL9°0LL— 'S9Y9'8E Yy umnbg
abpug
£796°0LL— ‘VLLOLE moquiey

iy
9779601 '9519'8€  Mmoquiey

abpug
LPLO0LL= '€785'LE  owoydemQ
(sea4bdg owep auS
Jewaq) apnybuoq
‘apmine uoned’o

JUSWIRINSEI|A Yoe3 jo uoneinq pue
1uq 2160]039 ‘ueds yYoay ‘(js1i21sy ue Aq padyely ssajun [eausawiepuny) 3sasd3u] jo Louanbaiy [eanjen ‘uonedo buipnpuj ‘sonsiisldeIRY) pue s3)Ss Apnis Jo isi]

(penuiuo) | ajge)

160

The Seismic Record

10.1785/0320220017

DOI:

https://www.seismosoc.org/publications/the-seismic-record/

Downloaded from http://pubs.geoscienceworld.org/ssaltsr/article-pdf/2/3/156/5646663/tsr-2022017.1.pdf

bv auest


https://www.seismosoc.org/publications/the-seismic-record/

Span: 37 m

=
w

=
o

Frequency (Hz)

06

o
1o
~ fl-120
[
2 |l-140
o
S ||-160
2
2 H-180

12

04 10 12 02 04 06 08 10
d UTC time (hours) UTC time (hours)
( ) T - 1.0 (e) 103 0.05
- f — Arch —— Median
! ! —— Reference —— Earthquake
0.004 4 - y
: H F0.8 . 0.04
1 = o
I c o
— 0.002 A o
Q) E o
€ 0.6 w © 0.03 >
£ 8 2 =
<. 0.000 < 3 3
g 3 £ 8
|93 ©
o L N x
° 045 5 0.02 &
> —0.002 A £ &
S ;=
z 32
~0.004 - [ 0-2 0.01
—0.006 +— T T T T T 0.0 T T T T T T T 0.00
04:09:30 04:10:00 04:10:30 04:11:00 04:11:30 04:12:00 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0

UTC time (HH:MM:SS)

two noisy sites that required higher thresholds (Barrette Arch:
—155 dB and Rainbow Arch: —141 dB),

For the retained time blocks, we converted decibel powers to
amplitudes in each 10-s window and averaged the results to
obtain amplitude spectra. We performed these steps for both
arch and reference data, and then divided arch spectra by refer-
ence spectra to calculate spectral ratios. Next, we generated 2D
histograms to quantify the results as probability density func-
tions (Fig. 2e). We calculated the median ratio at the dominant
natural frequency, and used the first and third quartiles to deter-
mine uncertainty. During each of the retained five-minute
blocks, we calculated damping using the random decrement
technique (Cole, 1973; Mikael et al., 2013), in which an expo-
nentially decaying sinusoid is fit to the impulse response derived
from random noise, generated by stacking multiple bandpassed
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Figure 2. Spectral amplification example. (a) Musselman Arch
(Canyonlands National Park, Utah), red star is location of broadband
seismometer, reference seismometer off-image. (b) Musselman Arch
vertical velocity spectrogram from 21 June 2016 01:00 to 21 June 2016
14:00 (one night of the ~three-day measurement). (c) Bedrock reference
spectrogram for the same time period as panel (b). Vibration power in
panels (b) and (c) is given in decibel units relative to 1 m?s2 Hz'.

(d) M, 2.2 Panguitch, Utah earthquake, ~230 km from Musselman Arch,
recorded on the arch and bedrock, filtered between 1 and 20 Hz.
Normalized Arias Intensity is shown by the blue line, and the 5%-95%
Avrias duration of the earthquake is indicated by the dashed lines.

(e) Probability density of arch-to-reference amplitude spectral ratios for
the entire ~three-day recording, excluding windy or other noisy periods
(see also Fig. S3). Spectral ratios peak at the natural frequencies previously
identified for this arch by Geimer et al. (2020). Maximum median spectral
ratio (175 at 4.4 Hz) and corresponding value during the M, 2.2
earthquake (89 at 4.4 Hz) are included, along with a dashed line showing
an ambient ratio of one. For additional details, see Figure S3.
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time windows with identical starting conditions, relative to
positive velocity crossing (Fig. S3). We used 15-cycle windows
stacked over the five minutes, filtered around the dominant
natural frequency, and reported the median damping ratio,
(—related to the quality factor, Q = zl(—for each arch.

For shorter measurements (<2 hr long), we followed the
same processing steps but divided the spectrogram into one-
minute time blocks, instead of five minutes, to increase the num-
ber of ratios included in the histogram. For the 15-month
Aqueduct Arch dataset, we designated 01:00-14:00 UTC
(18:00-07:00 MST) as overnight for each day in the record
and implemented the same processing as the overnight record-
ings, though we used 50% overlap instead of 80% to improve
computation time. We excluded any nights with fewer than
12 retained five-minute time blocks from further processing,
reducing 15 months of data to 389 nights.

When an earthquake was present and recorded clearly on
the arch with detectable P- and S-wave arrivals, and contained
spectral energy in the range of the arch’s natural frequencies
(Fig. S3g), we calculated arch-to-reference spectral ratios dur-
ing the period of seismic activity. We used a short-time aver-
age/long-time average trigger to determine the arrival time at
the nearby bedrock reference site. We coarsely estimated the
duration of earthquake ground motion following Esteva and
Rosenblueth (1964),

T; = 0.02e%74M 4 0.3A, 1)

in which T, is duration in seconds, M is earthquake magni-
tude, and A is epicentral distance in kilometers, to trim our
data. We then calculated the time-dependent Arias Intensity
(Arias, 1970), I,:

ha)zéélnaaym; ()

to narrow in on a more precise value of earthquake duration over
which we calculated the spectral ratio (g is gravitational acceler-
ation, and a is ground acceleration). We normalized the Arias
Intensity over time, and designated the start and end times of the
earthquake at the arch from the 5%-95% bounds of total seismic
energy accumulation (Trifunac and Brady, 1975; Fig. 2d). We
then computed the spectral amplitude ratio over this time, treat-
ing the duration of the earthquake as a single window and
following the same methods for the ambient overnight ratios.
For the 15-month dataset at Aqueduct Arch, we used
libcomcat (USGS, 2020) to access the Advanced National
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Seismic System Comprehensive Earthquake Catalog and
search for earthquakes measured at the arch. We selected
events using criteria designed to capture earthquakes recorded
clearly at the arch and to increase the likelihood that the earth-
quake frequency content aligned with arch natural frequencies.
We chose all earthquakes M > 4 within a radius of 800 km from
the arch, M > 3 within 600 km, M > 2 within 400 km, and
M > 1 within 100 km. This initial catalog included 379 earth-
quakes, which we reduced to 223 events based on clear P- and
S-wave arrivals and data availability.

Results

We computed ambient vibration spectral amplitude ratios from
19 datasets at 13 sandstone arches in Utah, with resulting
median amplification factors at the dominant modes ranging
between ~20 and 180 (Table 1). Modal damping ratios for
the arches are low, between 0.8% and 2.7% (Q equivalent of
18.5-62.5) (Table 1), and we found no clear correlation between
amplification and damping (compare to Moore et al., 2019).
Our probabilistic spectral ratios demonstrate that amplification
factors are the maximum at the dominant natural modes of the
arch, that is, resonance is excited at specific natural frequencies.
These range between ~2 and 20 Hz, the majority of which are
fundamental modes. In addition, the majority of the analyzed
natural modes are vertically polarized, though a few are horizon-
tal, such as the ~5-Hz fundamental mode at Aqueduct Arch. We
resolved higher-order modes at all sites, though our analysis
only focuses on the dominant natural frequency that produces
the largest amplification at each arch.

We recorded six earthquakes during our overnight mea-
surements on arches, which resulted in spectral amplification
factors between 18 and 134 (Table 1). Notably, at Musselman
Arch, we recorded one local earthquake and one teleseism. The
My 2.2 earthquake, located in Utah ~230 km from Musselman
Arch, produced a peak spectral ratio of 89 (see Fig. 2), whereas
the M,, 3.4 teleseism, originating in Oklahoma near an injec-
tion site 1010 km from the arch, produced a peak ratio of 134.
Ambient site-to-reference spectral ratios were 1.2-2.0 times the
ratios during earthquakes at each site, aside from one earth-
quake at Rainbow Bridge and one at Two Bridge, which were
1.8 and 1.5 times the ambient ratios, respectively (Table 1). We
recorded over two hundred earthquakes (M 1.2-5.0) during
our long-term deployment at Aqueduct Arch, in which the
sensor was not ideally situated to measure the maximum
modal deflection. There, compiled arch-to-bedrock amplifica-
tions had a median value of 18 during seismic activity,
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Figure 3. Aqueduct Arch spectral amplitude ratios for the dominant (and
fundamental) mode of ~5 Hz (precise frequency varies seasonally).

(a) Seismometer location on Aqueduct Arch (red star) was poorly situated
to record peak vibration amplitude of the fundamental mode (see Fig.
S2). Reference sensor is ~100 m to the west (indicated by arrow).

(b) Histogram of amplitude ratios over the 15-month measurement
campaign. Ambient amplitude ratios are taken from overnight mea-
surements (n = 389, median = 30), whereas earthquake amplitude ratios
are from the identified events (n = 223, median = 18).

compared to a median ambient value of 30 (Table 1 and Fig. 3).
Spectral ratios for 195 of the 223 recorded earthquakes were
lower than those measured during ambient nighttime condi-
tions on the same day.

Discussion

Median arch-to-bedrock spectral amplitude ratios for the 13
study sites ranged between ~20 and 180 (Fig. 4). However,
measuring the maximum spectral amplification of an arch
requires precise placement of the seismometer at the location
of the greatest modal deflection, thus some of our reported val-
ues are lower bounds. For example, a simultaneous measure-
ment at Big Arrowhead Arch with one sensor positioned at the
point of the maximum deflection for the fundamental mode
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Figure 4. Summary of arch-to-reference amplitude spectral ratios at the
dominant natural frequency for each site (see Table 1). Ambient median
values are presented with bars extending between the first and third
quartiles. Spectral ratios calculated during earthquakes are included
when present, with median and quartile bars for the long-term Aqueduct
Arch measurement that includes hundreds of earthquakes. Poor sensor
location indicates sensor placements not measuring the landform’s
maximum modal displacement; these ratios are thus lower bound values.

(arch center) and another closer to the arch abutment yielded
a center amplitude ratio ~27% greater than the uncentered
value. This indicates the spectral ratios reported for Aqueduct
Arch and Rainbow Bridge, where sensor placement was sub-
optimal (see Fig. 3a), underrepresent maximum values. This is
also supported by numerical predictions of modal deflection
for Aqueduct Arch, where peak displacement at the fundamen-
tal mode is approximately five times the displacement at the
location of the seismometer near the abutment (Fig. S2).
We anticipated that modal displacements would be greater
for lower arch stiffness values, leading to higher amplification.
To test this, we analyzed a subset of the studied arches with
geometries similar to a rectangular beam fixed at both the ends,
in which analytical theory predicts the bending, or deflection
stiffness, is related to both Young’s modulus and beam
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geometry (Gere and Timoshenko, 1997). We found that, in
general, amplification for beam-like arches increased as the
estimated bending stiffness decreased, as expected. However,
large scatter resulted from site-specific geometrical and
material property variations, the small sample size of the land-
forms studied, as well as variability and uncertainty inherent in
our spectral ratio measurements, causing overall poor correla-
tion. We attribute the lack of an inverse relationship between
damping and spectral amplification to these same factors.

We applied our methodology for computing ambient site-
to-reference ratios to other rock landforms, producing similar
results as the studied arches. For example, analysis of a ~36-m-
high rock tower yielded a median amplification ratio of 45,
whereas a ~70-m-high toppling rock slab produced a median
ratio of 78. A previous study of the 120-m-high Castleton
Tower by Moore et al. (2019) predicted spectral amplification
of ~70 at the fundamental frequency assuming a simple multi-
ple-degree-of-freedom system, which is within the range mea-
sured for the arches; however, the value could not be calculated
due to sustained winds during the measurement. Finzi et al.
(2019) similarly reported an amplification factor of 100 for
a rock pillar compared to a nearby cliff, though it is not clear
if windy times were removed from this calculation. These
examples support broad application of our methodology to
other landforms, such as rock towers and hoodoos, as well
as ancient cultural sites.

We captured six earthquakes during the overnight arch
deployments and >200 earthquakes throughout the 15-month
Aqueduct Arch measurement. Generally, ambient arch-to-
reference spectral ratios were 1.2-2.0 times the corresponding
coseismic values, though the specific reasons for this difference
remain unclear. Potentially: (1) the seismic records, being short
in duration, had relatively few data points resulting in large
scatter, inadvertently biasing our results. However, Figure 3b
shows the coseismic spectral ratios are closely distributed about
their median, indicating these were not adversely affected by
shorter time blocks. (2) A predicted damping increase during
periods of relatively large ground motion could result in
decreased amplification (Satake et al., 2003). However, damp-
ing ratios at Aqueduct Arch were comparable in both ambient
and coseismic conditions (Fig. S4). (3) The employed reference
threshold was too lenient, allowing periods of slight wind gusts
to be included in the ambient ratios raising these values. We
tested progressively increasing the strictness of the reference
power threshold at several sites and found that the median
ambient ratio did not progressively decrease, although the
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greater range of values for ambient data (Fig. 3b) may reflect
a persistent influence of slight wind gusts producing higher
amplification ratios. (4) Different types of seismic waves in
an earthquake could excite an arch differently, that is, surface
waves are more effective at exciting resonance than body
waves. However, further subwindowing our earthquake
records will produce a large amount of scatter, making this dif-
ference difficult to detect.

We had a bedrock reference seismometer (“Courthouse
Reference” in Fig. 1) deployed (not on an arch) during the
4 March 2019 M,, 4.5 Paradox Valley earthquake, where we
measured PGV of 1 mm/s in the 1-20 Hz band at an epicentral
distance of 85 km. Although this PGV is low for consideration
of rock damage, our results indicate that amplification of
ground motion by natural arches can magnify low PGV levels
to a range that might cause damage to geologic landforms and
ancient structures (estimated as >2 mm/s, see Whiffin and
1971; Hanson et al, 1991; Hendricks, 2002;
Moore, 2018). Specifically, the Paradox Valley earthquake at

Leonard,

these epicentral distances (which incorporates most arches
in Arches National Park) could have generated arch PGV
>1 cm/s. These elevated shaking levels likely contribute to
increased subcritical crack growth rates (Eppes and Keanini,
2017), which can impact the long-term structural health of
an arch. The USGS ShakeMap (2017) for the M,, 4.5 earth-
quake predicted PGV near our instrument of 0.5-1.0 mm/s,
in agreement with our measured value, indicating possible
use of this tool combined with our spectral amplification data-
set to estimate vibration velocities experienced by an arch dur-
ing an earthquake. Amplification during strong ground motion
could be different than measured in this study under relatively
weak excitation; however, our results nonetheless suggest that
the earthquake magnitude of concern for structural damage
may be lower than previously considered, and that smaller
earthquakes could impact the structural health of culturally
valuable rock landforms.

Conclusions

We measured ambient vibrations of 13 natural rock arches and
nearby bedrock to compute arch-to-reference spectral ampli-
tude ratios. We found that under ambient conditions in the
absence of wind, arches vibrate at their dominant natural fre-
quency at amplitudes ~20-180 times that of adjacent bedrock.
Spectral amplitude ratios during ambient conditions are gener-
ally 1.2-2.0 times the coseismic ratios, which helps inform future
use of ambient spectral ratios to predict landform vibration
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response to incoming energy from measurements at bedrock
stations. Our methodology is applicable to other landforms,
as well as historic cultural sites, and can be used beyond earth-
quake risk assessments, for example, vibration risk management
for blasting or road and construction work. The large spectral
amplification of ground motion generated during resonance of
arches suggests that although smaller-magnitude earthquakes
may not result in complete failure, they could contribute to
internal fracture growth that may hasten landform collapse.
The amplitude ratios we presented provide a baseline for pre-
dicting arch response to seismic and other ground-borne energy
sources in support of site-specific geotechnical analyses.

Data and Resources

All data from Aqueduct Arch and the Courthouse Reference
station are available from the International Federation of
Digital Seismograph Networks: doi: 10.7914/SN/5P_2013.
All other data are available at doi: 10.7278/S50d-n0gv-h76g.
The supplemental material includes figures providing details
on field sites, modeled arch displacements, data processing,
and damping.
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