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Abstract

Recent studies of Southern California have employed velocity and attenuation tomography to 
elucidate two aspects of crustal structure. Low-frequency velocity tomography reveals large-scale 
heterogeneity that can be approximated by a discrete set (𝐾 ≤ 10) of tectonic regions, each 
characterized by an isostatically balanced lithospheric column reflecting the composition and 
tectonic history of the region. The boundaries between tectonic regions are typically localized 
structures expressed at the surface by major faults, topographic fronts, and geochemical transitions. 
The efficacy with which tomographic regionalization (TR) represents the subsurface geography of 
major tectonic units in Southern California indicates that the TR idealization works surprisingly well 
in this part of the Pacific‑North America plate boundary. High‑frequency attenuation tomography 
in Southern California supports the hypothesis that the decay of P and S waves propagating through 
the upper and middle crust is dominated by elastic scattering from small-scale heterogeneities 
of high fractal dimension, rather than by anelastic dissipation. The amplitude of the scattering 
varies systematically among the tectonic regions and correlates with the degree of recent faulting 
and deformation within a region. These results motivate speculation that small-scale crustal 
heterogeneities responsible for high-frequency attenuation are generated within the seismogenic 
zone through a dynamic interplay between distributed deformation and localized fracturing.
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1. Introduction

Southern California spans one of the world’s most seismically active continental plate boundaries and has served
the geosciences as a well-monitored natural laboratory for the system-level study of earthquake activity and tectonic 
deformation. The broadband digital recording of earthquakes by the Southern California Seismic Network (SCSN) 
began with the TERRAscope initiative in the 1980’s and greatly expanded with the deployment of TriNet in the 
late 1990’s (Hauksson et al., 2001). These rich datasets have allowed seismologists to devise structural models that 
can explain the spatial and frequency dependence of wave propagation and attenuation across the region. Among the 
methods developed for this purpose are tomographic techniques for imaging the three-dimensional (3D) velocity and 
attenuation structure of the Southern California crust (e.g.,Hauksson, 2000; Schlotterbeck and Abers, 2001; Hauksson 
and Shearer, 2006; Chen et al., 2007b; Lin et al., 2010; Tape et al., 2010; Lee et al., 2014a; Lin and Jordan, 2023).
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This presentation concerns what we have learned about Southern California crust from the velocity and 
attenuation tomography. My topics will be two types of structural heterogeneity: large-scale lateral variations 
with characteristic widths much greater than the crustal thickness (~ 30 km), and small-scale heterogeneities with 
characteristic dimensions much less than the crustal thickness. The literature on these topics is huge, and I will not 
attempt a comprehensive review. Instead, I will focus on the results from four recent studies: the low-frequency 
(≤0.2 Hz) velocity tomography of Lee et al. (2014a), which produced the high-resolution CVM-S4.26 model; the 
K‑means cluster analysis of CVM‑S4.26 velocity profiles by Eymold and Jordan (2019, abbreviated EJ19), which 
partitioned Southern California into a discrete set of tectonic regions; and the high-frequency (1-10 Hz) attenuation 
tomography of Lin and Jordan (2018, 2023, abbreviated LJ18 and LJ23), which highlighted the role of scattering 
by small‑scale heterogeneities. The figures in this article, and many of the key points, are drawn from those 
original reports.

My purpose is to evaluate the observational support for two basic hypotheses about crustal structure. The first 
comes from the EJ19 regionalization of the velocity tomography, described in Section 2:
H1.  The large-scale heterogeneity of Southern California can be approximated by a discrete set of tectonic regions, 

each characterized by an isostatically balanced lithospheric column that reflects the composition and tectonic 
history of the region. The boundaries between tectonic regions are typically localized structures expressed at 
the surface by major faults, topographic fronts, and geochemical transitions.

The second hypothesis is derived from the LJ18 and LJ23 studies of attenuation structure, summarized in Section 3:
H2.  The attenuation of high-frequency P and S phases propagating through the upper and middle crust is dominated 

by elastic scattering from small-scale heterogeneities of high fractal dimension, rather than by anelastic 
dissipation. The amplitude of the scattering varies systematically among the tectonic regions and correlates 
with the rate of faulting and deformation within a tectonic region.

The positive correlation of small-scale velocity variability with large-scale deformation motivates the speculation 
in Section 4 that the small-scale crustal heterogeneities responsible for high-frequency attenuation are generated 
within the seismogenic zone through a dynamic interplay between distributed deformation and localized fracturing.

2. Low-frequency velocity tomography

A variety of seismic velocity models have been derived using earthquake and ambient-noise data recorded by the 
SCSN and auxiliary stations deployed temporarily within Southern California (Hauksson, 2000; Chen et al., 2007b; 
Lin et al., 2010; Tape et al., 2010; Allam & Ben-Zion, 2012; Lee et al., 2014a; Zigone et al., 2015; Ajala et al., 2019; 
Fang et al., 2022). My discussion will focus on the results of Lee et al. (2014a), who estimated P and S velocities of 
the crust and upper mantle across the entirety of Southern California using full-3D tomography (F3DT).

2.1 CVM-S4.26 tomographic model

In F3DT, the starting model is three‑dimensional (3D), and both the forward wavefield simulations and the 
sensitivity kernels are calculated using the full physics of 3D wave propagation; no high-frequency approximations 
are made (Zhao et al., 2005; Tromp et al., 2005; Chen et al., 2007a,b; Tape et al., 2010). In a major project to improve 
the Community Velocity Model (CVM) of the Southern California Earthquake Center (SCEC), Lee et al. (2014a) 
applied 26 iterates of this technique to fit 550,000 low‑frequency (𝑓 ≤ 0.2 Hz) differential waveform measurements 
from 38,000 seismograms and 12,000 ambient‑noise correlagrams. The final iterate, CVM‑S4.26, produced isotropic 
velocity profiles at 1.52 million geographic nodes spaced at 500‑m intervals. At the 𝑛th geographic node , the 
P-wave and S‑wave velocity profiles,  and , are discretized at 500 m depth intervals from the surface 
at 𝑧 = 0 to a depth of = 49.5 km. Map slices and cross-sections of the CVM-S4.26 model can be found in the 
original Lee et al. (2014a) paper, as well as in EJ19.

A number of studies have validated the quality of CVM-S4.26 by retrospective and prospective testing. The 
model captures many crustal features previously identified by surface mapping, borehole data, sonic logs, and 
active-source imaging, including the geometry of major sedimentary basins (Lee et al., 2014a,b; Lee and Chen, 2016) 
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(a)

(b)

Figure 1.  regionalization derived by EJ19 from a K-means cluster analysis of the CVM-S4.26 tomographic model in 
which 𝐾 was fixed at 7 and the  and  profiles were equally weighted. (a) Map of Southern California showing 
the seven clusters as colored regions labeled by their associated physiographic provinces (Table 1). Dashed white 
lines are the regional boundaries L1‑L13 described in Table 2. (b) Centroid velocity profiles for the  regions. 
Colors and labels are the same as in (a). Gray bars show depth intervals used to compute the upper-crustal (uc), 
middle‑crustal (mc), and lower‑crustal (lc) profile averages for the isostatic modeling of Fig. 2. (Source: EJ19, 
Figs. 7 and 8).
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and the localized contrasts across faults that juxtapose crustal blocks of different compositions and tectonic 
histories (Lee and Chen, 2017). CVM-S4.26 also shows good skill in predicting the low-frequency waveforms 
observed for earthquakes not included in the inversion dataset, out-performing other models in head-to-head 
tests (Lee et al., 2014b; Taborda et al., 2016; Lee & Chen, 2016; Lu and Ben-Zion, 2022).

2.2 Tomographic regionalization

Eymold and Jordan (EJ19) applied the K-means++ cluster-analysis algorithm of Arthur and Vassilvitskii (2007) 
to condense the lateral variation of CVM-S4.26 into a small set (𝐾 ≤ 10) of geographically coherent regions. The 
cluster analysis employed an iterative process to partition the 1.52 million -  profile pairs into K groups whose 
cluster‑averaged (centroid) profiles minimized the total inter‑cluster variance of the CVM‑S4.26 profile set. The 
𝐾 = 7 regionalization, considered to be the most informative (Fig. 1), reduced the inter‑cluster variance of the profile 
set by about 61% relative to the 𝐾 = 1 profile mean. This tomographic regionalization is denoted , where the 
subscript 𝛾 indicates that the  and  profiles were equally weighted in the cluster analysis.

The regionalization procedure of EJ19 was well behaved. The cluster analyses for 𝐾 ≤ 10 generated a coherent 
sequence of structural refinements: each increment of K introduced a new region, typically by partitioning a larger 
region into two smaller regions or by occupying a transition zone between two regions. An extensive series of 
sensitivity tests found that the regionalizations were quite robust. The final regional configurations did not depend 
on the seed of the cluster initialization, verifying that the algorithm converged to the global minima of the total 
inter-cluster variance. The regionalizations were insensitive to the weighting of  relative to ; e.g., for 𝐾 ≤ 7, 
those based only on  were very similar to those based only on . To further test the robustness of , we trimmed 
CVM-S4.26 by excluding the outer 50 km of the model domain, which reduced the total model area by 30% and 
eliminated most areas of poor tomographic resolution that could potentially bias the cluster analysis. The 𝐾 = 7
regionalization obtained for the trimmed and untrimmed models were nearly identical (see EJ19, Fig. S2).

2.3 Correlation of tomographic regions with surface features

The preferred regionalization, , is given by a geographic map of the seven disjunct regions (Fig. 1a) and the 
average P and S profiles for each region,  and  (Fig. 1b). All seven regions can be associated with one 

Region Area
(km2) Main Province Other Tectonic Units

CB 79,242 Continental Borderland none

GV 29,857 Great Valley Santa Maria & Santa Barbara Basins

SN 51,767 Sierra Nevada Central Transverse Ranges

PT 82,807 Proterozoic Terranes none

PR 31,505 Peninsular Ranges Western Sierra Nevada

ST 29,546 Salton Trough Los Angeles & Ventura Basins

MD 76,204 Mojave Desert Western Transverse & Southern Coast Ranges

Table 1. Association of  regions with Southern California physiographic provinces and tectonic units.
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or more physiographic provinces and tectonic units (Table 1). Many of the boundaries between regions are lineated 
features that align with major faults, topographic fronts, and geochemical transitions mapped at the surface. The 
thirteen structural lineations L1-L13 used by EJ19 to test the tomographic/tectonic correspondence are listed with 
references in Table 2 and shown as dashed white lines in Fig. 1a.

A region is labeled with the two-letter abbreviation of its main associated province; e.g., the dark green region 
of Fig. 1a is associated with the Peninsular Ranges (PR), and the light green region with the Sierra Nevada (SN). 
Both batholithic regions are characterized by thickened crust columns with mean M-discontinuity (Moho) depths 
of = 36.5 and 35.0 km, respectively. However, the average shear velocities of the PR region are about 0.3 km/s 
higher throughout the crust, consistent with the Peninsular Range batholith having a more mafic composition 
(Christensen and Mooney, 1995).

Part of the PR region occupies in the western Sierra Nevada, while parts of the SN region are found in the central 
Transverse Ranges and along the eastern side of the Peninsular Ranges. This distribution matches a well-documented 
compositional dichotomy of the Cretaceous California Arc, which geologists and geochemists divide into an older 
(ca. 140‑100 Ma) western zone of tonalitic/gabbroic plutons with oceanic affinities and a younger (ca. 100‑80 Ma) 
eastern zone of granitic/granodioritic plutons with continental affinities (Chapmanet al.,2012, 2016; Jiang & Lee,2017).

Line 
number* Structural identification Region 

pair References

L1 San Andreas fault, Parkfield to Carrizo MD-GV Shaw et al., 2015

L2 Kings-Kaweah ophiolite boundary GV-PR Saleeby, 2011; Godfrey & Klemperer, 1998

L3
Sierra Nevada west‑east plutonic boundary, 
Sr-706 line

PR‑SN
Chapman et al., 2012; Kistler & Peterman, 
1978

L4
Crustal thickening front, Early Permian 
continental margin

SN‑MD Stevens & Stone, 2005; Kucks, 1999

L5
Eastern Mojave LIL enrichment transition, 
116º line

MD-PT Miller et al., 2000; Luffi et al., 2009

L6
Algodones-Altar fault system, 
Pliocene plate boundary

PT-ST Beard et al., 2016; Howard et al., 2015

L7 Western Salton detachment fault ST-MD Mason et al., 2017

L8 Peninsular Range Batholith boundary SN‑PR Jiang & Lee, 2017; Langenheim et al.,2004

L9
San Gabriel-Chino Hills-Cristianitos fault 
system

PR-MD Ehlig, 1979; Klotsko et al., 2015

L10 North frontal thrust of Big Bear Block SN‑MD Yan & Clayton, 2007; Spotila & Sieh, 2000

L11 Vincent fault MD‑SN Fuis et al., 2001

L12
San Cayetano-Ventura-Pitas Point fault 
system

ST-MD Hubbard et al., 2014; Marshall et al., 2017

L13 Nacimiento fault GV-MD Chapman et al., 2016

* Line numbers identify white dashed lines in Fig. 1a.

Table 2. Selected region boundaries delineated by the  cluster analysis.
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In the Sierra Nevada, geochemists have used the “0.706 line” in the initial strontium ratios (87Sr/86Sr)𝑖 to separate 
the western and eastern plutonic zones (Kistler & Peterman, 1978; Chapman et al., 2012). The PR‑SN boundary, 
marked L3 in Fig. 1a, is a good match to the 0.706 line (EJ19, Fig. 15a). In the Peninsula Ranges, the PR‑SN boundary, 
marked L8, accurately separates the petrologically distinct western-zone plutons from those of the eastern-zone, 
as mapped by Jiang & Lee (2017). This line also traces the “Peninsular Range Batholith boundary” detected by 
Langenheim et al. (2004) using gravimetric and magnetic data.

A variety of regional associations and structural correlations have been documented in EJ19. Among the more 
salient are the following five:
a) Eight of the thirteen lineated boundaries correspond to major faults. Three are currently active– San Andreas (L1), 

North Frontal Thrust (L10), and San Cayetano‑Ventura‑Pitas Point (L12). The other five – Algodones‑Altar (L6), 
Western Salton Detachment (L7), Cristianitos (L9), Vincent (L11), and Nacimiento (L13) – are now quiescent 
but played important roles in the Cenozoic tectonic assembly of Southern California (see references in Table 2).

b) The large sedimentary basins in Southern California are captured in two regions: GV, associated with the Great 
Valley, and ST, associated with the Salton Trough. The latter differs from the former by having a higher-velocity 
middle and lower crust and a shallower M-discontinuity, consistent with a mean ST crustal column that is thinner 
and more mafic than its GV counterpart. The Santa Maria Basin, which contains sediments of the Great Valley 
Group and, like the Great Valley, is underlain by Franciscan basement (Chapman et al., 2016), plausibly associates 
with GV, whereas the Los Angeles basin, which is underlain by higher-velocity basement (Godfrey et al., 2002), 
associates primarily with ST.

c) The two regions associated with the Mojave Desert (MD) and the Proterozoic Terranes (PT) of eastern California 
and western Arizona are contiguous and structurally similar (Condie, 1982). The PT region has higher velocities in 
the middle and lower crust than MD, and its M-discontinuity is shallower, which can be explained if the PT crustal 
column is thinner and has a more mafic composition. The MD‑PT boundary in the eastern Mojave Desert (L5) 
runs approximately north-south along 115.6°W (Fig. 1a). This longitude is close to the “116° line” identified 
by Miller et al. (2000) from the geochemical signatures of Miocene basalts. Basalts east of 116°W indicate an 
ancient (Proterozoic) lithospheric source enriched in large-ion lithophile (LIL) elements, whereas no basalts 
with enriched‑lithosphere signatures have been found west of this longitude. According to Luffi et al. (2009), 
“a major compositional boundary lies within the midcrust to deep crust of the central Mojave, demarcating a 
western domain containing abundant schist as basement rocks and an eastern domain lacking significant schist 
and containing significant remnants of old continental lithosphere.”

d) One of the more cryptic regional boundaries is L4, which separates thicker SN crust from thinner MD crust along 
an irregular topographic front that cross-cuts the Death Valley/Panamint Valley extensional domain at a high 
angle to the SSE‑NNW axis of the late‑Cenozoic pull‑apart basins. This boundary coincides with a strong Bouguer 
gravity gradient (Kucks, 1999) and aligns with a northeast-trending segment of the Early Permian continental 
margin (Stevens & Stone, 2005).

e) The CB region associates with the attenuated, submerged crust of the offshore California Continental Borderlands 
and has no significant onshore component.

As these examples demonstrate, the regionalization results are coherent with a wide range of information about 
tectonic structure of Southern California. The geographic correlations are remarkable because the tomographic 
inversions and cluster analyses contained no direct information about the regional physiography or geology. The 
conformance of the tomographic regionalization with surface mapping thus provides strong evidence for the 
tectonic significance of the major features in Fig. 1.

Moreover, the close spatial correlation of the deep-seated tomographic region boundaries with surface-mapped 
structures indicates that many of those boundaries are localized structures with lateral widths on the order of a crustal 
thickness or less. One exception may be the MD-PT boundary in the eastern Mojave Desert (L5), which may mark 
a wider transition (EJ19). Overall, however, the transition widths are relatively small compared to the region size.

2.4 Isostasy of the tomographic regions

The requirement of isostatic equilibrium places integral constraints on models of lithospheric structure 
(e.g., Romanyuk et al., 2007; Schmandt et al., 2015), but no such constraints were applied in the construction of 
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CVM-S4.26. Therefore, the degree to which the  regions are in isostatic balance provides another posterior check 
on the tectonic plausibility of the tomographic regionalization. It also yields new information about how isostasy 
is actually achieved.

In EJ19, we demonstrated that the  regions are in approximate isostatic equilibrium using the simplified 
isostatic model depicted in Fig. 2a. P-wave velocities were converted to densities using Brocher’s (2005) relationship, 
and density anomalies relative to the model mean were estimated for the three crustal layers of the 𝑘th region, 
{ , , }, from  averages taken over the depth intervals 0-5 km, 10-15 km, and 20-25 km (Fig. 1b). Areal 
mass anomalies { , , } were computed by multiplying the density anomalies by the layer thicknesses, 
assuming = 6 km and = 16 km. The uc and lc mass anomalies were augmented to account for the regional 
variations in elevation  and the depth of the M discontinuity , respectively. We solved for the upper-mantle 
density anomaly  by requiring isostatic balance at a depth of compensation = 60 km, assuming a mean 
mantle density of = 3200 kg/m3 and a mantle layer thickness of . That balance can be written

(1)

Figure 2b plots the first term of this equation against the second. On this graph, the upper‑mantle density 
anomalies that satisfy the isostatic condition (Eq. 1) are constant along anti-diagonal lines.

The very strong anticorrelation of the uc+mc anomalies with the lc anomalies (𝑟 = – 0.96) demonstrates that, to 
first order, the isostasy is crustal. The regions are dispersed along the antidiagonal of Fig. 2b because large density 
variations in the upper half of the crust are, for the most part, compensated by variations of the opposite sign in the 
lower half. This top‑to‑bottom anticorrelation produces “structural dipoles” with vertical scales comparable to the 
crustal thickness. Such anomalies are easily resolved by the F3DT inversions, at least in areas where the wave-path 
coverage is good, which helps to explain the robustness of the regionalization results.

(a) (b)

Figure 2. (a) Four-layer isostatic model of EJ19. Quantities superscripted with k are regionally variable. (b) Plot of the 
lower-crust anomaly against the upper- and mid-crustal anomaly. Colored circles are average values for the 

 regions of Fig. 1 derived from layer-averaged velocities using Brocher’s (2005) nonlinear  relationship. 
Diagonal lines are the contours of the upper-mantle density anomalies that satisfy the isostatic balance of Eq. (1). 
(Source: EJ19 Fig. 13 recomputed using = 30 km and a corrected CB value).
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The upper-mantle density anomalies are small; six of the seven regions fall within the central diagonal band 
= 0 ± 50 kg/m3, which is within the range of basaltic enrichment and depletion observed in mantle peridotites 

(e.g., Jordan, 1979). The regional estimates of  implied by isostatic balance have high relative uncertainties, but 
they are consistent in some cases with the gravimetric data and geologic models. For example, the positive anomaly 
obtained for the SN region (+ 48 kg/m3) agrees with the high upper-mantle densities that Kaban & Mooney (2001) 
found for the eastern zone of the Sierra Nevada batholith. The mantle density anomaly is also positive for the PR 
region (+ 37 kg/m3), consistent with a denser “arclogite root” beneath both batholithic regions (Saleeby et al., 2012).

The regional isostatic equilibrium of Fig. 2b, like the consistency of the region boundaries with surface mapping 
(Fig. 1a), is evidence that  approximates true features of large-scale tectonic structure. A case in point concerns 
the three regions SN, MD, and PT, which taken together, constitute the continental lithospheric domain of Southern 
California (EJ19). Rocks with the geochemical signatures of continental lithosphere are ubiquitous in these three 
tomographic regions, but rarely found in the other four. Within this continental domain, the inferred densities 
of the middle and lower crust increase in the ordered sequence SN⟶MD⟶PT, and the M-discontinuity depths 
decrease in their proper isostatic proportions (see EJ19, Fig. 12). This ordering, which is also observed in the heat flow 
(Sass et al., 1994), can be explained by the progressive thinning of orogenically over-thickened crust, accompanied 
by basaltic intrusion and densification of the lower and middle crust. The regionalized velocity profiles are thus 
consistent with a viable model of Cenozoic tectonic stretching and magmatism within the southern Basin and Range 
province (Lachenbruch et al., 1994; Gans and Bohrson, 1998; Parsons, 2006).

3. High-frequency attenuation tomography

Under the assumptions of linear anelasticity, seismic attenuation is described by a dimensionless parameter, the 
inverse quality factor , which measures the fractional energy loss per wave cycle. This attenuation factor 
is a local property of the crust that varies with wave type (P or S), geographic position 𝐱, depth 𝑧, and frequency 𝑓. 
The goal of attenuation tomography is to estimate  and .

In a recent study of Southern California attenuation structure, we measured the spectral amplitudes in the 
high-frequency band (1-10 Hz) from large sets of P and S waveforms of regional earthquakes recorded by SCSN 
broadband stations (LJ23). Spectral ratios of these direct phases were calculated relative to synthetic seismograms 
that accounted for source radiation patterns and frequency-dependent propagation through the laterally averaged 
CVM-S4.26 velocity structure. These data were inverted for 1D and 3D attenuation models within the CVM-S4.23 
study region. Completely separate inversions were run for the  dataset (290,000 P-wave spectral ratios) and 

 dataset (220,000 S-wave spectral ratios) in 1-Hz intervals from 1 to 10 Hz.

3.1 Frequency dependence and the  ratio

Previous studies of crustal waves have demonstrated that high-frequency attenuation can be approximated as a 
power law in frequency, , where 𝛼 is a positive decay exponent that depends on the wave type (Aki, 1980; 
Atkinson, 1995; Sato et al., 2012). Published estimates of 𝛼 for Lg propagation in Southern California range from 
0.45 to 0.67 (Raoof et al., 1999; Erickson et al., 2004). Significantly higher values ( ≈ 1) have been obtained by the 
analyses of S-wave coda envelopes (Jin et al., 1994; Eulenfeld and Wegler, 2017).

We constrained the frequency dependence by separately inverting the datasets for the laterally averaged 
profiles,  and , and then averaging these profiles over the upper and middle crust to obtain the 
estimates in Fig. 3. Points for the individual frequency bands are well fit by a power law with = 0.30 ± 0.03 and 
= 0.37 ± 0.02. These decay exponents are nearly equal but significantly lower than the Lg and coda-envelope 

estimates.
The average P-wave attenuation is 5-20% higher than the average S-wave attenuation across the 1-10 Hz band, 

in good agreement with Hauksson and Shearer’s (2006) 5-Hz model for Southern California, as well as similar results 
for other continental regions (Sato et al., 2012, Fig. 5.3). The observation  excludes the ~4/9 ratio 
expected for thermally activated anelasticity dominated by shear dissipation (dashed line in Fig. 3), which is the 
mechanism most commonly assumed in the modeling of low-frequency seismic attenuation (Knopoff, 1964; Aki 
and Richards, 2002).
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This ratio disagreement led Hauksson and Shearer (2006) to invoke partial fluid saturation of crustal rocks, which 
has been shown in the laboratory and in petroleum reservoirs to be a mechanism for increasing compressional 
dissipation (Töksoz et al., 1979; Winkler and Nur, 1982). Partial saturation may play a substantial role in the highly 
attenuating uppermost crust, but it is unlikely to dominate at depths below about 6 km, where the pressures become 
high enough to close most gas‑filled cracks and porosity drops below the percolation threshold (Benson et al., 2006). 
Our preferred alternative to explain the ratio disagreement is the high-frequency scattering hypothesis, which states 
that elastic scattering from small-scale crustal heterogeneities, not anelastic dissipation, dominates high-frequency 
attenuation. The arguments supporting the scattering hypothesis are reviewed in Section 3.3.

3.2 The SCAT model

In the inversion for 3D attenuation structure, LJ23 fixed the decay exponents at the mean values obtained in the 
1D analysis (Fig. 3) and expressed the 3D structure as relative perturbations to the mean depth profiles:

(2a)

(2b)

The perturbations  were discretized on a 20-km square horizontal grid that covered the CVM-S4.26 study 
area and a 0.5-km vertical grid that extended from the surface to a depth of 49.5 km. The inversion outputs are 
plotted at the reference frequency = 5 Hz in Fig. 4. The 1D mean profiles and 3D perturbations combined with the 
frequency dependence of Eq. (2) constitute the Southern California Attenuation Tomography (SCAT) model (LJ23).

Figure 3. Frequency dependence of attenuation in the Southern California crust in the high-frequency band 1-10 Hz. Red 
and blue dots with 1-sigma error bars are  and  values obtained by separate depth-dependent inversions 
in 1-Hz bands and averaged from the surface to 16 km depth using ray-density weighting. Solid red and blue 
lines are the least‑squares fits; dashed red and blue lines are the results obtained by LJ18. Dotted red line is the 

 calculated from  assuming the medium is a Poisson solid and the attenuation is only by shear dissipation 
(Source: LJ23, Fig. 1b).
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The SCAT model features large, geographically coherent attenuation anomalies with variations of up to ± 50% 
that extend downward through the upper and middle crust. The  and  variations are very similar. For the 
layer averages in Fig. 4, the mean  ratios increase with depth, from 1.07 in the uppermost crust to 1.24 in 
the lower crust. The  correlations are high, ranging from 𝑟 ≈ 0.8 in the upper and middle crust to about 0.6 
in the lower crust. As in the 1D case, the P and S inversions were conducted separately, so that the good agreement 
observed between the two independent perturbations constitutes what statisticians call a “severe test” of the model 
(Mayo, 2018): it is highly unlikely that recovered values of the P and S attenuation factors would be so strongly 
correlated if their actual values were not strongly correlated.

Because the  and  structures are so similar in the upper 16 km, we combined them into a 2D mean 
attenuation anomaly,

(3)

Each of the two terms is obtained by ray-path weighted averaging of the relative perturbations from the surface 
to 16 km depth. The results are plotted in Fig. 5. The dashed black line encompasses the high-resolution area where 
the anomaly amplitudes are larger than those in the low-resolution periphery. The solid black lines delineate a 
regionalization of the high-resolution area adapted from . For this comparison, LJ23 simplified the regional 
boundaries, excluded three of the regions poorly sampled by the attenuation data (GV, PT, CB), and added a new LA 
region, which in  is a heterogeneous mixture of the ST and MD regions.

The large-scale geographic pattern of the anomalies in Fig. 5 is similar to that imaged in previous tomographic 
studies (e.g., Hauksson and Shearer, 2006; Phillips and Stead, 2008; Hearn, 2020). Negative (blue) anomalies are 
largely confined to the Mesozoic batholiths of the PR and SN regions, whereas positive anomalies (red) are restricted 
to the MD, ST, and LA regions. Exceptions are the central and eastern parts of MD, which show negative to neutral 
anomalies. In the northern and western parts of MD, a positive anomaly associated with the Garlock and White 
Wolf fault systems separates the two SN components of the batholithic belt. To the northeast, the Garlock anomaly 
connects with the positive anomalies of the Walker Lane and Eastern California Shear Zone. To the west, it extends 

Figure 4. Map views of the SCAT model at = 5 Hz showing relative perturbations (a-d) and (e-h) averaged 
over the depth ranges 0-4 km (left column), 5-8 km, 8-16 km, and 17-25 km (right column). Color scale ranges 
from –50% (deep blue) to + 50% (bright red). The quality factors annotated in each panel are inverses of the 
layer-averaged attenuation factors. Dashed black lines enclose the model volume where the resolving power of 
the inversion is relatively high. Light gray lines are traces of major faults (Source: LJ23, Fig. 3).
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into a broad anomaly centered on the San Andreas/Garlock triple junction of the western Transverse Ranges. The 
attenuation also increases where the San Andreas fault system crosses the batholithic belt at the San Gorgonio 
Pass, but here the anomaly is only less negative (whiter) rather than positive, perhaps because the San Andreas 
zone of deformation is narrower where it crosses the batholiths and thus more poorly resolved by the tomography.

The anomalies in the lower crust (below 16 km) correlate well with the shallower structure, but they are generally 
smaller in amplitude (Fig. 4). Computational experiments to assess the resolving power of synthetic datasets 
indicated that the tomographic inversions smear shallow anomalies into the lower crust (see LJ23, Figs. 9S-14S). 
Consequently, the amplitudes of the lower crustal anomalies in the SCAT model may biased to higher values than 
they actually are.

From the 3D anomaly distribution of the SCAT model, we can draw two inferences: (1) the physical processes that 
govern attenuation have produced higher attenuation factors in regions of active faulting and deformation and lower 
attenuation factors in the relatively undeformed batholithic regions, and (2) these processes have generated lateral 
variations in the upper and middle crust that are larger than those in the lower crust. The spatial dependencies thus 
suggest a relationship between attenuation and seismogenesis.

3.3 The High-Frequency Scattering Hypothesis

The amplitude reduction of seismic waves with propagation distance can be modeled as the combined effect 
of two mechanisms: intrinsic dissipation, in which seismic energy is converted to heat by anelastic processes, 
and elastic scattering, in which seismic energy is dispersed from the waveform by elastic interactions within the 
heterogeneous crust (Sato et al., 2012). Assuming the two processes are independent, the total fractional energy loss 
per wave cycle is simply the sum of the two attenuation factors, . The relative importance of the 
two mechanisms is measured by the seismic albedo, defined to be the scattering fraction of the total attenuation, 

Figure 5. Map of the 2D mean attenuation anomaly  obtained by averaging the P and S models from the surface 
to 16 km depth using a ray-density weighting. Scale of the relative perturbation is shown in the upper right. 
Scale in the lower left gives the RMS relative amplitude  needed to reproduce the attenuation anomaly if the 
other parameters of the Sato-Fehler scattering model are held constant at the values described in the text. The 
mean RMS relative amplitude is = 7.5% (white), and the lateral variations range from 4.6% (deep blue) to 9.2% 
(bright red). Dashed black line encloses the area where the resolving power of the inversion is relatively high. 
Solid black lines delineate the modified regionalization adapted by LJ23 from the  regionalization of Fig. 1a, 
which was confined to the high‑resolution area. Two‑letter region labels are the same as in Table 1, except for 
the addition of an LA region. Light gray lines are active faults (Source: LJ23, Fig. 7c).
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. The high-frequency scattering hypothesis asserts that  in the 1-10 Hz 
band; i.e., 𝐵 > 0.5.

Sato et al. (2012) summarized the extensive research on the role of scattering in seismic attenuation, and they 
reviewed the methods for separating  from  by analyzing the temporal and spatial decay of S-coda 
envelopes. In Southern California, the application of these methods has found that the S-wave albedo  is frequency 
dependent, ranging from 0.5 at 1 Hz to less than 0.2 at 10 Hz (Frankel, 1991; Jin et al., 1994; Eulenfeld and Wegler, 
2017). Wang and Shearer (2017) used Monte Carlo simulations of P and S multiple scattering within the coda to 
obtain 𝐵 ≈ 0.3 at 3 Hz, consistent with the frequency-dependent estimates.

These S-coda analyses are in clear contradiction with the high-frequency scattering hypothesis. However, 
the coda results also disagree with the well-constrained magnitude and frequency dependence of the spatially 
average S-wave attenuation factor shown in Fig. 3. For instance, the 1-Hz value of  from Eulenfeld and Wegler’s 
(2017) reference model for Southern California is 1/59, more than a factor of four larger than our average value 
of 1/(260 ± 15), and their modeling gives a decay exponent of ≈ 1.0, which is three times larger than the LJ23 
estimate of 0.37 ± 0.02. The reason for the disagreement remains unclear. Our  averages appear to be robust; 
e.g., the values in our first study are statistically indistinguishable from those determined from the much larger 
dataset in our second (Fig. 3).

In any case, there are several reasons to favor scattering as the dominant attenuation mechanism. One is 
its physical plausibility. Scattering models with just a few parameters nicely explain the salient aspects of the 
SCAT model. The particular formulation we have used is the Sato-Fehler scattering model, which gives analytical 
expressions for  and  as a function of wavenumber 𝑘 (Sato et al., 2012). These expressions are derived 
by applying a first‑order, fully elastic Born approximation to the scattering of P and S waves from an isotropic 
distribution of elastic heterogeneities. The elastic medium is a realization of a zero‑mean Gaussian random field 
described by a generalized von Kármán autocovariance function with three parameters: a root-mean-square (RMS) 
relative amplitude 𝜀, a characteristic outer scale 𝑎, and Hurst exponent 𝜈. The fourth parameter is the cutoff scattering 
angle , which removes the forward‑scattered (non‑attenuating) component from the first‑order wavefield. For 
fixed values of the medium parameters,  is determined by the  ratio.

We have employed the Sato‑Fehler model to fit the spatially averaged attenuation spectra at high frequencies 
(LJ18) and to represent the scattering component of the broadband attenuation model for Southern California (LJ23). 
The latter, which is shown by the dotted lines in Fig. 6, has the parameters,

 = 0.075, 𝑎 = 8 km, 𝜈 = 0.15, = 40° (4)

The  spectra are peaked at  and roll off at higher and lower wavenumbers (Sato et al., 2012). 
For , scattering attenuation follows a power law that relates the attenuation to the medium parameters,

(5)

With this background, we review a series of six arguments that support of the high-frequency scattering 
hypothesis:
1) On average, the P-wave attenuation factors are greater than or nearly equal to the S-wave attenuation factors across 

the high-frequency band (Fig. 3) and throughout the crust (Fig. 4). This relationship excludes shear-dominated 
anelastic models that require . Based on an assessment of the alternatives, Hauksson and 
Shearer (2006) advocated partial fluid saturation as the mechanism for increasing the compressional dissipation. 
As noted above, however, this process can only operate at pressures low enough to allow an interconnected 
network of partially gas‑filled cracks, which limits its domain of viability to the upper crust.

2) P and S attenuation factors are nearly equal when they are expressed as a function of wavenumber 𝑘 (LJ18, 
Fig. 11). Under the scattering hypothesis, equal attenuation implies that the transport mean free path 
is the same for P waves and S waves. In the Sato-Fehler model,  is sensitive to the cutoff scattering 
angle. This ratio is pegged at unity when  (LJ18, Fig. 12), which is lies near the middle of the range 
bounded by causality considerations (Kawahara, 2002).
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3) Another signature of scattering is the near equality of  and . According to Eq. (5), 𝛼 = 2𝜈, so that these decay 
parameters should be equal if the roll-offs of the  and  wavenumber spectra, measured by the Hurst exponent, 
are the same, i.e., if they have the same fractal (Hausdorff) dimension 𝐷 = 4 – 𝜈. Equal roll-offs are expected for 
velocity heterogeneity, owing to the relatively weak variations of Poisson’s ratio in crustal rocks (Brocher, 2005; 
Lee et al., 2014a). The estimates of the decay exponent, 𝛼 ≈ 0.3, imply a high fractal dimension, 𝐷 ≈ 3.85. This 
inference agrees with the high values (𝐷 ≈ 3.70-3.95) extracted from sonic and resistivity logs (Dolan et al., 1998; 
Savran and Olsen, 2016) and seismic data (Pullammanappallil et al., 1997; Nakata and Beroza, 2015). If the decay 
exponents were near unity, as found in the S‑coda studies, the implied fractal dimension would be significantly 
lower (𝐷 ≈ 3.50).

4) The 3D variations in attenuation do not correlate significantly with thermal variations. Hauksson and Shearer 
(2006) noted the lack of a relationship with surface heat flow, and (LJ23, Fig. 6) documented the poor correlation 
with mid-crustal temperatures. An exception is the lower crust of the magmatically active Salton Trough, where 

 is anomalously high. The insensitivity of  to temperature variations indicates that the 3D variations in 
Southern California are not, in the main, governed by thermally activated anelastic processes.

5) The scattering hypothesis implies that the attenuation variations are controlled by the distribution of small-scale 
velocity heterogeneity. According to Eq. (5),  increases in proportion to the mean squared amplitude of 
small-scale velocity heterogeneity. The data of Fig. 3 give a spatially averaged RMS amplitude of 𝜀0 = 7.5%. If the 
other Sato-Fehler parameters are held at the mean values given by (4), then the map of  can be rescaled 
to relative a velocity variation , as shown in Fig. 5. Only a modest reduction of 𝜀 from 7.5% to 5% is needed 
to explain the low attenuations imaged in the SN and PR regions, and an increase of similar size, from 7.5% to 
10%, can account for the higher attenuation in the ST and MD regions. Small-scale velocity heterogeneities with 
amplitudes of 5-10% are within the range observed in the seismic and well-log data from Southern California 
(Süss and Shaw, 2003; Nakata & Beroza, 2015; Savran & Olsen, 2016).

6) The SCAT model shows lower attenuation ( ) in batholiths of Southern California and higher 
attenuation ( ) in zones of active faulting (Fig. 5). The scattering hypothesis implies that the former 
regions should be more homogeneous, whereas the latter should be more heterogeneous. Large batholiths are 
known to be relatively homogeneous rock masses with low attenuation and low reflectivity (Nelson et al., 1986; 
Scheirer and Hobbs, 1990). Previous attenuation studies have noted higher scattering in zones of more active 
faulting, which has been attributed to an increase in small-scale heterogeneity generated by faulting and other 
deformation processes (Jin et al., 1994; Pei and Chen, 2010; Hearn, 2020).

In the SCAT model, the lateral attenuation anomalies have higher amplitudes in the upper and middle crust than in 
the lower crust (Fig. 4). Correcting for the bias due to tomographic smearing into the lower crust further suppresses 
the lower-crustal anomalies. Therefore, the LJ23 results support the notion that the lateral variations of  and 

 are primarily due to variability in the RMS amplitude of small-scale velocity heterogeneity in the seismogenic 
layer (Fig. 5).

3.4 Broadband attenuation model

Although the main features of the high-frequency attenuation can be explained by a Sato-Fehler scattering model 
with reasonable parameters, intrinsic attenuation must surely play a role, especially at the lower frequencies where 
the scattering by velocity heterogeneities is expected to be weaker. Low‑frequency attenuation is difficult to measure 
over short paths limited to Southern California, so the uncertainties of the estimates are rather high. Ground-motion 
simulations up to 0.5 Hz have indicated that attenuation scales nearly linearly with shear velocity, particularly in 
the low-velocity, high-attenuation sedimentary basins of the upper crust (Olsen et al., 2003; Graves et al., 2008). At 
typical basement velocities, the low-frequency simulations show an average  ranging from about 1/360 to 1/180, 
assuming the mechanism is anelastic with . Hu et al. (2022) used broadband simulations (0-5 Hz) that 
accounted for source complexity and scattering from the topographic surface to test a variety of frequency- and 
velocity-dependent anelastic models against data from the 2014 La Habra earthquake. At 𝑓 = 0.3 Hz and 𝑉𝑆 = 3.6 km/s, 
four of their representative  models span a range of 1/360-1/87 and have a geometric mean of 1/174.

The low-frequency constraints are weak enough to allow a wide range of attenuation structures. To illustrate the 
possibilities, LJ23 developed a spatially averaged broadband attenuation model for Southern California consistent 
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with the low-frequency and high-frequency data. Figure 6 shows the wavenumber and frequency spectra of 
the total attenuation (solid lines), computed as the sum of a low-frequency intrinsic component (dashed lines) 
and a high-frequency scattering component (dotted lines). The intrinsic component is modeled as an anelastic 
absorption band (Minster, 1978) with a peak attenuation of = 1/360, a low-frequency cutoff at = 0.0001 Hz, 
and a high-frequency cutoff at = 0.5 Hz. The scattering component is the Sato-Fehler model with parameters (4), 
determined by fitting the spatially averaged frequency spectra of Fig. 3.

The composite model features attenuation peaks centered at wavenumbers slightly less than the scattering peak 
at = 0.8 km–1, which corresponds to = 0.8 Hz for P and 0.5 Hz for S. The  maximum for Southern 
California is similar to the attenuation peak first sketched for Japan by Aki in his seminal 1980 paper (Aki, 1980, 
Figs. 8 and 9), and the location of this peak near 0.5 Hz has been validated in subsequent studies (Sato et al., 2012). 
The 0.1-1.0 Hz model averages are ≈ 1/200 and ≈ 1/300, consistent with the observed low-frequency 
attenuation. Adding the absorption band accounts for the small (20%) difference in our high-frequency estimates 
of  and , which implies  in the high-frequency band.

The seismic albedos rise from near zero at low wavenumbers to near unity at high wavenumbers (Fig. 6b). Owing 
to the relative weakness of the anelastic attenuation, both albedos exceed 0.5 at frequencies above about 0.1 Hz. 
In other words, the broadband model implies that scattering attenuation dominates over intrinsic attenuation 
even at frequencies less than 1 Hz. The low-frequency albedos are highly uncertain, however. Better estimates are 
likely to come from the improvements to the wavefield simulations, exemplified in the recent work by Olsen and 
his colleagues (Withers et al., 2018; Savran and Olsen, 2019; Hu et al., 2022).

(a)

(b)

Figure 6. LJ23 broadband attenuation model for Southern California. (a) Comparison of the observed values of  (red 
dots) and  (blue dots) with the total attenuation model (solid curves). Data are the spatially averaged values 
from Fig. 3, plotted against wavenumber  using the scaling velocities = 6.3 km/s and = 3.6 km/s. 
The S-wave frequency scale is also shown. Scattering attenuation (dotted curves) is from a Sato-Fehler model 
with parameters = 7.5%, a = 8 km, 𝜈 = 0.15, and = 40°. Intrinsic attenuation (dashed curves) is from an 
absorption-band model with parameters = 1/360, = 0.0001 Hz, = 0.5 Hz, and . (b) Seismic 
albedos  and  implied by the hypothetical broadband model of panel (a), plotted as a function of wavenumber 
(Source: LJ23, Fig. 7a).
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4. Discussion and conclusions

Velocity and attenuation tomography applied to the abundant datasets of the SCSN reveal a coherent picture of 
the large-scale tectonic structure and small-scale heterogeneity of the Southern California crust. The tomographic 
results favor the two main hypotheses, H1 and H2, stated in the Introduction.

4.1 Tectonic regionalization

Cluster analysis of the 1.5 million CVM‑S4.26 velocity profiles shows that the large‑scale geographic variations 
in crustal structure can be approximated by a small set (K ∼ 7) of tectonically coherent regions. The  regions 
(Fig. 1a) have profile averages that display substantial variations in the layer velocities and Moho depths, reflecting 
regional differences in composition and tectonic evolution (Fig. 1b). Profile variability within the tectonic regions 
is typically smaller than the profile differences between the regions.

The tomographic regions are multiply connected domains that strongly correlate with well-recognized 
physiographic and geologic provinces. A prime example is the batholithic terrane of the California Arc, which 
geologists have separated into an older, western zone of more gabbroic plutons and a younger, eastern zone of 
more granitic plutons. Two of the  tomographic regions, PR and SN, replicate this fundamental dichotomy with 
remarkable geographic accuracy. PR is geochemically more oceanic and petrologically more mafic, whereas SN is 
more continental and more felsic.

 separates the sedimentary basins of Southern California into two types, one associated with the Salton 
Trough (ST) and one with the Great Valley (GV). ST crust is thinner than GV crust and has higher velocities in the 
lower crust, indicating a more mafic composition. The tomographic regionalization associated the Los Angeles 
basins with ST and the Santa Maria and Ventura basins with GV, in agreement with geological and geophysical 
observations.

The regional boundaries at depth align with geologic features at the surface. The dashed lines in Fig. 1a identify 
thirteen examples where the surface manifestations of the regional boundaries were classified by EJ19 as active 
faults, inactive faults, topographic fronts, or geochemical transitions (see references in Table 2). The boundary 
zones between tectonic regions are typically, though not always, localized structures with characteristic widths 
comparable to a crustal thickness.

We converted the  averages to densities using Brocher’s (2005) relationship and found that the average crustal 
columns in Fig. 1b are in approximate isostatic equilibrium; i.e., large mass variations in the upper crust are balanced 
by equally large variations in the middle and lower crust (Fig. 2). The observation of isostatic balance among the 
tomographic regions adds to our confidence in the seismic reliability and tectonic credibility of the regionalization. 
The layer averages and Moho depths of the centroid profiles provide constraints on models of crustal composition 
and tectonic evolution, as illustrated by the SN⟶MD⟶PT progression from thicker, more felsic crust to thinner, 
more mafic crust.

Tectonic regionalization (TR) is a structural idealization that approximates the lateral variability within a study 
area by a mosaic of discrete, disjunct tectonic regions, each characterized by an average lithospheric column. The 
“TR idealization” is most effective in summarizing structural information where the profile variability within the 
tectonic regions is small compared to the profile differences among the regions. The efficacy of the  tomographic 
regionalization in representing the subsurface geography of major tectonic units in Southern California indicates 
that the TR idealization works surprisingly well in this portion of the Pacific‑North America plate boundary. It will 
be interesting to see whether the TR idealization is equally effective in representing large-scale crustal variations 
in other continental environments.

4.2 Scattering by small-scale heterogeneities

Elastic scattering from small-scale heterogeneities of high fractal dimension appears to be the primary mechanism 
for the attenuation of high-frequency P and S waves propagating through the upper and middle crust of Southern 
California. As a function of wavenumber,  and  are nearly equal and decay at about the same rate – equalities 
that are signatures of scattering. The amplitude of the scattering varies systematically among the tectonic regions 
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and roughly correlates with the amount of faulting and distributed deformation within a tectonic region. Tectonic 
units that are more homogeneous and relatively undeformed, specifically the SN and PR batholithic regions, show 
lower attenuation than the more strongly deformed parts of the ST, MD, and LA regions (Fig. 4).

S-wave coda studies in Southern California yield higher attenuation factors, larger decay exponents, and lower 
seismic albedos in the 1-10 Hz band than the broadband attenuation model of Fig. 6 (Jin et al., 1994; Eulenfeld and 
Wegler, 2017; Wang and Shearer, 2017). Explaining these discrepancies should be a priority for future research on 
crustal attenuation structure.

The role of elastic scattering in continental regions outside of Southern California also deserves reevaluation. 
For example, Atkinson and her colleagues have studied high-frequency S-wave attenuation in the stable crust of 
southeastern Canada and the eastern United States (“eastern North America”). They estimated values of (1 Hz) 
ranging from 1/893 to 1/525 and values of  ranging from 0.32 to 0.45 (Atkinson, 1989; Atkinson, 2004; Atkinson & 
Mereu, 1992; Atkinson & Boore, 2014). Their decay exponents are consistent with our estimate of = 0.37 ± 0.02 
(Fig. 3). According to the scattering hypothesis, this near equality implies that small-scale heterogeneity decays 
with wavenumber at about the same rate in eastern North America as it does in Southern California; hence, the 
lower attenuation factors observed for stable continent crust can be primarily ascribed to a reduction in the RMS 
amplitude of the heterogeneity, as in Fig. 5. The higher propagation efficiency observed in stable continental regions 
can thus be explained by a rigid crust that is more homogeneous, as well as colder, than the weaker, deforming crust 
of Southern California.

The generation of small-scale crustal heterogeneity by regional deformation is a poorly understood process. 
Fault damage zones certainly contribute to the small-scale heterogeneity around major active faults (Lyakhovsky 
and Ben-Zion, 2009; Powers and Jordan, 2010; Ben-Zion and Zaliapin, 2019). Detailed mapping of the 2019 
Ridgecrest faulting sequence indicates that the damage volumes associated with major earthquakes, as well as 
the consequent reductions in shear rigidity, may be higher and more widely distributed than previously thought 
(Rodriguez Padilla et al., 2022). The question remains open, however, as to whether distributed deformation, 
aseismic as well as seismic, can create the broad zones of high attenuation seen in Fig. 4. High rates of distributed 
deformation within the regions of high attenuation are indicated by kinematic models constructed to fit fault 
slip rates and geodetic relative motions. Bird (2009) estimated that, across Southern California, about one-third 
of the Pacific‑North America relative plate motion is accommodated by distributed permanent strain between 
modeled faults. “Off‑fault” deformation fractions of 31‑58% have been obtained by kinematic models of the 
western United States recently developed for use in the National Seismic Hazard Model (Pollitz et al., 2023; 
Johnson et al., 2023).

While the distributed deformation appears to be substantial, its ability to generate volumetric velocity 
heterogeneity of sufficient amplitude and high fractal dimension has not yet been demonstrated. One possible 
mechanism is the interaction between viscous flow and frictional sliding within rheologically inhomogeneous 
crustal layers. Two-phase models of strain localization in fault zones comprising interconnected viscously weak 
material surrounding stronger visco-frictional lenses have been developed by Fagereng and Beall (2021). This type 
of visco-frictional interplay could potentially enhance the heterogeneity and anisotropy within the seismogenic 
zone. Such a mechanism would produce less heterogeneity in the lower crust, where frictional sliding is inhibited by 
higher yield strengths and viscous flow is promoted by higher temperatures (Fagereng and Beall, 2021). The smaller 
attenuation anomalies seen in the lower crust (Fig. 4) are consistent with less heterogeneity.

The transition from anelasticity-dominated attenuation at low frequencies to scattering-dominated attenuation 
at high frequencies (Fig. 6) may be related to the increase in seismic waveform complexity observed as wavenumbers 
approach . At lower wavenumbers, deterministic solutions to the anelastic wave equation using 3D models 
such as CVM-S4.26 can reproduce the salient features of the waveforms from small sources, often achieving 
wiggle-for-wiggle coherence in the main seismic phases (e.g.,Lee et al.,2014b). However, the ability to deterministically 
model waveforms degrades abruptly as the wavenumber approaches , so that seismogram synthesis at higher 
wavenumbers requires stochastic methods to reproduce the wavefield complexity (e.g., Frankel and Clayton, 1986; 
Savran and Olsen, 2019). This deterministic-stochastic transition is well recognized in ground-motion modeling. 
For example, it is built into the structure of the SCEC Broadband Platform, which synthesizes seismograms by 
deterministic simulations at low frequencies and stochastic simulations at high frequencies, and then merges the 
two spectra in an overlap band of 0.5-1.0 Hz (Goulet et al., 2015; Maechling et al., 2015). According to the scattering 
hypothesis, the deterministic-stochastic transition marks a rapid decrease in the scattering mean free path as the 
wavenumber approaches .
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