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Block models, in which the seismogenic crust is divided into microplates bounded by faults, are a 
powerful tool for estimating fault slip rates from geodetic observations such as from the Global 
Navigation Satellite System (GNSS) and/or geologic constraints. However, block models require 
that all faults in the model connect and form closed blocks. Typically, the process of forming closed 
blocks is done by inspection based on mapped fault traces. Manually closing blocks is a tedious 
task which leads to creating only a handful of block models in a low-density system of known faults 
in the area of interest. Furthermore, given ambiguity in block model closure, assessing how well 
block models truly preform remains a challenge. In this work, we compare block models with 
varying geometries in both toy models and larger-scale models. Larger-scale models are based on 
Southern California and generated with a block closure algorithm. The block closure algorithm 
automatically closes mapped fault segments into closed blocks using a modified cone search with 
adjustable parameters and allows us to produce suites of block geometries to explore the 
influence of block closure choices on estimated slip rates. Here, we perform resolution tests by 
employing the block closure algorithm to the dense Fault Sections database of the 2023 update to 
the USGS National Seismic Hazard Model (NSHM2023) in southern California. We estimate initial 
fault slip rates regularized with total variation regularization (TVR) within a representative block 
geometry; TVR allows robust slip rate estimation within a dense block model with many poorly 
constrained blocks. We use these estimated rates to generate a forward model. We then perform 
TVR inverse models on our algorithmically generated suite of block geometries, constrained by 
forward data, to assess block model performance. Toy model comparisons, as well as preliminary 
Southern California-based models, show that TVR slip rate estimates fit best on models that are 
similar in geometries to the representative model.
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We automate block closure using the following algorithm: 
i. Sort fault sections by length of contiguous sections. We add additional necessary 

segments to form an outer closed block so that all segments terminate.
ii. Algorithm then searches within a cone of designated arc (θ) and radius (r) which is 

centered at the end of the average section azimuth in contiguous sections (subfigure a)

Block models interpret a GNSS velocity field in the context of relative rotations of discrete 
microplates bounded by faults (e.g., Meade and Hager, 2005; McCaffrey, 2005) and 
spatially variable locking on complex fault geometries represented by triangular dislocation 
elements (TDEs, Meade, 2007). 

𝑣𝑣𝐼𝐼 = 𝑣𝑣𝐵𝐵 + 𝑣𝑣𝐸𝐸 + 𝑣𝑣𝑅𝑅interseismic velocities 
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Written in terms of block motions on a sphere, locking rates on TDEs, and homogeneous 
internal strain rate, the forward problem is:

𝑣𝑣𝐼𝐼 = 𝐺𝐺𝐵𝐵 − 𝐺𝐺𝐸𝐸 𝐺𝐺𝑡𝑡interseismic velocities 
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Total Variation Regularization (TVR) is an L1 regularization method developed for edge 
sharpening in image processing (Ruden et al., 1992; Chambolle, 2004). Applied to rotation 
vectors in a block model, TVR minimizes the L1 norm of discrete differences in block 
rotations (Evans et al., 2015). We preform a weighted TVR minimization, in which block 
rotations are jointly constrained by interseismic GNSS velocities and geologic slip rates, and 
in which we simultaneously estimate slip on a mesh of triangular dislocation elements 
(representing the Cascadia subduction zone):
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iii. If the cone intersects with another 
segment, generate a new fault segment 
connecting to the nearest segment and 
continue to the next hanging endpoint 
(subfigure b). Otherwise generate a new 
hanging segment of length r and 
striking at the average section azimuth 
(subfigure c).

iv. If the nearest detected section is the 
end point of another segment, connect 
the segment to the hanging point 
(subfigures d-g).

v. If a > A (predetermined angle), the 
section is considered straight, and the 
algorithm continues to the next hanging 
segment.

vi. If a < A, the connection is not straight, and we generate a new hanging segment of 
length r and trending at the average section azimuth.

vii. Continue to the next hanging endpoint (return to step iii) until all segments are 
connected.

We test the effectiveness of forward modeling using 
TVR, we use a suite of hand-made toy models with 
varying geometries. Our forward model for this process 
uses two faults. We assign a slip rate of 20 mm/yr for 
the left fault, 8 mm/yr for the top middle fault, 12 
mm/yr for the top left fault, and 20 mm/yr for the 
bottom right fault. Finally, we estimate forward 
velocities on a grid of hypothetical observation 
locations.

We forward model deformation at each observation 
point using TVR with our forward model. Using this 
forward data, we then run multiple models with 
varying geometries for comparisons. A λ range of 0 –
10000 is used with increments of 500. For each model, 
we chose a λ value with the lowest mean residual 
velocity.

We find that slip rates on faults that retain a similar 
geometry to the forward model produce slip like that 
of our representative model. However, single TVR 
models often fail to match slip rate on faults with 
incorrect connections

We use mapped faults from USGS National Seismic Hazard Model (NSHM2023) and filter out any faults not slipping slower than 0.7 mm/yr. Using the block closure algorithm, we 
create 20 block model geometries with step size range of 10 km to 200 km, cone angle range of 0o to 80o, and a continuation angle of 80o. We use the model produced by a step 
size of 58 km, cone angle of 20o, and continuation angle of 80o to generate a forward model from GNSS data. We generate forward velocities with a TVR model of λ = 300 and add 
noise sampled from a normal distribution with standard deviation of 1 mm/yr. We then use this forward data to estimate slip rates on all produced geometries, using TVR with a λ
value range of 1 – 1001 at 50 step increments. We plot the slip rate residuals on the original mapped faults to ascertain the effect of changes in block geometry on slip rate 
prediction accuracy. 

Average slip residuals calculated for each model over every λ produce a range of roughly 0.8 mm/yr for the best fitting models up to 6 mm/yr for the worst fitting models. We find 
that the best fitting geometries having similar cone angles (~20o) to that of the forward model and the worst fitting having the largest cone angles (80o) compared to the forward 
model. In order to understand how TVR overall manages to fit the forward model, we take the average of every single model and lambda value. We find that the data fits worst at λ
= 1, improves at λ = 50, and remains at ~ 2 mm/yr average slip residual up to λ = 1001. However, taking average and standard deviation of the suite of models over all twenty 
geometries and TVR parameters provides robust estimates of fault slip rate and uncertainty, without knowing the full block geometry a-priori.
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Summary and Future Work
• We use an automatic block closure algorithm to create a catalogue of block model geometries, so that we can preform resolution tests on block models using TVR.
• Preliminary results from TVR model comparisons show block models preform poorly when modeled geometry is very different from true fault connectivity.
• However, considering a suite of possible geometries and estimated slip rates provides a robust estimate of true slip rate and uncertainty, even in the presence of observational 

noise.
• Future work includes considering additional noise levels, and expanding parameter space and only considering models that fit geodetic observations within ~2 mm/yr.
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