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Table 1. Model parameters.

Crustal layer Thickness (km) Vs (km s−1) Density (g cm−3) Vp/Vs ratio

Upper crust 1 3 2.5 (0.3–4.2) 2.3 (0.5–3.5) 1.83 (1.7–5.0)
Upper crust 2 8 2.7 (1.5–4.2) 2.5 (1.8–3.5) 1.8 (1.7–2.3)
Upper crust 1 1 2.0 (0.3–4.2) 2.0 (0.5–3.5) 2.0 (1.7–5.0)
Upper crust 2 2 2.5 (1.5–4.2) 2.3 (1.5–3.5) 1.83 (1.7–2.5)
Upper crust 3 8 2.7 (1.5–4.2) 2.5 (1.8–3.5) 1.8 (1.7–2.3)
Middle crust (Moho-11)/2 3.2 (1.5–4.2) 2.7 1.77
Lower crust (Moho-11)/2 3.2 (1.5–4.2) 2.7 1.77
Mantle 5 B-splines – 4.3 (3.5–5) 3.38 1.77

Notes: The red, blue, and black text denote reference model parameters used in the four crustal
layer test inversion, five crustal layer inversion, and both inversions, respectively. Moho depth
is taken from a recent receiver function study (Gilbert 2012). The Vs, density, and Vp/Vs
parameters correspond to the reference model and the perturbation ranges are shown within
parentheses.

Figure 11. The inverted 3-D Vs model at different depths: (a) 0–1 km, (b) 1–3 km, (c) 3–11 km, (d) middle crust, (e) lower crust and (f) 80 km depth.

observed within major mountain ranges such as the Northern and
Southern Rockies. In contrast to the second upper-crustal layer, the
most apparent features in the third crustal layer (3–11 km depth;
Fig. 11c) are the low Vs anomalies of Green River Basin, Columbia
Basin and Central Valley, which represent the deepest basins in the
western United States that are greater than 70 km across. The large
velocity anomaly contrast in the Columbia Basin between the first
and third upper-crustal layers demonstrates the outstanding vertical

resolution near the surface due to the inclusion of short period H/V
ratio measurements.

In the middle crustal layer (Fig. 11d), major low Vs anomalies are
observed near the Mendocino Triple Junction and within the Basin
and Range, Southern Rockies and Northern Rockies. The area of
slow middle crust in the Great Basin is similar to the area where
strong crustal anisotropy is also observed and may be related to
extensional deformation (Moschetti et al. 2010b; Lin et al. 2011b).
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However, low Vs middle crust beneath the Southern Rockies and
Northern Rockies spans areas that experienced modest Cenozoic
extension compared to the Great Basin (Christiansen & Yeats 1992).
Post-Laramide intraplate magmatism, which is common to all these
provinces (Walker et al. 2004, www.navdat.org) with low Vs middle
crust, is probably more closely related to the isotropic Vs structure
than the magnitude of post-Laramide crustal extension.

Localized high Vs anomalies in the middle crust are observed
beneath the Central Valley, Columbia Basin and Snake River Plain.
Relatively subtle high Vs anomalies in the middle crust are broadly
distributed beneath the Great Plains and the Wyoming craton. Near
the western plate margin, high Vs anomalies in the middle crust
likely reflect mafic compositions related to accreted oceanic crust
beneath the Central Valley (Godfrey et al. 1997) and Oregon coast
(Trehu et al. 1994). Beneath the Columbia Basin the high Vs may
also be related to mafic composition owing to a combination of
accretion of oceanic crust and backarc rifting following Eocene
initiation of the Cascadia subduction zone (Catchings & Mooney
1988; Gao et al. 2011; Schmandt & Humphreys 2011).

Anomalous Vs structure in the lower crustal layer (Fig. 11e) is
vertically continuous with middle crustal structure in some loca-
tions, but the Vs images of the lower and middle crust structure
are distinct across large areas of the western United States. Low Vs
extends from the middle to lower crustal layers near the Mendocino

Triple Junction and southern Oregon coast. However, in the west-
ern United States interior anomalously low Vs in the lower crust is
observed near the edges of the Colorado Plateau and Great Basin,
which differs from the pattern observed in the middle crustal layer.
The lower crustal distribution of low Vs is similar to the distribu-
tion of Quaternary volcanism in the Basin and Range and Southern
Rockies (Walker et al. 2004), and may reflect recent or ongoing
intrusion of melts into the lower crust. The most laterally exten-
sive high Vs anomaly in the lower crust underlies the elevated and
tectonically quiescent western Great Plains. More localized high Vs
anomalies that are vertically continuous with middle crustal anoma-
lies are found near the western plate margin beneath the Central
Valley and Columbia Basin. The ability to resolve different geolog-
ical features within different crustal layers (Figs 11a–e) suggests
the number of crustal layers in the inversion is appropriate for the
vertical resolution of the Rayleigh wave dispersion and H/V ratio
measurements.

In addition to isotropic Vs structure, we also investigate the den-
sity and Vp/Vs ratio structure needed in the upper crust to fit our
observed Rayleigh-wave phase velocity and H/V ratio dispersion
curves (Lin et al. 2012a). The inverted density and Vp/Vs ratio in
the top two layers are summarized in Fig. 12. In general, the ob-
served density and Vp/Vs ratio structure in the top two upper-crustal
layers is consistent with prior imaging using only longer period H/V

Figure 12. (a)–(b) The inverted density and Vp/Vs ratio model in the uppermost crustal layer. (c)–(d) Same as (a)–(b) but for the 1–3 km upper-crustal layer.
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Figure 13. (a)–(b) The summary of χ2 misfits for our two step inversions.

ratio measurements (Lin et al. 2012a). Low density and high Vp/Vs
ratio are mostly correlated with slow anomalies in the upper crust
and major sedimentary basins such as the Williston Basin, Powder
River Basin, Denver Basin and Green River Basin. In these areas,
our first step inversion without density and Vp/Vs ratio perturbations
results in unacceptably large χ 2 misfits (i.e. χ 2 > 4; Fig. 13a), but
the χ 2 misfits are significantly improved in our second inversion
(Fig. 13b) when both density and Vp/Vs ratio are allowed to vary.
The only location where the χ 2 misfit remains high after the second
inversion is in central California near the boundary between the
Central Valley and Sierra Nevada. At this location, some stations
in the valley do not have sufficiently good short-period H/V ratio
measurements and the presence of a sharp structural contrast nearby
introduces incompatible results during our map interpolation.

The density and Vp/Vs ratio are mostly unperturbed for those
regions with low misfits in our first step inversion due to the damping
regularization applied. Because our model’s reference density in
the top 3 km is slightly lower than normal crystalline rock density
(Brocher 2005), our top 3 km density model may be slightly low
for those regions without thick sedimentary rock near the surface.
As described in Lin et al. (2012a), there are tradeoffs between Vs,
density and Vp/Vs ratio and the damping regularization stabilizes our
second step inversion. There are also tradeoffs between density and
Vp/Vs ratio in different upper-crustal layers, which results in very
similar patterns in the observed density and Vp/Vs structure shown
in Fig. 12. We also investigated whether deeper density and Vp/Vs
ratio are needed to further improve the χ 2 misfit, particularly in the
Great Plains, Green River Basin and Colorado Plateau. Additional
constraints, such as receiver functions (Shen et al. 2013a,b) and
surface wave amplification (Lin et al. 2012b), however, are needed
to mitigate trade-offs between the different parameters at greater
depths.

6 C O N C LU D I N G R E M A R K S

In this study, we show that robust short period Rayleigh-wave H/V
ratio measurements can be extracted from multicomponent ambient
noise cross-correlations with careful pre-processing to consistently
normalize multicomponent noise records. To ensure that the ampli-

tude ratios between the vertical and horizontal components stay in-
tact, we apply both temporal normalization and spectrum whitening
simultaneously for the three-component daily noise records for each
station. All available USArray stations in the western United States
operating between 2007 January and 2011 June (more than 1200 sta-
tions) are used both as virtual sources as well as receivers. All valid
measurements are then used to statistically estimate both the H/V
ratios at all station locations and their uncertainties. The consistency
between ambient noise and earthquake based 24-s Rayleigh-wave
H/V ratio measurements demonstrate that the H/V ratio extracted
from ambient noise is likely not biased by the seismic interferometry
method.

The ability to measure short-period H/V ratios, combined with
previous studies (Lin et al. 2008, 2009, 2012a; Lin & Ritzwoller
2011), now allows 3-D inversions to be done in the western United
States with broad-band (8–100 s) phase velocity and H/V ratio
dispersion measurements. Our inversion suggests that models with
five crustal layers and five mantle B-splines can fit both types of
measurements within an acceptable level of misfit. In particular,
the inclusion of short period H/V ratios provides constraints neces-
sary to resolve distinct structures in the uppermost ∼1 km of the
crust and also allows deeper crustal features to be better resolved by
reducing tradeoffs with strongly heterogeneous near-surface struc-
ture. Distinct geological features are observed at different depths in
our new model of the western United States crust. For example, in
the Columbia Basin, a high velocity uppermost crust, slow lower
upper crust and fast middle and lower crust are observed, which is in
agreement with prior active source imaging and gravity inversions
in the area (Catchings & Mooney 1988; Saltus 1993).

The ability to resolve better 3-D crustal structure with inversions
using multiple types of seismic data can lead to better understanding
of crustal composition. By jointly inverting for two independent
datasets, we show that not only Vs but also density and Vp/Vs
ratio can be constrained with surface-wave measurements. Recently,
Shen et al. (2013a,b) demonstrated that joint inversion of receiver
functions and surface-wave dispersion measurements from the TA
improved the resolution of crustal and upper-mantle imaging in the
western United States. A joint inversion of surface wave dispersion,
H/V ratio measurements and receiver functions will be a natural
extension of this study.
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