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Abstract Near‐field recordings of large earthquakes and volcano‐induced events using traditional
seismological instrumentation often suffer from unaccounted effects of local tilt and saturation of signals.
Recent hardware advances have led to the development of the blueSeis‐3A, a very broadband, highly
sensitive rotational motion sensor. We installed this sensor in close proximity to permanently deployed
classical instrumentation (i.e., translational seismometer, accelerometer, and tiltmeter) at the Hawaiian
Volcano Observatory (USGS). There, we were able to record three ~Mw 5 earthquakes associated with large
collapse events during the later phase of the 2018 Kīlauea summit eruption. Located less than 2 km from the
origins of these sources, the combined six‐axis translational and rotational measurements revealed clear
static rotations around all three coordinate axes. With these six component recordings, we have been able to
reconstruct the complete time history of ground motion of a fixed point during an earthquake for the
first time.

Plain Language Summary By combining a traditional seismometer with a fiber optic gyroscope
adapted from navigation technology we record for the first time the complete dynamic history of a point
motion during strong shaking close to the source of seismic signals. The collapsing crater of Kīlauea leads to
static displacements and rotations that help characterizing the geometry of the associated source processes.

1. Introduction

The May to August 2018 eruption of Kīlauea volcano was exceptional in many respects, representing one of
the largest eruptions of the volcano in over 200 years (Neal et al., 2019). The complex sequence included a
prominent effusive flank eruption, a Mw 6.9 earthquake on 4 May 2018, and episodic caldera collapse at
Kīlauea's summit. Sixty‐two collapse events occurred from mid‐May through early August. Each collapse
event, which occurred roughly every 0.5–2 days, was preceded by a swarm of hundreds of
volcano‐tectonic earthquakes cumulating in a ~Mw 5 earthquake at the time of the caldera collapse. This
regular pattern of collapse and swarm seismicity provided an opportunity to test an experimental rotational
motion broadband sensor in this unique setting.

A blueSeis‐3A rotational motion broadband sensor from iXblue (www.blueseis.com), which is sensitive only
to rotational motion, was installed in the Uwekahuna (UWE) station vault of the Hawaiian Volcano
Observatory (USGS‐HVO)monitoring network (Figure 1c). This vault, located near the HVO, approximately
1.5 km from the epicenters of the ~Mw 5 collapse events, was equipped with a Streckeisen STS‐2 broadband
seismometer, Kinemetrics EpiSensor accelerometer both accessible via IRIS DMC (USGS, 1956) as well as a
nearby installed Jewell Lily borehole tiltmeter and a GNSS sensor. The existing infrastructure at the site
accommodated a relatively fast installation of the blueSeis‐3A rotational seismometer. The co‐location of
this instrument in the vault allowed for simultaneous recording and direct comparison of the blueSeis‐3A
rotational measurements with translational and tilt data from the other instruments in the vault.

A series of recent papers (Bernauer et al., 2014; Donner et al., 2016; Igel et al., 2007; Wassermann et al., 2016)
demonstrated how three component rotational combined with three component translational (i.e., six‐axis)
measurements may help to improve our capability to invert for local (S‐wave) velocity, to localize events, and
to estimate source mechanisms even in the case of sparse seismic station networks and local tilt effects. The
installation of this rotational device so close to large seismic sources created a unique opportunity to test
some of these capabilities in a real‐world application.
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2. Data

After the installation of the blueSeis‐3A sensor in the UWE vault, we were able to record three individual
sequences of collapse events with a combination of three axes of translation and three axes of rotation during
July and August 2018. During each of the episodes, the magnitude of earthquakes in the sequences varied
from lower than Ml 1 to greater than Mw 5. The resulting wide range of ground motions made it impossible
to analyze all seismic events with the broadband STS‐2 seismometer. It has a clipping level of 13 mm/s,
which makes the records practically unusable during nearby events larger than Mw 3.5, depending on their
exact location and depth. In the case of clipped STS‐2 recordings, we used data from the EpiSensor strong
motion accelerometer instead. Unfortunately, the EpiSensor was not located on the same pier as the
STS‐2 and the blueSeis‐3A but was fixed directly on the floor of the vault next to the pier. This placement
may have caused differences in the individual strong motion shaking history of the instruments.

Figures 1a and 1b show an example of the recordings of theMw 5.3 collapse event on 14 July 2018 at 05:08:03
(UTC). The ground velocity seismograms in Figure 1b are estimated by integrating the tilt‐corrected
EpiSensor accelerometer data, as the STS‐2 records were clipped. The tilt correction was done in the fre-
quency domain using the technique described by Lindner et al. (2016). Figure 1c shows the location of the
UWE vault with respect to the main area of collapse in Halema'uma'u crater, along with the centroid
moment tensor solutions plotted at the origins of the moment tensor inversion of the three collapse events
from 13 to 15 July used in this analysis (USGS, 2018). Not shown are the hundreds of smaller earthquakes
that occurred in the time period between the main collapse events.

Whereas we need two different translational sensors to cover the complete range of weak and strong ground
motions during the sequence, the very wide sensitivity range of the blueSeis‐3A (3×10−8 rad/s–0.1 rad/s in a
frequency band of 0.01–20 Hz) together with its flat transfer function from DC up to several kHz makes it
possible to use just one rotational instrument. In Figure 1d the definition of the rotational coordinate system
is shown for clarity. The reader must keep in mind that traditional tilt recordings are defined as positive in
the direction of the tilt rather than the corresponding rotation axis. For data analysis and interpretation of

Figure 1. (a) Two minutes of raw rotational blueSeis‐3A seismograms of the Mw 5.3 event at 14 July 2018 05:08:03 UTC, (b) corresponding integrated unfiltered,
tilt‐corrected ground velocity seismograms recorded with the EpiSensor. All data are resampled to a sampling rate of 100 Hz. In (c) the map shows the centroid
event epicenters of all three recorded ~Mw 5 events and location of the UWE vault with respect to Halema'uma'u crater (note the 13 July 2018 00:43 event
and the event at 14 July 2018 05:08:03 share the same origin) and (d) coordinate system with sense of rotation used in this paper.
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events larger than Mw 3.5, we concentrate on the recordings from the EpiSensor accelerometer and the
blueSeis‐3A data; events smaller than Mw 3.5 utilize recordings from the STS‐2 broadband seismometer
and the blueSeis‐3A data.

3. Analysis and Results

One of the key features of a true rotational motion sensor is its property of acting as a physical S‐wave polar-
izer or filter. As already mentioned, the blueSeis‐3A sensor is only sensitive to rotations, i.e., the curl of the
wave field, it can record either SH‐type waves (on the vertical component) or SV‐type waves (on the horizon-
tal components). This property of rotational devices has been used extensively to estimate the back azimuth
of an incoming wavefield at a single site with relatively high precision using SH wave polarization (e.g.,
Hadziioannou et al., 2012; Igel et al., 2007).

Figure 2 shows the source back azimuth estimates for seismicity four hours prior to and during the Mw 5.3
earthquake on 14 July. During this period, roughly 103 earthquakes in the magnitude range of Ml 1–4

Figure 2. Back azimuth estimation using vertical rotation rate and transverse acceleration after Wassermann et al. (2016) (a and c) as well as simply using hori-
zontal rotation rate (b and d; equation (1)). (a) and (b) represent the directions in the frequency range of 1–5 Hz, while (c) and (d) represents the motion in the
frequency range of 0.1–1 Hz. The number in radial direction gives the hits per 2° bin. While (a) and (c) represent pure SH‐typemotion, (b) and (d) show only SV‐type
motion. In total roughly four hours of data before and during the 14 July 2018, earthquake is used, which represents the ground motion activity before and
during the collapse event. The red circles represent the relocated epicenters of 103 earthquakes occurring during this time period (Shelly & Thelen, 2019), the area of
collapse is indicated by gray lines. The small blue rose diagram in (e) gives the directions of the SV‐wave dominated wave field after the end of the eruption
at 11 August 2018, in the 1 to 5 Hz frequency range for comparison.
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occurred (Shelly & Thelen, 2019). The figure represents the direction of a superposition of noise as well as
ballistic (direct) waves and the coda waves of these earthquakes. Figures 2a and 2c show the result using
the orthogonal distance regression technique proposed by Wassermann et al. (2016), which focusses on
incoming SH‐type waves in the two frequency bands of 0.1–1 and 1–5 Hz. In this case, the direction
estimate is solved by a linear equation and a simultaneous optimized rotation of the horizontal
components of the translational motion seismograms. In contrast Figures 2b and 2d show the results of
direction estimations using the horizontal rotational motion components only (equation (1)) which
represents pure SV type of motion:

BAz ¼ −arctan
RotN tð Þ
RotE tð Þ

� �
; (1)

where BAz stands for the back azimuth and RotN(t) and RotE(t) give the corresponding rotations around the
N and E components, respectively. While this estimation procedure simply consists of the application of the
arctangent function, the 180° ambiguity in the estimate is resolved by comparing the corresponding
acceleration with the rotational seismograms, which need to be in phase if the quadrant is chosen correctly.
In all cases the sliding window for this analysis was three times larger than the largest period involved
(i.e., 3 s for the 1–5 Hz frequency band) and the width of the directional bins was set to 2°.

Also shown in Figure 2 is the direction of the SV‐type wavefield during four hours of 11 August, about 6 days
after the termination of the eruption (Figure 2e; Neal et al., 2019). Figures 2b and 2d give a much better azi-
muthal resolution using horizontal rotational components, but they also show a nearly 35° difference

Figure 3. Back azimuth estimation via horizontal rotational motion in the frequency range of 1–5 Hz of the ~Mw 5 events on 13 (a), 14 (b), and 15 July (c) in
the corresponding colors of Figure 1c. The upper panels show the radial translational and the corresponding transverse rotation recordings; the lower panels give
the time‐back azimuth distributions. In (d) the back azimuth estimation using the vertical rotation and transverse velocity of the 14 July event is shown. The
dashed green lines in upper panels of (a) and (c) represent the sliding window size used for the analysis. The error bars in (a), (b), and (c) are approximately 4°‐wide,
while in (d) the average error is 20°.
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between SH and SV back azimuth estimates of the wavefield, which requires an explanation. While the
SH‐type motion seems to originate from an area where most of the smaller relocated earthquakes are clus-
tered (Shelly & Thelen, 2019), the SV‐typemotion does not point in that direction but towards the south edge
of the collapsing caldera. As the blueSeis‐3A rotational motion sensor can operate as a north‐seeking gyro-
scope, i.e., a gyro compass with an accuracy better than 2.5° at the geographic location of the UWE vault, a
potential misalignment of about 35° can be ruled out. A possible explanation for this discrepancy is the
scattering/reflection of SV waves at a structural interface south of the UWE vault. Topographic maps com-
puted after the end of the eruption indeed revealed a very steep and prominent fault scarp in the southwest
end of the collapse area (Neal et al., 2019; Figure 2).

Focusing on the three ~Mw 5 events, we can see changing back azimuth varying initially from 170° to 190°,
followed by a 160° oriented motion, which finally reverses to 170–190°. Figures 3a, 3b, and 3c correspond to
the three ~Mw 5 earthquakes measured on 13, 14, and 15 July. This indicates that the first SV‐type motions
are pointing roughly towards the centroid origin of the corresponding earthquake, while the SV‐coda are
again originating from the SSW direction. In contrast to this finding, the direction of the incoming
SH‐wavefield, being more scattered, shows similar directions but starting with a smaller back azimuth.

Another strong case for using additional components of motion is the possibility to fully reconstruct the
movement of a specific point before, during, and after an earthquake. Using a rotational motion sensor with
a distinct transfer function, Geng et al. (2019) found that they needed additional geodetic information to fully
reconstruct the groundmotion history. In contrast to this, the use of fiber optical gyroscope technology with-
out any moving parts makes it possible to correct motions down to DC (i.e., quasistatic movements).

Focusing on theMw 5.3 event from 14 July, we integrate the rotation rate output of the blueSeis‐3A and dou-
ble integrate the EpiSensor accelerometer data to estimate rotation angle and displacement, respectively.
Before integrating the accelerometer data, we first apply a dynamic tilt correction using the horizontal rota-
tional components following a modified version of the technique proposed by Lindner et al. (2016). In
Figure 4, various features can be seen—the most unusual one probably being the static rotation around
the vertical axis shown in Figure 4a. This is a motion which is not seen by any other sensor without postpro-
cessing data from dense sensor networks (e.g., GNSS). In Figure 4b, a clear static displacement can also be
seen even though the observation is blurred by instrumental and numerical noise caused by the double inte-
gration of the accelerometer data. While the dynamic tilt correction works down to DC, the transfer function
of the EpiSensor and its sensitivity make it impossible to get a more stable solution in the long period range,
which is visible in Figure 4 as a sinusoidal low frequency movement.

The main motion of the UWE vault during this earthquake appears to be in a 275° and thus westward direc-
tion accompanied by rotations both around the north axis (tilt towards west) and a counter clockwise spin
around the vertical axis. In contrast to this tilt and rotation around the vertical axis recorded by the fiber
optic gyroscope, the nearby located borehole tiltmeter recorded a roughly 325° orientated tilt (Figure 4a,
green lines). While in both cases the tilt of the ground is in an outward direction and thus indicates an infla-
tionary rebound of the crater at the time of the collapse event, the horizontal components of the rotational
motion sensor and the borehole tiltmeter show a significant difference in the direction of this tilt. An expla-
nation might be that the difference is caused by a very local effect of strain‐tilt coupling (van Driel et al.,
2012). The concrete pier on which the blueSeis‐3A was installed was designed for optical devices and is elon-
gated in east–west direction. While the pier is more easily tilted in a north–south direction rather than in the
recorded east–west direction (N‐component of rotation), the estimated rotation and displacement and its
corresponding directions indicate a movement that does not only include the pier foundation but the
complete UWE vault structure. The described pattern of rotation and displacement is present in all three
analyzed ~Mw 5 events.

As a further piece of evidence, we computed synthetic seismograms and rotational motions using the SW4
software package (Petersson & Sjögreen, 2017). The Centroid Moment Tensor (CMT) solution published
by the USGS indicates normal faulting with a 30% CLVD, nondouble couple contribution. The reader has
to keep in mind that regional and teleseismic seismic data were used to estimate the point approximation
of the underlying CMT mechanism. While the amplitudes of the displacement signal seem to be underesti-
mated by the synthetics, the polarity of recorded data and the synthetics do match (Figure 4b). The only
exception is the vertical component data, which shows only a very small static displacement in contrast to
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the synthetics. This first order match is not seen when using the curl of the wavefield, i.e., the rotation signal
(Figure 4a). Neither the amplitude nor the direction of rotation (or tilt) is predicted correctly by the point
source approximation. Especially the vertical rotation is not predicted at all neither in the amplitude nor
in the sense of rotation. This discrepancy between the synthetics computed using the CMT solution and
the measured rotational and translational motion indicates that the estimated motion is either very
localized in the near field (i.e., strain‐tilt coupling is very effective), and/or the finite source effect is not
covered by the simple point source approximation.

4. Conclusions

Summarizing the observation described here, we are left with up to 35° difference between the SH‐type and
SV‐type wavefields, directions which both fit the local geometry of faults or slumping areas. This difference
of radiationmight be an effect of structural features, scattering, and possible anisotropy. An observation only
at one site suffers from nonuniqueness, which can only be resolved by having more distributed measuring

Figure 4. In (a) the angles of rotation are shown (integrated rotation rate). The clear visible static rotation during theMw 5.3 event on 14 July 2018, is highlighted by
dashed violet horizontal lines marking the total rotation of which the amplitude of this static rotation is given in the inset. As a reference, the data of the classical
tiltmeter nearby is shown as a green line (note its sampling rate of 1 min). The synthetic rotation motions are shown in red with an exaggeration of factor of 10. In
(b) the corresponding displacement traces are shown after tilt correction and double integration of the accelerometer data. The dashed violet lines indicate a
static displacement after the earthquake, as well. In this case the synthetic seismograms are shown in blue. The static displacement amplitudes are given in the inset.
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points. The second novel observation is the static rotation around the vertical axis, which is impossible to be
observed with data from the borehole tiltmeter. While the tiltmeter shows an outward tilt orientated roughly
towards 325°, the fiber optic gyroscope of the blueSeis‐3A rotational sensor and the tilt‐corrected ground
displacements seismograms show an outward tilt and movement oriented roughly 275°. As the
orientation of fiber optic gyroscope can be estimated in situ to a precision better than 2.5°, and a 50°
misorientation of the borehole instrument can be ruled out as well, the reason for this large discrepancy
must lie in the different installation of the two instruments. For future near‐field observations,
geometrically simple, i.e., symmetric foundations small in size have to be constructed to reduce local
strain‐tilt effects which might affect the measurements even for borehole instruments.

Adding more axes of motion to the classical observations reveals a very complex motion history for the vol-
canic collapse earthquakes considered in this paper. A valid question therefore is: does it help to decipher the
mechanisms of volcanic events observed in the near field? A bold answer is yes, as we use rotational sensor
data to measure finite source effects as well as possible very localized effects due to vault motion, which
would normally pass unseen and lead to an incomplete picture of the total motion and partially incorrect
interpretations. While six‐axis measurements might give us even more riddles to solve, they in turn also
might lead us to pose the right questions to be answered in case of near‐field recordings of earthquakes
and volcanic eruptions.
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