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ABSTRACT

Induction-coil magnetometers generate current when they are rotated within the
Earth’s magnetic field. The current is proportional to the amount of rotation.
We show how to obtain seismic rotations from magnetometer recordings. To
validate the method, we performed a seismic survey where both magnetometers
and inertial rotation sensors were used to record waves generated by an active
source. Our results indicate that seismic rotations can be derived from induction-
coil magnetometers if the ambient magnetic noise level is low and if the rotation
axis is not coincident with the Earth’s ambient magnetic field’s direction.

INTRODUCTION

Rigid bodies in a three dimensional world have six degrees of freedom: three compo-
nents of translation and three components of rotation, as illustrated in Figure 1.
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Figure 1: Sketch of the six degrees /\\~
of freedom of a rigid body in a 3D

world. [NR]
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The time derivatives of translations are the particle velocities and the rotations

are the pitch, roll and yaw, as shown in the following table:

Axis | Particle velocity Rotation rate
Z Vertical U, Yaw T,
X Radial . Roll T
Y Transverse Uy Pitch Ty

where v; are particle velocities along the ¢ axis, and r; are rotation rates around the
1 axis.
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Vassallo et al. (2012) use hydrophones together with pressure gradient sensors
in marine streamer acquisition to interpolate the pressure wavefield in the crossline
direction between streamer cables. Similarly, the rotational components can be used
to interpolate vertical geophone data (Muyzert et al., 2012), and spatial aliasing of
high-wavenumber arrivals can thus be mitigated. Edme et al. (2014) treat rotational
data as a noise model for ground-roll, and use adaptive subtraction in order to remove
ground roll from the vertical component of geophone land data. Barak and Ronen
(2016) show that rotation data are extra information and are independent of geophone
data. They use rotational data in conjunction with translational geophone data to
identify and separate wave modes on land using singular-value decomposition polar-
ization analysis in the complex wavelet domain. Pillet et al. (2009) discuss the effect
of seismic rotations on geophone recordings for the case of near-field earthquakes,
and conclude that a direct recording of rotations is required in order to correct the
geophone measurements for tilting generated by the seismic waves. The 2009 spe-
cial issue of the Bulletin of the Seismological Society of America (Lee et al., 2009)
discuss multiple applications for seismic rotation data, of particular interest to the
earthquake seismology and earthquake engineering community.

Magnetometers as rotation sensors

One way of recording seismic rotations in field exploration surveys is with an inertial
rotation sensor, an example of which is shown in Figure 2. However, few of these
field-deployable sensors exist, and as of yet there are no industry-grade solutions for
recording rotational motion on the scale required by modern exploration seismology
acquisition.

The objective of this paper is to show how rotation data can be derived from
Induction-Coil Magnetometer (ICM) recordings. This concept was explored previ-
ously in Kappler et al. (2006) using earthquake data recorded by USGS permanent
land stations in California. We expand on this concept and conduct a seismic field
survey using both rotations sensors and ICMs, to validate if and how ICMs may be
used as seismic rotation sensors.

ICMs are currently being used in large-scale magnetotelluric and controlled-source
electromagnetic surveys, and are field deployable in both land and marine environ-
ments. Therefore, the possibility of deriving seismic rotations from magnetometers
is compelling, as this acquisition technology is robust and has already seen academic
and commercial use.

ICMs (Figure 3) 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.

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
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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
4.

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 des-
ignature 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.

Figure 2: An inertial rotation
sensor.  The ring structure is
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 3-component
ground rotations. [NR]

Figure 3: Induction-Coil Magne-
tometers, built by the Scripps In-
stitute Marine EM Lab. Coils of
copper wire are wound around a
magnetically permeable core. A
current is induced in the wire
when the magnetic flux perpen-
dicular to the coil’s cross section
changes. [NR]

Rotations are medium strains

Hooke’s law of linear elasticity states that the stress o;; and strain ¢;; tensors are
related by the fourth-order stiffness tensor Cjjy; as
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(a) (b)

Figure 4: Ilustration 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 ro-
tation, 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.

[NR]
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where the strains are the spatial derivatives of particle displacements u: €;; = 0;u;.

Geophones record particle velocities, the time-derivative of particle displacements:
U.

A hydrophone records the volumetric strain, which is the trace of the strain tensor.
It is proportional to the divergence of the translational wavefield: P = ko;u; =

k (V- @), where x is the bulk modulus of the water to which the hydrophones are
coupled.

Rigid body rotations, which do not enter into Hooke’s law, are the anti-symmetric
part of the strain tensor (Cochard et al., 2006):

1
Qij = 5 (Oyus = Oyuy) . (2)

Rotations are therefore a measurement of the curl of the particle displacement wave-
field: R = %(V X ).

Since strains are spatial derivatives of displacements, we may conclude that geo-
phones do not record strains, as they measure medium displacements and not the
spatial derivatives of those displacements. In other words, just as we may not ex-
pect to record pressure with geophones, we similarly cannot expect them to record
rotations.

However, it is possible to estimate rotations by differencing closely-spaced geo-
phones. In Hooke’s law, the stress-displacement relation for tangential stresses reads:

oij = p(0ju; + Ou;j), (3)

where o0;; are the tangential stresses, u; are particle displacements and p 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 o;; are
zero. Therefore, assuming we have receivers laid out on a flat free surface, we have

Ouy = —0yu,,
O.uy = —0uU,, (4)

meaning that the vertical derivative of the horizontal displacement component is equal
to the horizontal derivative of the vertical displacement component.

Rotation is defined as the curl of the wavefield. Since geophones record the time-
derivative of displacement (particle velocity), we use the time-derivative of rotation,
or rotation rate:
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P sV x 0) = o (X (00— 0y) 4 (Do — 0u0) + 2 (00, — 0)) . (5)

Substituting equation 4 into 5, we see that on a free surface

ry = Oyvs,
ry = _axvza
1
r, = 5 (azvy - ayvx) ) (6>

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 the distance
required between the adjacent geophones. The upper bound for the distance between
the geophones is half the horizontal spatial wavelength, in order to avoid aliasing. The
lower bound, however, depends on the level of ambient noise. Differencing the signal
of two adjacent geophones necessarily decreases the signal to noise ratio, as we are
subtracting most of the actual signal that was recorded on the two geophones. There-
fore, since we cannot make a priori assumptions about the frequency and wavenumber
of each arrival, we will never be able to acquire rotations reliably for broadband data
by geophone differencing alone. We would ideally prefer to not rely on geophone
differencing for rotational-data acquisition.

CONVERSION FROM INDUCTION-COIL
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 ® passing through the loop

dd
V ="\ 7
In an ICM, there are N loops of wire wound around a cylinder of area A. The flux
can be written as ® = NAB, where B is the magnetic induction normal to the area
of the wire loop

dB
V=-NAZ (8)
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The magnetic induction B is related to the magnetic field H as B = uou,H, where g
is the magnetic permeability of free space and i, 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 = N Ao, T, )
Equation 9 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 p,.. The sensitiviy of the the ICM can be controlled by varying these
parameters.

Assuming a harmonic time function for the magnetic field H(t) = Hye™!, the
frequency response of an air core ICM is

The air core magnetometer has a voltage sensitivity that is proportional to the fre-
quency. 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 are used when
designaturing the instrument response of the ICM.

The magnetic data after designature are in the deviation of the magnetic field
strength on the 3 orthogonal magnetic components over time:

H (1) = [H (1), Hy (1), Hi (1))- (11)

In order to have the total projection of the Earth’s ambient magnetic field on each
ICM components, we add the ambient field value using data from the World Magnetic
Model (British Geological Survey, 2014) for the location and date when the data were
gathered:

H(t) = [H () + Hy™ (b), Hy™ () + Hy™ (t), HE (t) + H™(1)). (12)

The forward modeling process: Conversion from rotation-
sensor data to magnetic vector projections

In order to forward model the magnetic deviations which we would expect to record
given rotational data, we use an Euler rotation matrix. The rotation matrix applies
3D rotations to the projections of the ambient magnetic field, as specified by the
World Magnetic Model, on each magnetometer component:
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H, c(Ry)e(Rz —c(Ry)s(Rz) s(Ry) H%ZE
Hy = c(Ra)s(Rz) + c(Rz)s(Rq)s(Ry) c(Rz)c(Rz) — s(Rg)s(Ry)s(Rz) —c(Ry)s(Rq) H%v > (13)
H s(Rg)s(Rz) — C(Rm)C(RZ)S(Ry) c(Rz)s(Rg) + C(Rm)S(Ry)S(RZ) C(Rm)C(Ry) H; mam

where ¢ and s are cosine and sine, respectively, and R(,,.) are the measured rotations.
We subtract the ambient field in order calculate the magnetic deviations we would
expect the magnetometers to record given the ground rotations:

H (1) = [Ha(t) — Hy™ (1), Hy(t) — Hy™ (), Ha(t) — H™(1)). (14)

The adjoint process: rotations from magnetic vector projec-
tions

Application of equations 7 to 12 provides the values of the projections of a constant
vector on our 3 orthogonal components. Our components are rotating in space over
time, and therefore the vector’s projection on the 3 orthogonal components changes
according to the rotations.

The forward modeling process would be to estimate the changes in the vector
projection as a function of measured rotations. We consider the calculation of ro-
tations from vector projections to be the adjoint process. In order to calculate the
rotations from the projections, we first convert the projection data to the axis-angle
representation. The angle of rotation between consecutive time steps is calculated by

—

H(t+ At) -

! W (15)
A(t+ At)’

0(t) = cos™* ﬁ(t)‘

while the unit vector describing the axis of rotation is

(t + At)
(t+At)]'

aft) = 20 (16)
H

()

Equations 15 and 16 provide the total amount of rotation and the axis of rotation.
However, in order to have meaningful rotation data, i.e., comparable to the measure-
ments we would expect from a three-component 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).

x H
x H
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Our quaternion four-vector system state q begins with no rotation, i.e.

Guw 1
Qz 0

alt=0)=| 0 (17)
q- 0

We use equations 15 and 16 to get the rotation angle # and the rotation axis , and
then we convert to a quaternion representation of the rotation p with

o)
COS 5

- 0(t)
ug(t) - sin=+*
p(t) = oty |- (18)
wy(t) - sm%
u,(t) - sin@
In order to rotate our system from its state at time t to its new state at time t + At,

we need to apply quaternion multiplication (x) of the quaternion q by p:

Pwlw — Pzlz — pry — P24
Pwlz +prw +p q> — Pzq
t+ At) =p(t+ At)xq(t) = 4 v 1. 19
b+ A =plt+ A al) = | o pg. + Py + ot (19)
Pwq~ + pry - prJ: + P2quw

We can now retrieve the rotations in terms of Euler angles around each axis using
the formulation in Diebel (2006):

2 Z+2 wYxr
arctan ( (ng,yzg—qg+(jlq2u) )
R(t) = | _arcsin (2(¢2q- — qway)) |

QQZQy +2qwq-
R i e

(20)

arctan <
In order to get the rotation rate, we apply a first derivative on the time axis:

F(t) = %@. (21)

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

To derive rotations, we rely on the changes of projection of the magnetic field on
the three orthogonal ICMs. However, if any part of the rigid-body rotation occurs
directly around the magnetic field’s axis, no change in projection will occur, and we
will effectively be blind to these rotations.
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A synthetic example demonstrates this for a scenario where an ICM has sensor
antennas in the X, Y and Z directions, and where the ambient magnetic field is
constant along the 7Z axis with a value of 1 Tesla H = (0,0,1). The solid lines
in Figures 5(b), 5(d) and 5(f) are the true rotations applied to the ICM. We use
equation 13 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 Figures 5(a), 5(c) and 5(e). The dashed lines
in Figures 5(b), 5(d) and 5(f) are the result of applying the adjoint operation in
equations 15 to 21 to the forward-modeled magnetic projections.

In Figure 5(a) we see the change in magnetic projections resulting from a rotation
around the X axis @ = (1,0,0). Since the Y antenna is maximally coupled to the
field (as sin(#), since it is pointing 90 degrees 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, since the Z antenna is weakly coupled to the ambient field
(as cos(0)).

In Figure 5(b) we show the rotation rates that were applied to the system in solid
lines, and the rotation rates derived from the magnetic projections in dashed lines.
The only rotation that occured in this case is around the X axis, and it is recovered
correctly.

In Figure 5(c) the rotations are around both the X and Y axes 4 = (1,1,0). 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 Figure 5(d), we see that both of the
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 Figure 5(e) the rotations are the X, Y and Z axes @ = (1,1,1). Observe that
there is no difference in phase between Figures 5(e) and 5(c). The rotation around
the Z axis does not generate a change in projection of the magnetic field on the ICM
components. Consequently, observing Figure 5(f), we see that the rotations around
the Z axis were not recovered, as the amplitude is much lower and the phase is wrong.

Both of these effects, amplitude reduction and phase difference, are the result of
the null space of the magnetic projections. We cannot recover the amplitude correctly
for the rotations occuring around the ambient magnetic field’s direction. Additionally,
and rather surprisingly, the fact that all other rotations can be recovered correctly
generates the phase difference between the induced rotations and the recoverd rota-
tions in Figure 5(f). What we observe are the rotations around Z that are the result
of the combined rotations around both X and Y.

The conclusion from Figures 5(a)-5(f) is that if we rely on the Earth’s constant
ambient magnetic field to record rotations on a three-component ICM, we will likely
not recover all rotations accurately. Whether this effect is relevant depends on the
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application for which we intend to use the derived rotational data.

SILVER LAKE SURVEY

We conducted a test survey at Silver Lake, near the town of Baker, California. This
is a dry lake bed in the Mojave Desert, where both seismic and magnetic noise are
weak enough for our purposes.

We measured rotations using three methods:

1. Three-component inertial rotation sensor: direct measurement of rotations

2. Three-component ICM: measurement of rotations derived from changes in mag-
netic projections (Equations 7-21)

3. Geophone differencing of adjacent vertical geophones (Equation 6) (Muyzert
et al., 2012; Barak et al., 2014).

To acquire these data, we deployed three composite stations comprising the three
types of sensors, as shown in Figure 6(a). The X’ (roll) components of both the
ICMs and the rotations sensors were oriented in the inline survey direction, and the
Y’ (pitch) components were oriented in the crossline direction. The "Z’ (yaw) was
positive downward. By differencing the two adjacent vertical geophones in the inline
direction we can calculate the roll rotational component, and by differencing the
two adjacent vertical geophones in the crossline direction we can calculate the pitch
rotational component. We cannot, however, obtain the yaw rotational component
from the vertical-geophone differencing. For that we would have needed to deploy
horizontal geophones as well as vertical geophones.

We had three composite stations, deployed using the pattern shown in Figure
6(b). The spacing between receiver stations was 3 meters, and the shot interval was
5 meters. The inline orientation was toward azimuth 120°, while crossline orientation
was 30°. Magnetic inclination at Silver Lake was 60°. Therefore, all components were
coupled to the magnetic field similarly.

As a seismic source, we used a Betsy gun. An example of the ignition of one
Betsy gun shot is shown in Figure 7(a). The station deployment is shown in Figure
7(b). 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 7(c)), far from the shot locations. The
purpose if this receiver was to measure the ambient magnetotelluric noise for later
removal from the active-seismic ICM data.
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Figure 5: (a), (c) and (e): Changes in magnetic projections on three orthogonal
components as a result of rotations of the components within a constant magnetic
field H = (0,0,1) (a vertical magnetic field, as is the case in the Earth’s North
pole). (b), (d) and (f): The rigid-body rotations (solid lines) that caused the change
in magnetic projections, and the rotations derived from the changes in magnetic
projections (dashed lines). In (a) and (b), the rotation axis is @ = (1,0,0) (only
around the X axis), and the rotation is recovered correctly. In (c¢) and (d), the
rotation axis is @ = (1, 1,0.) and the rotations are recovered correctly. In (e) and (f),
the rotation axis is @ = (1,1, 1.) The rotation around the 7 axis (the direction of the
magnetic field) is not recovered correctly. Rotations around the magnetic field axis
cannot be derived since they do not cause a change in the projections. [ER]
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Figure 6: (a) The arrangement of a single composite station in the Silver Lake sur-
vey. Each station had 3 orthogonal ICMs, and a 3C inertial rotations sensor. Two
geophones were placed in close proximity in the inline and in the crossline directions.
(b) 20 shots were executed off-end, at 5-meter intervals, for a total of 100m of offset.
The X’ (roll) components of the rotation sensors and the ICMs were along the inline
direction toward magnetic heading 30°. The 'Y’ (pitch) components of the rotation
sensors and the ICMs were along the crossline direction toward magnetic heading
120°. The 'Z’ (yaw) components are downward, while magnetic inclination was 60°.
Note that the figure is not to scale. The distance between the composite stations was
3 meters. |[NR]

Detectable rotations

Consider a very simple rotation of the magnetometer axes about the z axis by an
angle 6. The magnetic field H along the sensor axes is then

H, cos(f) sin(f) 0O H,
H; = [—sin(d) cos(d) 0| = |H, (22)
H, 0 0 1 H.

For a magnetic field H = (Hyp,0,0), the field in the rotated coordinates will be

H, = cos()H,, (23)
H, = —sin(0)H,, (24)
H = 0. (25)
The change in the magnetic field measured by the magnetometers is
AH, = H,— H,=(1-cos(6))H,, (26)
AH, = H,— H,= —sin(0)H,, (27)
AH, = 0. (28)
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1 Remote
magnetometer
tation -

Figure 7: (a) Execution of one of the 20 shots using the Betsy gun. (b) One of the
3 composite stations. The rotation sensor is housed in the grey box, while the ICMs
are the white rods arranged orthogonally. (c) We placed one remote 3-component
ICM station far from where we were shooting the seismic data, to record the ambient
magnetotelluric noise for later removal in processing. [NR]
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The table below shows the magnetic field changes for various amounts of rotations
assuming a nominal 50,000 nT magnetic field along x. This shows that a microradian
rotation would produce a pico-Tesla level signal on H,, the maximally coupled orien-
tation direction. Since the MT magnetic field in Silver Lake in the seismic frequency
band (1 Hz - 100 Hz) is about 10-'*T/v/Hz, we can expect to be able to detect
rotations down to 1 microradian.

6 (rad) | |1 — cos(A)| | [sin(8)| | 5 * 107° |sin(6)]
1e-09 0 1e-09 5e-14
1e-08 0 1e-08 5e-13
le-07 5e-15 1le-07 He-12
1le-06 5e-13 1le-06 5e-11
le-05 He-11 le-05 5e-10
le-04 5e-09 le-04 5e-09
1le-03 5e-07 1e-03 5e-08
le-02 5e-05 1le-02 5e-07
le-01 5e-03 0.0998 4.99e-06

1 0.46 0.841 4.21-05

Since 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 mea-
surement, with the possibility of obtaining MT-free data with a spectrum close to the
Ant-6 magnetometer noise floor of 107 to 107! Tesla, as shown in Figure 8. This
would give us an equivalent rotational noise floor of about 107 to 10~® radians.

Silver Lake Data: designature of rotation-sensor

According to instrument manufacturer specifications, the rotation sensors have a flat
phase response within the frequency band of the data. However, we were unsure
whether this was the case for the specific sensors we were using. We knew the in-
strument response of the geophones however, and used it to designature the vertical
geophones. We then used vertical-geophone differencing (Eq. 6) to get an estimate
of the designatured rotational pitch signal. We calculated the phase difference be-
tween the rotations measured by the rotation sensors and the rotations estimated by
geophone differencing. We then used this phase difference as the rotation-sensors’
instrument response.

Figure 9(a) shows a receiver gather of the vertical geophone component at station
1. The direct P-wave, propagating at a velocity of 1420 m/s, is much weaker than the
ground roll, and is therefore not visible in this section. T'wo surface wave arrivals are
clearly visible, propagating at velocities of 135 m/s and 250 m/s. We interpret these
as two modes of a Rayleigh wave generated by the Betsy gun source.

Figure 9(c) is an estimate of the pitch component resulting from differencing the
two adjacent vertical geophones in the inline direction (Eq. 6) at station 1 (refer
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Figure 8: Magnetotelluric magnetic and electric fields observed at Silver Lake, Mojave
Desert in March 2015. Also shown is the public-domain noise floor of the Zonge Ant-6
magnetometer. Spikes are from 60 Hz power line noise and 0.2 Hz cathodic protection
system on a nearby gas pipeline. [NR]
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to Figure 6(a)). We compare the data in this figure to the rotation-sensors’ pitch
component shown in Figure 9(d). Observe that both sections show the same arrivals
with similar amplitudes of up to 0.2mrad/s. However, the weaker Rayleigh-wave
arrival appears to have been better acquired by geophone differencing.

We expect the pitch rotational component to be dominant for the Rayleigh wave
propagating in the inline direction in this 2D survey, since 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 is shown in Figure 10(a). There seems
to be no drastic phase difference between the signals at all 3 stations for the pitch
component.

Figure 9(e) is the roll component estimated by differencing the two adjacent ver-
tical geophones in the crossline direction (Eq. 6) at station 1. This figure should be
compared the rotation-sensor roll component in Figure 9(f). Note again the similarity
in amplitudes. The roll estimated from geophone differencing appears slightly more
coherent than the roll from the rotation sensor.

Compared to the pitch component, the roll component is weaker, and appears
less coherent. 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 10(b) 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 3 receiver stations. We attribute this to the fact that the roll signal is indeed very
weak, therefore discerning the ground-roll signal’s phase difference between these two
different measurements is difficult.

Figure 9(b) is the yaw component of the rotation sensor at station 1. Note that
it exhibits mostly just the strong Rayleigh wave arrival. Like the roll component, it
is much weaker than the pitch signal. We cannot compare the rotation-sensor’s yaw
component to the yaw estimated from geophone differencing, since 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
10(a)), which does indeed show a flat response for the rotation sensors over the 3-
30 Hz frequency range. Though the phase difference is very small, we used it for
designature of all rotational components.

Silver Lake Data: denoising of magnetometer data

In order to reduce the ambient magnetotelluric noise from our magnetometer mea-
surements, we deployed a remote 3C magnetometer station at a distance of about
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Figure 9: Receiver gathers at station 1, in the 3 - 30 Hz frequency band. (a) Vertical
geophone. (b) Yaw rotation sensor. (c) Inline vertical geophone difference, which
estimates the pitch component. (d) Pitch rotation sensor. (e) Crossline vertical
geophone difference, which estimates the roll component. (f) Roll rotation sensor.
The direct wave propagating at V=1420 m/sec is very weak and cannot be seen..
There are two strong Rayleigh wave modes propagating at V=135 m/sec and V=250
m/sec. These are strongly present as rotations measured by geophone-differencing
and by the rotations sensors themselves. [ER]
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Figure 10: The phase difference between the rotations estimated from vertical geo-
phone differencing and the rotations from the rotation sensors. (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 3 composite stations.
There is not much energy on the roll component, therefore the signal to noise ratio 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. [ER]
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1 km from our shooting location. The ambient magnetotelluric field varies very lit-
tle within such a distance. We had intended to use the seismic-free measurements
from the remote station in order to subtract the ambient magnetic noise from the
active-seismic magnetometers.

Figures 11(a), 11(d) and 11(g) are the magnetometer receiver gather data recorded
at station 1. The data are designatured, and therefore are in terms of nanoTeslas
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,
while 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.

Figures 11(b), 11(e) and 11(h) are 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, as they are too far away from the shooting
location, but they do contain the same magnetotelluric 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.

Note, however, that the vertical magnetometer antenna at this remote station
(Figure 11(h)) had an electronic fault, and therefore recorded much more noise than
was actually in the field. Consequently, we could not denoise the Z magnetometer
component, and were forced to use the original noisy Z magnetometer data in Figure
11(g). This had a deleterious effect on the pitch and roll rotational components
derived from the magnetometer data, which is discussed in the following section.

Figures 11(c) and 11(f) are the X and Y magnetometer data at station 1 after
subtracting the noise recorded by the remote stations’” X and Y magnetometers.

Silver Lake Data: 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 changes in projections are on the
order of microTeslas. In order to derive rotations from these changes in projections
we use equations 7 to 21. We then compare the magnetometer-derived rotations to
the rotations-sensor data, which we treat as the “true” seismic rotation data.

Figure 12(a) is the receiver gather of the pitch rotations derived from the magne-
tometer data at station 1. Compare this with Figure 12(b), which shows the rotations
measured by the pitch rotation sensor at the same station. In both figures we observe
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Figure 11: 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) X com-
ponent before subtraction of MT field acquired by remote station. (b) X component
of remote station. (c) X component after subtraction of MT field acquired by remote
station. (d) Y component before subtraction of MT field acquired by remote station.
(e) Y component of remote station. (f) Y component after subtraction of MT field
acquired by remote station. (g) Z component. (h) Z component of remote station.
(i) Intentionally blank. Note that we had instrument problems with the Z component
of the remote station (h), and therefore we did not subtract the MT noise from the
Z component of the three composite stations. [ER]
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the two strong Rayleigh-wave arrivals. The rotations derived from the magnetometers
are slightly weaker. Also, note the higher level of noise in Figure 12(a). 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 these data is the phase of the arrivals.
This is more obvious in Figure 13(a), which shows a wiggle-trace comparison of the
pitch component resulting from application of the adjoint to the magnetometer data
vs the pitch measured by the rotation sensors. Figure 13(b) is the average phase
difference between the magnetometer-derived pitch and the rotations-sensor pitch. It
shows that within the frequency band of 3 Hz - 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 Figures 12(c) and 12(d). As previously mentioned, we expect the
roll component to have the least energy in this survey, and indeed the magnetometer-
derived roll is just discernable 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 13(c) shows a wiggle-trace comparison of the roll component at station 1.
The noise is more obvious here than in the pitch component section. Figure 13(d)
is 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°. Since 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.

Figures 12(e) and 12(f) compare the magnetometer-derived yaw to the rotation-
sensor yaw. Since 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. Figure 13(f) shows that there is a
consistent phase difference of between 90° and 45° between the stations.

Converting rotations to magnetic projections

By forward-modeling recorded rotations, we can indirectly observe the effect of the
null space: the rotations around the ambient magnetic field that would prevent the
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Figure 12: Comparison of rotations derived from ICMs to rotations measured by
rotation sensors. (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. [ER]
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Figure 13: Phase difference between the rotations measured by rotation sensors and
rotations derived from ICM components. (a) Comparison of magnetometer-derived
pitch with rotation-sensor pitch at station 1. (b) Pitch average phase difference. (c)
Comparison of magnetometer-derived roll with rotation-sensor roll at station 1. (d)
Roll average phase difference. (e) Comparison of magnetometer-derived yaw with
rotation-sensor yaw at station 1. (f) Yaw average phase difference. Trace balancing
was applied to each gather separately to enable phase comparison. The roll rotational
signal is very weak (see Figure 12(d)), therefore the low signal to noise ratio makes
the phase difference unreliable. [ER]
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recording of those rotations by ICMs. The null-space effect depends on the orthogo-
nality of the rotation and ambient magnetic field axes.

Since we consider the rotational data recorded by the rotational sensors to be the
“true” rotations, we apply the forward-modeling operator in equations 13 and 14 to
the rotation-sensor data. We compare the forward-modeled magnetometer deviations
to the recorded magnetometer data.

Figure 14(a) is the comparison of the forward-modeled "X’ magnetometer com-
ponent vs the recorded one. We see that the signals are very similar in phase. The
X" component is derived from the pitch ("Y’) and yaw (’Z’) rotations. The pitch
rotation is the dominant one in the data. Additionally, the "X’ magnetometer com-
ponent is well-coupled to the field for rotations around the Y’ axis, as it is nearly
orthogonal to the magnetic field. Therefore, the null-space effect is weak on this ro-
tational component, and we indeed observe an agreement between the recorded and
the forward-modeled magnetic projections.

Figure 14(c) shows the comparison between the forward-modeled and the recorded
Y’ magnetometer component. We observe an inconsistent phase shift between the
signals over offset. The magnetic projection deviations on the Y’ component are
the result of the roll and yaw rotations (around X’ and 'Z’ axes), which are weak
in this dataset and therefore have low SNR. Additionally, the Y’ component is not
well coupled (i.e., not orthogonal) to the field for rotations around the "X’ axis. The
same reasoning applies to the phase difference we observe for the ’Z’ magnetometer
component in Figure 14(e).

In conclusion, Figures 14(c) and 14(e) exhibit the effect of the null space on the
measurement of rotations with ICMs.

Silver Lake data: Interpretation of results

Though the results clearly show that both the magnetometers and the rotation sen-
sors 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 amplitudes of the magnetometer-derived rotations are slightly lower than
those of the rotation sensors. We attribute this difference to the rotations around
the Earth’s ambient magnetic field’s axis; the projection null-space effect shown in
Figure 5(f). 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. The effect of
the null space is evident when we compare the forward-modeled magnetic deviations
derived from the rotation-sensor data to the recorded magnetic deviations.

In the case of the Silver Lake survey, we had aligned the shot line and receiver
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Figure 14: Comparison of the recorded magnetometer data to forward modeled mag-
netic projections derived from the rotation sensor data. (a) Magnetometer X com-
ponent (red) vs Magnetic projection X component forward modeled from rotation
sensor data at station 1 (blue). (b) Average phase difference. (c) Magnetometer Y
component (red) vs Magnetic projection Y component forward modeled from rotation
sensor data at station 1 (blue). (d) Average phase difference. (e) Magnetometer Z
component (red) vs Magnetic projection Z component forward modeled from rotation
sensor data at station 1 (blue). (f) Average phase difference. Trace balancing was
applied to each gather separately to enable phase comparison. [ER|]

SEP-163



Barak et al. 27 Rotations from magnetometers

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. However,
we observe rotations on all components 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, since the phase differences appear consistent between receiver stations
and along the offset axis. However, the (non-seismic) noise from the vertical mag-
netometer component necessarily contributed to the rotational signal derived for the
perpendicular pitch and the roll components. The case is worse for the roll compo-
nent, since it has a very low signal to noise ratio to begin with.

We see the smallest phase difference between the two types of rotational measure-
ments 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.

DISCUSSION AND CONCLUSIONS

In current seismic acquisition, geophones record only the particle velocities but not
rotations. Rotations are part of the seismic wavefield, and contain useful information
about the seismic energy which can be utilized for a variety of applications.

There are currently very few field-deployable seismic rotation sensors, and none
designed for use on the ocean-bottom. Therefore, we presented a methodology for
deriving seismic rotations from changes in projection of the Earth’s ambient magnetic
field on 3-component induction-coil magnetometers. These magnetometers are cur-
rently being used for MT and CSEM surveys, are available and are field-deployable
in land and marine environments.

The Silver Lake survey shows that, in principle, it is possible to derive rotations
from magnetometer data. However, there are limitations to the methodology.

The first challenge is that we must remove the magnetotelluric ambient noise
from the ICM data in order 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.

The most critical limitation, however, is the null space of projections: since we are
relying 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.

We cannot a priori predict the axis of rotation of seismic waves, therefore the
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solution to this problem would not involve a particular orientation of the 3C ICM.
Instead, we have considered two possible solutions to the problem.

Engineering approach

Rather than relying on the Earth’s magnetic field, it is possible to generate a strong,
local magnetic field (as is already done in CSEM surveys). This local field would
be constant in amplitude, but would rotate in a prescribed manner at a frequency
much higher than the frequency of the seismic energy. We can then effectively remove
the signature of the induced magnetometer current resulting from the local magnetic
field’s rotation.

Whatever deviations are left in the magnetometer data must then be the result of
seismic rotations that rotate the ICM. This method would effectively “smear” the null
space effect over the period of measurement, thus reducing the amount of unacquired
rotations at any particular time-step. However, this solution entails an additional
investment in the logistics and operations of seismic acquisition, which may make it
unviable.

Inversion approach

A possible solution would be to estimate the amount of 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 rad/sec
of rotation for a certain total of mm/sec of particle velocity, for the different types of
seismic waves (P, S, surface).

We have a forward operator that maps rotations to magnetic projections. We
also have an adjoint operator that maps magnetic projections to rotations. We can
therefore invert for the magnetic projections that are in the null space.

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.
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