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Planetary Subsurface Exploration with Smart Seismic Networks
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Vision and Motivation

Travel-time Seismic Tomography
NSF CDI($1.83M 2011-2015): VolcanoSRI: 4D Volcano Tomography in 

a Large-scale Sensor Networks

Subsurface imaging can map geological structures and monitor 
underground activities.

In-situ Ambient Noise Seismic Imaging
We design a smart seismic network that can sense and
compute planetary subsurface image and activity in-situ,
providing 3-4 orders of magnitude reduction in data volume
(e.g., 10 Gbit/sol to 10 Mbit/sol). This innovative approach and
significant data reduction will have significant impacts that can
(1) enable future science missions with a network of seismic
instruments for high-resolution planetary subsurface
exploration; (2) enable discovery of subsurface structures and
activities of icy ocean worlds to constrain planetary evolution
models and potential habitability.

Subsurface imaging can map geological structures and
monitor underground activities. The icy ocean moons of the
outer planets are dynamic bodies of high interest for future
science missions, which produce seismic waves. In particular,
the moons Enceladus, Titan, and Europa all show signs of
dynamic activity and potential for life. Observations of
cryovolcanic plumes have been made for both Europa and
Enceladus. Identifying these active processes and determining
the subsurface location of liquid water are both excellent
targets for planetary seismology. Cryovolcanic processes
generate vibrations that can be detected by seismic
instruments, while important subsurface structure on icy ocean
worlds can be determined with seismic data. In-situ Microseismic Imaging

Travel-time seismic tomography uses P-wave arrival times at
sensor nodes to derive the internal velocity structure of the
subsurface; this model is continuously refined and evolving,
as more earthquakes are recorded over time.

Ambient Noise Seismic Imaging (ANSI) uses vibrations from
random sources to first estimate the Green functions
between pairs of stations and then invert them for obtaining
3D planetary structures. By cross-correlating continuous
seismic background noise recorded by two sensors, we can
extract the seismic surface waves between them and study
planet properties.

Cross correlation example

Body-waves velocities can be inverted from ANSI in
combination with Spatial Autocorrelation (SPAC) technique.
SPAC helps to build an initial velocity model for Microseismic
imaging based on Body-waves velocities. The method is
based on a weighted damped-least squares solution.
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Time reversal is a powerful tool used to image directly the
location and mechanism of passive seismic sources. This
technique assumes seismic velocities in the medium and
propagates time reversed observations of ground motion at each
receiver location. Instead of simply stacking the backward-
propagated seismic wavefields, as suggested by time-reversal
imaging, we perform multiplication reduction to compute a high-
resolution microseismicity map.

ANSI is particularly useful in resolving shallow earth
structure because the persistent nature of the seismic
background noise, spatial and temporal variations of
subsurface structure can be evaluated and monitored.

Ambient Noise Imaging Process
NSF	CyberSEES($1.2M	2015-2019):	Real-time	Ambient	Noise	Seismic	Imaging	

for	Subsurface	Sustainability

General  ANSI workflow

Distributed ANSI workflow
Correlation Phase Imaging Phase

Distributed RTM source
locating method makes
continuum monitoring of
subsurface activity.
Instead of transmitting the
whole backward wave field,
only the raw data of neighbors
is needed, and only partial
RTM source locating image
are transmitted and stacked in
sensor network.
This process could reduce the
communication cost and
computation cost of network
significantly while the source
imaging result is still clear.

Distributed Microseismic imaging process

Centralized source location

Distributed source location

Using this approach to determine internal structures in the
ice shells of icy ocean worlds has high potential to return
structure vital to understanding formation of features like
chaos terrane, and assessing proximity of liquid water to the
surface, which has been assessed as a vital science goal for
addressing astrobiological potential.
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