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Abstract 
 
In this paper I present a suite of software tools, called TriMan, for interactive modeling of 
earthquake slip distribution and static stress changes in geometrically complex fault 
systems. The software uses Global Positioning System co-seismic displacement 
measurements and triangulated fault surface models, and allows users to quickly 
experiment with model parameters and easily test hypotheses. An application of TriMan 
to the 1992 Landers and 1999 Hector Mine earthquakes in southern California yields 
visual representations of the earthquakes’ slip distribution and Landers – Hector Mine 
stress interaction. The model shows that the Hector Mine slip distribution is correlated 
with a positive change in Coulomb failure stress on the Hector Mine rupture surface due 
to the Landers earthquake, a result consistent with many previous studies of the 
earthquake sequence. 
 
 
 
Keywords: Landers earthquake 1992, modeling, earthquakes, inverse problem, GPS, 
software 
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Introduction 
 

Modeling displacement and stress change due to earthquakes is useful for 

understanding real-world fault systems and can shed light on behavior that is not apparent 

from direct observation. Models are used to estimate earthquake hypocenter locations 

(e.g. Menke, 1984), slip distribution patterns and rupture dynamics (e.g. Wald et al., 

1996), and triggering relationships between earthquakes (e.g. Harris, 1998). Modeling 

fault systems has practical importance in densely populated and earthquake prone areas 

such as Southern California, where any insight into the dynamics of regional fault 

systems can potentially lead to better methods of forecasting, risk assessment, and 

earthquake preparedness (SCEC, 2000). 

Many previous studies have used an elastic half-space to model the earth’s crust. 

Faults in half-space models are represented by surfaces on which slip can occur, and the 

model construction allows for the analytical evaluation of displacements and induced 

stresses at any point in the half-space due to this slip (Okada, 1992). Inverse models are 

used to estimate the slip distribution on the fault surface based on observed co-seismic 

displacements. Forward models are used with this resulting slip distribution to predict the 

change in stress in the region and resolve stress changes on nearby faults, and thus the 

potential change in likelihood of rupture. 

Most previous work uses rectilinear patches to model fault surfaces; however, 

studies show that many faults have more complex geometry, and more accurate results 

can be obtained by using triangulated fault surfaces (Maerten et al., 2005). Here I present 

a suite of software tools, called TriMan, which I helped write in 2006. The software 

includes inverse and forward modeling tools using geometrically complex, triangulated 
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fault models. I test TriMan on a well-studied sequence of earthquakes (the Landers – 

Hector Mine sequence of 1992 – 1999 in Southern California) to investigate the slip 

distribution patterns and stress interactions between the events, and find that TriMan 

produces results comparable to previous studies using other methods. I also show that the 

tools’ speed and ease of use allow fast experimentation, hypothesis testing, and visual 

display of complicated information, letting a user gain a more thorough understanding of 

fault system behavior. 

 
TriMan software package 
 
 The work I present here was accomplished using the TriMan software package, 

for which I wrote most of the code as part of an internship in the summer of 2006, funded 

by Harvard University and the Southern California Earthquake Center. My advisor, 

Brendan Meade, provided starter code and computer-based equations to represent elastic 

deformation, and using these and other, open-source resources I programmed a library of 

modeling tools and a MATLAB-based graphical user interface for them. Figure 1 

highlights some of the most important features of TriMan used in this study. 

 TriMan uses methods mostly adapted from previously published work and 

implemented efficiently in the MATLAB and C programming languages. The individual 

methods and tools are discussed in the following sections, with reference to the published 

studies on which they are based. 
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Figure 1: A flowchart showing features of the TriMan software used in this study. 
Dashed lines indicate choices a user can make to control the outcome of the modeling. 

The numeric model 
 
 TriMan models the crust as an elastic half-space, which is a perfectly elastic, 

homogenous volume infinite in both depth and area, with one flat, free surface. This 

model is a useful approximation of fault behavior and resulting deformation because it is 

simple and thus computationally feasible, and model parameters are easy to constrain 

(Okada, 1985). More complicated models that invoke lateral or vertical heterogeneities, 

viscoelastic behavior, curvature of the earth, or other deviations from a homogenous half-

space may offer a more realistic description of deformation, but they do so at the cost of 

computational complexity and many more model parameters, some of which are difficult 

to constrain (Okada, 1985). The half-space model is able to reproduce most features of 
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observed surface deformation, and thus has been used in many studies of fault system 

behavior.  

A half-space model requires two independent physical parameters in order to 

model elastic deformation, the Lamé constants μ and λ (Twiss and Moores, 1992). The 

shear modulus μ describes the rigidity of a body; larger values of μ indicate that less 

strain results from a given applied stress (Sokolnikoff, 1956). The other Lamé constant λ 

has no easy physical interpretation, but is related to the Poisson’s ratio ν of the elastic 

body. Poisson’s ratio relates contraction in one plane to extension perpendicular to that 

plane, and ranges between nearly 0 for materials like wood cork and up to 0.5 for less 

compressible materials like rubber (Sokolnikoff, 1956). In the current work with TriMan, 

Poisson’s ratio ν is taken to be constant at 0.25 (Stein et al., 1992, Stein and Wysession, 

2003), and the shear modulus μ is equal to 3×1010
  Pa (cf. Meade and Hager, 2005). The 

Lamé constant λ is therefore also 3×1010
  Pa by the equation relating the three quantities 

(Stein and Wysession, 2003).  

In TriMan, faults are represented by continuous, triangulated surfaces, typically 

containing hundreds of individual triangles. Each triangular element is allowed a variable 

amount of slip parallel to the fault plane, broken up into strike-parallel and dip-parallel 

slip components. Meade (written comm., 2006) has derived computer-evaluated analytic 

expressions for elastic deformation in a half-space due to slip on triangular fault patches. 

These are used in TriMan to relate fault slip to surface deformation and induced stress. 

Surface topography is ignored in this study because it is inconsistent with the 

geometry of the half-space. Observation locations are all assumed to be at sea level, and 

the fault surface is clipped to sea level. There is no way to directly analyze the effects of 
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these simplifications on the results of modeling, but this is the method currently accepted 

and used by most studies in inverting geodetic data (written comm., Meade, 2006). 

Inverse modeling with TriMan 
 
 TriMan uses methods from discrete, linear inverse theory to estimate slip 

distribution on a fault surface based on observed co-seismic displacements at the earth’s 

surface. The relationship between slip on a fault and observed co-seismic displacements 

is represented as a linear algebra problem. The techniques used are outlined in the 

following sections. 

Construction of the inverse problem 
 TriMan uses MATLAB’s built-in matrix and vector math libraries to set up and 

implement the inverse model. The vector d represents X (east), Y (north), and Z (vertical) 

components of each co-seismic displacement vector at a known location from a given 

earthquake. The vector m represents the model parameters (scalar values of the strike- 

and dip-parallel slip of each triangular dislocation element, with appropriately chosen 

signs to indicate direction of slip). We can represent the relationship between m and d by 

, dGm =      (1) 

where the matrix G is a linear transformation that relates slip on the fault to elastic 

deformation at the observation locations. G is dependent on the geometry of the fault 

model and on the locations of the observation points, as well as on the physical 

parameters of the half-space. For a detailed explanation of the construction of m, d, and 

G, see Appendix A. 

If the displacement vector d is known, it is possible to solve Equation (1) for m. 

When the number of observed displacements is greater than the number of triangles in the 
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fault model, the problem is over-determined and the solution for m that minimizes the 

sum of squares of the residuals, from Menke (1984), is: 

[ ]  dGGGm T1T −
=            (2) 

TriMan uses this solution as the basis for slip distribution estimates. 

Smoothing slip distribution 
In many cases, the inverse problem is under-determined, meaning that there are 

more model parameters than there are observation data. Equation (2) fails in this instance, 

making it necessary to introduce a smoothing function into the problem such that the new 

problem is over-determined. Smoothing functions also enforce the geologic expectation 

that slip should vary smoothly over the fault surface (Hartzell and Heaton, 1983). TriMan 

uses a smoothing function to minimize differences in slip between adjacent triangular 

elements in the fault model, subject to a user-determined weight β. This method is 

comparable to, though simpler than, the smoothing functions described in previous work 

that seek to minimize the change in slip per unit of fault length (e.g. Jónsson et al., 2002; 

Maerten et al., 2005). For a detailed discussion of the construction of the smoothing 

function and its incorporation into the inverse problem, see Appendix B.  

Introducing a smoothing function and increasing the smoothing weight β tends to 

increase the misfit between the observed and modeled displacements. Figure 2 shows the 

increase in misfit as a result of increasing the smoothing weight β. Previous work (e.g. 

Jónsson et al., 2002; Price and Burgmann, 2002) attempts to balance misfit and 

smoothness using tradeoff curves similar to Figure 2. A smoothing weight is chosen at a 

point on the curve where the reduction in misfit from decreased smoothing levels off, or 

where there is a sharp slope break in the relationship between the two quantities; this 
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point is marked with an arrow in Figure 2. This study uses a similar approach, with the 

additional constraint that maximum estimated slip on a fault not be excessively higher 

than previous published estimates of maximum slip (cf. Jónsson et al., 2002). 

 
 

Figure 2: An example of the smoothing / misfit tradeoff curves used to choose an 
appropriate value for the smoothing weight β. The normalized root mean square (NRMS) 
error associated with the slip estimate at a given smoothing weight is plotted from the left 
vertical axis, and the maximum modeled slip is plotted with a dashed line from the right 
vertical axis. The chosen value of β for this example is marked with an arrow, and is at a 
point on the curve where the reduction in misfit gained by less smoothing is small, and 
maximum estimated slip is not too high (cf. Jónsson et al., 2002). 

Constrained slip estimates 
Other constraints can be placed on the inverse problem using TriMan, including 

selection of data used to invert. Vertical displacements are especially likely to be affected 

by non-elastic responses in the crust such as liquefaction, which can cause significant 

subsidence (Yeats, 1997). This vertical displacement is not associated with elastic 

response to the earthquake and thus does not help resolve slip distribution in the elastic 

half-space model. TriMan allows slip estimates to be made using only east and north 

displacement observations, possibly yielding more accurate results. 
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Observation data can also be weighted according to their relative accuracy. Most 

GPS datasets include a measure of quality of the data, where some monuments have 

better-constrained displacements than others. TriMan uses the relative uncertainties when 

inverting for slip distribution by giving more weight to more accurate observations. 

These weights are added to the inverse problem in the form of a weighting matrix, 

described in detail in Appendix C. 

 TriMan also allows the choice of which slip components (strike-slip, dip-slip, or 

both) to include in slip estimates. This may be useful to compare the accuracy and fit of 

estimates that allow both slip elements with estimates that only allow one component. It 

may also be useful to ignore one slip component depending on an earthquake’s focal 

mechanism (e.g. Wald and Heaton, 1994). 

 A user can also require that all estimated slip be in the same direction. Even when 

slip distribution is smoothed with a relatively high weight, it is common to see a 

dominant direction of slip with scattered patches of slip in the opposite direction. Figure 

3 shows a slip estimate for the Landers earthquake that is dominantly right-lateral, but 

still contains patches of left-lateral slip. Since this is physically unlikely, it is useful to 

constrain slip to be either all sinistral or all dextral, in the case of strike-slip offsets, or all 

reverse or all normal, in the case of dip-slip offsets. 
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Figure 3: This slip estimate on the Landers fault surface is highly smoothed with mostly 
dextral slip (blue), but still contains areas of left-lateral slip (red). A non-negativity 
constraint is used to correct this physically improbable slip estimate. 

Estimating error 
I calculate the error for a given slip distribution estimate by forward-modeling the 

displacement associated with the slip estimate and finding the difference between the 

modeled and observed displacement vectors. Also, the calculation takes into account the 

measurement errors of the observations. The error e for a slip distribution estimate is the 

root mean square of the normalized displacement residuals,  

,
1

2

n
e

n∑ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −

= obs

preobs dd
σ

     (3) 

where dobs and dpre are the observed and modeled displacements, respectively; σobs is the 

one-sigma measurement error; and n is the number of observation data. An error of zero 

corresponds to a perfect match between predicted and observed displacements, while an 

error of one indicates that the residuals are on average equal to the measurement error.  
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Forward modeling with TriMan 
 
 TriMan uses a forward model to calculate displacement and stress in the half-

space, allowing a user to predict co-seismic displacements at any location, or stress 

changes on fault surface models, based on the best-fit slip distribution pattern given by 

the inverse model. 

Calculating static stress change 
 Given a slip distribution estimate for an earthquake on a fault, TriMan can 

estimate the change in likelihood of slip on nearby faults, based on Coulomb failure 

stress criteria (cf. Harris, 1998). Coulomb failure stress depends on the normal and shear 

stress on a surface in a given orientation, and positive change in Coulomb stress indicates 

a higher likelihood of fault slip. The Coulomb stress increases if shear stress is in the 

direction of potential failure (e.g. if shear stress is dextral, and the fault has a potential for 

dextral failure), or if normal stress is extensional (i.e. the fault is “unclamped”). The 

Coulomb stress decreases if the shear stress is opposite the direction of potential failure, 

or if normal stress is compressive. The change in Coulomb failure stress, σf, is given by  

σμτσ '+=f ,      (4) 

where τ is the magnitude of applied shear stress, μ΄ is the apparent coefficient of friction, 

and σ is the magnitude of applied normal stress (King et al., 1994). The shear stress (τ) is 

positive if it is in the direction of possible slip on a fault. The normal stress (σ) is positive 

if it is extensional. The apparent coefficient of friction (μ΄) includes the actual coefficient 

of friction and the effects of pore fluid pressure, and is used because pore fluid pressure is 

difficult to constrain (Harris, 1998). Values of μ΄ used in previous research fall between 

0.4 and 0.8 for the Landers – Hector Mine region (King et al., 1994; Harris, 1998). 
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Other tools in TriMan 
 

TriMan contains several tools that can be used to modify fault models or refine 

sets of observation data. These tools are used as pre-modeling steps to give a user more 

control over each aspect of inverse or forward modeling. 

Manipulating fault surface models 
It is often useful to use fault surface models of different resolutions (i.e. triangle 

size), enabling either high-resolution slip estimates, which take longer to compute, or 

coarser models that are very fast to compute. To enhance the resolution of a fault model 

and thus allow a higher-resolution slip estimate, TriMan includes tools that split 

individual triangles into many smaller triangles.  

TriMan also contains tools to ensure a consistent triangle size in a fault surface 

model. Some fault surface models contain tiny, extraneous triangular patches that can be 

removed with zero or negligible effect on the overall geometry. These triangles do not 

contribute to the slip solution in a meaningful way, add unnecessary complexity to the 

inverse problem, increase time and memory requirements, and interfere with effective 

smoothing. By using a visual tool to identify these triangles and merge them with their 

neighboring fault patches, a user can refine the original surface into a new surface with 

the same overall geometry but higher consistency in fault patch size. 

Refining observation data 
TriMan includes several tools to select the displacement data for slip estimation; 

this is useful for exploring the effects of observation point locations on the resulting slip 

estimate. Near- and far-field GPS data resolve different aspects of slip distribution, and 

TriMan contains tools to select these data based on distance from the fault. 
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The software also identifies GPS displacement data that are recorded at the same 

position as another measurement, and allows the user to decide which GPS displacement 

observation to use in the model. These duplicate stations generally have differing 

uncertainties associated with their displacement data, and the removal of the less certain 

datum should make the data more self-consistent and the model more accurate. 

 
Applying TriMan to the Landers – Hector Mine earthquake sequence 
 
 To test the accuracy and usefulness of TriMan, I use the software to model the 

well-studied Landers – Hector Mine earthquake sequence of 1992 – 1999 in southern 

California. By estimating slip distribution patterns, modeling stress changes, and 

comparing the results to previous studies, I show that TriMan produces results consistent 

with previous work in a fast, interactive manner. 

Geologic setting 
 
 This study focuses on faults located in southern California (Fig. 4). The largest 

fault in the region is the 1,100 km San Andreas fault, which extends from Baja California 

to northern California and defines the boundary between the Pacific and North American 

plates (Powell, 1993). Although the San Andreas fault accommodates most of the dextral 

displacement between the plates, some deformation is distributed along faults to the east, 

including the 1992 Landers and 1999 Hector Mine earthquake rupture surfaces (Powell, 

1993; Yeats, 1997; Rymer et al., 2002).  
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Figure 4: A map showing locations of major faults in southern California. Inset shows 
Landers and Hector Mine rupture surfaces in bold lines northeast of the San Andreas 
Fault, along with epicenters and focal mechanisms (Hauksson et al., 2002). Other 
regional fault surface traces are drawn in faint gray. Fault locations from Community 
Fault Model (written comm., Plesch et al., 2006).  
 
 The Mw 7.3 Landers mainshock occurred on June 28, 1992, in the Mojave Desert 

north of the San Andreas fault (Fig. 4). Τhe earthquake was preceded by the Mw 6.1 

Joshua Tree and other, smaller foreshocks, and was followed by many aftershocks 

including the Mw 6.2 Big Bear earthquake (Sieh et al., 1993).  The Landers earthquake 

ruptured across the Johnson Valley, Landers, Homestead Valley, Emerson, and Camp 

Rock faults (Fig. 5), with a total length of approximately 85 km (Sieh et al., 1993). The 

magnitude of surface slip varied along-strike from 0 to 8 m (Sieh et al., 1993). 

 The Mw 7.1 Hector Mine mainshock occurred on October 16, 1999 about 30 km 

to the east and north of the Landers rupture (Fig. 5). The earthquake ruptured 48 km 

along the Lavic Lake and Bullion faults (Treiman et al., 2002). The dip estimates of the 

rupture surface vary between vertical and 80ºE (Jónsson et al., 2002). 
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Figure 5: An oblique view of the faults making up the Landers (left) and Hector Mine 
(right) rupture surfaces. The Landers earthquake ruptured across the Camp Rock, 
Emerson, Homestead Valley, and Johnson Valley faults; dotted lines show the extent of 
each fault. The Hector Mine earthquake ruptured across the Lavic Lake and Bullion 
faults. Fault models from Community Fault Model (written comm., Plesch et al., 2006). 

Model inputs 

Displacement data: Global Positioning System observations 
 Southern California has a dense network of continuous- and campaign-mode GPS 

monuments. Continuous GPS can be used to directly determine the co-seismic 

displacement from an earthquake by taking the difference between the positions 

immediately before and after the event. Campaign GPS monuments are occupied 

intermittently for short periods of time, and absolute displacements are more difficult to 

determine. When determining co-seismic displacements at these sites, it is necessary to 

take aseismic, secular deformation into account, based on regional crustal velocity 

models (Hudnut et al., 1996; Agnew et al., 2002). With proper analysis, co-seismic 
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displacements can be accurately determined within 3-10 mm horizontally and ~25 mm 

vertically (one-sigma standard deviation; Hudnut et al., 1994; Yeats, 1997). 

The Southern California Earthquake Center Crustal Motion Model is a catalogue 

of inter-seismic velocities at GPS monuments in southern California (Shen et al., 2003). 

The model also contains lists of co-seismic displacements at each monument for major 

earthquakes, including 366 and 229 monuments corresponding to the Landers and Hector 

Mine earthquakes, respectively. According to Shen et al. (2003), these displacements are 

more accurate than previously published displacement data (e.g. Hudnut et al., 1994; 

Agnew et al., 2002). 

The data analysis procedures used in the Crustal Motion Model are not outlined 

explicitly, and the model’s webpage also states that they have constrained their reported 

co-seismic displacements according to published, modeled deformation fields (Shen et 

al., 2003). I use the GPS data from this model because it is easily available, contains 

many observations, and is mostly self-consistent. Note, however, that since it has already 

been constrained by modeling, this data set is not the ideal choice for independent slip 

inversions. 

I estimate four different slip distributions for the Landers earthquake, using 

Crustal Motion Model data as well as that of Hudnut et al. (1994). To examine the effects 

of GPS data selection on slip estimates, I use all monuments in the Crustal Motion 

Model, as well as both near-field and far-field subsets. “Near-field” and “far-field” 

indicate either closer or farther than approximately 100 km from the epicenter of the 

Landers earthquake. Only the horizontal displacement data of Hudnut et al (1994) is 

used, because many of the monuments lack vertical displacement data, complicating 
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TriMan’s weighting and error estimation methods. Several duplicate stations in the 

Crustal Motion Model data were removed from the model. Table 1 contains a list of the 

removed stations. 

 The Crustal Motion Model is the only source of data used for the Hector Mine 

slip estimate. Similar to the Landers data, several duplicate stations in this data set have 

been removed; see Table 2 for detailed information. 

 

Table 1: Landers GPS data refinement 
Removed monument Used monument Latitude, ºN Longitude, ºW 

HIGH HECT 34.78 116.42 
SAFR SAFE 34.33 118.60 

SAWM SAEC 34.69 118.56 
GARN GAPP 33.75 116.17 
BOUC BOTR 33.33 116.92 
SJOA SJU5 33.60 117.82 
VIEW VERN 33.93 116.19 
ALSA - 33.20 115.61 
ALPN - 34.54 118.11 
EDOM ECRK 33.87 116.43 
UCL0 UCL1 34.07 118.44 

Notes: The left column contains the names of GPS monuments that are omitted from 
Crustal Motion Model data when inverting for slip for the Landers earthquake. These 
monuments are omitted because they are in the same location as the corresponding 
monument in the right column, but have higher uncertainty in one or more components of 
co-seismic displacement. ALSA and ALPN are omitted because of inconsistencies in 
their displacement observations and locations in the Crustal Motion Model. 
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Table 2: Hector Mine GPS data refinement 

Removed monument Used monument Latitude, ºN Longitude, ºW 
GOLD GOL2 35.43 116.89 
LUC2 LUC3 34.44 116.81 
LUCS LUC3 34.44 116.81 
LEDG LDES 34.50 116.44 
SCP2 SCMS 34.42 115.97 
CH33 CCCS 34.26 118.64 
RICU RHCL 34.26 116.47 
CTMS CSN1 34.25 118.52 
MDAY MCDS 34.74 117.71 
ARGO - 34.73 116.25 

Notes: Similar to Table 1, the GPS monuments in the left column are removed from 
Crustal Motion Model data before inverting for slip for the Hector Mine earthquake and 
those in the right column are used instead. ARGO is omitted because it is a far-field 
station whose co-seismic displacement vector differs by ~ 180º in direction and a factor 
of ~ 40 in magnitude from those nearby.  

Fault geometry: the Community Fault Model 
 Fault surface models in this study come from the Southern California Earthquake 

Center’s Community Fault Model database (Fig. 6), which was constructed to provide a 

uniform geometric representation of faults in Southern California and serve as a basis for 

physical modeling of fault system behavior (written com., Plesch et al., 2006). Each fault 

in the model is represented by a collection of connected, triangular fault patches. These 

patches are specified by X, Y, and Z Universal Transverse Mercator zone 11S 

coordinates. The fault models were constructed by combining many sources of data 

including surface traces and dip, seismicity and seismic reflections, well data, and 

geologic cross sections (Plesch and Shaw, 2002). The triangulated Landers and Hector 

Mine rupture surface models are very similar in gross geometry to those used to model 

slip in previously published work (e.g. Wald and Heaton, 1994; Jónsson et al., 2002), and 

thus I use them as a convenient, pre-existing, triangulated representation. 
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Figure 6: An oblique view of the Community Fault Model parameterizations of the 
majority of mapped faults in Southern California. California’s borders and Landers and 
Hector Mine surface traces are shown as thick black lines. Fault models displayed using 
SCEC-VDO software (SCEC, 2006). 
 

I use two Landers rupture surface models and one Hector Mine model in this 

study (Fig. 7). These models follow Community Fault Model geometry closely, but are 

refined to enforce consistent triangle size. The Landers models are split to varying 

degrees to allow variable slip with depth, along with either fast slip estimates with lower 

resolution (Fig. 7d), or slower, high-resolution estimates (Fig. 7e). The Hector Mine 

mode includes the western branch of the Lavic Lake fault and the Bullion fault with a dip 

of 83ºE, corresponding to the surface rupture trace (Treiman et al., 2002). The Hector 

Mine model also includes the preferred Community Fault Model parameterization of the 

eastern branch of the Lavic Lake fault, which dips vertically. Although the earthquake 

did not rupture the surface of the eastern branch, aftershock images indicate that the 

earthquake may have ruptured at depth on this branch (Jónsson et al., 2002; Kaverina et 

al., 2002; Maerten et al., 2005).
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Figure 7: The Hector Mine and Landers fault surface models used in this study. a) 
Original Community Fault Model parameterization of the Hector Mine rupture surface. b) 
Refined version with extraneous triangles removed and other triangles split to enforce 
consistent patch size. c) Original Community Fault Model version of the Landers rupture 
surfaces. d) A lower-resolution version of Landers used for very fast slip estimates. e) A 
higher-resolution version of Landers used to obtain the preferred, high-resolution slip 
estimate. 

Modeling Landers slip distribution 
 

To constrain the Landers slip model, I allow only dextral, strike-parallel slip on 

the Landers rupture surface model, following previously published methodology and 

consistent with the earthquake’s focal mechanism (Hudnut et al., 1994; Wald and Heaton, 

1994). The smoothing weight for each inversion is chosen using misfit - smoothing 

tradeoff curves and maximum slip is limited to ~ 7 m, similar to that shown in Figure 2. 

I use the coarser Landers fault model with the near-field, far-field, and Hudnut et 

al. (1994) data sets to examine how the choice of GPS data affects the estimated slip 

distribution. Figures 8 –10 show the results of these slip estimates and the associated 

displacement residuals (modeled minus observed displacement vectors). Figure 11 shows 

the slip distribution estimate and displacement residuals using the high-resolution 

Landers model and all Crustal Motion Model data. 
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In Figures 8 – 11, the left panel shows the residuals associated with the GPS 

monuments located nearest to the fault; residuals at monuments farther away and not 

shown are relatively insignificant. The right panel shows a side view of the earthquake 

rupture surface with darker colors representing a larger amount of slip during the 

earthquake. Each figure also shows the value of the smoothing parameter (β), the NRMS 

error, and the calculated moment magnitude of the earthquake. 

 

 

 
Figure 8: Model results using the coarse Landers fault model and near-field data. The 
map on the left shows the Landers earthquake surface trace along with displacement 
residual vectors. Near-field residual vectors are left-lateral, indicating that near-field 
displacements are overestimated by this slip estimate. The diagram on the right shows the 
modeled slip distribution for the Landers earthquake. 
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Figure 9: Model results using the coarse Landers fault model and far-field data. The map 
on the left shows the Landers earthquake surface trace along with displacement residual 
vectors. The diagram on the right shows the modeled slip distribution for the earthquake. 
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Figure 10: Model results using the coarse Landers fault model and the displacement data 
of Hudnut et al. (1994). The map on the left shows the Landers earthquake surface trace 
along with displacement residual vectors. The diagram on the right shows the modeled 
slip distribution for the earthquake. 
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Figure 11: Preferred Landers model results, using the fine Landers fault model and all 
available Crustal Motion Model data. The map on the left shows the Landers earthquake 
surface trace along with displacement residual vectors. Near-field residual vectors are 
left-lateral, indicating that near-field displacements are overestimated. The diagram on 
the right shows the modeled slip distribution for the earthquake. 
 

 
Figure 12: Previously published Landers slip model showing the rupture surface model 
with contours of slip intensity estimated from geodetic inversion (Figure 5 of Wald and 
Heaton, 1994). Note similar pattern of slip on Homestead Valley and Johnson Valley 
faults, with high areas to the north and south and a gap in between, compared to Figure 
11. Wald and Heaton (1994) use a longer fault model than this study, and thus the 
position of slip with respect to the ends of the fault is not the same as in Figure 11. 
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Landers model results 
 

The slip distribution estimates based on the near-field and complete Crustal 

Motion Model data sets (Figs. 8 and 11) are very similar, implying that the near-field data 

strongly influences the inverse solution. This influence is probably due to larger 

displacements at near-field stations. In contrast, the estimates based on near- and far-field 

data (Figs. 8 and 9) differ greatly; the near-field estimate (Fig. 8) has widely varying slip 

with depth, and the far-field estimate (Fig. 9) has mostly homogenous slip at a given 

location along-strike, with more slip at depth. The far-field GPS data is less able to 

resolve depth-related variations in slip than near-field data, and tends to require more slip 

at depth. 

 Figure 10, the estimate based on the data of Hudnut et al. (1994), shows a very 

patchy slip distribution, and has very high error. This is surprising, given the smoother 

and better-fitting results previously published with these data (e.g. Hudnut et al., 1994; 

Wald and Heaton, 1994). Two factors may cause this difference: (1) the Community 

Fault Model-based rupture surface used in this study is different than those in previous 

studies; (2) previous studies also used other sources of data, including two-color laser 

line-length changes and surface slip observation constraints, which are incompatible with 

the simpler methods used here. The inversion methods (including equations for elastic 

deformation, smoothing functions, uncertainty weighting, etc.) are also slightly different, 

but given the success of modeling using Crustal Motion Model data, these differences are 

probably not as important. 

 The preferred model for the Landers slip distribution (Fig. 11) is consistent with 

previously published models (e.g. Hudnut et al., 1994; Wald and Heaton, 1994; Price and 
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Burgmann, 2002). The maximum slip magnitude in the model is similar, around 7 meters, 

as is the slip distribution geometry. The inclusion of more far-field data than in previous 

studies leads to large (~ 1 m) residuals in the near-field, and left-lateral residual vectors 

show that the model overestimates displacements at near-field locations compared to 

observed values (Fig. 11).  Wald and Heaton’s (1994) geodetic inversion shares similar 

patterns of strike-parallel slip variation along the rupture surface (Fig. 12); the slip in 

Figure 11 extends deeper, likely because of the inclusion of many more far-field stations 

that tend to increase estimated deep slip (Fig. 9). All models reveal a very small amount 

of fault slip between the Johnson Valley and Homestead Valley faults, originally shown 

by Wald and Heaton (1994) and Hudnut et al. (1994, Fig 12). 

Modeling Hector Mine slip distribution 
 
 I use the Crustal Motion Model data set to obtain a slip estimate for the Hector 

Mine earthquake, using a smoothing weight based on a tradeoff curve. The model allows 

dextral and reverse slip in the slip estimate, based on the focal mechanism and observed 

offsets of the earthquake (cf. Jónsson et al., 2002). Figure 13 shows the slip distribution 

estimate in the right panel and the displacement residuals in the left panel, along with 

estimated NRMS error, the value of the smoothing parameter (β), and the calculated 

moment magnitude of the earthquake. 
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Figure 13: Results of modeling Hector Mine slip distribution estimate using Crustal Motion Model data. The map on 
the left shows the earthquake surface trace along with displacement residual vectors. The diagram on the right shows 
the modeled slip distribution for the earthquake. The east branch of the Lavic Lake fault is shown to the left of the west 
branch to avoid being obscured. 
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Figure 14: Oblique views of Hector Mine rupture surface models, overlain with 
previously published models of slip distribution patterns. a) The preferred strike slip 
model of Price and Burgmann (2002, Figure 4). Note similar pattern of slip along the 
surface, but less slip at depth compared to Figure 13. Price and Burgmann (2002) do not 
model slip on the eastern branch of the rupture surface. b) Preferred reverse slip model of 
Jónsson et al. (2002, Figure 8). Compared to the model shown in Figure 13, the 
magnitude of reverse slip is similar, but the distribution is very different.
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Hector Mine model results 
 

Like the Landers slip models, the modeled Hector Mine slip is consistent with 

previously published estimates (e.g. Jónsson et al., 2002; Kaverina et al., 2002; Price and 

Burgmann, 2002), but with some notable differences. The modeled magnitude of slip at 

depth is several meters greater in Figure 13 than has been reported previously (e.g. Price 

and Burgmann, 2002; Fig. 14a), probably due to the use of more far-field observation 

data. Kaverina et al. (2002) and Price and Burgmann (2002) suggest that this deep slip is 

an artifact of using far-field data in an elastic half space model, where the model is most 

different from the true, layered earth. Also, nearly zero reverse slip is present in the 

model shown in Figure 13, except in the near-surface section at the northwest tip of the 

eastern Lavic Lake fault, which differs from the pattern of reverse slip modeled by 

Jónsson et al. (2002; Fig. 14b). 

These differences in slip estimates are considerable, but it is important to note that 

each estimate has been made using slightly different displacement data, fault models, and 

inversion techniques. Features of the slip estimate that differ between models are 

dependent on the data and model used, while features that are resolved by every model 

are probably the best-constrained aspects of slip distribution of the Hector Mine 

earthquake. These common features include the area of dextral slip (~5 m) near the 

surface on the western branch of the Lavic Lake fault, the smaller magnitude of slip along 

the surface on the southern Lavic Lake and northern Bullion faults, and the concentration 

of slip on the northern part of the rupture surface (Fig. 13, 14). 
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Modeling the interaction between the Landers and Hector Mine earthquakes 
 

I use the preferred Landers slip distribution (Fig. 11) to model several aspects of 

the stress change on the Hector Mine rupture surface (Fig. 15). The Landers earthquake 

induced left-lateral shear stress on nearly all of the Hector Mine rupture surface (Fig. 

15a). Since the Hector Mine earthquake had a right-lateral focal mechanism, the Landers-

induced shear stress discouraged the Hector Mine earthquake. However, since the 

induced normal stress on the northern end of the Hector Mine surface was extensional 

(Fig. 15b), the Coulomb failure stress change was positive in that region, depending on 

the apparent coefficient of friction (Fig. 15c,d). Traction on the Hector Mine surface 

caused by Landers-induced elastic deformation unclamped the northern end of the Hector 

Mine surface, clamped the southern end, and caused variable amounts of mostly left-

lateral shear stress on the entire surface (Fig. 15e). 

The geometry of the induced stress on the Hector Mine surface agrees very well 

with previous studies (e.g. Parsons and Dreger, 2000; Pollitz and Sacks, 2002; Price and 

Burgmann, 2002).  However, the magnitude of modeled Coulomb stress change is 

between 3 and 8 times greater than found by previous studies, with a maximum stress 

change of ~ 1.3 MPa on the northern part of the Lavic Lake fault. This difference could 

be due to an overestimated Landers slip distribution, as suggested by the large near-field 

residuals shown in Figure 11, or differences in the geometry of the Landers and Hector 

Mine fault models between studies. 
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Figure 15: Induced stress on the Hector Mine rupture surface due to the Landers earthquake. a) Induced left-lateral shear stress on 
the Hector Mine surface. East branch of Lavic Lake fault is shown left of the west branch. b) Induced normal stress; positive (red) 
is tensile, and negative (blue) is compressive. c) Coulomb failure stress change, with apparent coefficient of friction equal to 0.4. 
d) Coulomb stress change with apparent coefficient of friction equal to 0.8. e) Traction vectors (red) and surface deformation field 
(blue) due to Landers. East branch of the Lavic Lake fault translated to the right along dotted gray lines for clarity. 
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  Previous studies have found many small (Mw 1 to 4) post-Landers earthquakes on 

the northern part of the Hector Mine rupture surface that are related to an increase in 

Coulomb failure stress change at the same location (e.g. Parsons and Dreger, 2000). The 

modeled Hector Mine slip distribution (Fig. 13) also correlates well with distribution of 

Coulomb stress change, where higher slip in the northern Lavic Lake fault, near the 

eventual Hector Mine epicenter, is at the same location as an increase in Coulomb stress. 

However, slip on the southern Lavic Lake and Bullion faults (Fig. 13) matches negative 

Coulomb stress change (Fig. 15c,d). These correlations of induced stress with future 

seismicity are all strongest with higher assumed coefficients of friction, because higher 

coefficients of friction correspond to larger changes in Coulomb failure stress (Fig. 

15c,d). 

The correlation of increased Coulomb failure stress with post-Landers seismicity 

and eventual slip distribution on the Hector Mine rupture surface suggest some 

relationship between the two events. However, the presence of both high slip and a 

negative Coulomb stress change in the southern portion of the Hector Mine rupture zone, 

along with the seven-year time delay between the two events, indicate that there are more 

complicated interactions between the two earthquakes. Other authors have suggested 

transient stress increases driven by post-seismic, viscoelastic relaxation (e.g. Pollitz and 

Sacks, 2002), time-dependent friction changes on the Hector Mine surface (e.g. Price and 

Burgmann, 2002), and other mechanisms for linkage (e.g. Langenheim and Jachens, 

2002). TriMan lacks the sophistication to model any of these more complicated 

relationships, but still finds meaningful results using static stress change criteria, 

comparable to the results of other studies with more complicated methodology. 
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Discussion and further studies 
 

The results obtained using TriMan to model the Landers and Hector Mine 

earthquakes (Figs. 8 – 11, 13) are generally consistent with previous work, indicating that 

the software accurately implements effective modeling tools. For scientists well versed in 

the underlying theories behind the models used in TriMan, the software is useful to 

provide a robust yet computationally efficient way to test hypotheses, modify parameters, 

and experiment with models of fault systems. For those with programming experience 

and an interest in tweaking methodology or reworking various features of the model, 

TriMan is easily expandable, and can be used as a basis for refined or completely new 

modeling environments. The potential for the improved accuracy of triangle-based fault 

models has yet to be explored fully, and the tools in TriMan could be expanded to include 

some of the complex inverse modeling methods used in previous studies with rectilinear 

fault surfaces. 

For less-experienced users, TriMan can be used as a learning tool to model 

earthquake interactions in geometrically complex fault system. The real strength of the 

software is in its fast computation, relative ease of use, and visual display of complex, 

quantitative information. TriMan allows users who are not very familiar with inverse 

theory or elasticity theory to obtain meaningful results using interactive tools. With little 

modification, the software could be used in geophysics- or tectonics-related coursework 

to illustrate the effects of earthquakes, properties of elastic deformation, and the 

processes of stress transfer. The visualization features of TriMan enable the display of 

information in a more accessible way than is possible using just numerical exercises and 

examples.  
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Conclusions 
 
 TriMan is a suite of software tools for quickly and interactively modeling co-

seismic slip distribution on fault surfaces and associated static stress transfer within a 

fault system. The accuracy of TriMan is demonstrated by modeling the Landers –Hector 

Mine earthquake sequence and finding correlation between Landers-induced stress 

changes and slip on the Hector Mine rupture surface. The results are consistent with 

previous studies, and can be viewed in many different ways using the visualization tools 

in the software. TriMan allows model simulations to be executed quickly, and thus allows 

for real-time experimentation and hypothesis testing. The software’s accuracy, 

interactivity, speed, and visualization tools make it a useful tool for many different types 

of users in research and educational settings. 
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Appendix A - Inverse problem construction 
 

In order to invert for slip on a fault surface using surface displacement data, we 

construct the model parameter vector m, the observation data vector d, and the data 

kernel G such that the linear relationship Gm = d is true. 

In each collection of observation data, we assign the n observation points (i.e. 

GPS monuments) an arbitrary, constant numerical order, from 1 to n. The vector d then 

contains the observed X, Y, and Z displacements at the stations: 

[ T111 ... n
z

n
y

n
xzyx uuuuuu=d ] ,    (1) 

where  is the displacement in the X (east) direction at station 1,  is the displacement 

in the Y (north) direction at station 1, and  is the displacement in the Z (up) direction 

at station n. 

1
xu 1

yu

n
zu

 For each fault surface model, we give the m triangular fault patches an arbitrary, 

constant order from 1 to m. The vector m then contains the estimated dip- and strike-

parallel slip components for each patch: 

[ ]T11 ... m
d

m
sds ssss=m ,     (2) 

where  is the strike-parallel slip on fault patch 1, and  is the dip-parallel slip on fault 

patch m. 

1
ss m

ds

 To construct G, we calculate the partial derivatives of displacement with respect 

to slip; that is, we calculate the contribution to X, Y, and Z displacement at each station 

of one meter of strike- and dip-slip on each triangle, using the method of Meade (written 

comm., 2006). The data kernel G becomes a 3n × 2m matrix with the following form: 
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where  is the X displacement at station 1 due to one meter of strike-slip on triangle 1, 

and  is the Z displacement at station n due to 1 meter of dip slip on triangle m.  

1
1

x
su

zn
dmu

 Each column of G can be thought of as a vector containing the east, north, and 

vertical displacements at each station due to a particular component of slip on one 

triangular fault element. Each row of G can be thought of as a vector containing the 

sensitivities of a particular displacement vector at one station to the components of strike- 

and dip-slip on each triangular fault patch. Thus when we multiply G by m, the result is 

the modeled displacement data d. 

 

Appendix B - Smoothing slip distribution 
 
 The smoothing function we present in this paper is necessary because the inverse 

problem would otherwise be under-determined. There are generally more model 

parameters than observation data, and thus G, described in Appendix A, has more 

columns than rows. The smoothing function, in effect, adds pseudo-data to the problem to 

alleviate this condition. This is accomplished by constructing a smoothing matrix S and 

an associated data vector ds and appending them to G and d, respectively. 

 The smoothing function acts to reduce sharp differences between slip components 

on adjacent triangular fault patches. This is accomplished by constructing S as a 2m × 2m 
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matrix for the fault surface model, with each row and column of S corresponding to one 

slip component on one fault patch. The diagonal entries of S are ones. Off-diagonal 

entries of S have negative, non-zero values in locations where the triangles represented 

by the intersecting row and column share an edge. Each row (and column) of S sums to 

zero, each element of ds is equal to zero, and thus the equation is true only if the 

slip components of all adjacent triangles are equal. 

sdSm =

 S is appended onto the bottom of G and ds onto the bottom of d to form G' and d'. 

Solving the inverse problem using G' and d' thus acts to minimize the residuals of the 

modeled displacement data and the residuals resulting from spatially variable slip across 

the fault surface. The importance or weight of the smoothing function can be fine-tuned 

by multiplying S by a user-determined scalar β. 

 

Appendix C - Uncertainties in observation data 
 
 In most cases, GPS displacement observations have varying uncertainty. Workers 

commonly give one-sigma error estimates for each component of displacement at each 

station (e.g. Hudnut et al., 1994, Shen et al., 2003). We incorporate the relative 

differences between these uncertainties into the inverse problem in order to give more 

weight the more accurate displacement observations when estimating slip distribution. 

For n stations, the 1×3n vector e contains the squared uncertainties in measured 

displacement at each station in the X, Y, and Z directions. If any displacement 

measurement has a reported error of zero, its error is set to be equal to the minimum, non-

zero error of the remaining data. Each element of e is then replaced by its reciprocal, such 

that the highest error now has the smallest value, and e is scaled such that its maximum 
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value is equal to one. A 3n ×3n diagonal matrix We is constructed that contains e along 

the diagonal and zeroes in other locations. 

 The least-squares estimate from Menke (1984) for slip distribution that weights 

the data according to their relative accuracy is: 

[ ] dWGGWGm e
T

e
T 1−

= .    (4) 

This weighting can be combined with the smoothing function discussed above. The 

matrix G and the data vector d are replaced by G' and d' in equation (4), and the resultant 

solution is both smoothed and weighted by data uncertainty. 
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