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Summary 
 
Rotational motion is increasingly understood to be a 
significant part of seismic wave motion.  Rotations can be 
important in earthquake strong motion and in Induced 
Seismicity Monitoring.  Rotational seismic data can also 
enable shear selectivity and improve wavefield sampling 

for vertical geophones in 3D surveys, among other 
applications.  However, sensor technology has been a 
limiting factor to date.  The US Department of Energy 
(DOE) and Applied Technology Associates (ATA) are 
funding a multi-year project that is now entering Phase 2 to 
develop and deploy a new generation of rotational sensors 
for validation of rotational seismic applications.  Initial 
focus is on induced seismicity monitoring, particularly for 

Enhanced Geothermal Systems (EGS) with fracturing.  The 
sensors employ Magnetohydrodynamic (MHD) principles 
with broadband response, improved noise floors, 
robustness, and repeatability.  This paper presents a 
summary of Phase 1 results and Phase 2 status. 
 

Introduction – What is rotational seismic? 
 

From a mechanical viewpoint, rotational seismic dynamics 
are somewhat analogous to the roll, pitch, and yaw of a 
finite element of the earth.  This is in addition to our 
conventional measurement of z, and sometimes x, y linear 
motion.  Figure 1 illustrates how adding rotational 
measurements gives us the complete 6-degree-of-freedom 
(6-DOF) measurement of earth vibrational motion. 
 

 

Figure 1:  Concept of rotational and linear measurements to give 

full 6-degree-of-freedom measurement of an element of the earth. 

 

From a mathematical seismology viewpoint, rotation is 
measurement of vector curl of the vibrational infinitesimal 
displacement, vector u: 
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Classically, we measure the vertical or 3-Cartesian 
components of the displacement vector u, or, typically, its 

time derivatives – velocity or acceleration.  However, we 
see that rotation is comprised of spatial gradients of 
displacement.  In the simple case, away from boundaries 
and inhomogeneities, rotation senses only shear body 
waves.  Various companies, labs, and universities have 
pursued rotational seismic research in recent years, and a 
summary was presented at the SEG 2012 Recent Advances 
and the Road Ahead (RARA) session (Aldridge et al., 

2012). 

 

Prior rotational sensors 
 
The motivations for measuring rotation originated in 
earthquake seismology, particularly for strong motion (Lee, 
et al, 2009).  Rotation is conceptually comprised of spatial 
gradients, so researchers deployed sensor configurations 

that measured differences between linear phones.  
However, these approaches can be cumbersome compared 
to conventional geophones. 
 
In earthquake seismology, observatories have employed 
fiber optic laser ring systems with multi-meter diameters to 
yield very sensitive rotational measurements (e.g. 
Hadziioannou et al., 2012).   However, these sensors are 

expensive and non-mobile. 
 
In recent years, consumer electronics have deployed 
millions of inexpensive rotational sensors based on micro-
electrical-mechanical-systems (MEMS).  However, these 
sensors generally have much less sensitivity than needed 
for seismic.  Some recent R&D work looked at improving 
MEMS rotational sensors for exploration & production 

(E&P) seismic (Projetti, 2015). 
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However, the most widely used field-deployable rotational 
sensors thus far have employed electrokinetic principles  
(e.g. Kozlov et al., 2016).  In electrokinetic sensors, an 
ionic fluid in a toroidal container (‘donut’) is the inertial 
mass used to detect rotational motion around the axis of the 

donut hole.  Electrodes measure ionic fluid flow as current.  
Response is generally proportional to rotational velocity.  
Electrokinetic sensors deployments, although of limited 
scale, have included both earthquake seismology and E&P 
seismic.  Electrokinetic sensors have good bandwidth, 
particularly on the low end, and good sensitivity.  However, 
the technology has been limited to hand-assembled sensors 
with wide variation between individual units.  There does 

not appear to be any significant ongoing development. 
 

Concept and status of MHD rotational sensors 
 
Phase 1 of the current study explored tradeoffs between 
two sensor technology options for the induced seismicity 
monitoring application: (1) a torsional angular 
displacement sensor and (2) an angular rate sensor based on 

MHD principles (Pierson et al., 2013).  The angular 
displacement technology showed good performance at low 
frequencies, below 1 Hz.  In contrast, the MHD angular 
rate sensor was a good fit for measuring micro-seismic 
signals over a broad frequency band from a few Hz to well 
above 100 Hz.  As a result, Phase 2 focuses on further 
development and deployment of sensors based on MHD 
technology.  Figure 2 illustrates the principle of operation 

of the Seismic MHD (SMHD) sensor.  
 

 

Figure 2:  Concept of Magnetohydrodynamic rotation sensor.  

Rotational motion between an inertial mass of electrically 

conductive fluid and a magnet fixed to the case generates an 

electrical signal proportional to angular rate. 

 
The SMHD measures the rotational motion of a conductive 
fluid relative to a magnetic field fixed with respect to the 

sensor case.  The mechanism is inherently rugged, highly 
sensitive to angular motion while very insensitive to linear 
motion, and reliably reproducible from one unit to the next.  
Since sensitivity increases not only with the magnetic field 
but also with radius of the sensor, the SMHD easily scales 

to a form factor suitable for seismic and micro-seismic 
applications.  Figure 3 illustrates the physical relationship 
between existing, commercially available sensors 
(optimized for non-seismic applications) and the much 
larger devices deployed and under development.  
 

 
Figure 3:  MHD rotational sensivitivity scales with physical size.  

Figure shows small commercially available MHD sensors, larger 

sensors deployed for Phase 1 seismic field measurements, and the 

Phase 2 prototype scaled for rotational seismic applications.  

 
The SMHD prototypes provide sensitivity appropriate for 
micro-seismic measurements.  Figure 4 illustrates the noise 
floor (power spectral density of self-noise for the rotational 
signal) of existing commercial sensors and the SMHD.   
 

 

Figure 4:  Power spectra of MHD sensor noise floors.  Curves 

show self-noise for a commercially available MHD sensor (the 

ARS-14), for sensors deployed under Phase 1, and projected noise 

for sensors under development in Phase 2.   

 
Figure 4 overlays the projected noise floor for the Phase 2 
SMHD sensors onto modeled data indicating expected 
rotational signal levels for micro-seismic events of interest 
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in an induced seismic application.  The upper curve 
represents a “large” event of magnitude +3.5 at 1 km 
distance, and the lower curve represents a “small” event of 
magnitude -2.0 at 2 km.  Both curves assume a relatively 
fast shear wave velocity of 3.6 km/s and a relatively low 

attenuation, Q=135.  Other cases were analyzed but these 
curves are presented as roughly representative of signals of 
interest for induced seismicity measured downhole at a 
location similar to the Geysers geothermal site.  For this 
case, the SMHD prototypes, expected to be available in late 
2016, detect even the small event at high frequency.  Note 
in general that the MHD-based sensor is ideal for 
measurements in the band from a couple Hz up to hundreds 

of Hz, assuming the sensor is suitably coupled to the earth 
at these higher frequencies. 
 
Although ultimate geothermal site goals include hot down-
hole deployment, the near-term Phase 2 prototypes are 
science grade instruments designed for near-surface 
operations.  Additional work on materials and packaging 
will be required for a commercial SMHD rotational sensor 

and downhole operations.  The current phase of the project 
actively solicits early adopters to deploy the prototypes at 
or near-surface in order to collect data that validates the 
potential of rotational seismic, particularly, but not 
exclusively, in induced seismic monitoring applications.   
The following sections explore some of the range of 
rotational applications. 
 

Importance of rotational motion in induced seismicity 

damage 
 
In the 1980s, numerical modeling of earthquake sources as 
dislocations indicated that rotations would have small 
amplitudes (Bouchon and Aki, 1982).  However, limited 
rotational measurements with existing sensors have 
subsequently shown that, in at least some cases, rotation 
can be an order of magnitude larger than predicted (Lee, 

2009).  One possible explanation is that early modeling 
assumed uniform slip on fault planes.  In contrast, recent 
research indicates that non-uniform slip is significant (e.g. 
Guidotti, 2012).  In most cased of induced seismicity, the 
inferred fault slip planes have dimensions smaller than 
seismic wavelengths, which presumptively indicates non-
uniformity in slip. 
 

Various agencies have developed detailed guidelines for 
linear vibrational motion due to induced seismicity (e.g. 
Majer, 2012, 2014).  In addition, regulatory standards have 
long established limits for linear motion, including for 
vibroseis seismic surveys. 
 
The relationships between rotational motion and damage 
are not as mature as for linear motion.  Rotational limits 

(e.g., ‘drift’) are a part of some structural design limits.  

Trifunac (2009a, 2009b) shows analysis of rotational 
motion relative to other parameters that infers some limits 
for rotational angular displacement around horizontal axes 
for structural failure limits.  Various amplifications of 
rotation occur due to oscillation of structures, near surface 

geology, building asymmetries, etc.  Further work is 
needed to characterize and quantify rotational aspects of 
structural dynamics and damage. 
 
Animations of full 6-DOF seismic field data – e.g. 
‘SeisBall’ animations depicting 3-component linear motion 
and 3-component rotational motion – show that seismic 
data can have very intricate 6-DOF motion (Barak et. al., 

2015). 
 

Rotational field deployments 
 
Limited rotational sensor field deployments have recorded 
natural earthquakes, particularly in Taiwan.  Limited 
rotational sensor field deployments have recorded data 
from active seismic sources including explosives, vibroseis, 

and accelerated weight drop.  Despite the indicated 
importance of rotation in seismic damage mechanisms, 
apparently no rotational recording has been done in any 
induced seismicity scenario, either Enhanced Geothermal 
Systems, or waste disposal wells. 
 
Phase 2 of the current program seeks to enable the first 
recording of induced seismicity 6 degree-of-freedom data.  

Site selection criteria prefer areas with large numbers of 
frequent events including some sizable events. 
 

Wide range of rotational applications 
 
Although this paper focuses on new developments in 
MHD-based rotational seismic sensors motivated by 
induced seismicity monitoring, there are a wide range of 
potential applications for rotational seismic measurements 

that will ultimately drive sensor performance requirements, 
sensor packaging, etc.   
 
Rotational seismic can potentially enhance spatial sampling 
of vertical geophones, both on land and on the ocean floor 
in ocean bottom node (OBN) / ocean bottom cable (OBC) 
deployments.  Full 6-DOF measurement of induced 
seismicity help characterize vibrational motion and relate it 

to damage assessment.  Rotational data enable source- 
generated noise removal.  Modeling has indicated the 
potential value of rotational data in amplitude versus offset 
analysis.  Point array concepts demonstrate the ability to 
use rotational data to indicate direction and propagation 
velocity of seismic waves passing the sensor (Aldridge and 
Abbott, 2009). 
 



Advances in rotational seismic measurements 

Many of these applications indicate the need for 
deployment of various combinations of components of 
vector linear geophones and vector rotational sensors.  
Figure 5 graphically depicts the range of applications. 
 

 

 

Figure 5:  Applications for rotational seismic measurements.  

 

Conclusions 
 
Rotational Seismic is a fundamentally different aspect of 
the measurement of seismic wavefields in induced 
seismicity monitoring, in E&P seismic surveys, in 
earthquake seismology, and in strong motion monitoring.  
Diverse applications have been proposed, and some have 

been demonstrated in a limited capacity.  Overall progress 
has been constrained by available sensors.   
 

A new generation of MHD rotational sensors is being 
developed with joint industry and government funding.  
Performance data to date and ongoing developments 
indicate significant progress in sensors that should enable 
future applications of rotational seismic. 
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