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Recording active-seismic ground rotations using induction-coil
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coupled. A hydrophone effectively records the volumetric medium
strain caused by a P-wave propagating in the medium.
The rotations, which are not recorded in current industrial seismic
acquisition, are a measurement of the half of the curl of the particlevelocity wavefield r ¼ 1∕2ð∇ × vÞ, and are a recording of the antisymmetric strains of the medium (equation A-4). Please refer to
Appendix A for a review of some continuum mechanics concepts
that provide the theoretical background for rotational motions.
There is currently no accepted standard for the nomenclature of
rotational components in geophysical data. Some have suggested
using Θz ; Θx , and Θy as the rotational component names. It seems
to us to be more helpful to provide names for these components.
The terms “vertical,” “radial,” and “transverse” are typically used
to refer to the linear motion components in the z-, x-, and y-directions rather than vz ; vx , and vy . Therefore, we have opted to borrow
the terms “yaw,” “roll,” and “pitch” from aeronautics to refer to the
rotational motions around the z-, x-, and y-directions, and we use rz ,
rx , and ry to symbolize them. We feel that these terms best portray
the sense of rotational motions relative to an inertial frame.

ABSTRACT
Most of the current rotational sensing technology is not
geared toward the recording of seismic rotations’ amplitudes
and frequencies. There are few instruments that are designed
for rotational seismology, and the technology for building
them is currently being developed. There are no mass industrial producers of seismic rotation sensors as there are for geophones, and only one current sensor model can be deployed
on the ocean bottom. We reviewed some current rotationalseismic acquisition technologies, and developed a new method
of recording rotations using an existing, robust and fielddeployable technology that had seen extensive use in large
exploration surveys: induction-coil magnetometers. We conducted an active seismic experiment, in which we found that
magnetometers could be used to record seismic rotations. We
converted the magnetometer data to rotation-rate data, and
validated them by comparing the waveforms and amplitudes
with rotation rates recorded by electrokinetic rotation sensors.

Visualization of six components of motion
One standard method of observing multicomponent seismic data
is to look at individual seismograms, studying the waveforms in
detail. Alternatively, in seismic surveys in which massive numbers
of channels are recorded, wiggle plots or gray-scale plots of each
component’s gather are viewed separately. We find that this method
is not useful for instructing the viewer in the actual motion that is
occurring as a result of the passage of seismic waves. To display 6C
data (three translations and three rotations), we use a visualization
tool called a seisball. An example of the seisball display is shown in
Figure 1. The seisball represents the motion of the ground at the
receiver position, over time. In Figure 1, each ball is a time sample
of a 6C field data trace. The left and right displacements of the ball

INTRODUCTION
Rigid bodies in a 3D world have six degrees of freedom: three
components of translation and three components of rotation. In land
and in ocean-bottom acquisition, the time derivatives of translations, i.e., the particle velocities v, are commonly recorded by
3C geophones that are coupled to the ground. In marine and in
ocean-bottom acquisition, a hydrophone records the divergence
of the wavefield P ¼ κð∇ · uÞ, where u is the particle translations
and κ is the bulk modulus of the water to which the hydrophones are
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represent the radial geophone component, whereas the change in
size represents the transverse geophone component. The vertical
motion of the ball is represented by vertical displacement, which
in this display is also coincident with the vertical temporal axis.
The 3D rotations are represented by the seisball’s rotations.
Both of the traces shown in Figure 1 are from the same receiver
position. However, the left trace shows only the translational data as
measured by the geophones, whereas the right trace shows the translations and rotations as measured by rotation sensors. What is striking in this display is the amount of ground motion not being
recorded by current seismic acquisition.

Current applications for seismic rotational data
Most of the research done on seismic rotations has been by the
earthquake seismology and earthquake engineering communities.
Lee et al. (2009) provide some historical background for the study
of rotational seismology and introduce some of the fields of study to
which seismic rotations are relevant. In the field of exploration seismology, very few studies have been done on seismic rotations, owing mostly to the lack of field data. However, more than 30 years
ago, Cowles (1984) registered a patent that describes a “rotational
geophone” designed to record seismic rotations.
Theoretical seismologists such as Aki and Richards (2002) have
argued that rotations should be recorded in addition to translations
to completely describe ground motion. Huang (2003) reports observations of significant ground rotations induced by the 1999 Chi-Chi
earthquake in Taiwan.
Of particular importance for the earthquake seismology community is the fact that the seismometers themselves are sensitive to
rotations, which is why integration of earthquake accelerometer

Figure 1. Comparison of the seisball visualization for (left) a 3C data
trace representing only translational components versus (right) the
same data trace but with six components representing the translational and rotational components. Each ball is a time sample of a
6C field data trace. The horizontal displacement of the ball represents
the radial geophone; the change in size represents the transverse geophone component. The vertical motion of the ball is represented by
vertical displacement, and it is coincident with the vertical temporal
axis. The 3D rotations are represented by the seisball’s rotations. The
data are from a 6C survey (Barak et al., 2014), in which translations
and rotations were recorded. Note how much richer in ground motion
information the 6C data are. Current seismic land acquisition only
records 3C data like the trace on the left.

records may result in an apparent total translation. Trifunac and
Todorovska (2001), Grazier (2005), and Pillet and Virieux (2007)
discuss the effect of seismic rotations on linear accelerometer
recordings for the case of strong motion in the near field of earthquakes.
Igel et al. (2005, 2007) show how to directly measure S-wave
velocity and the back azimuth of shear arrivals using just one
6C sensor, by using the ratio of the measured particle velocities
to the measured angles of rotation. Aldridge and Abbott (2009) also
demonstrate this concept, calling it the point seismic array, which
offers the intriguing possibility of dispensing with conventional
spatially extended receiver arrays designed to record similar observables. Fichtner and Igel (2009) derive sensitivity densities for the Swave velocity calculated by dividing the particle velocity by the
rotations, and they show that the S-wave velocity so derived is relevant only to the near surface in the vicinity of the receiver. A direct
measurement of shear phase velocity may therefore be used as a
constraint for elastic near-surface tomography.
Aldridge et al. (2007) study the amplitude-variation-with-offset
(AVO) of data resulting from modeling with a full poroelastic equation
versus an “equivalent elastic medium,” and they note that significant
differences in AVO behavior are apparent on the rotational data components. Aldridge et al. (2012) discuss the various uses of translational
and rotational data for exploration seismology, including S-wave selectivity for microseismic applications and the doubling of the spatial
Nyquist frequency for the vertical geophone component.
One method of estimating rotations is to difference geophones or
accelerometers that are in close proximity to each other relative to
the acquired wavelength. This is known as array-derived rotations
(ADRs), and it is discussed by Spudich and Fletcher (2008) with
data from the 2004 Parkfield, CA, earthquake. Edme and Muyzert
(2013) and Barak et al. (2015), among others, show ADR data acquired in an active seismic survey. The method has even been used
by Sollberger et al. (2016) to derive rotations from lunar seismic
data acquired by the Apollo 17 mission.
Muyzert et al. (2012) demonstrate how the gradient of vertical
displacement measured by rotational components can be used to
interpolate vertical geophone field data, and they thus mitigate the
effect of spatial aliasing of high-wavenumber arrivals in their land
data. Yuanyuan and Holt (2015) use the gradient of vertical displacement calculated by differencing geophone pairs to carry out
wavefield gradiometry on U.S. array data. The gradiometry enables
an estimation of phase velocity in the medium and the back azimuth
of arrivals. De Ridder and Biondi (2015) apply gradiometry by estimating the spatial displacement derivatives of a dense oceanbottom seismic array to derive Scholte-wave phase velocities in
the near surface of a producing field in the North Sea.
Edme et al. (2014) treat rotational data as a noise model for ground
roll and use adaptive subtraction to remove ground roll from the vertical component of geophone land data. Barak et al. (2014) show that
rotation data are extra information, are independent of geophone data,
and can be used in conjunction with geophone data to identify and
separate wave modes on land using singular-value decomposition
polarization analysis. Li and van der Baan (2015) show how to
enhance microseismic event localization derived from picked P- and
S-wave arrivals in borehole data using the translational and rotational
wavefields. Van Renterghem et al. (2016) use the translational and
rotational components of multicomponent land seismic data to sep-
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arate the upgoing wavefield from the downgoing reflected and downgoing converted wavefields to improve imaging.
As of yet, there are no industry-grade solutions for recording seismic rotational motion. The objective of this paper is to show how
rotational data can be derived from induction-coil magnetometer
(ICM) recordings. This concept was explored previously by Kappler
et al. (2006) using earthquake data recorded by USGS permanent
electromagnetic (EM) land stations in California. The attempt was
to explain the coseismic signal appearing on the EM components
as a product of ground rotations. We expand on this concept and
conduct a seismic field survey using rotation sensors and ICMs, to
validate if and how ICMs may be used as seismic rotation sensors.

INSTRUMENTS CAPABLE OF RECORDING
SEISMIC ROTATIONS
If we consider the type of sensors required by the exploration
seismology industry for recording any observable related to the seismic wavefield, there are several requirements we might list: durability, reliability, sensitivity, dynamic range, power consumption,
availability, portability, cost of production, and cost of deployment.
The existing rotational acquisition technology comprises a range of
instruments, each with its particular operating principle, sensitivity,
and power requirements. By and large, current rotational acquisition
technology was never intended by design to record seismic rotations,
and none of the existing range of instruments fulfill all the aforementioned requirements. Rather, it is the recent interest in seismic rotations
as a new field of research that is spurring adaptations in the design of
existing sensors to record these (very weak) rotations and make them
serviceable for the exploration seismology community.
There is a principal problem related to recording of rotations: The
larger the sensor is, the higher its sensitivity, but the lower is its applicability for exploration seismic acquisition. Judging by the experience we have had with recording rotational data, we would say
that a rotation sensor would need to record from a few rad∕s down
to 10−6 rad∕s to be relevant for exploration seismology. Therefore, a
useful rotational sensor must have a dynamic range of 120 dB, have a
noise floor of at most 10−7 rad∕s, and require little power to operate
(few milliwatts). The use of vibroseis or spread-spectrum sources can
lead to more relaxed instrument sensitivity requirements.
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Ring lasers are very large, on the order of meters on a side as
shown in Figure 2a. They require constant temperature and pressure
conditions and need to be balanced. Although new ring lasers that
can record all three components of rotation have recently been
constructed (Belfi et al., 2012; Hand, 2017), they are not designed
for active seismic field surveys.

Fiber-optic gyroscope
Fiber-optic gyroscopes (FOGs) operate on the same principle as
ring lasers, i.e., a recording of the Sagnac effect. However, instead
of having a large instrument, the FOG economizes on size by having a coiled optical fiber. Two counterpropagating, polarized light
beams are shot into both ends of the coiled loop (Figure 3b). When
rotation occurs, a phase shift proportional to the rotation is measured. The sensitivity of the instrument can be controlled by the
number of coiled loops. Furthermore, they are small enough such

Ring-laser gyroscope
Ring-laser gyroscopes operate by measuring the Sagnac effect: a
slight change in phase and beat frequencies of two beams of light
traveling in an enclosed loop in opposite directions. In a ring-laser
gyroscope, as shown in Figure 2b, two counterpropagating light
beams are shot in opposite directions. The ring laser is coupled
to the ground. When a ground rotation perpendicular to the plane
of the ring laser occurs (i.e., around the vertical axis for a horizontal
ring), the path length each light beam traverses changes, and the
Sagnac effect is measured by the ring-laser instrument.
Ring lasers were originally designed for measuring physical
quantities relevant to the field of geodesy, such as minute rotations
resulting from variations in the rotation rate of the earth. They can
record rotations down to 10−13 rad∕s. Rotations resulting from ambient seismic waves are considered to be noise by the researchers
that use ring lasers. However, it was recording of earthquakes by the
ring-laser gyroscope in Wettzell, Germany (Schreiber et al., 2006)
that sparked recent interest in recording of seismic rotations.

Figure 2. (a) The ring laser gyroscope in Wettzell, Germany. (b) Schematic of the ring laser’s operating principle. Two beams of laser light
are shot in opposite directions. If the structure rotates around the axis
perpendicular to the plane of the light beams, a frequency interference
proportional to the rotation will occur as a result of the change of the
length of the path the light beams traverse.
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that three perpendicular instruments may be assembled into one
casing, as shown in Figure 3a. FOGs are used in a variety of platforms that require attitude control, such as planes, missiles, and
submarines.
Current FOGs have good sensitivity at low frequencies, approximately 10−8 rad∕s at frequencies less than 10 Hz. New models are
being developed that would deliver the same sensitivity at higher
frequencies that are within the seismic band of interest (Bernauer
et al., 2016).

Magnetohydrodynamic sensor
A magnetohydrodynamic sensor comprises a locally generated
static magnetic field with a conductive fluid (such as mercury)
as a proof mass to measure rotations. A constant magnetic flux
is generated through the central axis of the instrument (Figure 4b).
When the instrument rotates, the inertia of the conductive fluid
keeps it in place, resulting in a relative motion between the conductive fluid and the magnetic field. This results in an induced radial
electric field, the strength and direction of which are proportional to
the amount of rotation.
These types of instruments are physically very small, a few centimeters on a side (Figure 4a), and have low power consumption.
They can record a wide range of frequencies relevant to seismic
exploration (3–1000 Hz), and are currently being used in boreholes
to record microseismic energy. Current sensors have a noise floor on
the order of 10−6 rad∕s and a dynamic range of 100 dB. A prototype
sensor designed by Advanced Technology Associates (Pierson et al.,
2016) is currently installed in Oklahoma, and data are available
online.

Electrokinetic sensor
Electrokinetic rotation sensors also use a fluid as a proof mass;
however, for these sensors, there is no induced magnetic field involved. There is an ionic fluid within ring structures, as shown in
Figure 5b, which acts as the inertial mass. When rotation occurs
around the axis perpendicular to the ring structure, the relative motion between the fluid and electrodes embedded within the ring
structure generates a current proportional to the rotation rate.
According to manufacturer specifications, the “METR-03” sensor shown in Figure 5a has a noise floor of 5.7 × 10−7 rad∕s, and
has a flat frequency response in the frequency range of 0.05−50 Hz.
There are newer models of this type of sensor, and instrument
specifications of these models can be found online.

Rotaphone
The Rotaphone (Brokesova and Malek, 2015) is an instrument
that effectively estimates rotations by differencing pairs of closely
spaced geophones, as shown in Appendix B's equation B-4. Figure 6a shows a photo of the instrument, and Figure 6b shows the
instrument design. The reliable operation of the Rotaphone depends
on an in situ calibration procedure, in which the differences in instrument response and coupling for each pair of geophones are
explicitly measured and they are later accounted for during field
recording. The reliance on multiple pairs of geophones to record
the rotations further reduces any errors that result from the differencing of the closely spaced geophones. Because the Rotaphone has
multiple geophones, it effectively records all six components of motion. Its frequency range is 2–100 Hz, and it can detect rotations
down to 3.1 × 10−8 rad∕s within this range. As of October 2016,
two prototype Rotaphone instruments are being tested for microseismic recordings at The Geysers geothermal plant in California.

MAGNETOMETERS AS ROTATION SENSORS

Figure 3. (a) A fiber-optic ring laser gyroscope schematic. (b) Schematic of the operating principle of a fiber-optic ring laser gyroscope.
Light is shot into both ends of the coiled fiber. The light beams’
interference will change in proportion to the rotation rate of the instrument.

ICMs are currently being used in large-scale magnetotelluric
(MT) and controlled-source EM surveys, are field deployable in
a variety of land and marine environments, and also have low power
consumption. Therefore, the possibility of deriving seismic rotations from magnetometers is compelling because this acquisition
technology is robust and has already seen academic and commercial
use. The seismic exploration industry is experienced in deploying
these instruments. In comparison with the common method of estimating rotations by geophone differencing, magnetometers (like
other dedicated rotation sensors) are point sensors; therefore, there
is no need to account for differences in the coupling of sensors.
The one significant advantage that rotations derived from magnetometer data may have over other rotation sensors is that EM data
have been continuously recorded at various seismic recording stations worldwide. In effect, this means that rotational data for past
earthquakes could be derived from existing recorded data, which in
turn could be used to improve the determination of the full seismic
moment tensor for those earthquakes, as discussed by Donner
et al. (2016).
ICMs (Figure 7) operate according to Faraday’s law. Copper wire
is wound around a magnetically permeable core. When a change
in the magnetic flux perpendicular to the coil’s cross section occurs,
a current is induced in the wires.
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We explain the connection between magnetic flux changes and
seismic rotations as follows: Assume three orthogonal ICMs coupled
to the ground, and rotating with the ground as a result of a seismic
wave generating a rotational deformation of the medium. The earth’s
magnetic field, however, does not rotate and is effectively constant in
direction and in amplitude for the period of the seismic wave. The
ground rotation therefore manifests itself as a change in the projection
of the earth’s magnetic field on the orthogonal ICM components. An
illustration of this is shown in Figure 8.
The change in projection of the earth’s magnetic field on the ICM
components results in a change of flux through the coils, and generates a current. After designature (i.e., removal of the instrument’s
response) of the ICM, and taking into account the local magnetic
field at the point of measurement, we can translate the ICM recording of magnetic flux deviations in Teslas to rotations in radians.
It must be noted that other explanations exist for coseismic EM
signals, such as the electrokinetic effect. However, the model that
explains coseismic EM data using the electrokinetic theory has
many unconstrained parameters (Pride, 1994). We do not discount
the electrokinetic theory as a model for coseismic EM data because
a seismoelectric effect has been experimentally shown to exist in
active seismic surveys by Haines (2004). However, even though
the correct combination of the electrokinetic model parameters
may explain some of the coseismic EM signal appearing on ICM,
ground rotations are a more parsimonious model that explains these
data, and by Occam’s razor are therefore a preferable explanation. In addition, in the particular
field survey that we conducted, it is unlikely that
the coseismic signal was caused by electrokinetic
effects. The presence of water is crucial for generation of a coseismic electrokinetic signal. However, our survey site is extremely arid, and the
depth of investigation was shallow, well above the
water table.
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magnetic permeability of free space and μr is the relative magnetic
permeability of the material that the loop of wire is wound around.
The expression for an ICM, which includes a permeable core is then

V ¼ −NAμ0 μr

dHðtÞ
:
dt

(3)

Equation 3 shows that the output voltage is linearly related to the
number of turns of the wire N, the area of the loops A, and the relative permeability of the core material in the loop μr . The sensitivity
of the ICM can be controlled by varying these parameters.
Assuming a harmonic time function for the magnetic field
HðtÞ ¼ H 0 eiωt , the frequency response of an air core ICM is

jVj ¼ ωNAμ0 μr H 0 :

(4)

The air-core magnetometer has a voltage sensitivity that is proportional to the frequency. For an ICM with a permeable core, additional boundary conditions of the induced magnetic field in the
core are required to derive an accurate instrument response. These
conditions have been derived by Key (2003), and they are used
when designaturing the instrument response of the ICM.
The magnetic data after designature are the small deviations
of the magnetic field strength on the three orthogonal magnetic
components over time:

CONVERSION FROM INDUCTIONCOIL MAGNETOMETER
RECORDINGS TO ROTATION
RATES
Designature of magnetometer data
Faraday’s law states that the voltage V generated within a loop of wire is proportional to the
rate of change of the magnetic flux Φ passing
through the loop

V¼−

dΦ
:
dt

(1)

In an ICM, there are N loops of wire wound
around a cylinder of area A. The flux Φ from
equation 1 can then be rewritten as Φ ¼ NAB ,
where B is the magnetic induction normal to
the area of the wire loop:

V ¼ −NA

dB
:
dt

(2)

The magnetic induction B is related to the magnetic field H as B ¼ μ0 μr H, where μ0 is the

Figure 4. (a) A magnetohydrodynamic sensor. (b) Schematic of a magnetohydrodynamic sensor capable of recording rotational signals down to 10−6 rad∕s. A magnet fixed
to the sensor casing generates a magnetic flux through the center of the instrument. A
conducting fluid acts as an inertial proof mass, when the sensor rotates, the relative
velocity between the fluid and the magnetic flux generates a radial electric field, proportional to the rotation rate.
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x ðtÞ; H y ðtÞ; H z ðtÞ%:
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The forward-modeling process: Conversion from
rotation sensor data to magnetic vector projections
We consider the ground rotations to be the “model” of rotations
m. The forward-modeling operator F converts the rotations model
to magnetic vector projection data; i.e., d ¼ Fm. The forwardmodeling operator itself is a Euler rotation matrix. The rotation matrix applies 3D rotations to the projections of the ambient magnetic
field, as specified by the World Magnetic Model (Hwmm ), on each
magnetometer component:

2

sðRx ÞsðRz Þ − cðRx ÞcðRz ÞsðRy Þ cðRz ÞsðRx Þ þ cðRx ÞsðRy ÞsðRz Þ cðRx ÞcðRy Þ
3

Hwmm
x

6
7
6 wmm 7
6 Hy 7;
4
5

(6)

Hwmm
z

where c and s are the cosine and sine, respectively, and RðxyzÞ are the
components of some given rotation vector. To derive the expected
deviations in the recorded magnetic field resulting from the input
rotation R, we subtract the ambient field from the total field:
Hdev ðtÞ ¼ ½Hx ðtÞ − H wmm
ðtÞ; H y ðtÞ − H wmm
ðtÞ; H z ðtÞ − H wmm
ðtÞ%;
x
y
z

(7)

Hdev ðtÞ is the signal that a 3C ICM would record given the
rotation R.

where

Figure 5. (a) An METR-03 electrokinetic inertial rotation sensor in
its casing, approximately 12 cm on each side. (b) The internals of
the sensor, showing the ring structures. The ring structures are filled
with an electrolytic fluid, which generates a current when the sensor
rotates around the axis perpendicular to the ring. The amount of
current is proportional to the rotation rate. Each sensor has three
perpendicular rings and can therefore record 3C ground rotations
(figure courtesy of Aldridge et al., 2012).

Figure 6. (a) A Rotaphone instrument. The diameter of the disc
is 44.5 cm. (b) Schematic of the Rotaphone. The sensor system
consists of vertical and horizontal geophones mounted in parallel
pairs to a rigid frame anchored to the ground. Separation distance
between each geophone pair along the circumference of the disc is
40 cm, much smaller than the seismic wavelength the instrument
is designed to record. According to its designers, the dynamic range
of the rotaphone is 120 dB, and it can record rotations down to
4 nrad∕s.

Seismic rotations from magnetometers
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The reverse mapping process: Rotations from
magnetic vector projections
After removing the instrument response of the magnetometers,
our data are in terms of the small magnetic deviations recorded
by the magnetometers as a result of rotation (equation 5). To have
the total projection of the earth’s ambient magnetic field on each
ICM component, we add the ambient field value using data from
the world magnetic model (Hwmm ) (British Geological Survey,
2014) for the location and date when the data were gathered:
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0

B
B
pðtÞ ¼ B
@

1
cos θðtÞ
2
C
ux ðtÞ · sin θðtÞ
2 C:
θðtÞ C
uy ðtÞ · sin 2 A

(12)

uz ðtÞ · sin θðtÞ
2

To rotate our system from its state at time t to its new state at time
t þ Δt, we need to apply quaternion multiplication ð⋆Þ of the quaternion q by p:

wmm ðtÞ;H dev ðtÞþH wmm ðtÞ;H dev ðtÞþH wmm ðtÞ%:
HðtÞ ¼ ½H dev
x ðtÞþH x
y
y
z
z

(8)

Equation 8 provides the values of the projections of a constant
vector on our three orthogonal components. The earth’s predominant magnetic field is not constant, but it changes at time scales
much larger than the period it takes to execute a small seismic survey (9 h, in our case).
Our components are rotating in space over time, and therefore the
vector’s projection on the three orthogonal components changes according to the rotations. We consider the magnetic vector projections to be our data d. The reverse mapping operator L converts
the magnetic vector projection data to a model of rotations; i.e.,
^ ¼ Ld. To calculate the rotations from the projections, we first
m
convert the projection data to the axis-angle representation. The angle of rotation between consecutive time steps is calculated by

θðtÞ ¼

cos−1

!

"
Hðt þ ΔtÞ · HðtÞ
;
jHðt þ ΔtÞjjHðtÞj

(9)

whereas the unit vector describing the axis of rotation is

^ ¼
uðtÞ

HðtÞ × Hðt þ ΔtÞ
:
jHðtÞ × Hðt þ ΔtÞj

(10)

Equations 9 and 10 provide the total amount of rotation and the
axis of rotation. However, to have meaningful rotation data, i.e.,
comparable with the measurements that we
would expect from a 3C rotation sensor, we need
to convert from the axis-angle representation to
the rotation rate around the three orthogonal
axes. For that, we must first convert to a quaternion representation of the rotation angle and axis.
The interested reader may refer to Hanson (2005)
for a comprehensive explanation of the concept
of quaternions, as put forth by Hamilton (1844).
Our quaternion four-vector system state q begins with no rotation; i.e.,

1
0 1
qw
1
B 0C
B qx C
C
B C
qðt ¼ 0Þ ¼ B
@ qy A ¼ @ 0 A :
qz
0
0

Figure 7. The ICM built by the Scripps Institution of Oceanography. Coils of aluminum wire are wound around a magnetically permeable core. A current is induced in the wire when the magnetic
flux perpendicular to the coil’s cross section changes.

(11)

We use equations 9 and 10 to get the rotation angle θ and the rotation axis u, and then we convert
to a quaternion representation of the rotation p
with

Figure 8. Illustration of how ground rotation is recorded on the magnetic field sensor as
represented by the compass, which is coupled to the ground. (a) Before ground rotation,
the magnetic field (red) is recorded only by the north component (yellow). (b) During
ground rotation, the magnetic field (red) does not change, but its projection on the north
and east components (yellow) changes. We can calculate the amount of rotation from the
change in projection. Note that translations of the ground will not result in a change of
the projection of the magnetic field on the magnetic components.
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qðt þ ΔtÞ ¼ pðt þ ΔtÞ⋆qðtÞ
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B pw qx þ px qw þ py qz − pz qy C
:
¼@
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We can now retrieve the rotations in terms of Euler angles around
each axis using the formulation in Diebel (2006):
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(14)

To get the rotation rate, we apply a first derivative
on the time axis:

rðtÞ ¼

dRðtÞ
:
dt

(15)

Equations 9–15 constitute the reverse-mapping operator L, which, it is important to note,
is not the adjoint nor the inverse of the forward
operator F. These equations are applied iteratively over the time samples of the magnetometer
data.

The null space of magnetic projections:
Rotations around the ambient
magnetic-field axis

Figure 9. (a, c, and e) Changes in magnetic projections on three orthogonal components
as a result of rotations within a constant vertical magnetic field. (b, d, and f) The rotations
(solid lines) that caused the change in magnetic projections and the rotations derived from
the changes in magnetic projections (dashed lines). (a and b) Rotation is around the x-axis,
and it is recovered correctly. (c and d) Rotation is around the x- and y-axes, and it is
recovered correctly. (e and f) Rotation is x-, y-, and z-axes, and it is not recovered correctly. Rotations around the magnetic field axis cannot be derived because they do not
cause a change in the projections.

To derive rotations, we rely on the changes of
projection of the magnetic field on the three
orthogonal ICMs. However, if any of the rotations are directly around the magnetic field’s
axis, no change in projection will occur. Consequently, the ICMs will not record a signal, and
we will effectively be blind to these rotations.
A synthetic example demonstrates this for a
scenario, in which an ICM has sensor antennas
in the x-, y-, and z-directions, and where the ambient magnetic field is constant along the z-axis
with a value of 1 T H ¼ ð0; 0; 1Þ. The solid lines
in Figure 9b, 9d, and 9f are the true rotations applied to the ICM. We use equation 6 to forward
model the change in magnetic projections recorded by the three components of the ICM as
a result of the rotations. The forward-modeled
magnetic projections are shown in Figure 9a,
9c, and 9e. The dashed lines in Figure 9b, 9d,
and 9f are the result of applying the reverse mapping operation in equations 9–15 to the forwardmodeled magnetic projections.
In Figure 9a, we see the change in magnetic
projections resulting from a rotation around the
x-axis u ¼ ð1; 0; 0Þ. Because the Y antenna is
maximally coupled to the field (as sinðθÞ because
it is pointing 90° away from the field), we see a
strong response of the Y projection to a rotation
around the x-axis. There is also a weak change
in the Z projection because the Z antenna is
weakly coupled to the ambient field (as cosðθÞ).
In Figure 9b, we show the rotation rates that
were applied to the system in solid lines (the true
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model m) and the rotation rates derived from the magnetic projec^ ¼ Ld). The only rotions in dashed lines (the estimated model m
tation that occured in this case is around the x-axis, and it is
recovered correctly.
In Figure 9d, the
pﬃﬃapplied
ﬃ pﬃﬃﬃ rotations (black lines) are around the xand y-axes u ¼ ð 2∕2; 2∕2; 0Þ. The total rotational amplitude is
the same as for Figure 9b; therefore, the rotational on each individual component is lower. In Figure 9c, we see a strong response of
the Y projection to a rotation around the x-axis, and a strong response of the X projection to the rotation around the y-axis. Again,
there is also a weak change in the Z projection. Observing the
dashed red lines in Figure 9d, we see that rotations around X
and around Y were recovered. Note that some rotation occurs
around the z-axis as well. This is a result of the coupling between
components of 3D rotations: It is not possible to rotate around two
axes without causing the third axis to change its attitude in relation
to the external frame.
In pFigure
the
ﬃﬃﬃ pﬃﬃ9e,
ﬃ p
ﬃﬃﬃ rotations are the x-, y-, and z-axes
u ¼ ð 3∕3; 3∕3; 3∕3Þ. Observe that there is no difference in
phase between Figure 9e and 9c. The rotation around the z-axis does
not generate a change in projection of the magnetic field on any of the
ICM components. Consequently, observing the bottom panel of Figure 9f, we see that the rotations around the z-axis were not recovered
because the amplitude is much lower and the phase is wrong.
The amplitude reduction and phase difference effects in the modeled rotations are the result of the null space of the magnetic projections. We cannot recover the amplitude correctly for the rotations
occurring around the ambient magnetic field’s direction. Additionally, and rather surprisingly, the fact that all other rotations can be
recovered correctly is what generates the phase difference between
the induced rotations and the recovered rotations seen on the bottom
of Figure 9f. What we observe are the rotations around Z that are the
result of the combined rotations around X and Y.
The conclusion from Figure 9a to 9f is that if we rely on the
earth’s constant ambient magnetic field to record rotations on a
3C ICM, we will likely not recover all rotations accurately in a seismic survey. Whether this effect is relevant depends on the application for which we intend to use the derived rotational data. It also
depends on where the seismic survey is conducted.
For example, in mid-latitudes, the inclination of the magnetic
field is between 30° and 60°, dipping toward the north or the south.
Therefore, we may not lose much of the rotational energy around
the vertical or horizontal axes. Conversely, on the north pole where
the magnetic inclination is 90°, we would be unable to record the
yaw component.
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3) geophone differencing of adjacent vertical geophones (equation B-4; Muyzert et al., 2012; Barak et al., 2014). The geophones used were 40 Hz Sercel (L-40) geophones, which
were designatured in the data processing according to their
known specifications.
To acquire these data, we deployed three composite stations comprising the three types of sensors, as shown in Figure 10a. The “X”
(roll) components of the ICMs and rotation sensors were oriented in
the inline survey direction, which was toward the magnetic azimuth
120° as measured by a compass. The “Y” (pitch) components were
oriented in the crossline direction, toward magnetic azimuth 30°.
The “Z” (yaw) was positive downward. Because the magnetic inclination at Silver Lake was 60° at the time of the survey, all the
magnetometer components were coupled to the magnetic field;

SILVER LAKE SURVEY
The test survey was conducted at Silver Lake, near the town of
Baker, California, in participation with a field method course conducted by Scripps. Silver Lake is a dry lake bed in the Mojave Desert, where the ambient seismic and magnetic noise are weak enough
for our purposes.
Rotations were measured using three methods:
1) 3C METR-03 electrokinetic rotation sensor (Figure 5a): direct
measurement of rotations
2) 3C ICM (Figure 7): measurement of rotations derived from
changes in magnetic projections (equations 1–15)

Figure 10. (a) The arrangement of a single composite station in the
Silver Lake survey. Each station had three orthogonal ICMs, and a
3C inertial rotation sensor. Two geophones were placed in close
proximity in the inline (1.8 m) and crossline (2.4 m) directions.
(b) The 20 shots were executed off-end, at 5m intervals, for a total
of 100 m of offset. The X (roll)-components of the rotation sensors
and the ICMs were along the inline direction toward the magnetic
heading 30°. The Y (pitch)-components of the rotation sensors and
the ICMs were along the crossline direction toward the magnetic
heading 120°. The Z (yaw)-components are downward, whereas
magnetic inclination was 60°. Note that the figure is not to scale.
The distance between the composite stations was 3 m.

Barak et al.
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i.e., the ambient magnetic field had a significant projection on each
magnetometer component.
We further estimated the pitch component by differencing the two
adjacent vertical geophones in the inline direction. The roll component was estimated by differencing the two adjacent vertical geophones in the crossline direction. We could not, however, obtain an
estimate for the yaw rotational component by geophone differencing because we did not have any horizontal geophones.
We had three composite stations, deployed using the pattern
shown in Figure 10b. The spacing between receiver stations was
3 ms, and the shot interval was 5 m. As a seismic source, we used
a Betsy gun. An example of the ignition of one Betsy gun shot is
shown in Figure 11a. The station deployment is shown in Figure 11b. We used a builder’s level to ensure orthogonality between
components, and a compass to measure the orientations.
Aside from the three composite stations we used to acquire the
active seismic data, we also deployed a remote ICM station (Figure 11c), far from the shot locations, at a distance of approximately
1 km. The purpose of this receiver was to measure the ambient MT
noise for later removal from the active-seismic ICM data.

Sensitivity of magnetometers to ground rotations
Consider a very simple rotation of the magnetometer axes about
the z-axis by an angle θ. The magnetic field H along the sensor axes
is then

"

Hx0
Hy0
H z0

#

¼

"

cosðθÞ
− sinðθÞ
0

sinðθÞ
cosðθÞ
0

0
0
1

#

¼

"

#

Hx
Hy :
Hz

(16)

For a magnetic field H ¼ ðH 0 ; 0; 0Þ, the field in the rotated coordinates will be

H x0 ¼ cosðθÞH x ;

(17)

H y0 ¼ − sinðθÞH y ;

(18)

H z0 ¼ 0:

(19)

The change in the magnetic field measured by the magnetometers is

ΔH x ¼ H x0 − H x ¼ ð1 − cosðθÞÞH x ;

(20)

ΔH y ¼ H y0 − H y ¼ − sinðθÞH y ;

(21)

ΔH z ¼ 0:

(22)

Table 1 shows the magnetic field changes for various amounts
of rotations assuming a nominal 50,000 nT (earth) magnetic field
along x. This shows that a microradian rotation would produce a
Table 1. Amount of rotation in degrees, the changes
in projection of the magnetic field on the two orthogonal
magnetometer components, and the resulting deviation in
teslas, the magnetometer component along the y-axis will
record. The magnetometer components are along the
horizontal x- and y-axes, the magnetic field is assumed to
be 50,000 nT along the x-axis, and the rotation is around
the z-axis.
Rotation
angle

Projection
on x

Projection
on y

Deviation on Hy
component

θ (rad)

j1 − cosðθÞj

j sinðθÞj

10−5 j sinðθÞjTesla

1e-09
1e-08
1e-07
1e-06
1e-05
1e-04
1e-03
1e-02
1e-01
1

0
0
5e-15
5e-13
5e-11
5e-09
5e-07
5e-05
5e-03
0.46

1e-09
1e-08
1e-07
1e-06
1e-05
1e-04
1e-03
1e-02
0.0998
0.841

5e-14
5e-13
5e-12
5e-11
5e-10
5e-09
5e-08
5e-07
4.99e-06
4.21-05

Figure 11. (a) Execution of one of the 20 shots using the Betsy gun. Please note that this is not the safest way of generating seismic energy
(though it is one of the cheapest), and we would not recommend using a Betsy gun without proper training. (b) One of the three composite stations.
The rotation sensor is housed in the gray box, whereas the ICMs are the white rods arranged orthogonally. Professor Constable (wearing the
cowboy hat) is shown in the picture using a builder’s level to ensure the orthogonality of the magnetometer antennas. (c) We placed one remote 3C
ICM station far (approximately 1 km) from where we were shooting the seismic data, to record the ambient MT noise for later removal in
processing.
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picotesla level signal on Hy , the maximally coupled orientation direction. Because the MT field in Silver Lake in the seismic
pﬃﬃﬃﬃﬃﬃ frequency band (1 –100 Hz) is approximately 10−12 T∕ Hz, we
can expect to be able to detect rotations down to 1 microradian
Because the MT field is expected to be laterally uniform over
regional spatial scales, we planned to use the remote station to reduce the MT signal from the local measurement, with the possibility
of obtaining MT-free data with a spectrum close to the noise floor of
the magnetometer antenna we were using (Zonge model ANT/6),
which is 10−14 to 10−13 T, as shown in Figure 12. This would give
us an equivalent rotational noise floor of approximately 10−9
to 10−8 rad.

Amplitude spectra during survey

P29

data shown in Figure 14d, we do not observe a drastic increase in
the low frequencies. This might be due to the rotation sensor’s insensitivity to the low frequencies of microseism energy, or it could
be a result of the microseism field not having significant rotational
strains.

Designature of rotation sensor
The rotation sensors used in the Silver Lake survey were the
METR-03 electrokinetic rotation sensors, as shown in Figure 5a.
According to manufacturer specifications, these sensors have a
noise floor of 5.7 × 10−7 rad∕s∕sqrtðHzÞ within their passband of
0.05–50 Hz. Given our previous experience with the Betsy gun,
we assumed that we could generate rotations strong enough to

Figure 13a shows the spectra of the three magnetometer components at the active-seismic stations while active shooting was being
done, whereas Figure 13b shows the spectra at the remote station at
the same time period. We observe that at low frequencies, the ambient magnetic noise is very strong. However, within the typical
range of seismic frequencies, the ambient magnetic field is between
10−1 and 10−2 nT.
The purpose behind deploying the remote station was to record the
ambient magnetic noise without seismic interference, and we then
remove this noise from the active-seismic magnetometer stations.
From Figure 13b, we could see that the vertical magnetometer
antenna at the remote station was recording much higher levels
of noise than the horizontal magnetometer components. Further inquiry showed that there was a problem with the vertical antenna’s
electronics at the remote station. Consequently, we could not use the
vertical magnetometer component at the remote station as a basis
for denoising the vertical magnetometer component at the active
seismic stations.
Figure 13c shows the spectra of the three magnetometer compoFigure 12. The MT magnetic and electric fields observed at Silver
Lake, Mojave Desert in March 2015, two months before we pernents at the active seismic stations after subtraction of the horizontal
formed the Silver Lake survey. Also shown is the public-domain
magnetometer components of the remote station. We see that most
noise floor of the Zonge model ANT/6 magnetometer. Spikes are
of the ambient magnetic noise which was removed was in the higher
from 60 Hz power line noise and 0.2 Hz cathodic protection system
frequency ranges, although there is some reduction of the B y on a nearby gas pipeline.
component’s noise between 10 and 30 Hz.
Figure 14a shows the spectrum of the active
seismic vertical geophone component. It shows
that the Betsy gun generated strong seismic energy between 5 and 50 Hz. The microseism band
is also apparent in this as an increase toward the
1 Hz mark. Figure 14c, however, shows that the
rotation sensors’ response rolls off from approximately 10 Hz and down. In addition, from 30 Hz
and up some resonances appear on the rotational
components. Consequently, and also to reduce
some of the magnetic noise, all the following
analyses have a band-pass filter between 5 and
30 Hz applied to them.
Figure 13. Log-amplitude spectra of raw magnetometer data during active shooting,
Figure 14b shows the spectrum of the vertical
after instrument designature for the various data components was applied. For the active
geophone of the active shot records, but in the
data, we used the average of the spectra of the three active receiver stations for each data
time range of 5–10 s after the shot, when the active
component. For the single remote station, we show the spectra for each component.
(a) Magnetometers before removal of ambient noise. (b) Ambient magnetic noise at
seismic energy has passed on. This figure, thereremote station. (c) Magnetometers after removal of ambient noise. The B z -component
fore, represents the ambient vertical component
at the remote station recording the vertical ambient magnetic field had problems with its
seismic field. The dominance of low frequency
electronics and therefore recorded much higher levels of noise than were actually in the
of the ambient microseism field is apparent from
field. Note the reduction in noise for the B x and B y magnetometer components after
this figure. However, for the ambient rotational
removal of the ambient field recording.
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generate a sufficient signal-to-noise ratio (S/N) that could be recorded by these instruments. Additionally, some benchtop tests
done by Patrycjusz Bachelda from the Geokinetics company,
who provided us with the sensors, showed that the METR-03 could
indeed reliably record rotational data up to 20 Hz.
The instrument specifications also state that the METR-03 sensors
have a flat phase response in the frequency range of 0.05–50 Hz.
However, we were unsure whether this was the case for the specific
sensors we were using because the production of these sensors is still
very manual. We knew the instrument response of the geophones,
however, and used it to designature the vertical geophones. Then,
we used vertical-geophone differencing (equation B-4) to get an estimate of the designatured rotational pitch signal.
We calculated the phase difference between the rotations measured by the rotation sensors and the rotations estimated by geophone differencing. Then, we used this phase difference as the
rotation-sensors’ instrument response.
Figure 15e shows a receiver gather of the vertical geophone component at station 1 of the Silver Lake data. The direct P-wave, propagating at a velocity of 1420 m∕s, is much weaker than the ground
roll, and it is therefore not visible in this section. Two surface wave

Figure 14. Log-amplitude spectra of raw geophone and rotationsensor data during active shooting, after instrument designature
for the various data components was applied. The data are the average of the spectra of the three active receiver stations for each data
component. The active data comprise the first 0.8 s after the shot.
The ambient data comprise the active records, but between 5 and
10 s after the shot when there was no more active seismic energy.
(a) Active seismic vertical geophone. (b) Ambient seismic vertical
geophone. (c) Active seismic rotation sensors. (d) Ambient seismic
rotation sensors.

arrivals are clearly visible, propagating at velocities of 135 and
250 m∕s. We interpret these as two modes of a Rayleigh wave generated by the Betsy gun source.
Figure 15a shows an estimate of the pitch component resulting
from differencing the two adjacent vertical geophones in the inline
direction (equation B-4) at station 1. The distance between the inline geophone pair was 1.8 m, whereas the crossline geophone
pair’s distance was 2.4 m, as shown in Figure 10a. Spudich and
Fletcher (2008) recommend that the distance between the geophones be less than a quarter of the wavelength. For the strong Rayleigh wave arrival, the frequency is nominally 20 Hz and the
velocity is 135 m∕s. The wavelength is therefore 6.75 m, meaning
that we are just below the 1/4 wavelength sampling criterion in the
inline direction, and way below it for the crossline direction.
Nevertheless, we compare the data in Figure 15a with the rotation-sensors’ pitch component shown in Figure 15b. Observe that
both sections show the same arrivals with similar maximum amplitudes of up to 0.2 mrad∕s. However, the Rayleigh-wave arrivals appear to have been better acquired by geophone differencing. For the
larger offsets, the rotational amplitudes from geophone differencing
are about twice as great as the ones recorded by the rotation sensors.
This indicates that the geophones have a greater dynamic range than
the rotation sensors.
The amplitude difference for the pitch component for the trace at
x ¼ −60 m is also shown in Figure 16a. Note that for the pitch component, the phases of the two Rayleigh wave arrivals agree for the
two types of measurements. All we needed the geophones for was to
validate the phase response of the rotation sensors; therefore, their
amplitude response was of secondary importance.
We expect the pitch-rotational component to be dominant for the
Rayleigh wave propagating in the inline direction in this 2D survey
because the rotational deformation that a Rayleigh wave generates
is perpendicular to its propagation direction, i.e., rotation around the
crossline y-axis.
The phase comparison between the pitch calculated by geophone
differencing and the pitch measured by the rotation sensor for the
three stations is shown in Figure 17a. There seems to be no drastic
phase difference between the signals at all three stations for the
pitch component.
Figure 15c shows the roll component estimated by differencing the
two adjacent vertical geophones in the crossline direction (equation B-4) at station 1. This figure should be compared with the rotation-sensor roll component in Figure 15d. Note again the similarity
in amplitudes. The roll estimated from geophone differencing appears
slightly more coherent than the roll from the rotation sensor.
The comparison for the roll component for the trace at
x ¼ −60 m is also shown in Figure 16b. Note that for the roll component, the amplitude and phase of the strong Rayleigh wave arrival
at t ¼ 0.4 s are similar for the two types of measurements. However, the first, weaker Rayleigh wave arrival at t ¼ 0.25 s differs
in amplitude and phase for these two measurements.
Compared with the pitch component, the roll component is
weaker. This is again in accordance with the rotational deformation
we would expect the Rayleigh wave to generate in this survey, i.e.,
very little rotation around the inline axis.
Figure 17b shows that we are unable to obtain a consistent phase
difference between the roll from geophone differencing and the roll
from the rotation sensors for the three receiver stations. We attribute
this to the fact that the roll signal is indeed very weak, and, therefore,
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the S/N is low, possibly too close to the rotation
sensor’s noise floor. In addition, as mentioned before, the crossline distance between the geophone
pair used for geophone differencing was greater
than 1/4 of the wavelength. Consequently, discerning the phase difference for the ground roll
between these two different measurements of
the roll component is difficult.
Figure 15f shows the yaw component of the
rotation sensor at station 1. Note that it exhibits
an arrival with the same moveout as the Rayleigh
wave arrival on the pitch component. Like the
roll component, the yaw is much weaker than the
pitch signal.
Principally speaking, the yaw component
should record Love wave modes. However,
Rayleigh and Love wave modes can be excited
by surface sources, and these data have very short
offsets, making it difficult to identify different
modes of surface waves by their respective moveout. Therefore, the surface wave arrivals seen in
these data may be a mixture of Love and Rayleigh
wave modes. We cannot compare the rotation-sensor’s yaw component with the yaw estimated from
geophone differencing because that would require
differencing horizontal geophones, which we did
not deploy in this survey.
The only reliable phase difference we have is
for the pitch component (Figure 17a), which does
indeed show a flat response for the rotation sensors more than the 3–30 Hz frequency range.
Though the phase difference is very small, we
used it for designature of all rotational components. This had virtually no effect on the rotational-sensor data.

Denoising of magnetometer data
We assume the earth’s magnetic field signal
(Hwmm ) to be dominant in comparison with ambient MT noise generated by local source. To reliably record a signal, we need the ambient MT
noise to be weaker than the deviations of the projection of the ambient magnetic field on the ICM
components in response to the rotations. The amplitude of the seismic rotations depends on the
strength of the seismic source, which was effectively set by the Betsy gun.
To reduce the ambient MT noise from our
magnetometer measurements, we deployed a remote 3C magnetometer station at a distance of
approximately 1 km from our shooting location.
The ambient MT field should vary little within
such a distance.
To validate that this is the case, Figure 18a–
18c shows a comparison between the ambient
magnetic field at the three active-seismic stations
and at the remote station. The data shown are the
first 500 ms of the last trace (x ¼ −100 m)
shown as in Figure 15a. This portion of the trace
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Figure 15. Silver Lake receiver gathers at station 1, in the 5–30 Hz frequency band.
(a) Inline vertical geophone difference, which estimates the pitch component. (b) Pitch
rotation sensor. (c) Crossline vertical geophone difference, which estimates the roll component. (d) Roll rotation sensor. (e) Vertical geophone. (f) Yaw rotation sensor. Clipped
values are indicated in red. There are two strong Rayleigh wave modes propagating
at V ¼ 135 and 250 m∕s, and they are recorded by geophone-differencing and by
the rotation sensors themselves. The amplitudes of the rotations calculated by geophone
differencing are greater than those measured by the rotation sensors.

Figure 16. Comparison of the horizontal rotations estimated by vertical geophone differencing and those measured by the METR-03 rotation sensor at station 1 for the trace at offset
x ¼ −60 m. The first arrival at t ¼ 0.25 s is the fast Rayleigh wave mode, and the second
arrival at t ¼ 0.4 s is the slow Rayleigh wave. (a) Pitch component. (b) Roll component.
The roll component is approximately 10 times weaker than the pitch. The rotation rate recorded by the METR-03 sensor is weaker than the rotation rate estimated by geophone
differencing. The pitch components agree in phase for both arrivals, whereas the roll components have a phase difference for the weaker Rayleigh wave arrival at t ¼ 0.25 s.
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is before the main Rayleigh wave arrival, and therefore it is dominated by the local ambient MT noise field.
The ambient MT noise (Figure 13b) comprises multiple unknown
sources, although we were aware of power lines nearby (60 Hz), and
we were also aware of a cathodic protection system on a nearby gas
pipeline (0.2 Hz). We had intended to use the seismic-free measurements from the remote station to subtract the ambient MT noise
from the active-seismic magnetometers.
From Figure 18a and 18b, we observe that the MT field is indeed
sufficiently spatially unvarying over the distance between the active
and the remote stations to enable us to subtract the remote station’s
horizontal components’ data from the active stations. After concluding the survey, however, we discovered that the vertical magnetometer antenna at the remote station had an electronic fault, as can be

seen in Figure 18c, and we therefore recorded much more noise than
was actually in the field.
Figure 19a, 19d, and 19g shows the magnetometer receiver
gather data recorded at station 1. The data are designatured, and
therefore are in terms of nanotesla of deviation of the projection of
the ambient magnetic field on the magnetometer components.
Note that the signal is stronger on the x- (inline) and z (vertical)components, whereas the y (crossline)-component is the weakest.
This is as we would expect given that the Rayleigh wave’s rotation
is mostly around the y-axis. As a result of a rotation around the
y-axis, the X and Z antennas should record a change in projection
of the earth’s constant magnetic field.
Figure 19b, 19e, and 19h shows the X, Y, and Z magnetometer
data recorded at the remote station. These data do not contain any of
the magnetic rotation signal generated by the seismic wave because
they are too far away from the shooting location, but they do contain
the same MT noise as the active seismic magnetometers. Note the
similarity between the remote station’s and active station’s x- and
y-components before the arrival of the ground-roll.
As mentioned above, the vertical magnetometer antenna at this
remote station (Figure 19h) had an electronic fault, and therefore
it recorded much more noise than was actually in the field. Consequently, subtracting this noise results in even noisier data, as shown in
19i. We therefore decided to use the original noisy Z magnetometer
data in Figure 19g. This had a deleterious effect on the pitch and roll
rotational components derived from the magnetometer data, which is
discussed in the following section. There was no effect on the yaw
component, however, because yaw rotations do not affect the vertical
projection of the magnetic field on the magnetometers.
Figure 19c and 19f shows the X and Y magnetometer data at station 1 after subtracting the noise recorded by the remote stations’ X
and Y magnetometers, and we used these data for the rest of the
analysis.

Local magnetic gradients and coupling of translational
motions

Figure 17. The phase difference between the rotations estimated
from vertical geophone differencing and the rotations from the rotation sensors, within the pass band. (a) Phase difference for the pitch
component. (b) Phase difference for the roll component. Observe that
for the roll, we do not get a consistent phase difference for the three
composite stations. There is not much energy on the roll component;
therefore, the S/N is low and it is difficult to estimate the phase difference reliably for all stations. Also, we could not get an estimation of
the yaw component from geophone differencing. Therefore, we designatured the rotation sensors’ pitch, roll and yaw components using
the pitch-phase difference, which appeared to be reliable across stations.

The proposed method of calculating rotations from magnetic projection deviations relies on an assumption that the ambient magnetic
field is locally constant, at least on the scale of the ICM antenna plus
the translational motion induced by the seismic wave.
In conjunction with the seismic survey, we measured the total
magnetic field F at the survey site using a Geometrics G-858 Cesium vapor magnetometer. Two parallel traversals were done across
the survey area, as shown by the red and blue lines in Figure 20. The
active survey location was at the 500 m mark of this figure. The
largest value for the total magnetic field gradient calculated from
these data was 0.5 nT∕m.
To calculate the total translational motion, we integrated the particle
velocity data as recorded by the vertical geophones. For the entire survey, the largest vertical translation was 0.0000978 m ≈ 10−4 m. We
did not have horizontal geophones, and so we did not directly measure
the horizontal translation. We may, however, assume the maximal horizontal translation to be on the same order as the vertical translation
because the strongest arrival in the data was the fundamental mode
of a Rayleigh wave, which has elliptical particle motion.
Consequently, the largest deviations in the magnetic field
caused by translational motion of the magnetometers were
0.5 ðnT∕mÞ × 10−4 m ¼ 5 × 10−5 nT ¼ 5 × 10−13 T. This level
of signal is below the MT noise level, just slightly above the noise
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Figure 18. Comparison of the first 0.5 s of the last shot (at location x ¼ −100 m) in the active seismic data of the magnetometer components of
the three receiver stations shown in Figure 10a and the remote magnetometer station. The data are before the arrival of the strong Rayleigh
wave, and they effectively show the ambient MT noise at the station locations. (a) B x -component. (b) B y -component. (c) B z -component. Note
that the MT noise field appears constant between the stations, and it is nearly identical even for the remote station positioned 1 km away, except
for the B z -component, which had an instrument fault.

Figure 19. Magnetometer receiver gather at station 1 after designature of the ICMs, before and after removal of the MT field acquired by the
remote station. (a) The x-component. (b) The x-component of the remote station. (c) The x-component after subtraction of the MT field acquired
by the remote station. (d) The y-component. (e) The y-component of the remote station. (f) The y-component after subtraction of the MT field
acquired by the remote station. (g) The z-component. (h) The z-component of the remote station. (i) The z-component after subtraction of the MT
field acquired by the remote station. The z-component of the remote station (h) had electronic problems, so subtracting it from the active
z-component produced noisier data than the original. For further analysis, we used the data shown in (g) rather than the data shown in (i).
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floor of the magnetometers themselves, as shown in Figure 12.
Therefore, the small spatial gradients in the magnetic field at the
Silver Lake survey site were too weak to generate a coupling between the seismic translations and the recorded magnetometer measurements. Furthermore, in Appendix C we discuss the possibility
of a coupling between the geophones and the magnetometers, and
conclude that the effect, if any, was negligible.

Reverse mapping: Conversion from magnetometer
deviations to rotations
The pitch rotation is effectively recorded as deviations of the projections of the earth’s magnetic field on the X and Z magnetometers,
the roll on the Y and Z magnetometers, and the yaw on the X and Y
magnetometers. The maximum changes in projections are on the
order of 0.1 nT. To derive rotations from these changes in projections we use equations 1–15. These equations represent the reverse
mapping operator L, which maps magnetic projection deviations to
^ ¼ Ld. Then, we compare the
an estimated model of rotations: m
magnetometer-derived rotations to the rotation-sensor data, which
we treat as the “true” model of seismic rotations.
Figure 21a shows the receiver gather of the pitch rotations derived from the magnetometer data at station 1. Compare this with
Figure 21b, which shows the rotations measured by the pitch rotation sensor at the same station. In both figures, we observe the two
strong Rayleigh-wave arrivals. However, the rotations derived from
the magnetometers are slightly weaker, and the phase is different.
Also, note the higher level of noise in Figure 21a. This noise is the
result of the unattenuated ambient MT noise on the vertical magnetometer, which leaks into the derived pitch rotations.
The most significant difference between the pitch component recorded by the rotation sensors and the pitch derived from the magnetometers is the phase of the arrivals. The phase and amplitude
difference can be better seen in Figure 22a, which compares these
data for the trace at offset x ¼ −60 m. Note that the first Rayleigh

wave arrival is at t ¼ 0.25 s and the strong Rayleigh wave arrival is
at t ¼ 0.4 s.
The phase difference is consistent between shots, as can be seen
in Figure 23a, which shows a wiggle-trace comparison of the gather
after AGC of the magnetometer-derived pitch component versus the
pitch measured by the rotation sensors at station 1.
Figure 23b shows the average phase difference between the magnetometer-derived pitch and the rotation-sensor’s pitch. It shows
that within the frequency band of 5 –30 Hz, there is a phase difference between 150° and 90°.
The comparison between the magnetometer-derived roll and the
rotation-sensor’s roll is shown in Figure 21c and 21d. As previously
mentioned, we expect the roll component to have the least energy in
this survey, and indeed the magnetometer-derived roll is just discernible above the noise. Just as is the case for the magnetometer-derived
pitch component, the noise on the magnetometer-derived roll is the
result of the ambient MT noise on the vertical magnetometer.
Figure 22b compares the magnetometer-derived roll and the rotation sensor’s roll for the trace at offset x ¼ −60 m. The phase
difference is apparent here, too, although it is less than for the pitch
component. The phase difference is less consistent between shots,
as can be seen from Figure 23c, which shows a wiggle-trace comparison after AGC of the roll component gather at station 1. The
noise is more obvious here than in the pitch-component section.
Figure 23d shows the average phase difference between the magnetometer-derived roll and rotation-sensor roll. Unlike the pitch component, the phase difference is inconsistent between stations and
shows great variability between 90° and −90° . Because the roll signal
is weak, the noise is relatively stronger making it more difficult to
draw conclusions from the phase differences for this component.
Ideally, we would have crossline shots in the survey, which would
have generated a strong rotational signal on the roll components.
However, time constraints in the field did not enable us to include
crossline shots in this survey.
Figure 21e and 21f compares the magnetometer-derived yaw to
the rotation-sensor yaw. Because we were able to remove the ambient MT noise from the X and Y magnetometer antennas, the magnetometer-derived yaw has the least noise of the magnetometer
rotations. The earlier, weaker Rayleigh-wave arrival is actually
clearer on the magnetometer-derived yaw section than on the rotation-sensor section.
In terms of phase, the difference between the yaw rotations of the
magnetometers and that of the rotation sensors is the smallest, as
can be seen from Figure 22c. Figure 23e and 23f shows that there
is a consistent phase difference of between 90° and 45° for the
receiver gather.

Converting estimated rotations to magnetic projections

Figure 20. Total magnetic field measurement recorded at Silver
Lake during the survey. Two parallel traversals (indicated by the
blue and red lines) of the survey area were done using a Geometrics
G-858 Cesium vapor magnetometer. The active seismic survey is
located at 500 m. The largest magnetic field gradient calculated
from these data is 0.5 nT∕m.

By forward-modeling with the estimated model of rotations from
the magnetic projection data, we can indirectly observe the effect of
the MT noise in the magnetometer recordings.
We apply the forward-modeling operator in equations 6 and 7
to the rotation estimated by the reverse mapping operator:
^ ¼ FLd. As we mentioned before, please note that the
dest ¼ Fm
operators F and L are not an adjoint pair. We compare the forward-modeled magnetometer deviations with the recorded magnetometer data. In a noise-free environment, the magnetic-deviation
data estimated from the magnetometer-derived rotations will be
identical to the recorded magnetometer data.
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Figure 24a compares the observed B x -component at station 1 with
the magnetic-deviation B x data estimated from the magnetometerderived rotations. The phases of the signals seem to match very well,
whereas the amplitudes are not identical, but are very similar.
Figure 25a shows the comparison of the forward-modeled B x
magnetometer component versus the recorded one for the gather
at station 1, after AGC. We see that the signals are consistently similar in phase for all shots. From Figure 25b, we see that that the
phase difference is nearly zero for all stations for the B x -component.
The magnetic projection deviations on the B x -component are the
result of the pitch (Y) and yaw (Z) rotations. The pitch rotation is the
dominant one in the data. In addition, the B x magnetometer component is well-coupled to the field for rotations around the y-axis
because it is nearly orthogonal to the magnetic field. Therefore, the
S/N on this component is good, and we see nearly no phase difference between the recorded and the estimated data.
The same comparison for the B y -component shown in Figure 24b
shows a phase difference, however.
Figure 25c shows the comparison between the
forward-modeled and the recorded B y magnetometer component for the gather at station 1. We observe an inconsistent phase shift between the
different shots. From Figure 25d, we also observe
that that the phase difference is variable for the B y component.
The magnetic projection deviations on the B y component are the result of the roll (X) and yaw
(Z) rotations, which are weak in this data set, and
therefore have low S/N. Another contribution to
the low S/N is the noisy magnetometer z-component. In addition, the magnetometer B y -component is not well-coupled (i.e., not orthogonal) to
the magnetic field for rotations around the x-axis.
The same reasoning applies to the inconsistent
phase difference we observe for the B z magnetometer component in Figures 24c, 25e, and 25f. The
magnetic projection deviations on the B z -component are the result of the roll (X) and pitch (Y)
rotations. Though the pitch-rotational component
is strong, recall that the magnetometer B z -component is contaminated with ambient EM noise,
which we were unable to remove. This means that
the noise from the observed B z magnetometer
component goes into the estimated rotational
models of the roll and pitch components. Mapping
this noise back to the magnetic-deviation data domain is the reason for the jittery phase differences
seen in Figure 25f.
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difference to the rotations around the earth’s ambient magnetic
field’s axis; the projection null-space effect shown in Figure 9f.
The rotation does not need to be perfectly parallel to the magnetic
field’s axis in order for the projection’s null space to affect the measurements. If the axis of rotation has a projection on the axis of the
magnetic field, then invariably some of the resulting magnetic projections will be insensitive to the rotations.
In the case of the Silver Lake survey, we had aligned the shot line
and magnetometer receiver components, so that the expected axis of
the strongest rotation generated by the Rayleigh wave (pitch) would
not coincide with the axis of the magnetic field. As shown in Figure 10b, the horizontal Y and X magnetometers were aligned in
along magnetic azimuths 30° and 120°, respectively, whereas the
vertical magnetometer pointed down. The inclination of the ambient
magnetic field at Silver Lake was 60° at the time of the survey. The
shot line was also done along magnetic azimuth 120°. Therefore,
neither pitch, roll, nor yaw components were directly around the
ambient magnetic field. However, we observe rotations on all com-

Interpretation of results
Though the results clearly show that the magnetometers and the rotation sensors are indeed
recording seismic energy, the amplitudes and
phases of the rotations recorded by the rotation
sensors and those derived from the magnetometers are not identical.
The rotational energy of the magnetometerderived rotations is approximately 25% lower
than that of the rotation sensors. We attribute this

Figure 21. Comparison of rotations derived from ICMs with rotations measured by rotation sensors. Data have been band-passed in the frequency range of 5–30 Hz, for which
the rotation sensors’ response appears to be reliable. (a) Pitch derived from ICM.
(b) Pitch measured by rotation sensor. (c) Roll derived from ICM. (d) Roll measured
by rotation sensor. (e) Yaw derived from ICM. (f) Yaw measured by rotation sensor.
Note the similarity in amplitudes of the Rayleigh-wave arrivals between the magnetometer-derived rotations and those measured by the rotation sensor. Also, note the large
phase difference of the pitch component.

Barak et al.

Downloaded 09/29/18 to 67.247.58.89. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

P36

ponents of the seismic rotation sensors, indicating that at least some of the rotations did indeed
occur around the magnetic field’s axis, leading to
a loss of amplitude in the magnetometer-derived
rotations.
We attribute the large differences in phase of
the pitch component to the null-space issue because the phase differences appear consistent between receiver stations and along the offset axis.
However, the (nonseismic) noise from the vertical magnetometer component necessarily contributed to the rotational signal derived for the
perpendicular pitch and the roll components.
The case is worse for the roll component because
it has a very low S/N to begin with.
We see the smallest phase difference between
the two types of rotational measurements for the
yaw component. This is partly due to the yaw rotations being well-coupled to the magnetic field. It
is also due to the yaw component being mostly
derived from the magnetic deviations on the X and
Y magnetometer components, which we were able
to denoise using the remote station’s data.
In addition, differences in phase could have
arisen as a result of the magnetometer components
not being perfectly orthogonal. The measured orientation of the magnetometer components may
have had slight errors as well, which would result
in an over or under-estimation of the expected
magnetic field projection on each component as
given by the World Magnetic Model. Furthermore, the orientation of the magnetometer components may not have perfectly matched that of the
METR-03 rotation sensors, which would lead to
differences in phase and amplitude between the
signals recorded by these instruments.

DISCUSSION
The Silver Lake survey shows that, in principle, it is possible to derive rotations from magnetometer data. We have shown a reasonable

Figure 23. Comparison of the rotations measured by rotation sensors (black wiggles)
and rotations derived from ICM components (red wiggles). (a, c, and e) Data comparison
for station 1 for the pitch, roll and yaw components, respectively. AGC has been applied
for display. (b, d, and f) Averaged phase difference between the two signals for all three
receiver stations. The roll rotational signal is very weak (see Figure 21d), and the low
S/N causes the phase difference to be inconsistent across stations for the roll component.

Figure 22. Comparison of rotations derived from ICMs to rotations measured by the METR-03 rotation sensors station 1 for the trace at offset
x ¼ −60 m. The first arrival at t ¼ 0.25 s is the fast Rayleigh wave mode, and the second arrival at t ¼ 0.4 s is the slow Rayleigh wave. (a) Pitch
component. (b) Roll component. (c) Yaw component. The rotation rate derived from the ICMs is weaker than the rotation rate measured by the
METR-03 rotation sensors. The pitch components have a large phase difference, the roll less so, and the yaws have the least. Yaw rotation causes a
change in magnetic projection on the X and Y magnetometer antennas, for which we were able to remove the MT noise.
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match between the waveforms of the rotationrate data recorded by the METR-03 rotation
sensors and the rotation-rate data derived from
the magnetometers. However, the phase and amplitude of the data are not identical for a variety
of reasons we discussed in the paper, namely,
1) The magnetometer components may not
have been perfectly orthogonal. We may also
have had slight errors in the estimation of
their azimuths.
2) The orientation of the METR-03 rotation
sensors may not have perfectly matched
the orientation of the magnetometers.
3) The ambient magnetotelluric noise appearing
on the vertical magnetometer component
could not be removed as a result of a technical fault in the remote station.
4) The “null space” of the magnetic field projections.
What we learn from the Silver Lake survey is
that, practically, there are limitations to the proposed methodology and extra care must be taken
to ensure the validity of the measurements.
The first challenge is to remove the MT ambient
noise from the ICM data to acquire only the magnetic deviations resulting from the seismic energy.
In the Silver Lake survey, we used a remote station to record and remove the ambient MT noise
from the active-seismic data. This worked because
the noise was spatially unvarying in relation to the
extent of the survey. However, in environments
where there is strong MT noise (e.g., near roads
or in urban environments), the issue of denoising
will be more difficult to solve.
It follows then that the scenario best suited for
recording seismic rotations with magnetometers
is the ocean bottom, where the ambient MT noise
is much lower than on land, as a result of the
shielding of the water layer. In addition, consid-

Figure 25. Comparison of the recorded magnetometer data (black wiggles) to forward-modeled magnetic projections (red wiggles) derived from the magnetometer rotations. (a, c, and e)
are the data comparison for station 1 for the B x -, B y -, and B z -components, respectively. AGC
has been applied for display. (b, d, and f) are the averaged phase difference between the two
signals for all three receiver stations. We could not remove the ambient magnetic noise from
the Z magnetometer component, which is why it is much noisier than the other components.

Figure 24. Comparison of observed magnetometer component data with the magnetometer data forward modeled from the magnetometerderived rotations at station 1 for the trace at offset x ¼ −60 m. The first arrival at t ¼ 0.25 s is the fast Rayleigh wave mode, and the second
arrival at t ¼ 0.4 s is the slow Rayleigh wave. (a) B x -component. (b) B y -component. (c) B z -component. The forward-modeled data have a
lower amplitude than the observed data. The B x -components have a similar phase, the B y -components have a small phase difference, whereas
the phase difference for the B z -component seems large and erratic. The observed magnetometer B z -component is contaminated with ambient
MT noise, which we were unable to remove. Mapping this noise to rotation rates and then back to the magnetic-deviation data domain generates a mismatch with the (noisy) B z observed data.
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ering the cost of deployment of an ocean-bottom node, it is economically desirable to derive as much independent information
as possible from the seismic wavefield per receiver deployment.
The proposed methodology assumes a known and spatially constant magnetic field direction at the recording station. In our survey,
we measured the total magnetic field, and we were therefore able to
estimate the magnetic gradient, which, in our case, was too weak to
affect the derived rotational data. However, this may not be the case
at other locations. It is therefore desirable to have total magnetic
field measurements when attempting to derive seismic rotations
from magnetometers.
The most critical challenge, however, is the null space of projections: Because the method relies on changes in projection of the
earth’s ambient magnetic field on the ICM components, any rotation that occurs around the magnetic field’s axis will not be recorded. This will cause the derived rotational amplitudes to be
lower than the true seismic rotations. This is a feature of the proposed methodology, and it will affect the derived rotations even in
perfect, noise-free acquisition conditions.
We cannot predict a priori the axis of rotation of seismic waves;
therefore, the solution to this challenge would not involve a particular orientation of the 3C ICM. Instead, we have considered addressing this issue with an inversion.

Inverting for rotations in the null space of magnetic
projections
The forward operator maps rotations to magnetic projections.
The reverse-mapping operator maps magnetic projections to rotations. It is possible, therefore, to invert for the rotations that are
in the null space.
The inversion would attempt to recover the missing rotational
energy by using the collocated 3C geophone data. For example,
we expect Rayleigh waves to generate strong rotations. Therefore,
if we observe strong Rayleigh waves on the geophone components,
but weak Rayleigh waves on the magnetometer-derived rotational
components, we may deduce that the axis of rotation is close to that
of the ambient magnetic field.
What is required then is a model that provides an expectation of
the total radian per second of rotation for a certain total of meter per
second of particle velocity, for the different types of seismic waves
(P, S, and surface). In the far field, we may also use the phase of the
transverse geophone as a model for the phase to expect on the yaw
component (Igel et al., 2005).
The objective function would try to find the model of rotations
that match the recorded magnetometer data and would also have a
regularization term that attempts to maximize the rotational amplitudes. The regularization term would be constrained by the amplitudes of the geophone data. The inversion would effectively attempt
to recreate the rotations missing from the ICM recording.

significant advantage they have over other, existing rotation-sensing
technology is that they are an existing robust solution, low in power
consumption, currently available in large numbers, familiar to the
applied geophysics community, and are field-deployable in land and
marine environments. An advantage they share with other dedicated
rotation sensors over ADRs is that they can measure rotations at a
point rather than relying on differencing of single-station geophones.
Furthermore, for the past 10–20 years, land EM stations have been
recording data at multiple permanent recording stations. Some of
them, such as the North California Earthquake Detection Center stations, comprise several instruments, including magnetometers and
seismometers. Originally deployed as part of an attempt to identify
precursors for earthquakes, these stations may effectively provide us
with a backlog of six-components of seismic motion of past earthquakes, which can in turn be used to increase the resolution of the full
seismic moment tensor.
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APPENDIX A
ELASTIC CONTINUUM THEORY REVIEW
The analysis presented here follows standard fundamental concepts in continuum mechanics. A single point in space has no orientation. The Cartesian coordinates x; y; z are sufficient to specify
its position and motion. Consider that we have two nearby points in
space P and Q, separated by ðδx; δy; δzÞ, as shown in Figure A-1.
The displacement of point P is given by the vector u. P and Q are
considered close enough that the relative displacement δu between
these two points can be given to a first order by the displacementgradient tensor L

CONCLUSIONS
There are currently very few field-deployable seismic rotation
sensors, and there are only some such as the BlueSeis3A FOG
and electrokinetic sensors that could be deployed on the ocean
bottom. Therefore, we have presented a methodology for deriving
seismic rotations from changes in projection of the earth’s ambient
magnetic field on 3C ICMs. These magnetometers are currently
being used for MT and controlled-source EM surveys. The most

Figure A-1. Two points, P and Q, are separated by δx ¼
ðδx; δy; δzÞ: P is displaced by u, and Q is displaced by u þ δu.
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The rank 2 tensor L is represented by a square matrix. Any square
matrix can be decomposed into a symmetric and an antisymmetric
part as

1
1
L ¼ ðL þ LT Þ þ ðL − LT Þ:
2
2

(A-2)

For the displacement-gradient tensor L, the symmetric part is the
Cauchy infinitesimal strain tensor ε
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whereas the antisymmetric part is the infinitesimal rotation tensor Ω
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APPENDIX B
ESTIMATING ROTATIONS BY GEOPHONE
DIFFERENCING
Rotations can be estimated by differencing closely spaced geophones, a method sometimes termed ADR in the literature. In
Hooke’s law, the stress-displacement relation for tangential stresses
in an isotropic medium is

σ ij ¼ μð∂j ui þ ∂i uj Þ;

(B-1)

where σ ij are the tangential stresses, ui are the particle displacements, and μ is the shear modulus.
At a free surface, or when going from a medium with shear
strength to one without shear strength (such as the ocean-bottom
interface), the tangential stresses σ xz and σ yz are zero. Therefore,
assuming we have receivers laid out on a flat, free surface, we have

∂z uy ¼ −∂y uz ;

∂uy
∂ux
∂y þ ∂x
∂uy
# ∂y $
∂uy
∂uz
∂y þ ∂z

1
2

P39

− 12
1
2

#

#

∂uy
∂x

x
− ∂u
∂y

0

∂uz
∂y

−

∂uy
∂z

$

$

1
2

#

− 12

∂ux

#∂z

z
− ∂u
∂x

∂uz
∂y

−

$ 1

∂uy
∂z

0

$C
C
C:
A

∂z ux ¼ −∂x uz ;

(B-2)

meaning that the vertical derivative of the horizontal displacement
component is equal to the horizontal derivative of the vertical displacement component.
Rotations are defined as the curl of the wavefield, as shown in
equation A-5. Because geophones record the time derivative of displacement (particle velocity), we use the time-derivative of rotation,
or rotation rate:

1
1 ^
^
r ¼ ð∇ × vÞ ¼ ðXð∂
y vz − ∂z vy Þ þ Yð∂z vx − ∂x vz Þ
2
2
^ x vy − ∂y vx ÞÞ:
(B-3)
þ Zð∂

(A-4)

We can also define an infinitesimal rotation vector R, which is
1∕2 of the curl of the displacement vector u:
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Although the displacement vector u represents the linear motion of
a point, the rotation vector represents the rotation of a volume
element. The components of the rotation vector R are measureable
in the field, and they contain the elements of the antisymmetric
strain tensor Ω.

Figure C-1. Bathymetry of the SERPENT survey area offshore
Nicaragua. The yellow dots are the positions of the EM ocean-bottom
nodes across the Middle America Trench. Each node was equipped
with two horizontal electric dipole antennas and two horizontal magnetometer antennas. The node labeled s06 is the composite EM node,
which had a 3C LF24 geophone in addition to the EM sensors. The
red star indicates the surface position of the M5.5 earthquake, which
occurred at a depth of 33 km on 17 April 2010.
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Substituting equation B-2 into equation B-3, we see that on a free
surface
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ðrollÞ rx ¼ ∂y vz ;

ðpitch Þ ry ¼ −∂x vz ;

1
ðyawÞ rz ¼ ð∂x vy − ∂y vx Þ;
2

(B-4)

i.e., the horizontal rotation-rate components can be derived by differencing vertical geophones, and the vertical rotation-rate components can be derived by differencing horizontal geophones.
The challenge with estimating rotations from geophone differencing is determining the distance required between
the adjacent geophones. The upper bound for the
distance between the geophones is half the horizontal spatial wavelength, to avoid aliasing. The
lower bound, however, depends on the level of
ambient noise. Differencing the signal of two adjacent geophones necessarily decreases the S/N
because we are subtracting most of the actual signal that was recorded on the two geophones. Furthermore, the two geophones may have different
coupling to the ground, and the inherent instrument response of the geophones may not be perfectly identical.
To determine the upper bound for the desired
spacing between the geophone pairs being differenced, we must make assumptions regarding the
frequency and wavenumber of the expected
arrivals. To determine the lower bound, we must
know the difference in instrument response and
coupling for each pair of geophones, and the ambient noise characteristics at each receiver station. Therefore, in practice, acquiring rotations
for broadband data by geophone differencing
alone may not be reliable. We would ideally
prefer to not rely on geophone differencing for
rotational-data acquisition. The exception is the
Rotaphone instrument, which is specifically designed to counter the spatial sampling and the instrument response and coupling issues mentioned
above.

The SERPENT controlled-source EM survey (Key et al., 2012;
Naif et al., 2013) took place offshore Nicaragua in April 2010.
The 55 ocean-bottom EM nodes were deployed along a line
perpendicular to the Middle America Trench subduction zone, in
which the Cocos plate is subducting under the Caribbean plate.
Each node had two horizontal induction-coil magnetic field sensors
and two horizontal electric field sensors. A composite node also had
a 3C LF24 geophone in addition to the EM sensors.
During the survey on 17 April 2010, a magnitude 5.5 earthquake
occurred near the northeastern end of the node line, at a depth of
33 km. The bathymetry of the survey area and the node positions are
shown in Figure C-1. The red star indicates the surface position of

APPENDIX C
COUPLING BETWEEN GEOPHONE
INSTRUMENTATION AND
MAGNETOMETER RECORDINGS
A particular question that arose during
processing is whether the geophone magnets and
the cables connecting the geophones to the digitizer had any correlated effect on the magnetometer measurements. Though we could not redo
the survey without the geophone equipment, we
refer to data from the SERPENT controlledsource EM survey, conducted by the Scripps
EM marine lab in April 2010, to help in assessing
such an effect.

Figure C-2. The B x magnetometer component recorded by ocean-bottom EM nodes
during the 17 April 2010 M5.5 Nicaragua earthquake. The station spacing along most
of the node line is 5 km, and it increases to 10 km for the nodes at the southwest edge.
Observing the data and particularly the moveout, two arrivals that appear to be the body
S-wave followed by the surface waves are visible.
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the earthquake, whereas the node labeled “s06” is the composite
0.8 mm∕s). In contrast, the particle velocities for the SERPENT
node position.
survey were larger, up to 5 mm∕s in Figure C-3a.
Figure C-2 shows the B x data component from all the ocean-bot3) The minimum distance between the geophones and the magnetom EM stations. Two arrivals, the body S-wave and the surface
tometers in the Silver Lake survey was 1.8 m, whereas in the
waves, are clearly visible. At first appearance, these data look very
s06 node, the geophone was a few tens of centimeters from the
much like a horizontal geophone record. These data were one of the
magnetometer antennas.
first indications of a connection between EM data recording and
This conclusion, however, does not preclude any possible effect
seismic rotations, and they actually prompted our research into
that
the current in the wires connecting the geophones to the digitizer
the subject.
box in the Silver Lake survey may have had on the magnetometer
The surface distance between the composite node s06 and the
measurements. The Nicaragua earthquake is one of the few for which
earthquake was approximately 200 km. Figure C-3a shows the
we can obtain all six components of motion using our method. Hav3C geophone data recorded by the s06 composite node. The horiing six-component earthquake data can aid in increasing the resoluzontal components have been rotated so that the radial component
tion of the full seismic moment tensor, as shown in Fraser-Smith et al.
points to 51°, i.e., toward the earthquake. The P-wave arrival is vis(1990) and Donner et al. (2016).
ible on the vertical component starting at 25 s,
whereas the first shear arrival appears mostly
on the radial and transverse components starting
from 26.8 s.
Figure C-3b and C-3c compares the B x - and
B y -components of the s06 and s07 stations,
where the B x -component was rotated toward
the earthquake to 51°. These two stations were
located 10 km apart. We corrected for the different arrival time of the shear body-wave at the two
station locations, so that for both records, the
shear arrival starts at 26.8 s.
Most of the energy for these data is at 3 Hz, as
can be seen from Figure C-3d and C-3e. In a study
by Christeson et al. (1999), the oceanic crustal
velocity in the region is determined to be approximately 3.5–4.0 km∕s. Therefore, the dominant
wavelength is approximately 1200 m.
We do not have geophone data at the s07
station. However, the surface distance between
these stations is 10 km, which equates to (at
most) approximately eight wavelengths for these
data. Therefore, we would not expect the direct
shear arrival at s07 to be significantly different
from the one recorded at s06.
We observe that for the direct S-wave that
starts at 26.8 s in Figure C-3b and C-3c, the
waveforms are very similar for the two stations.
The s06 node had 3C LF24 geophone installed
on it, whereas the s07 node did not. From these
figures, we conclude that it is likely that any
magnetic fields generated by the geophone magnets were too weak to affect the measurements
recorded by the magnetometers on the s06 node.
It follows, then, that for the Silver Lake survey,
the geophone magnets themselves also did not genFigure C-3. Data recorded by ocean-bottom EM nodes during the 17 April 2010 eartherate a magnetic field fluctuation strong enough to
quake offshore Nicaragua. (a) Three-component LF24 geophone data at composite stainterfere with the measurements because
tion s06. (b) B x magnetometer component at stations s06 and s07. (c) B y magnetometer
component at stations s06 and s07. (d) Spectra of geophone components at station s06.
1) The vertical geophones in Silver Lake were
(e) Spectra of magnetometer components at stations s06 and s07. The horizontal x-comsmaller, higher frequency geophones and had
ponents of the geophone and the magnetometer components are rotated 51° east of north,
toward the earthquake. The moveout of the first shear body-wave arrival between the s06
smaller (and fewer) magnets than the LF24
and s07 stations, which were 10 km apart, has been corrected for. The direct P-wave
geophone used in the SERPENT survey.
arrival is visible on the vertical geophone component starting from 25 s, Station s06 had
2) The absolute maximum particle velocity in
a 3C geophone (LF24) installed on it, whereas station s07 did not. Note that the magthe Silver Lake data was 2 mm∕s (99% of
netometer waveforms for the initial part of the S-wave arrival starting at 26.8 s appear
very similar between these stations.
the recorded particle velocities were less than
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