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Abstract
The SCEC Community Velocity Model CVM-S4.26 is a representation of the P and S velocities, α and β, as a function of geographic position x and
depth z on a 500-m mesh over a 496 km x 768 km area of Southern California. The model was derived by full-3D tomography using an extensive
set of earthquake waveforms and ambient-field correlagrams (Lee et al., 2014a); subsequent testing has shown that it produces synthetic
seismograms up to 0.2 Hz that well match observed seismograms from earthquakes not used in the inversion (Lee et al., 2014b; Taborda et al.,
2016). In this study, we analyze the N = 1.52 million velocity profiles α_x (z) and β_x (z) from CVM-S4.26 using the k-means clustering algorithm
(MacQueen, 1967; Arthur & Vassilvitskii, 2007) to map tectonic regions with similar profile characteristics. The k-means algorithm partitions the N
profiles into k sets that minimize the inter-cluster variance via a randomly seeded iterative process. When applied to CVM-S4.26, the results are
surprisingly stable for k ≤ 8; e.g., similar results are obtained when applied individually to α_x (z) and β_x (z) or to their combination α_x (z)∪β_x
(z). Moreover, the clusters comprise one or more large, contiguous areas that in most cases correspond to regions with known tectonic affinities.
Our preferred clustering, k = 7, distinguishes the (1) Continental Borderland, (2) Proterozoic terrains of southeastern California and western
Arizona, (3) Great Valley, (4) eastern Sierra Nevada, (5) Peninsular Range batholith, (6) Mojave block, and (7) Salton Trough. Smaller areas grouped
within these clusters include the Santa Barbara and Santa Maria basins (cluster 3), the eastern Transverse Ranges (cluster 4), western Sierra
Nevada (cluster 5), southern Salinian block (cluster 6), and Los Angeles basins (cluster 7). These clusters are distinguished by structural
commonalities in near-surface and lower-crustal velocities, Moho depth, and the amplitude of the mid-crustal low-velocity zone (MCLVZ). In
particular, the MCLVZ amplitude is largest beneath the Mojave block. These strong inter-cluster correlations provide new information about how
the present-day crustal structure of Southern California has evolved since Cretaceous times.

Methods
We use the built-in k-means function of Matlab (Arthur & Vassilvitskii, 2007) to cluster 1,523,712
velocity profiles in the S4.26 model (Lee et al., 2014). These velocity profiles, called	𝐱𝑛, are vectors of
100 values for α or β, representing the depths from the base to surface of the 3D model:

𝐱n	=	
x1
⋮

x100
n =	1,	…	,	N (1)

where N is the number of nodes in the model space.

K velocity profiles are randomly selected from the entirety of the data set to serve as centroids for the
clustering routine, which we call 𝐱)(𝑘). We then calculate the distance between every velocity profile in
the model from each 𝐱)(𝑘) by calculating the norm, 𝑑𝑛

(𝑘) :
𝑑𝑛
(𝑘) =	||𝐱𝑛	– 𝐱)(𝑘) ||μ (2)

where μ can be 1 (Manhattan distance) or 2 (Euclidean distance).

After the 𝑑𝑛
(𝑘) is calculated for every profile in the model for each cluster, the profiles are assigned to

the cluster for which they have the smallest value for 𝑑𝑛
(𝑘), and the centroid velocity profile is updated

by averaging all assigned profiles:

𝐱)(𝑘) =	 1
𝑁𝑘
∑ x𝑖

(𝑘)𝑁𝑘
𝑖=1 (3)

where Nk is the number of profiles assigned to cluster k. This procedure continues for 100 iterations or
until convergence is reached, defined as a new iteration for which the sum of all distances does not
decrease upon submission of the updated clusters.

We allowed K to range between 3 and 10 random starting centroid velocity profiles and required 10
convergent iterations to run, accepting the iteration with the minimum total squared L2 distance as
the representative regionalization for that K value.

Regionalization outputs were plotted in map view to showcase the behavior of each group along with
the conformity to geologic features such as faults, lithology changes, and coastlines, which were
unknown to both the model and the clustering analysis.

The final centroid velocity profiles were systematically examined and analyzed for behavior at the
near surface (< 5 km depth), mid-crust (8-14 km depth), deep crust (21-26 km), and the location of
the depth to mantle.
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Biased K-Means Clustering
Seven locations in the model (marked by X in middle panel) were subjectively chosen based on
geologic knowledge to serve as “biased” velocity profiles to be submitted as a sample clustering
routine. An average velocity profile of the surrounding area of 25 km2 was assigned as the starting
centroid (left panel) for α for each region. These chosen locations correspond to the Continental
Borderland, eastern Sierra Nevada, L.A. Basin, Western Mojave, Peninsular Ranges, Great Valley, and
the Proterozoic terrains near the Arizona-California border. The output regionalizations (middle panel)
and ending profiles (right panel) are nearly identical to the random output for K = 7 regions.

Results

The α regionalizations (left) and corresponding centroid velocity profiles (right) for each value of K
identified in the lower left corner. The profiles are color coded for each region and keep track of what
changes led to the separation of the new region for the next value of K.

Objective Tectonic Regionalization of CVM-S4.26 Using 
the k-means Clustering Algorithm

Geologic Interpretation
• Parsing of S4.26 incorporates California/western North American tectonic history for all K values
• The sedimentary basins are separated between the Great Valley, which is a forearc basin (Ducea et

al., 2009), and the thin crust of the Salton Trough
• The more felsic SNB is distinguished from the more mafic PRB based on geochemistry (Saleeby,

2003) as well as translation along the SAF (Porter et al., 2011)
• The Continental Borderland and Proterozoic Terrains regions feature the shallowest depths to

mantle velocities in the model and do not contain a MCLVZ
• The Mojave Block region is characterized by a MCLVZ between 8-14 km depth, which may reflect

an underplating of schists (Luffi et al., 2009)
• While continental lithosphere is absent in the western Mojave, the division of the block across the

ECSZ may indicate the re-emergence of continental crust in the eastern Mojave (Saleeby, 2003)
• The Sr 0.706 line, which represents a separation of continental and oceanic crustal contributions,

appears to run alongside the PRB region and the western division of the SNB (Snoke, 2005)

Comparison of Data Sets

Discussion
• K-means clustering represents an efficient way to analyze a CVM without a priori bias
• The routine is repeatable, robust, and stable
• This process has the potential to determine differences in CVM output produced from various

inversion schemes or input of data
• The regionalizations can be enhanced by incorporating Fuzzy C-means clustering
• Centroid profiles were most distinct at surface, mid-crust, and depth of Moho
• Clusters based on α and β exhibited similar separation of regions but were not identical
• For α, the order of regions were first the Continental Borderland, Batholiths, and Sedimentary

Basins, followed by the Mojave block, the Peninsular Range batholith, the Great Valley, the
Proterozoic terrains of southeastern California/western Arizona, the deep Moho regions along the
SAF and southern Sierra Nevadas, the “Sedimentary Fringes”, and the eastern Mojave block

• Our preferred clustering, K = 7, distinguishes the (1) Continental Borderland, (2) Proterozoic
terrains of southeastern California and western Arizona, (3) Great Valley, (4) eastern Sierra Nevada,
(5) Peninsular Range batholith, (6) Mojave block, and (7) Salton Trough. Smaller areas grouped
within these clusters include the Santa Barbara and Santa Maria basins (cluster 3), the eastern
Transverse Ranges (cluster 4), western Sierra Nevada (cluster 5), southern Salinian block (cluster
6), and Los Angeles basins (cluster 7)Feature Mapping

Depth to mantle velocities (left) and occurrence of a MCLVZ between 8-14 km depth (right) throughout
S4.26. Mantle was defined as β ≥ 4.2 km/s and a MCLVZ was indicated by a β8km/ β14km > 1 in a given
profile. Note the conformity of the k-means regionalizations to these features as well as surface faults.

The data sets for β (left column), α (middle column), and β + α (right column) showed similar
results for the output regionalizations for each K value (K = 7, shown here) but were not always
identical. The order in which regions were parsed from the model also varied between data
sets, especially at higher K values.
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