
UC Berkeley
UC Berkeley Previously Published Works

Title
Revealing micro-asperity rupture through finite source inversion

Permalink
https://escholarship.org/uc/item/30x622c1

Authors
Parker, JM
Glaser, SD

Publication Date
2018
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/30x622c1
https://escholarship.org
http://www.cdlib.org/


Revealing Micro-Asperity Rupture Through Finite Source Inversion

Parker, J.M. and Glaser, S.D.

Civil and Environmental Engineering, University of California, Berkeley, CA, 
USA

ABSTRACT: Laboratory studies of acoustic emission events with seismic 
signatures have used the point source assumption. Given the millimeter-
scale size and clustering of the asperities and the centimeter-scale distances
to the sensors, the records can convey information about the source 
complexity that is not fully revealed in a point source inversion. We develop 
a finite source inversion technique following Hartzell and Heaton, 1983 to 
compute the spatiotemporal distribution of slip during rupture of asperities 
and asperity clusters. First inversions of purely synthetic signals reveal some
of the applicability and limitations of the algorithm. A preliminary inversion of
one recorded event is included for demonstration. With much further 
sensitivity analysis and modeling improvements, the resulting slip profiles 
will provide a new tool for understanding the frictional strength and rupture 
behaviors of self-similar rough-rough interfaces at any scale.

1. INTRODUCTION

Laboratory studies of controlled shear faults have been shown to exhibit 
earthquake-like acoustic emissions (AE) events in a variety of rock and 
polymer materials (e.g. McLaskey and Glaser, 2011). When conducted on 
rock materials these experiments typically produce hundreds to thousands o 
f AE events, providing fo r statistical study of fault properties such as 
variations in stress state (Goebel et al., 2013) and type of seismicity 
(McLaskey and Yamashita, 2017). Some experimental combinations of 
materials and constraints—including our direct-shear experiment in 
Poly(methyl-methacrylate) (PMMA)— instead produce only tens of AE events.
While the resulting catalog is insufficient for aggregate study of events, it 
presents the opportunity to focus on analysis and modeling of individual 
sources.

Source study in strong motion seismology quickly becomes a problem of 
inversion. Stable inversions of full moment tensors, as described by Minson 
and Dreger, 2008, are computed at the laboratory scale with increasing 
frequency (e.g. Kwiatek et al., 2014; Stierle et al., 2016). Further information 
about the kinematics of an earthquake source can be inferred from a finite 
source inversion following Hartzell and Heaton, 1983. As the quality of 
laboratory AE data and accuracy of system models continues to improve, 
finite source inversion is reaching the verge of feasibility at the laboratory 
scale. We seek to investigate the demands and sensitivity of a finite source 
inversion algorithm adapted for the laboratory and then apply it to state-of-
the-art, abs olutely calibrated acoustic emissions records from our PMMA 
shear fault.

2. EXPERIMENTAL SETUP



We simulate earthquakes in the laboratory using PMMA as a homogeneous 
rock analog material in a direct shear configuration adapted after McLaskey 
and Glaser, 2011 and Selvadurai and Glaser, 2015. A base plate measuring 
60 cm square and 3.85 cm thick is supported by cork patches on a load 
plate. A slider block measuring 10 cm tall, 40 cm long, and 1.2 cm wide has 
an attached loading platen (not shown) to distribute the loads applied by two
hydraulic pistons normal to the interface and a fine worm drive in far-field 
shear. The interface of the two blocks defines a frictional fault which has 
been artificially roughened by sand-blasting and laser-engraving. Cut into the
load plate are 43 AE sensor mounts, of which 16 are used at a time as shown
in Fig. (1). The AE sensors record z-direction displacement at 20 MHz.

Under a normal stress of 440 kPa, the far-field shear displacement is applied 
at a constant rate of 3 µm/s. Shear stress on the fault increases linearly to 
failure of the entire fault surface at 280 kPa, repeatedly, in an approximately 
500 second cycle. Measurable AE foreshock events occur with increasing 
frequency in the last few seconds of each cycle, with radiation patterns 
matching the expected double couple mechanism (Aki and Richards, 2002).

The ‘beachball’ focal mechanism diagram is used to plot point source 
moment tensors. An example focal mechanism for a perfect double-couple 
source on the experimental fault plane is shown in Fig. (2). Under ideal 
experimental conditions, the fault would slip in exactly the -x direction (rake 
of 180°). Since inversion results are rarely so perfect, the mechanism of the 
sample diagram has a rake of 165° to better illustrate the diagram 
orientations. Dark quadrants correspond to the tension axis with 
compressional first motions and light quadrantsThe ‘beachball’ focal 
mechanism diagram is used to plot point source moment tensors. An 
example focal mechanism for a perfect double-couple source on the 
experimental fault plane is shown in Fig. (2). Under ideal experimental 
conditions, the fault would slip in exactly the -x direction (rake of 180°). 
Since inversion results are rarely so perfect, the mechanism of the sample 
diagram has a rake of 165° to better illustrate the diagram orientations. Dark
quadrants correspond to the tension axis with compressional first motions 
and light quadrants to the pressure axis with dilatational first motions (Aki 
and Richards, 2002).

Theoretical Green’s functions are computed for the base plate using the 
frequency-wavenumber code included with Computer Programs in 
Seismology (Herrmann, 2013). The code allows specification of free surfaces 
on both the top and bottom of the model, as well as P and S quality factors 
defining material attenuation. Calibration tests show an instrument response 
that is nearly flat in frequency when calculated using these Green’s 
functions. The exact instrument response is low priority for the present 
analyses due to much larger sources of error; for the response of this type of 
sensorsee, e.g., McLaskey and Glaser, 2012.

3. INVERSION ALGORITHMS



Strong motion seismologists have developed a wide array of inversion 
algorithms with varying complexity, tailored to each application. We refer to 
the basic implementations of full moment tensor (point source) and finite 
source inversion and adapt them for the laboratory. Use of singlecomponent 
AE sensors simplifies the algorithms, although it also inherently provides less
information than three-component data.

3.1. Point Source

A full derivation of the forward problem can be found in e.g. To and Glaser, 
2005. Here we follow the seismologic convention of moment tensor 
components combined with fundamental fault Green’s functions as in Minson
and Dreger, 2008, such that the z-displacement due to a point source takes 
the form

where ZSS, ZDD, ZDS, and ZEP are the zdisplacement Green’s functions for a
vertical strikeslip fault, a 45° dip-slip fault, a vertical dip-slip fault, and an 
explosion, respectively. For fault slip constrained to the xy-plane, only 𝑀xz 
and 𝑀yz can be non-zero. The other terms are left in the inversion as a check 
on physicality of the solution.

3.2. Finite Source

A basic finite source inversion consists of discretizing the fault around the 
hypocenter into a grid of subfaults containing point sources and solving for 
the distribution of source energy across these subfaults. Hartzell and Heaton,
1983, outline a process for collecting all of the subfault contributions into one
invertible matrix equation. The subfault synthetics are computed as template
displacement records by convolving a simple moment rate function with 
each Green’s function. A hypocenter is assumed and an appropriate delay is 
added to each synthetic to account for the rupture propagation time from 
the hypocenter. The inversion equation is set up as:

with 𝑀 composed of the subfault synthetics and 𝑀𝑀 containing the recorded 
displacement records such that b contains the magnitude of the moment 
contribution from each component of each subfault.



The inversion is massively under-constrained, thus there is no unique 
solution. We apply two of the additional constraints suggested by Hartzell 
and Heaton, 1983: A moment minimization constraint pulls the solution 
toward the lowest total energy and a smoothing constraint applies a penalty 
to large source energy differences across neighboring subfaults. Finally, a 
non-negative least squares solution prevents negative interference between 
subfaults.

4. SYNTHETIC INVERSIONS

Before attempting to invert recorded signals from uncharacterized AE 
events, we evaluate the quality and sensitivity of the algorithms with 
synthesized event records. The point source inversion near perfectly inverts 
a synthetic point source, with decreasing accuracy for added noise.

4.1. Forward-Modeled Finite Sources

We synthesize two arbitrary finite sources with mm-scale source radii, 
informed by the expected scaling of M-7 sources (e.g. Selvadurai and Glaser,
2015). The ‘asperities’ both have a pseudo-circular shape, constrained by the
grid spacing, with 𝑀 = 0.4 mm. One event, here named the center-source, 
has its hypocenter at the center. The other has its hypocenter at the +x 
edge and will be called the tip-source. Rupture reaches each subsource at 
the rupture propagation velocity specified as 𝑀prop = 0.8 𝑀𝑀. Each asperity has 
the maximum moment amplitude from its hypocenter and linearly 
decreasing amplitudes from more distant subsources. All source points have 
purely -x-direction slip contributions.

4.2. Point Source Inversion Results

First we examine the point source assumption inversion results for the 
synthesized finite sources. Both events had very similarly flawed solutions—
only the results for the center-source are included for brevity. Three different
filter pass bands were used for the inversions, revealing variation in the 
solutions. The records and solution fits are plotted in Fig. (4) for the widest 
pass band, with the upper corner at 1 MHz. A variance reduction (VR) metric 
is used to quantify the fit of the solution to the synthetic records

(see Boyd et al., 2015). The VR ranges from 33.6% to 90.7% for stations 
within 10cm of the event origin. We note from the records that all of the first 
arrivals have the same sense, rather than the expected distribution of upfirst
and down-first motions from a double-couple source. Further investigation of 
this phenomenon is left to a future study since the test of the finite source 
inversion does not require a double-couple source. The varied source 
mechanisms for three pass bands are shown in Fig. (5). Although only x-
direction slip was imposed on the synthetic asperities, the mechanisms 



contain a small y-direction component at all frequencies. This initially implies
that the spread of subsources beyond a single point obscures the information
about slip direction, even if uniform across all the subsources.

4.3. Finite Source Inversion Results

We approach the first finite source inversions slowly, with no imposed noise 
or any other sensitivity parameters added to the data or inversion. To further
simplify, only negative x-direction synthetics are used in the 𝑀 matrix. The 
resulting slip contributions for both sources are shown in Fig. (6).

Both sources correctly return the maximum source magnitude at the 
hypocenter and approximately correct amplitudes for all other points in the 
original source. Although the circle-source asperity is initially fully 
symmetrical, its inverse solution has an apparent bias toward sources spread
in the x-direction. Despite the initial asymmetry of the tip-source asperity we
see an inverse solution with strong symmetry around the hypocenter.

The tip-source solution also has a wider spread in the y-direction than the 
center-source. This spread is centered on the hypocenter at 𝑀 = 0 at the 
edge of the tip-source asperity rather than its center. Both of the original 
sources have linearly decreasing source amplitudes at the same rate. The 
amplitude decreases by half over one radius; so the sum of the amplitudes 
for the center-source is larger than for the tip-source and the tip-source 
hypocenter carries relatively more source weight than the centersource. 
Further study of additional sources with more comparable source weighting 
will be necessary to distinguish between sensitivities to sharpness in 
magnitude distribution versus asperity shape.

5. EXPERIMENTAL INVERSIONS

With just the beginnings of an understanding of the abilities and limitations 
of this finite source inversion implementation, we include here a preliminary 
inversion of recorded data purely for demonstration of the expected 
application.

5.1. Sample Event Characteristics

A sample event is selected from a catalog of approximately 50 events 
detected from one direct-shear experiment with several stick-slip cycles. The
event is one of 8 events that were large enough to trigger at least 12 of the 
16 AE sensors deployed. Records from each of the sensors with a detectable 
P-wave arrival are shown in Fig. (7a) stacked at their arrival times. First 
motions are distributed across the array with a clear radiation pattern 
indicating a double-couple mechanism with slip predominantly in the 
negative x-direction. The large amplitude and opposite sense arrivals at 
stations 22 and 27 locate the source near the middle of the slider block.

5.2. Point Source Inversion Results

Based on the observed radiation pattern, we expect to see a point source 
mechanism similar to the example from Fig. (2). Instead, the result in Fig. 



(7b) shows the computed mechanism with dominant slip in the positive y-
direction, still in the fault plane. This apparent rotation is consistent across 
all pass bands used for the inversion. Since the raw data meets the 
expectations for slip in the x-direction, the rotation may be associated with 
the poor constraint on slip direction observed in point source inversion of the
synthesized sources. However, this result combined with previous findings 
leads us to suspect that the attenuation model used in computing the 
Green’s functions is insufficiently complex for PMMA. Error in the Green’s 
functions would not produce misfit in the fully synthetic trials because it 
would be present to the same degree in both the synthesized records and 
the solutions.

5.3. Preliminary Finite Source Inversion

Given the ambiguity in slip direction for this event, independent finite source 
solutions were computed for each of the negative x-direction and positive y-
direction potential slips. Both solutions are plotted together in Fig. (7c). The 
relative source amplitude is plotted by color for the x-direction solution. The 
y-direction solution points are plotted without magnitude—their magnitude 
distribution has a similar mild degree of focus around the hypocenter as 
shown for the x-solution. All of the solution points are clustered in one 
quadrant of the full grid of subfaults. Unlike the synthetic source inversions, 
a symmetry about the hypocenter is not observed. From this very 
preliminary source solution, we do not yet seek to draw any conclusions 
about the observed source dynamics or compare to any theoretical asperity 
slip models.

6. CONCLUSIONS AND FUTURE WORK

In this study, we demonstrate the earliest capabilities of a developing finite 
source inversion algorithm for laboratory applications. The simplest case 
shows that the inversion is possible but also quite ambitious. The first 
synthetic sources are highly arbitrary, a result of having limited grounds to 
predict what sensitivities would dominate in the inversion. Results from the 
first arbitrary sources have revealed probable sensitivities to magnitude 
distribution and hypocenter location, which will inform the next round of 
synthetic event designs. As our understanding of the sensitivities of inversion
in this environment grows we will move toward adding complexity to the 
solution space. Allowing for unconstrained slip direction and more complex 
moment rate functions will allow the algorithm to more fully describe the 
kinematics of a complex AE source. Then as the complex inversion scheme’s 
requirements for a trustworthy solution become clearer, we will return to the 
laboratory data for asperity rupture solutions that we can compare to the 
many proposed asperity slip models and contact mechanics descriptions.
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