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Abstract A newly developed mechanical sensor
system, called a Rotaphone, for recording rotation
rate components is described. The sensor system
is based on measurements of the differential mo-
tions between paired low-frequency geophones
attached to a rigid skeleton. The same differential
velocity (and, consequently, the same rotation
rate component) is obtained from more than one
geophone pair, which allows for in situ calibra-
tion and matching of the individual sensors. The
calibration method, which is a key point of our
methodology, is explained in detail and demon-
strated on synthetic examples. The instrument and
the calibration technique were also subjected to
laboratory testing utilizing a rotational shaking
table. Some results of these tests are presented
in comparison to the data from a reference sen-
sor (fiber optic gyroscope). The new rotational
seismic sensor system is characterized by a flat
frequency response over a wide range from 2
to 200 Hz and sensitivity limit of the order of
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10~% rad/s. Its advantages are small size, porta-
bility, and easy installation and operation in the
field. We present several examples of the vertical
rotation rate ground motion recorded at Novy
Kostel station (Czech Republic): first, a group
of records of local micro-earthquakes which oc-
curred in West Bohemia/Vogtland in May 2010
and, second, a record due to an anthropogenic
source, a quarry blast at the nearby Vintifov
quarry recorded in June 2010. The measured rota-
tion rates are of order between 10~ for the local
earthquakes and 1077 rad/s for the blast. These
measurements demonstrate that the instrument
has much wider application than just prospect-
ing measurements, for which it was originally
designed.

Keywords Seismic rotation -
Rotational seismometer - Inverse problem -
West Bohemia/Vogtland region

1 Introduction

Rotational seismology is an expanding seismologi-
cal discipline, which has been emerging in the past
decade and is attracting attention throughout the
seismological community (Teisseyre et al. 2006).
The basic source of information in rotational seis-
mology is the measurement of seismic rotations or
rotation rates. At present, various types of seismic
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rotational sensors are producing numerous ro-
tational records for a wide range of epicentral
distances. Rotational signals are detected from
teleseismic (Igel et al. 2005), regional (Huang
2003), as well as local events (Nigbor 1994; Takeo
1998; Lee et al. 2009; Lin et al. 2009).

Several methodologies are used to measure
seismic rotations. The most sensitive rotation data
obtained up to now have been made by large
ring laser gyroscopes (Stedman 1997; Schreiber
et al. 2003, 2004, 2009). These gyroscopes utilize
the Doppler frequency shift affecting the inter-
ference between two laser beams of the same
constant wavelength propagating in opposite di-
rections along a square or triangular perimeter
due to a suitable mirror arrangement. The best
reported ring laser sensitivity in measuring the
seismic rotation rate is 1072 rad/s (Schreiber et al.
2009). These instruments are useful in obtaining
rotation rate records of teleseismic events. Their
main disadvantages are high costs and special
installation and maintenance requirements. They
cannot be used for field measurements.

The urgent need for portable rotational sen-
sors, easily installed and operated in the field,
led to the development of various small mechan-
ical, electrochemical, or fibre-optical rotational
sensors. As far as the authors know, the only
apropos small, portable seismic rotational sensor
produced on a commercial basis are the R1 and
R2 by Eentec, sensitivity of the former is reported
to be 1077 rad/s (Nigbor et al. 2009), and ARS-
14 by Applied Technology Associates with the
sensitivity 107° rad/s is reported by the contriver.
In this paper, we briefly describe the newly devel-
oped rotational sensor system, the so-called Rota-
phone, which also falls into the category of small,
sensitive, portable rotational sensors useful for
field measurements of local micro-earthquakes,
rockbursts, and blasts. Its principle is, to some
extent, similar to the device reported by Moriya
and Teisseyre (2006), namely as to measuring
finite ground motion spatial differences. An im-
portant advantage of our device over that effort
and our earlier work is its increased sensitivity.
That sensitivity depends on specific design fea-
tures and the components used, but for prototypes
tested to date, the sensitivity limit is estimated as
10~8 rad/s. For details, see the paper by Brokesova
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and Milek (2010). Measurement of self noise have
not yet been performed.

In our method, the rotation measurement
is based on approximating the spatial ground-
motion derivatives through corresponding finite
differences. This task requires measuring the
differential motions, differences in the recordings
from two sensors situated close to each other. The
rotation measurement using small-aperture arrays
(e.g., Huang 2003) is based on a similar idea.
However, there are several differences between
the two approaches. First, the distance between
the individual sensors in the small-aperture arrays
is usually several tens to several hundreds of me-
ters, i.e., larger by several orders than in our case
(~0.3 m). This causes many specific problems in
deriving rotations, including different site condi-
tions beneath the individual seismographs in the
array. Second, the sensors in the small-aperture
arrays operate independently of each other, and
there is no rigid connection between them, so that
their motion is determined not only by seismic
translation and rotation but also by deformation
of the ground in the array area.

The main factor limiting the accuracy of
differential seismic motion measurements is the
fact that the sensors used to derive the motion
difference are not identical in terms of their trans-
fer functions. This means that for the same in-
put, they do not produce the same output. Even
though the sensors used for this purpose are se-
lected to be as similar as possible (same type, same
manufacturer, etc.), small differences in their
characteristics usually remain, causing contingent
small relative errors in their recordings. There-
fore, much attention should be paid to proper
calibration of the individual sensors. In this paper,
our in situ calibration technique is explained in
detail and demonstrated on numerical examples.

The Rotaphone described in this paper was
originally developed to operate with anthro-
pogenic sources, namely a generator of rota-
tional ground motion (BrokesSova et al. 2009a), in
prospecting measurements. However, when prop-
erly calibrated, it is capable of recording the seis-
mic rotation rate also due to earthquakes from
local to regional, with an accuracy sufficient to
detect correctly many interesting phases in the
records. Especially at local distances, these phases
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analyzed with the help of translational records
from the same place, are expected to provide us
with new information on the structure as well as
the physics of seismic sources.

2 Basic principle of the sensor system

Assume point x + 5x situated close to point x. The
displacement u at such a point can be described
by expanding displacement from x up to the first
order as
u;(x)
an

= u;(x) + L2 + d 8x;
- 2 8)(]‘ axi !

u;(x 4+ 6x) = u;(x) +

8)6]'

= u;(x) + E,']'(ij‘ + a)il-éxj, (1)

where u; is the i-th component of the displacement
vector u, ¢;; is the symmetric strain tensor, and w;;
is the anti-symmetric rotational tensor at point x.
In seismology, displacement (translation) is cur-
rently measured by seismographs and that strains
can be determined by strainmeters. Up to the last
decade, almost no attention was paid to rotational
seismic motions.!

We have developed a device to determine
the rotation of the seismic wavefield (Brokesova
et al. 2009b; Brokesova and Malek 2010). More
specifically, the device enables to measure the
time derivative of rotation, i.e., the rotation rate
€ = curl v = curl u, with v being particle velocity
v = u. Note that the rotation rate is analogous to
the vorticity well-known from fluid dynamics.

Assume a right-handed Cartesian coordinate
system with axes in east, north, and upward direc-
tions. More specifically, the first axis is horizontal
and positive to the east, the second horizontal
and positive to the north, and the third vertical
and positive upward. In this coordinate system,

IThis is so despite the fact that rotational motions conta-
minate translational records. The most significant effect is
on horizontal accelerations contaminated by gravitation in
the case of tilting of the accelerograph.

we define two horizontal axis rotation rate com-
ponents, Q, €2, and a vertical one, 23, as

Q = L( 2wy
2 8X2 8X3

Q, = L(um vy
2 8x3 8x1

1 avz 8v1
Q=-(—-—"). 2
3 2 <8x1 8x2> ( )

Measurement of these quantities is based on
determining the spatial derivatives of the ground
velocity in Eq. 2, with those derivatives approx-
imated by finite differences. This approach re-
quires measuring the ground velocities at two
points separated by a distance much smaller than
the wavelength, but still large enough to allow
differential sensing (i.e., the difference of the two
records due to rotation). Sufficiently sensitive sen-
sors, e.g., high gain geophones, have to be used to
meet this requirement.?

The sensors are mounted in pairs on a rigid
skeleton which is attached to the ground. They
record the motion of this rigid skeleton. Due to
the rigidity, the strain tensor in Eq. 1 vanishes,
which means the equality of the corresponding
spatial derivatives (the sign is opposite). Conse-
quently, the rotation rate components of Eq. 2
simplify to

o, = v _ _om

8)(2 3X3

o, _ v _ v

8)(3 3X1

8v2 Bvl
Q=—=——. 3
3 Bxl 3)62 ( )

The shape of the skeleton is not important,
except for its dimensions. Provided the dimen-
sions of the skeleton are much smaller than the
wavelength (by at least two orders), the rotation
of the skeleton corresponds to the rotation of the
ground at the center of the skeleton. Thanks to
the skeleton’s small dimensions, we can neglect

2The name geophone for the principal component of the
system gave rise to the analogous name “Rotaphone” for
the whole rotational sensor system.
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Fig. 1 A prototype of the new seismic rotational sen-
sor system (Rotaphone) containing eight horizontal geo-
phones (LF-24 made by Sensor Nederland b.v.) in four
opposing pairs

the complex interaction of the rigid skeleton with
the surrounding deformable continuum.

Figure 1 shows one prototype of our sensor sys-
tem, only one of many possible realizations. The
prototype contains eight horizontal geophones
(LF-24 made by Sensor Nederland b.v.) arranged
in four diametrical pairs. This prototype is in-
tended to measure only the vertical rotation rate
Q3 and two horizontal components of the ground
translational velocity; it is an enhanced design of
the sensor system described by Brokesova and
Malek (2010).

Regardless of the various realizations of the
measurement principle explained above, there are
several important common features. Besides a
small distance and rigid connection between in-
dividual sensors of the system, any rotation rate
component must be determined using at least two
diametrical sensor pairs. This is necessary to sup-
port the in situ calibration of the system described
in the next section.

3 Calibration of individual elementary sensors
In the proposed method, the principal prob-
lem follows from the fact that the individual

geophones in the sensor system are never ex-
actly identical in their characteristics (transfer
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functions). This means that for the same input
(ground, thence skeleton motion), they do not
produce exactly the same output record. When
the differential motions are to be determined,
the distance between the sensors used must be
small, which implies that also the difference be-
tween their recordings (the differential motion)
will be small. Thus, small errors in records from
each of the sensors caused by variations in sensor
characteristics can lead to significant errors in the
differential motion, so also in the measured seis-
mic rotation rate. This is a serious problem with
the potential to completely degrade the measure-
ment of seismic rotation rates.

The way to overcome this problem is to cal-
ibrate the individual sensors precisely, at least
relative to the paired sensors, implying the need
to correct for their individual transfer functions.
These transfer functions can be measured in
the laboratory using a special calibration equip-
ment; however, the precise transfer function may
be sensitive to field conditions (temperature,
atmospheric pressure, humidity, etc.) and may
change with time (Ringler et al. 2010). It is, there-
fore, much better to calibrate the individual sen-
sors in situ and simultaneously with each record
of interest.

The presented method of the in situ calibration
relies on the fact that the differential motions
measured in our method are over-determined
(two or more pairs for each rotation component).
For example, when using the rotational sensor
system in Fig. 1, four diametrical sensor pairs are
used to derive the same differential motions that
resolve a single rotation rate component (£23).
In the case of identical sensors, the recorded
differences from all the pairs should be the same.
In reality, they differ because the sensors in each
pair are not identical. The in situ calibration must
correct these differences.

For the sake of simplicity, let us consider two
pairs of sensors of the same type (e.g., horizon-
tal). We index the pairs by Roman numerals I
and II (the generalization for additional pairs is
straightforward). Let the true ground-motion time
series to be recorded at the location of the sensors
be sk(1), s3(¢) for one pair and si(r), s1(s) for the
other pair. Here, the subscript distinguishes the
two sensors in the given pair. Note that both these
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paired sensors record the same rotation rate com-
ponent. We denote the corresponding complex
Fourier spectra S1(f), SL(f), SY(f), and SI( /),
where f stands for ordinary frequency and the
actually recorded spectra by RY(f), R (), RIL(f),
and RI( f). The latter differ from the true ground-
motion spectra according to

RI(H =SUNTIH., RUH =SKNHTUD.
RI(f) =S HTI S, RYH =SHHTI S,
4)

where TI(f), Ti(f), TIN(f), and Ti(f) are the
frequency characteristics (transfer functions) of
the individual sensors. The records from the in-
dividual sensors, r} (1), rh (@), ri'(1), and ri(2), are
inverse Fourier transforms of these complex spec-
tra. As the sensors are presumably of the same
type, we can assume that their frequency charac-
teristics are similar. In the frequency domain, we
can express the relation between S ( f) and S} (f)
with the help of the measured R!(f) and RL(f) as

S(f) _ Ry
Si(H  RIH

where A(f) = TH(f)/ Ti(f) is a complex function
nearly equal to unity. Analogously, we express

/), 6]

SIH _ R
SYH RN

SNH RN
:—[’
SLH  RUH )

(6)

with the ratios /' f) =TI ( )/ TI( f) and AV ( f) =
TI(f)/ TH( f) again close to complex unity.

Let us consider the differential motion be-
tween the sensors in pair I in the frequency
domain, S1(f) — SL(f). The corresponding finite
difference may be used to approximate the spatial
derivative

Mf,

$I(NH =S _ RiH = RyHES

b= A T(HA

™)

where A is the distance separating the sensors.
If the sensor axes are perpendicular to the line
connecting them, then the finite difference (7)
also approximates the rotation rate component

according to Eq. 8 in the paper by BrokesSova and
Mailek (2010). Moreover, when measuring with
the sensor system proposed in that paper, the
same rotation must result from pair II, mounted
on the same, nondeformable, skeleton. Thus,

SHH = S3D _ RIGH = RIHID

b= A (Ha

®)
The equality of Egs. 7 and 8 yields the condition

RI(f) — Ry(H'(H
=MAHRYH - REHM) )

The physical meaning of the expressions on either
side of Eq. 9 is easy to interpret: In the frequency
domain, Eq. 9 represents the true differential
motion between the paired sensors multiplied by
transfer function 7'} ( f) of a single sensor.

3.1 Full inversion

Equation 9 is valid for any frequency in the range
in which the sensors provide reliable records.
Thus, it represents a system of equations, one
equation for each discrete frequency. The number
of equations in the system is given by the number
of samples used in the Fourier transform and is
typically on the order of thousands. Three transfer
function ratios: (), 1(f), and #'1(f), are the
unknowns in the system. It is usual to parametrize
the transfer functions in a suitable way, so, for
example, the parameters p; can either be a scale
factor plus poles and zeros or simply several dis-
crete values in the frequency domain. The same
parametrization can be applied for the transfer
function ratios. For example, for any frequency
of interest, 7'( ) is uniquely determined by these
parameters

*(f) = ¢(p1. pav N ) (10)

with ¢ being a complex function (e.g., a set of
interpolation polynomials or a rational function
with poles and zeros) of N parameters, where N is
usually not a very large number, say up to 20. We
can parametrize the other two transfer function
ratios similarly. In that case, Eq. 9 represents a
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system of thousands of equations (one equation
for each sample frequency) for tens of unknowns
(parameters of the transfer function ratios).

The problem of finding the unknowns is non-
unique. Therefore, we introduce constraints to
keep the transfer function ratios smooth and close
to complex unity. These constrains are easily de-
rived because we have sensors of the same type
with very similar properties. This problem can
be solved using general inverse methods (for an
overview of the inverse methods, see Tarantola
1994). Specifically, we apply the new isometric
inverse method (Milek et al. 2007) developed for
weakly non-linear problems with many parame-
ters. Our inverse problem is in this category. The
starting parameter values are presumably close to
the correct ones.> The isometric method postu-
lates that the model space and data space are iso-
metric. [sometry implies that the distance between
two points preserves in both spaces. As all model-
data vector pairs are used many times in succes-
sive iterations, the number of the forward problem
computations is minimized. There is no necessity
to deal with derivatives. The requirement for com-
puter memory is therefore low. Details can be
found in the paper by Mélek et al. (2007).

The result of the inversion are the transfer
function ratios £(f),1(f), and ™I(f), which
serve to correct the records 7} (2), (1), and r'(¥)
with respect to the reference record r{ (). From
this process, we obtain corrected differential mo-
tions that are the same for pairs I and II. Both
differences are influenced by transfer function
T1(f) so that the ground rotational motion can be
obtained by correcting for T1(f).

We illustrate the calibration technique de-
scribed above on synthetic data with known rota-
tion rate. Figure 2a shows simulated velocigrams
from four horizontal geophones (A, B, C, D, ori-
ented clockwise as viewed from above) compris-
ing a Rotaphone. The four geophone records also
contain the “input” synthetic rotation rate shown
in Fig. 2b. Moreover, they have been altered by
artificial differences in transfer functions. These

3They can be, if possible, measured in the laboratory. If
such measured starting values are not available, complex
units can be set as starting values instead.
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differences are spectrally smooth and do not ex-
ceed 10% of the reference values (sensor A).
Figure 2b also provides the average rotation rate
obtained from the differential motions from the
A-C and B-D geophone pairs (dotted line). The
rotation rate calculated with our calibration tech-
nique (full inversion) is shown in Fig. 2b as the
solid gray line. The original and calculated rota-
tion rate curves are close both in waveform and
in amplitude (they differ up to few percentage of
peak input).

3.2 Simplified inversion

The calibration technique described above may be
relatively numerically expensive for routine usage
in the field with a small processor, especially when
more sensor pairs are involved. For example, the
laboratory example for the eight-sensor prototype
(Fig. 1) required an inversion for 120 parameters.
Thus, the method is not practical for processing
copious data in a routine setting in a seismically
active area. We have, therefore, developed and
tested a simplified approach to the inverse prob-
lem described above to make it fast, effective,
and simple to program. In this approach, we even
do not need to introduce any parametrization for
the transfer function ratios £1( f), f( f), and ' ( f)
but only assume that they are smooth. The ap-
proach is further based on the assumption that
(1) the result of inversion is much more sensitive
to the ratios #'( f) and #'!( f) of the transfer func-
tions within the individual sensor pairs than to
the “mixed” transfer function ratio /™1( f), and (2)
the finite differences and corresponding rotation
rate components are not very different from the
starting model characterized by #( f), '1( f), and
LI f) equal to complex unity (or, if available,
values measured in the laboratory). With these
starting values, we independently calculate the
two sides of Eq. 9:

xi1(f) = R — RY(HE(S),

11
0 (f) = HERI) — R H). (
In the next step, we insert their average
a(f) = (1 (f) +x2(£))/2 (12)
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into Eq. 11 instead of x;(f) and x,( f). This yields
new estimates of 7'( f) and "'( f) keeping #!"1( f)
fixed at its initial value. The next step is smoothing
of #!(f) and "'( f) and obtaining new x;(f) and
x,(f) from Eq. 11. We again calculate their av-
erage, insert it into the left-hand sides of Eq. 11,
and obtain new estimates of (f) and "'( f), it-
erating until the difference between x;(f) and
x3(f), after each smoothing of the transfer func-
tion ratios, drops below a prescribed tolerance
over the frequency range of interest. The main

advantage of this approach is that it does not
require any parameterization of transfer function
ratios. Moreover, the “mixed” transfer function
ratio is kept equal to its initial value and does not
enter to the calculation. Consequently, the calcu-
lation is simpler than that of the full inversion,
thus reduces computing time by a factor of ~60.
We illustrate the simplified calibration technique
and compare it to the full inversion method for
the same synthetic example as in Fig. 2. Figure 3
shows the synthetic vertical axis rotation rate
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Fig. 3 Synthetic example
of full and simplified
inversion results:
synthetic vertical axis
rotation rate calculated
using the full-inversion
technique from Fig. 2
(dashed) is compared to
the rotation rate
calculated using our
simplified calibration

(gray)

|
'
-
AN AYY
Vol WY

ROTATION RATE (urad/s)

|

s

——r

FULL INVERSION
SIMPLIFIED INVERSION

calculated with the full inversion technique
(dashed) and the rotation rate calculated by the
simplified calibration (gray). The good match of
the results is evident.

4 Laboratory calibration tests

We subjected our Rotaphone to elaborate test-
ing at the Albuquerque Seismological Laboratory
(ASL), US Geological Survey. ASL has excel-
lent facilities to test seismic sensors, including
rotational, over a wide frequency band. The lab-
oratory measurements not only can be used to
check instrument response to a pre-defined rota-
tion (e.g., on a rotating table) but they can also
provide valuable measurements of the frequency
characteristics of the individual geophones and
their mutual differences. These measured charac-
teristics can be used to correct the data from the
individual geophones prior to the in situ calibra-
tion. Thus, we start the inversion for Eq. 9 with
starting values of the transfer function ratios much
closer to reality than without such laboratory
measurements.

@ Springer
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To estimate the ratios between geophone trans-
fer functions in each the four pairs of geophones
(see Fig. 1), we used ambient Earth noise as a
convenient wide-band input signal (we compute
only spectral ratios between parallel geophones so
they are insensitive to the spectrum of Earth noise
input to geophones.) We recorded several hours
of this ambient noise while periodically shifting
the Rotaphone’s azimuth by 7/4 so that every
pair twice occupied each azimuth. We then took
the spectral ratio for a given pair of geophones,
smoothed it for a sliding 4-s window, and averaged
over all the azimuths to obtain a transfer function
ratio for that pair insensitive to noise directional-
ity. The results are four spectral ratios shown in
Fig. 4, each smoothed over those hours and each
representing the transfer function ratio between
two geophones located on opposite sides of the
Rotaphone, the pairs differenced to estimate the
vertical axis rotation rate.

Figure 5 shows the settings for the laboratory
experiment in which the Rotaphone was attached
to a rotational shaking table. The Rotaphone was
placed either in a center or off-center position, in
Fig. 5, the off-center shift is 6 in. (15.24 cm). The
motion of the table was a computer-controlled
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Fig. 4 a Amplitude ratios a)
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series of succeeding sine waves of different fre-
quencies at a given amplitude level (a short
example is shown in Fig. 6). Besides this har-
monic shaking, a “random” motion of the ta-
ble was made by hand. A fiber optic gyroscope
(FOG; uFORS-1 Base Module, Northrop Grum-
man LITEF GmbH) is visible in Fig. 5 behind the
Rotaphone; this FOG was the primary reference
Sensor.

Figure 6a shows an example of harmonic
computer-controlled shaking at a frequency of
8 Hz and amplitude of 1.4 mrad/s with the Rota-
phone shifted off-center by 3 in. (7.62 cm). The
corresponding torsion (vertical axis rotation) rate
measured by the reference FOG is shown as the

T

|
6

T

I
8

) I W5 A N R S L A A B R R A R B
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
FREQUENCY (Hz)

dotted black line. The rotation rate measured by
the Rotaphone is shown as the gray line. Thanks
to this off-center shift, the Rotaphone is subjected
not only to rotational but also to translational
motion. In contrast to the rotation, for which we
need to subtract the records from the geophones
of a given pair, to obtain the translation at the
center of the Rotaphone, we have to sum them
(take the average). While for the rotation, after
proper calibration, there is no difference between
differential motions from each pair of geophones,
for translation, we do obtain different values from
different pairs since each pair measures transla-
tion in a different direction. For a given harmonic
input, all the translational components must have
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Fig. 5 Laboratory test on the vertical axis rotational shak-
ing table: experimental setting with our eight-sensor Ro-
taphone (in off-center position) and reference fiber optic
gyro (far edge)

the same frequency (8 Hz, in our case) as the
rotation and must be in phase with it. The dotted
line in Fig. 6b shows the tangential translational
velocity at the Rotaphone center, 7.62 cm from
the center of rotation. One of the geophone pairs
(geophones 3 and 7, see Fig. 5) measured this
component directly, and no projection into this
tangential direction is necessary. This measured
translation velocity can be compared to the in-
stantaneous tangential velocity derived from ro-

ROTATION RATE (mrad/s) .

212 213 214 215
TIME (s)

Fig. 6 Laboratory test on the vertical axis rotational shak-
ing table: a comparison of the 8-Hz harmonic rotation
signal measured by the Rotaphone (gray) and FOG (dotted
black), b comparison of instantaneous, tangential, transla-
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tation rate measured by the Rotaphone simply by
multiplying by the off-center shift 7.62 cm. In ab-
sence of any other translational inputs, these two
velocities must be identical, which is confirmed by
Fig. 6b (the two results are within a line thickness
of one another). This experiment is a good test of
the Rotaphone measurements since each of the
velocities in Fig. 6b is obtained by independent
processing, the black dotted curve comes from
summing the paired geophone records, and the
gray curve comes from subtracting the data, and
moreover, all the geophones contribute.

Figure 7 concerns an input motion produced
by hand. In this way, we were able to achieve
somewhat wider frequency band than for the
monochromatic signal discussed above. In this
experiment, the Rotaphone was mounted on the
shaking table with an off-center shift of 6 in.
(15.24 cm). Figure 7a compares the vertical rota-
tion rates from the reference FOG (dotted black)
and from the Rotaphone (gray). Both records are
narrow band-pass filtered from 5 to 11 Hz to mini-
mize the FOG noise (the FOG is not designed for
such low amplitudes). Even so, noise remains, for
example, at the beginning of the FOG time series
before the significant motion starts. The noise
contaminates the whole reference record, making
comparisons difficult in some parts of the records.
Therefore, we prefer Fig. 7b as more diagnostic.
As with Fig. 6b, Fig. 7b compares the tangential

VELOCITY (um/s)

212 213 214 215
TIME (s)

tional velocity of the Rotaphone (centered 7.62 cm from
rotation axis) inferred by direct Rotaphone measurement
(dotted black) or rotation rate and radius (gray)
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1.2 —

0.8 —

ROTATION RATE (mrad/s) &

Fig. 7 Laboratory test on the vertical axis rotational shak-
ing table for an input rotation signal produced by hand,
measured a by the Rotaphone (gray) in the 15.24-cm off-
center position (black) and by the reference FOG (dotted

velocity of the Rotaphone center obtained from
the measured angular velocity and known radius
with the transverse velocity of that point obtained
as the average of the least and most distant trans-
verse geophones. Figure 7b shows an excellent
match between these two quantities.

5 Rotation records from seismic sources

From May to June 2010, our seismic sensor (Ro-
taphone) was deployed at the station Novy Kostel
(NKC) in West Bohemia (Czech Republic). The
station is involved in the local seismic network
WEBNET, operated jointly by the Institute of
Geophysics and the Institute of Rock Struc-
ture and Mechanics, Czech Academy of Sciences,
within the CzechGeo/EPOS project. The position
of the station and the loci of the seismic events
discussed below are shown in Fig. 8.

The region around Novy Kostel (and neighbor-
ing Vogtland region of Germany) is known for
micro-earthquake swarm activity. The last impor-
tant swarm occurred there at the end of 2008,
but even during calm periods between swarms,
isolated small shallow earthquakes occur. Mea-
surements at station NKC have provided us with
several rotational records from very local seismic
events with M < 1.

Figure 9 shows the small earthquake of 9 May
2010, 13:44:37 UTC. Its local magnitude was My =

o
—

Al sterty. |

Y PR,

VELOCITY (um/s)
[=]
|

o

(0]

o
[3%]
wW—""""""""

TIME (s)

black), b comparison of instantaneous, tangential, transla-
tional velocity of the Rotaphone (centered 15.24 cm from
rotation axis) inferred by direct Rotaphone measurement
(dotted black) or rotation rate and radius (gray)

0.3, epicentral distance 1.4 km (cf. Fig. 8), and
depth 7.6 km. In Fig. 9, the vertical axis rotation
rate (bottom) is shown with the two horizon-
tal translational velocity components (transverse,
middle; and radial, top), all recorded with the
same Rotaphone. Note that the signal-to-noise
ratio for this event is about 20. All the records
here and below are filtered by a high-pass second-
order Butterworth filter with a cut-off frequency
of 2 Hz, the frequency above which the geo-
phones used provide reliable records (have ap-
proximately flat transfer function). In Fig. 13a
(discussed later), we see the filtered amplitude
spectrum of the rotation rate (black) compared
with the one of the transverse velocity component
(gray) from this event. Note the higher-frequency
content in the rotation rate compared to the trans-
lational velocity, which is related to the fact that
rotation represents a derivative of translation.

In Fig. 9, we see that at the time of the P-
wave onset in the radial component (2.07 s, see the
dashed line), the rotation is negligible. Also the
transverse component does not exceed the noise
there. However, no later than about 180 ms after
P onset, we see a rotation signal on the order of
10~7 rad/s. This signal derives from P-to-S conver-
sion near the Earth’s surface. This converted wave
is visible also on the transverse component. This
phase is relatively pronounced in both transverse
and rotation components since the P wave is also
relatively strong in comparison with the multiply
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Fig. 8 Map of the West 13°00
Bohemia/Vogtland
seismically active region
showing the position of
the Novy Kostel station
(NKC) and loci of the
events discussed (inset)
together with the broader
geographic context

500308 =

48°30

reflected and scattered P-waves in the following
two seconds. The transverse and rotation compo-
nents have multiply reflected and scattered P-to-S
converted waves in this post-P time window. An-
other interesting feature is the S-to-P converted
wave immediately before the S-wave onset. This
wave converts to P near the Earth’s surface and
is seen in the radial component at 3.09 s (the
second dashed line) but is visible neither in the
transverse component nor in the vertical rotation
rate at that time. The strongest rotational signal
appears in the main S-wave group starting at
about 3.15 s (the third dashed line). The maximum
recorded amplitude of the vertical axis rotation
rate is 2 urad/s. The rotation rate maximum is
later than the S-wave maximum in the horizon-
tal translational components. The surface waves,
which should also carry a substantial rotational
signal, are not well developed because the source
is almost 8§ km deep and the instrument was close
to the epicenter (1.4 km).

The next example is of several micro-
earthquakes from the vicinity of Bad Brambach
(Vogtland, close to the Czech-German border)
recorded at station NKC in May 2010. Figure 10
shows seismograms of one small earthquake of 17

@ Springer
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May 2010, 18:42:57 UTC, with a local magnitude
of 0.9. The epicenter of this event is at a distance
of 11 km and a depth of 10.5 km. Again, the figure
shows the vertical axis rotation rate together with
the radial and transverse translational velocities
recorded by the geophones constituting the
rotational sensor. Many features seen in Fig. 9
are present here too, including the near-surface
S-to-P conversion preceding the S-waves (at
about 4 s). One difference is that P onset and
some of the P-to-S converted energy are masked
by noise in Fig. 10. P and P-to-S weakness
appears to be a manifestation of the radiation
pattern. While in Fig. 9 P was relatively strong,
the event in Fig. 10 is near the P-wave nodal
plane. The scattered P waves on the radial and
the scattered P-to-S conversions in the transverse
and rotation components (about 1.5 s after the
P-wave onset) are comparable to those seen in
Fig. 9. A noticeable difference with respect to
the event in Fig. 9 is a considerably larger time
shift between the rotation rate maximum and the
S-wave maxima in the horizontal translational
velocity components. Surface waves are not
seen for this event either because its epicentral
distance is comparable to its depth.
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Fig. 9 Micro-earthquake
near Novy Kostel, 9 May o
2010, 13:44:37 UTC,

M = 0.3, distance = b
1.4 km, depth ~8 km. The
radial and transverse
translational velocity (fop
and middle) and the
vertical axis rotation rate
at the bottom
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Figure 11 presents a detailed view of the S-
wave group rotation rate from this and two other
Bad Brambach earthquakes. The figure also pro-
vides the dates and local magnitudes of these
events. Their foci are nearly identical at 11 km
distance from the station. We assume that their
mechanisms are very similar to one another, and
a hypothesis is supported by the similarity in the
S waveforms in Fig. 11. Note that while these
three waveforms are very similar, they differ sig-
nificantly from the waveform at the bottom of
Fig. 9. Local magnitudes of these three events

vary from 0.9 to 0.3, and rotation rates scale with
magnitude, as expected, from 1.5 to 0.3 urad/s
(note that for the weakest event the signal-to-
noise ration is about 2.5).

Figure 12 shows two translational and one ro-
tational records as in Figs. 9 and 10 from a blast
at Vintifov quarry, 15 km east of the station. The
blast was on 3 July 2010, at 10:43:59 UTC, and
its local magnitude was 2.5. Because the blast
was fired at the Earth’s surface, the waves prop-
agated through very complex, shallow subsurface
structures, so the records are qualitatively quite
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Fig. 10 MICROEARTHQUAKE BAD BRAMBACH 17.05.10 18:42:57
Micro-earthquake near P

Bad Brambach, 17 May
2010, 18:42:57 UTC, 7
M = 0.9, distance =

11 km, depth ~10 km.
The radial and transverse
translational velocity (fop
and middle) and the
vertical axis rotation rate
at the bottom
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different from earthquake records in the previous
figures. The P-wave onset is visible in the radial
component (at about 3.4 s) but hidden by noise
in the transverse and rotation records. This P-
wave propagated as a diffracted wave through a
structure with a strong subsurface velocity gra-
dient (Malek et al. 2005) and is relatively weak
since most of the energy propagated in the form
of multiply reflected and scattered waves immedi-
ately beneath the surface. P is visible on all the
seismograms from 4 s and obscures the arrival
of diffracted S leaving its onset indistinct. The
second dashed line at ~5.3 s corresponds to the

@ Springer

theoretical S not as read from the seismograms.
The Love wave onset appearing at the same time
in the transverse component is also hidden by
noise.

The Rayleigh wave in the radial component
appears to arrive ~0.5 s later. Dispersion of the
surface waves is apparent in both translational
components; surface waves dominate the trans-
lational records. In contrast to previous figures,
there is no distinctive maximum in the rotation
rate record in Fig. 12. The rotation rate has no-
ticeably higher-frequency content than the trans-
lational components.
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Fig. 11 Vertical axis
rotation rates due to
three micro-earthquakes 1.5
near Bad Brambach, May
2010, My, = 0.3 — —0.9,
distance = 11 km, depth
~10 km. Only main
S-wave group is shown
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Figure 13 compares amplitude spectra of the lar-
gest event from each area: (a) the earthquake near
Novy Kostel, My = 0.3, May 9, 13:44:37 UTC;
(b) the earthquake near Bad Brambach, M| =
0.9, May 17, 18:42:57 UTC; and (c) the quarry
blast in Vintitov, My = 2.5, July 3, 10:43:59 UTC.
The rotation rate spectra (black) are compared
with the transverse velocity spectra (gray). Radial
components are not shown because the transverse
component is more relevant to rotation, as neither
should contain P-wave contributions.

For all events in Fig. 13, the frequency content
of vertical axis rotation rates is relatively higher
than that of transverse ground velocities. This

4 45
TIME (s)

effect is the most pronounced for the blast record
from Vintitov (Fig. 13c).

The rotation rate spectrum in Fig. 13a has two
maxima: one around 20 Hz, the prevailing fre-
quency of the ground velocity record,* and the
other around 30 Hz. The rotation rate spectrum
in Fig. 13b differs in shape, with the first maxi-
mum shifted a little to higher frequency (~24 Hz)
and the second maximum (~30 Hz) consider-
ably lower than in Fig. 13a. This contrast can be

4This prevailing frequency is very common for local earth-
quakes in the Novy Kostel area.
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Fig. 12 Quarry blast near
Vintitov, 3 June 2010,
10:43:59 UTC, M = 2.5, —
distance = 15 km, depth i
0 km. The radial and
transverse translational
velocity (top and middle)
and the vertical axis
rotation rate at the
bottom
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explained as an attenuation effect since the
hypocentral distance of the Bad Brambach event
is about double that of the Novy Kostel event.
The spectral noise for the Vintifov blast
(Fig. 13c) is just due to the fact that the spectrum
was calculated from longer seismograms than in a
and b. Nevertheless, overall shape of the rotation
rate spectrum in Fig. 13c is similar to that in
Fig. 13b. The two events have different source
type (quarry blast compared to tectonic event).
Moreover, the structure through which seismic
waves propagate also differ considerably between
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the two events. For the Bad Brambach earth-
quake, most of the energy comes from depth and
rays are nearly vertical at the Earth’s surface
because of a strong velocity gradient reported
by Milek et al. (2004, 2005). The Vintifov blast
energy largely propagates in the form of multi-
ply reflected and scattered waves guided within
complex near-surface layers. The only feature
common to the two events is the source-receiver
distance of about 15 km. We can only speculate
that event hypocentral distance may have the pri-
mary influence on the shapes of the rotation rate
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spectra. Confirming this inference would require
systematic observations of many records.

6 Discussion, conclusions, and perspectives

We developed and tested a new rotational sen-
sor, called a Rotaphone (an older prototype was
described by Brokesova and Malek 2010). The
Rotaphone sensor system consists of multiple geo-
phones arranged in parallel pairs to allow mea-
surement of differential motions and from these

FREQUENCY (Hz)

pairs to determine both translational velocities
and rotation rates. The prototype presented in
this paper is designed to measure the vertical
axis rotation rate component (torsion). The Ro-
taphone operates in a high-frequency range, in
this case above 2 Hz because we use 2-Hz geo-
phones. A unique feature of the Rotaphone is its
in situ calibration to correct for small differences
in geophone characteristics. A major advantage
of these instruments is their mobility and easy
maintenance. They also achieve high sensitivity,
up to a theoretical sensitivity limit of 10~% rad/s.
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However, this sensitivity can be achieved only
in case of low instrumental and ambient Earth
noise; we have reached 10~7 m rad/s to date. The
device was originally developed for prospecting
purposes. When it is used in combination with
a repeating anthropogenic source, noise can be
successfully suppressed by stacking, of course.

An important advantage of the Rotaphone is
that it simultaneously measures translational ve-
locity. These collocated measurements describe
the wavefield in the vicinity of a station fully
and can be used to distinguish the individual
phases more reliably. For distant sources and
long wavelengths, these collocated rotation and
translation records can be used also to retrieve
the phase velocity and propagation direction from
single-station measurement (Igel et al. 2007) and
to sharpen tomographic images (Bernauer et al.
2009). Rotaphone measurements offer rotation
and translation records with the same transfer
functions, which makes their joint usage easier.

Laboratory testing at the Albuquerque Seis-
mological Laboratory, USGS provided absolute
and relative transfer functions between geophone
pairs (including corrections for skeleton rigidity).
These corrections precede our in situ calibration
and provide the starting values of the transfer
function ratios very close to the correct ones. The
tested prototype correctly measured the rotation
rate produced by the ASL rotational shaking ta-
ble, but the tests were restricted to a minimum
amplitude of 10~* rad/s, four orders higher than
the theoretical sensitivity limit of our Rotaphone
and a few orders higher than the rotations caused
by small (My < 1) local earthquakes (e.g., the
West Bohemia seismoactive area). To verify Ro-
taphone data for such week events, it is necessary
to compare its output to an independent rota-
tional measurement in the high-frequency range

Table 1 The maximum vertical rotation rate amplitude
Q3 in comparison to the maximum horizontal transla-

tional velocity v’ = /(v®)2 + (vT)?2 derived from radial

(above 2 Hz). The authors plan such tests for the
very near future.

The rotating shaking table produces, of course,
very little translation in contrast to real ground
motions, which are dominated by translation. To
characterize the significance of rotation, let us
introduce the rotation to translation ratio (RTR)
expressed in radians per meter. In our case, it re-
lates vertical axis rotation rate peak amplitude to
horizontal translational velocity peak amplitude
(derived from its radial and transverse compo-
nents). In the laboratory experiments, the RTR
was 6.56 rad/m during measurements with an
off-center shift of 15.24 cm (the radius of the
Rotaphone is 15 cm) and 13.12 rad/m during mea-
surements with an off-center shift of 7.62 cm.

We deployed the Rotaphone at the exist-
ing Novy Kostel seismic station, West Bohemia,
Czech Republic. We recorded rotation rates due
to both natural (micro-earthquakes) and anthro-
pogenic (quarry blast) seismic sources at epicen-
tral distances from 1.5 to 15 km. Local magnitudes
ranged from 0.3 to 2.5. The measured rotation
rates are of the order of 107° rad/s for the local
earthquakes to 10~7 rad/s for the blast.

The RTR values for the seismic events in
Figs. 9, 10, and 12 are given in Table 1, together
with peak translational velocities and peak verti-
cal axis rotation rates. The largest RTR value was
detected for the nearest Novy Kostel event from
Fig. 9; its focus is situated almost directly beneath
the station. For the Bad Brambach event in Fig. 10
at almost twice as large hypocentral distance,
the RTR is significantly smaller. The blast from
Vintitov, at about the same distance from the sta-
tion at the Bad Brambach event, has an extremely
small RTR, about 20% of that of the Novy Kostel
event, suggesting that for local events, the RTR
factor depends on hypocentral distance, source

and transverse components. Note that all these quantities
refer to particle motion in the horizontal plane. The RTR
(Rotation to Translation Ratio) is the ratio Q3 /v

Event Q3 (urad/s) v (um/s) RTR (rad/m)
Novy Kostel (M, = 0.3; May 9, 13:44:37) 2.0 1.0
Bad Brambach (M, = 0.9; May 17, 18:42:57) 2.5 0.6
Vintitov (M, = 2.5; Jul 3, 10:43:59) 3.8 0.2

@ Springer



J Seismol (2012) 16:603-621

621

type, and probably on radiation pattern and ge-
ological structure along the wavepaths. More sys-
tematic investigation of additional field records is
necessary.

A new tri-axial Rotaphone prototype, a 6DOF
sensor, is being developed. The basic principle of
this new device is the same as that explained here,
but the skeleton is of a different shape to allow
the geophones to be arranged both in horizontal
and vertical planes. In the near future, we plan
to apply these 6DOF instruments to investigating
induced seismicity in the salt works of Provadia,
Bulgaria and in a systematic study of rotational
seismic motions in the West Bohemia/Vogtland
region.
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