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SUMMARY

We present a new 3-D seismic model of the western United States crust derived from a joint
inversion of Rayleigh-wave phase velocity and ellipticity measurements using periods from
8 to 100 s. Improved constraints on upper-crustal structure result from use of short-period
Rayleigh-wave ellipticity, or Rayleigh-wave H/V (horizontal to vertical) amplitude ratios,
measurements determined using multicomponent ambient noise cross-correlations. To retain
the amplitude ratio information between vertical and horizontal components, for each station,
we perform daily noise pre-processing (temporal normalization and spectrum whitening) si-
multaneously for all three components. For each station pair, amplitude measurements between
cross-correlations of different components (radial-radial, radial-vertical, vertical-radial and
vertical—-vertical) are then used to determine the Rayleigh-wave H/V ratios at the two station
locations. We use all EarthScope/USArray Tranportable Array data available between 2007
January and 2011 June to determine the Rayleigh-wave H/V ratios and their uncertainties at all
station locations and construct new Rayleigh-wave H/V ratio maps in the western United States
between periods of 8 and 24 s. Combined with previous longer period earthquake Rayleigh-
wave H/V ratio measurements and Rayleigh-wave phase velocity measurements from both
ambient noise and earthquakes, we invert for a new 3-D crustal and upper-mantle model in the
western United States. Correlation between the inverted model and known geological features
at all depths suggests good resolution in five crustal layers. Use of short-period Rayleigh-wave
H/V ratio measurements based on noise cross-correlation enables resolution of distinct near
surface features such as the Columbia River Basalt flows, which overlie a thick sedimentary
basin.
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between 5 and 30 km depth (Ritzwoller ez al. 2011). To resolve shal-

1 INTRODUCTION lower crustal structure, small-scale dense seismic arrays are often

Ambient noise cross-correlations are widely used to study shal-
low Earth structure (e.g. Yao et al. 2008; Moschetti et al. 2010a).
In most applications, long duration vertical component noise time
series recorded at two stations are first cross-correlated to approx-
imate the Rayleigh-wave Green’s function between the two station
locations (e.g. Sabra et al. 2005; Shapiro et al. 2005; Bensen ef al.
2007). Phase and group velocity dispersion measurements are then
measured for each cross-correlation and surface wave traveltime
tomography is performed (Yao et al. 2006; Lin et al. 2007, 2008).
The depth range that can be resolved by ambient noise tomography
is often controlled by the observed spectrum of the Rayleigh wave
signals, where for most regional and continental scale studies the
signals are strongest near the primary (~16 s) and secondary mi-
croseism periods (~8 s) and the structure is best resolved roughly

needed to extract shorter period surface waves (Yang et al. 2011;
Lin et al. 2013a; Mordret et al. 2013). Some applications utilizing
body waves extracted from noise cross-correlations to study deep
Earth structure are also starting to emerge (Poli ez al. 2012; Boué
et al. 2013; Lin & Tsai 2013; Lin et al. 2013b; Nishida 2013).
There has also been growing interest in extracting useful surface
wave amplitude information using ambient noise cross-correlation
(Lawrence & Prieto 2011; Lin et al. 2011a; Prieto ef al. 2011; Tsai
2011; Weaver 2011, 2013; Zhang & Yang 2013).

Recently, we showed that intermediate to long-period (24—
100 s) teleseismic Rayleigh-wave ellipticity, or Rayleigh-wave H/V
(horizontal to vertical amplitude) ratio can be jointly inverted
with Rayleigh-wave phase velocity measurements to better resolve
crustal structure (Lin et al. 2012a). Similar to local surface wave
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phase and group velocities (Lin ef al. 2009; Pollitz & Snoke 2010;
Lin & Ritzwoller 2011), in a laterally smoothly varying medium, the
Rayleigh-wave H/V ratio is a frequency dependent property con-
trolled solely by the 1-D structure beneath the seismometer (Tani-
moto & Rivera 2008; Yano et al. 2009). Including Rayleigh-wave
H/V ratio measurements from 24 to 100 s in inversions for crustal
structure allowed resolution not only of Vs in the uppermost 3 km
but also density and Vp/Vs ratios in the uppermost 3 km layer (Lin
etal 2012a).

The method presented here differs significantly from traditional
analysis of the H/V ratio of raw noise spectra at seismographs
(Nakamura 1989; Fih et al. 2001; Sanchez-Sesma et al. 2011). In-
terpretation of the H/V ratio of raw noise spectra depends on the
assumed noise character (i.e. whether it is dominantly Rayleigh
waves, dominantly body waves or a mixture between various dif-
ferent wave types; see Bonnefoy-Claudet ez al. 2006 for a review).
In contrast, the relationship between the Rayleigh-wave H/V ratio
measurement and 1-D seismic structure is well defined (Tanimoto &
Rivera 2008). In this paper, we sometime refer to the Rayleigh-wave
H/V ratio as ‘the H/V ratio’ for conciseness and the term should not
be confused with the traditional noise spectral H/V ratio.

Shorter period H/V ratio measurements based on ambient noise
cross-correlations rather than longer period earthquake Rayleigh
waves are desirable because they are strongly sensitive to near-
surface structure. Recently, based on noise data collected by a
temporary small-scale regional array in Canterbury, New Zealand,
Savage et al. (2013) demonstrated that the amplitudes of differ-
ent component ambient noise cross-correlations can be extremely
sensitive to sediment thickness near the basement resonance fre-
quency. In that study, strong 1st higher mode Rayleigh waves were
observed between 1 and 2.5 s period in the radial-radial cross-
correlations but were mostly absent in the vertical-vertical cross-
correlations implying an extremely high 1st higher mode Rayleigh-
wave H/V ratio. Their observation was found to be consistent with
synthetic seismograms accounting for very low velocities related to
~1.5-km-thick sediments in the area.

Here we show that with careful noise pre-processing it is pos-
sible to obtain robust short-period Rayleigh-wave H/V amplitude
ratio measurements by using multicomponent ambient noise cross-
correlations. We use all available data between 2007 January and
2001 June from EarthScope/USArray Transportable Array (TA;
Fig. 1) to demonstrate the new method. We then combine the short-
period H/V ratio measurements made in this study with previous
intermediate- to long-period H/V ratio measurements (Lin et al.
2012a) and short- to long-period phase velocity measurements (Lin
et al. 2008; Lin et al. 2009; Lin & Ritzwoller 2011) to invert for a
new crustal and upper-mantle model of the western United States.
We show that, with the short-period H/V ratio measurements from
ambient noise cross-correlations, we can now resolve structure in
the uppermost 1 km and consequently mitigate trade-offs between
near-surface and deeper crustal parameters in tomographic models
of the western United States.

2 DATA PROCESSING TO PRODUCE
THE MULTI-COMPONENT
RAYLEIGH-WAVE GREEN’S
FUNCTIONS

In this study, we slightly modify the method described by Bensen
et al. (2007) to pre-process the three-component (LHZ, LHE and
LHN) daily noise records of USArray before cross-correlation to
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Figure 1. The USArray Transportable Array (TA) stations used in this study
are identified by black triangles. The two red triangles mark the two stations,
D12A and D24A, used in Figs 2 and 3. The three stars identify locations
used in Figs 9 and 10. Red lines mark the tectonic boundaries in the western
United States. Several major geological features mentioned in the text are
also shown (WB: Williston Basin; PB: Powder River Basin; GR: Green River
Basin; DB: Denver Basin; NR: Northern Rockies; SR: Southern Rockies;
CP: Colorado Plateau; SNP: Snake River Plain; CB: Columbia Basin; GB:
Great Basin; SN: Sierra Nevada; CV: Central Valley; YS: Yellowstone).

ensure the amplitude ratios between vertical and horizontal com-
ponents are not altered. For each station and each component, we
first remove the mean, trend and instrument response from the daily
noise time series. We then apply a 15-60 s bandpass filter to extract
the most energetic surface wave signals. A 128-s-time window run-
ning absolute mean (Bensen et al. 2007) is applied to the 15-60 s
bandpassed signals to calculate the temporal normalization func-
tion. For each station and each time, we divide all the unfiltered
three component noise records simultaneously by the maximum of
the temporal normalization functions from the three components to
suppress earthquake signals. After temporal normalization, we then
perform spectral whitening by dividing the spectrum of each com-
ponent by the average of the three-component smoothed spectrum.

For each station pair, we closely follow the method described
by Lin et al. (2008). First, we calculate the nine component cross-
correlations between vertical (Z) and two horizontal (N and E) com-
ponents. We then rotate the cross-correlations involving horizontal
components into radial (R) and transverse (T) directions through
a rotation matrix (e.g. Lin et al. 2008). To improve the signal-to-
noise ratio (SNR), we sum the positive and negative components
of each cross-correlation to obtain the symmetric component cross-
correlation. Fig. 2(a) shows an example of the ZZ, ZR, RZ and RR
symmetric component cross-correlations between two TA stations
D12A (Avery, Idaho) and D24A (Glendive, Montana) bandpassed
near 16 s period. Clear Rayleigh wave signals are observed on all
four components. While the arrival times are approximately the
same for all four components, the observed amplitudes, which are
determined based on the maximum of the envelope functions, are
very different.

Assuming a diffusive noise wavefield (Lobkis & Weaver 2001;
Snieder 2004), the negative time derivative of the ZZ, ZR, RZ and
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Figure 2. (a) Four component (ZZ, ZR, RZ and RR) symmetric ambient noise cross-correlations between stations D12A and D24A bandpassed near 16 s
period. Clear Rayleigh wave signals are observed on all four components. (b) The 16-s Rayleigh-wave particle motion in radial and vertical directions observed
at the receiver station D24 A excited by a vertical force at the virtual source D12A. (c) Same as (b) but for a horizontal force. (d)—(e) Same as (b)—(c) but with

DI12A being the receiver and D24A being the virtual source.

RR cross-correlations can be related to the Rayleigh-wave Green’s
functions for a point force in the vertical (Z) and radial (R) direction
at the first station and observed on either the vertical (Z) and radial
(R) direction at the second station (the first letter represents the
force direction at the first station and the second letter represents
the receiver direction at the second station). The combination of ZZ
and ZR cross-correlations (Fig. 2b) or RZ and RR cross-correlations
(Fig. 2¢) hence allows us to study the Rayleigh-wave particle mo-
tion at the second station (receiver) excited by either a vertical or
radial force, respectively, at the first station (virtual source). Based
on the reciprocity of the Green’s functions, we can also consider
the second station as the virtual source and the first station being
the receiver. In this case, the combination of ZZ and RZ cross-
correlations (Fig. 2d) or ZR and RR cross-correlations (Fig. 2e)
allows us to study the Rayleigh-wave particle motion at the first
station excited by either a vertical or radial force, respectively, at
the second station location. While the ambient noise wavefield is
likely not perfectly diffusive, when the station distance satisfies the
far field condition, the Rayleigh wave particle motion constructed
here is expected to be similar to those excited by a ballistic source.
This can be shown for a semi-diffusive wavefield using the station-
ary phase approximation (Snieder 2004). Conceptually, this can be
understood as the same noise signals contributing to the Rayleigh
wave observed in different component cross-correlations are dom-
inantly coming from the directions aligned with the two stations.
These noise signals can be considered excited by small ballistic
sources and our normalization and cross-correlation processes do
not change the amplitude ratio information between different com-

ponents. Caution must be taken, however, when far field criterion
is not satisfied or the noise wavefield is not semi-diffusive, where,
like phase velocity, H/V ratio measurements can be biased.

For the DI2A-D24A cross-correlations, the ~16 s Rayleigh-
wave particle motions observed at each receiver location from the
two different force directions are mostly consistent, and clear dif-
ferences are observed for the particle motions at the two sites. For
D24A (Figs 2b and c), which is located on top of the Williston
Basin (Gerhard et al. 1982), the amplitude in the radial component
is clearly larger than the vertical component, resulting in a high
horizontal (H) over vertical (V) amplitude ratio. D12A (Figs 2d
and e), on the other hand, is located in the Northern Rockies in an
area with crystalline rock near the surface, and the Rayleigh-wave
particle motion is elongated in the vertical direction and hence has
a low H/V ratio. Due to the strong sensitivity of the H/V ratio to
shallow crustal structure, the different H/V ratios observed at these
two sites likely reflects the difference in shallow structure where
these two stations are located.

3 RAYLEIGH-WAVE H/V RATIO
MEASUREMENTS AND MAPS

To determine the H/V ratio at a station location for each period,
all available virtual sources are used, where for each virtual source
station we average the two H/V ratio measurements based on the
vertical and radial force. We impose several selection criteria to
retain only the most reliable measurements. First, similar to our
phase velocity measurements (Lin et al. 2008), we remove all
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virtual source stations that are within three wavelengths of the target
stations (assuming 4 km s™' phase velocity) to satisfy the far-field
approximation. Second, we remove all virtual source stations with
Rayleigh-wave SNR smaller than 8 on any of the four components
(ZZ, ZR, RZ or RR). Third, we remove all virtual source stations
with an inconsistent Rayleigh-wave phase traveltime observed in
the ZR, RZ or RR cross-correlation compared to the traditional
phase traveltime measurement based on the ZZ component cross-
correlation. Here we define any traveltime difference larger than
one-fourth of a period as inconsistent. Note that because of the
retrograde particle motion of Rayleigh waves, waves excited by a
radial force are expected to have phase arrivals one-fourth of a pe-
riod later than those excited by a vertical force. Similarly, waves
observed on the radial component are expected to arrive one-fourth
of a period earlier than those observed in the vertical component.
We take these predicted phase shifts into account when checking for
traveltime consistency. Fourth, we remove all virtual source stations
with H/V ratio measurement differences between the vertical and
radial force larger than 10 per cent. The combination of the third
and fourth criteria ensures the consistency of measurements from
different component noise cross-correlations since the measured
H/V ratio is only meaningful if the different component observa-
tions represent the same Rayleigh wave propagating between the
two stations. The total number of measurements removed by each
selection criteria is period dependent. At 16 s, the number of mea-
surements removed by the distance, SNR, traveltime consistency
and amplitude ratio consistency selection criteria are roughly 3, 23,
5 and 34 percent of the total 890 944 initial H/V ratio measure-
ments between all available virtual sources and receivers (1215 TA
stations).

Fig. 3 shows the distribution of H/V ratio measurements satisfy-
ing the above selection criteria for receiver station D12A and D24A
at 16 s period using more than 270 virtual source stations. Clear
differences again can be observed between the H/V ratio measure-
ments at the two receiver stations, where mostly high H/V ratios
(>1.0) are observed for station D24A and mostly low H/V ratios
(<1.0) are observed for station D12A. For each station, we use
the mean and the standard deviation of the mean of the H/V ratio
measurement distribution to determine the best estimated H/V ratio
and its uncertainty at the station location assuming that all measure-
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Figure 3. The distribution of 16-s Rayleigh-wave H/V ratio measurements
at D12A (red) and D24A (green) using all available virtual sources across
USArray stations. The mean and the standard deviation of the mean of the
distributions are also shown, which are used to determine the H/V ratios and
their uncertainties at the two station locations.

ments are independent and measurement errors are Gaussian. While
the variability on each individual H/V ratio measurement (the stan-
dard deviation) is large, the uncertainty of the mean (the standard
deviation of the mean) is significantly smaller due the large num-
ber of measurements. However, the uncertainty is likely somewhat
underestimated here because part of the measurement variability is
not due to random Gaussian errors but due to systematic biases. For
example, the presence of azimuthal anisotropy can cause direction-
ally dependent H/V measurements, which are not accounted for in
our uncertainty estimation. Determining azimuthal anisotropy us-
ing H/V ratio measurements is beyond the scope of this study, and
will be the subject of future work.

The existence of ~70 km station spacing of USArray in the
western United States allows us to interpolate the H/V ratio mea-
surements and determine Rayleigh-wave H/V ratio maps with a
resolution compatible with surface wave phase velocity tomogra-
phy maps (e.g. Lin ef al. 2009; Lin & Ritzwoller 2011). Similar
resolution of the phase velocity and H/V ratio maps facilitates a
joint inversion, which we describe later in the text. To obtain the
H/V ratio and uncertainty maps, we interpolate the results at all
station locations onto a 0.2° x 0.2° grid by applying 0.5° Gaussian
smoothing. For each location, the smoothed H/V ratio is typically
constrained by H/V ratios observed at the three to four nearest sta-
tions. This not only allows us to retain the desired ~70 km resolution
but also suppresses irregular stations with inconsistent H/V ratios.
Irregular H/V ratios are likely due to localized small-scale anoma-
lies, if not persistent instrument biases, that cannot be resolved in
our phase velocity maps. Before the interpolation, we remove all
stations with fewer than 50 measurements from different virtual
sources or if the estimated uncertainty is larger than 20 per cent
of the estimated H/V ratio to retain only the receiver stations with
robust H/V ratio measurements.

Fig. 4 summarizes the best-estimated H/V ratios and their un-
certainties across all the TA stations in the western United States
at 8 and 16 s periods. At periods of 8 and 16 s (Figs 4a and b),
high H/V ratio areas are clearly correlated with major sedimentary
basins in the western United States (e.g. the Williston Basin and the
Denver Basin; see Fig. 1). Within the centre of the Williston Basin,
extremely high H/V ratios (>3) are observed at 8 s, likely due to
the large shear velocity contrast between the shallow sediments and
deeper Precambrian bedrock. Additionally, this period may be close
to the resonance frequency of the sedimentary basin (Savage et al.
2013). Unlike Rayleigh wave phase velocity measurements, which
are mostly positively sensitive to deeper Vs structure, H/V ratio mea-
surements are most sensitive to Vs structure near the surface and
the sensitivity changes sign from negative to positive going from
shallow to deep (Fig. 5). While low H/V ratios observed at 16 s are
mostly correlated with major mountain ranges in the western United
States (e.g. the Northern Rockies and Southern Rockies), the low-
est H/V ratio (<0.7) observed at 8 s is located within the Columbia
Basin (Fig. 4a). At 8 s, the H/V ratio is negatively sensitive to Vs
structure shallower than ~2 km depth but positively sensitive to Vs
structure between ~2 and 10 km depth. In this area, a ~3-km-thick
layer of basalt (Miocene Columbia River flood basalt) overlies a
5-8-km-thick sedimentary basin (Saltus 1993). The unusual com-
bination of high velocity near the surface and lower velocity just
beneath (Catchings & Mooney 1988) is the likely reason for the
minimal H/V ratio observed here.

The uncertainties of the H/V measurements at 8 and 16 s are
generally smaller than 1 percent of the estimated value and are
higher near the western edge of our map where small-scale wave
front distortion might be important due to the large lateral velocity

#T02 ‘98unr uo ein Jo A1islealun e /Biosfeunolpioyxo16/:dny wouy pepeojumoq


http://gji.oxfordjournals.org/

50°
v
Ty A
AA" A
A A
k. W
A Ay AlA
o | A AA A
45 ’ A A AN
AL n
A A AA |
A
AN
aA 4 boA Z$
Ap A AA A}X A
40°] & 4, WAL S
A A 4
4 A A 7, a A4
A A AL
An Al R 3
p 4 A
A\ Aal
A 5 AAA
A ‘A
35°4 Laa W
<A A
A AR
e AAAA
8s
30" -
235°  240°  245° 250
|
07 08 09 1.0
(c) H/V ratio
50" L L L L L
E*AAAAA A A AAA A pAAN AN
RALR ANa a'a ATA AAAA, A AA
A AA AlA AAA A AAA AAAAAAA
AA A AAAA AAPA AA AMA AAAA
AQAApALAA AAAA
45°] A AA ANJA A T AA A AAAAAA
APAAA A AR AN S
aff asaa A AA FNCT N VS
A AA A A AA(A A A
AATR A Al A A AA A a
A A, AL AA A A AAA
Al 444 A AAfA|lan A AA L AlAA A
AAA pAA A ARA
40", AA AA N AN 1A A A AA[A A A
A asapfasfan Apa'aa Aaa
A\Aaaandlas A AN Aafa ada
Aapaal afan A A
A AA A%an haaa A
2 aafa s A A A QA
. YL A A
35°4 A N a ks A
YN vy A
& A A
AR AAA AAAA
AAap ABBAAAA
ApANALA
8s A A
307

02 05 06 07 10 15 30
H/V ratio uncertainty (%)

(d)

3-D crustal structure of the western US 5

0.70 080 085 090 095

H/V ratio
50° s [ . T .
AAAAAAApNAAN AAAAA A
AAAAAAAAAAAAAAA
AAAAA AAAANAAANAAA
AAPA AA A %A BAAAAAAA
=
° | AAA L A4
45 Alaaa aa
MAAAApA
40°
35°4
307

235° ) °250°

T EE [

03 04 05 06 08 10 15
H/V ratio uncertainty (%)

Figure 4. (a)—(b) 8- and 16-s Rayleigh-wave H/V ratios observed across USArray. A Gaussian smoothing method is used to interpolate H/V ratios at all station
locations onto a grid, which results in the H/V ratio map. Contours are separated by intervals of 0.2 in (a) and 0.1 in (b). (c)—(d) The H/V ratio uncertainties

for (a)—(b).

variations near the active plate boundary. Similar higher uncertainty
near the western edge was also observed in Rayleigh wave phase
velocity measurements based on ambient noise cross-correlations
and eikonal tomography (Lin ef al. 2009). Higher uncertainty is also
observed near Yellowstone, likely related to the abrupt structure
change due to the existence of an extremely low velocity magma
chamber (Chu ef al. 2010). Lower uncertainty is observed within
the Great Plains where less lateral velocity variation is expected.
Similar to ambient noise phase and group velocity measurements,
H/V ratio measurements are most robust between 8 and 24 s period
where the microseism energy is strong. While longer period (>30 s)
velocity measurements have been shown to be possible based on
vertical—vertical ambient noise cross-correlations (e.g. Bensen et al.
2008), the SNR of Rayleigh wave signals decreases quickly in the
radial component noise cross-correlations above 20-s period likely
due to the stronger incoherence of noise recorded in the horizontal
components (Fig. 6a; Lin et al. 2008). Our selection criterion that
requires SNR > 8 for ambient noise Rayleigh waves causes the
total number of acceptable H/V ratio measurements to decrease
rapidly above 20 s (Fig. 6b). Consequently, we do not use H/V ratio
information from ambient noise for periods longer than 24 s.

At a period of 24 s, we can compare the H/V ratios measured in
this study based on ambient noise cross-correlations to the results
of a previous study based on teleseismic Rayleigh waves (Fig. 7;
Lin et al. 2012a). In general, the observed H/V ratios are consis-
tent between the two types of measurements. Similar to the results
at 16 s (Fig. 4b), high H/V ratios are observed in major sedimen-
tary basin (e.g. the Williston and Denver Basins) and low H/V
ratios are observed in major mountain ranges (e.g. the Northern and
Southern Rockies). Notice that for ~30 percent of TA locations
there are no valid 24 s H/V ratio results based on ambient noise
cross-correlations. This is mainly due to the poor SNR in the ra-
dial component cross-correlations and hence insufficient number of
measurements (<50) at those locations. The lower SNR and hence
the smaller number of measurements for each station is also re-
flected in higher estimated uncertainties at 24 s (Fig. 7¢) compared
to the results for shorter periods (Figs 4c and d).

Figs 8(a) and (b) show the differences of the observed H/V ra-
tios between ambient noise and earthquake measurements at 24 s
across the TA stations and Fig. 8(c) shows the distribution of the
differences. At a majority of the locations (~75 per cent of the cov-
ered area) the differences are less than 4 per cent, but differences
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Figure 6. (a) Average signal-to-noise ratio (SNR) for Rayleigh waves observed for the four component (ZZ, ZR, RZ and RR) ambient noise cross-correlations
shown as a function of period. (b) Total number of H/V ratio measurements in the western United States in this study satisfying our selection criteria. The
number of measurements drops significantly above ~20 s period due to the overall low SNR in the RR cross-correlations.

larger than 5 per cent are observed mainly near the western edge of
the map. This, again, is likely due to the strong lateral velocity vari-
ations in this area. Also, because the TA is truncated at the coastline,
there are no virtual sources on the western side of stations near the
coast for ambient noise H/V ratio measurements, but for teleseis-
mic earthquake measurements Rayleigh waves arrive from almost
all back-azimuths. Measurements from different back-azimuths can
vary systematically due to effects including multipathing, regional
small-scale 3-D structure perturbation and azimuthal anisotropy,
which are not accounted for in our analysis. Based on the differ-
ence distribution (Fig. 8c), no clear systematic bias is observed
between the H/V ratio measurements from the two different source
types. However, the variability of the differences suggests that the
uncertainties are slightly underestimated. If we exclude the appar-
ent outliers with measurement differences larger than 6 per cent,
which are mostly measurements near the coast and likely suffered
from systematic biases, the standard deviation of the difference is

~2.5 per cent. This can be compared to the estimated ~1.5 per cent
averaged rms of ambient noise and earthquake measurement un-
certainties (Figs 7c, d and 8d). Here, similar to our phase velocity
measurements (Lin ef al. 2009), we multiply the uncertainties by a
factor of 1.5 to provide a more realistic estimate.

4 JOINT INVERSION OF
RAYLEIGH-WAVE PHASE VELOCITY
AND H/V RATIO

The ability to extract reliable short-period Rayleigh-wave H/V ra-
tios from noise cross-correlations allows us to combine them with
previous broad-band Rayleigh-wave phase velocity measurements
(Lin et al. 2008; Lin et al. 2009; Lin & Ritzwoller 2011) and longer
period H/V ratio measurements (Lin ef al. 2012a) to perform a
broad-band 3-D inversion. Fig. 9 shows examples of the observed
Rayleigh-wave phase velocities and H/V ratios at three locations in
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Figure 7. (a) Same as Fig. 4(b) but for 24-s Rayleigh waves. Stations with less than 50 measurements are removed from our analysis, which results in several
station gaps in the map. (b) Same as (a) but based on teleseismic Rayleigh-wave H/V ratio measurements made in Lin ef al. (2012a). (¢c)—(d) The H/V ratio
uncertainties for (a)—(b). Notice that the colour scales are different in (c) and (d), where uncertainties are overall higher for ambient noise measurements

at24s.

the western United States. Phase velocity dispersion curves all have
a common pattern with a steeper slope at short periods and a more
gradual slope at long periods due to the sensitivity transition from
crust to mantle and broadening of the depth range of sensitivity.
In contrast, there is much more variation between the H/V ratio
as a function of frequency at different locations due to shallower
sensitivity and large variations in upper-crustal properties.

For each location, similar to Lin et al. (2012a), we jointly invert
Rayleigh-wave phase velocity and H/V ratio measurements between
8 and 100 s for a 1-D Vs model in the crust and upper mantle and
a Vp/Vs ratio and density model in the upper crust (Fig. 10). In
this study, the crustal model contains five layers with the first three
upper-crustal layers being 1, 2 and 8 km thick. Compared to Lin
et al. (2012a), an additional uppermost 1 km layer is used because
of the new short period H/V ratio measurements. The middle and
lower crustal layers are set to have equal thicknesses, which are
locally determined using previously estimated Moho depths based
on receiver functions (Gilbert 2012). We parameterize the mantle
model from the Moho to 250 km depth with five cubic B-splines. A

two-step steepest descent inversion is used to minimize the overall
x? misfit, where in the first step we only perturb Vs parameters
and keep both Vp/Vs and density parameters fixed to their initial
reference values (Table 1). In the second step, the model from
step one is used as the initial reference model but, in additional to
all Vs parameters, the Vp/Vs ratio and density in the three upper-
crustal layers are also allowed to change. In step two, weak damping
is applied such that Vp/Vs ratio and density are only perturbed at
those locations that have a high misfit. Throughout the inversion, we
iteratively update the depth sensitivity kernels of our measurements
to account for non-linearity of the inversion and we also require
that Vs increase with depth monotonically. To demonstrate that the
top 1 km structure is indeed resolvable with our new observation,
we also perform a test inversion with only four crustal layers by
replacing the top two 1- and 2-km-thick crustal layers with a single
3-km-thick top crustal layer (Figs 9 and 10d—f). A summary of the
model parameters used in our inversion is shown in Table 1.

The predicted frequency-dependent Rayleigh-wave phase veloc-
ity and H/V ratio based on the inverted five crustal layer 1-D models
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Figure 8. (a) Scatterplot of ambient noise and earthquake 24-s H/V ratio measurements for USArray stations. (b) The percentage difference between Figs 7(a)
and (b) (subtract 7b from 7a). (c) The distribution of the percentage differences shown in (b). The mean and standard deviation of the distribution for differences
smaller than 6 per cent (within dashed lines) are also shown. (d) The expected uncertainty of (b) calculated based on the root-mean-square of Figs 7(c) and (d).

(Figs 10a—c) generally agree well with the observed measurements
(Fig. 9). At a point in the Great Basin (243°, 40°), the observed H/V
ratio has a distinct local minimum and a local maximum at around
20 and 50 s period, respectively (Fig. 9b). The inversion shows that
relatively low Vs in the middle crustal layer (3.43 km s™' compared
to 3.69 and 3.82 km s7! at the two other locations) is required to fit
the observations (Fig. 10a). This is consistent with the low Vs and
strong radial anisotropy (Vsy < Vsy) middle/lower crust detected in
this region by previous studies (Moschetti e al. 2010a,b). We have
no sensitivity to resolve radial anisotropy in this study, as we only
analyze Rayleigh waves. The test inversion with four crustal layers
cannot explain the observed short-period H/V ratio measurements
(Fig. 9b) and the x? misfit is significantly higher.

At a point within the Columbia Basin (241°, 46°), extremely low
H/V ratios are observed at short periods (<0.7 at 8 s; Fig. 9d) and an
H/V ratio maximum is observed near 40 s period. The five crustal
layer 1-D inversion at this location shows that a relatively fast 0—1
km layer (2.75 km s™' compared to 1.40 and 0.70 km s™! at the two
other locations) and a relatively slow 3—11 km layer (2.84km s7!
compared to 3.40 and 3.52 km s™! at the two other locations) are
needed to fit the phase velocity and H/V ratio measurements. This is

consistent with the fast Columbia River Basalt layer sitting on top of
a thick sedimentary basin in this area (Saltus 1993). Noteworthy is
that traditional ambient noise tomography based on traveltime mea-
surements can detect the thick sedimentary basin in this area (e.g.
Moschetti et al. 2010a), but does not have the sensitivity to resolve
the high velocity basalt structure near the surface. Resolution of the
uppermost 1 km is only possible due to inclusion of the short-period
H/V ratio measurements used in this study. At this location, the four
and five crustal layer inversions perform equally well since the top
two crustal layers in the five crustal layer inversion have the same
Vs (Fig. 10a). The exact same Vs in the first two crustal layers is due
to the monotonic constraint imposed and allowing velocity reversal
could potentially further improve the overall misfit.

At a point within the Williston Basin (256°, 47°), the most strik-
ing feature in the observed H/V ratio is its approximately expo-
nential increase with decreasing period below about 30 s (Fig. 9f).
The shortest period, 8 s, is likely close to the resonance period of
the basin structure here, resulting in an H/V ratio larger than 3. The
inversion result shows that extremely low Vs upper crust in the top
3 km (particularly in the top 1 km) is needed to fit the observa-
tions, confirming the expected structure of the sedimentary basin
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Figure 9. (a) The observed Rayleigh-wave phase velocity dispersion at location (243°, 40°) within the Great Basin (star in Nevada in Fig. 1). Red and blue
bars represent the phase velocities and their uncertainties for ambient noise and earthquake measurements, respectively. The green solid and black dashed
lines are the predicted phase velocity dispersion curve based on the inverted 1-D models with five crustal layers shown in Figs 10(a)—(c) and four crustal
layers shown in Figs 10(d)—(f), respectively. (b) Same as (a) but for H/V ratio measurements. (¢)—(d) Same as (a)—~(b) but for location (241.0°, 46.0°) near the
Columbia Basin (star near the Washington/Oregon border in Fig. 1). (e)—(f) Same as (a)—(b) but for location (256.0°, 47.0°) near the Williston Basin (star near

the Montana/North Dakota border in Fig. 1).

(Gerhard et al. 1982). At this point, different from at the other two
example locations, perturbations of upper-crustal density and Vp/Vs
ratio parameters are required to obtain an acceptable fit to the phase
velocity dispersion and H/V ratio measurements. The x2 misfit re-
duces from 6.72 in the first step of the inversion, where only Vs
parameters are allowed to change, to 2.65 in the second step of the
inversion, where upper-crustal ¥p/Vs ratio and density parameters
are also allowed to change. The low density and high Vp/Vs ratio in
the upper crust are consistent with the shallow sedimentary struc-
ture here (Brocher 2005) and also in agreement with our previous
study (Lin ef al. 2012a). The test inversion based on the four crustal
layer model cannot explain the H/V ratio greater than 3 observed at
8 s period (Fig. 9f).

The fact that the test inversion with four crustal layers cannot
fully explain our short period H/V ratio observation (e.g. Figs 9b
and f), whereas the preferred five crustal layer inversion does ex-
plain these data, clearly demonstrates the resolvability of the top
1 km crustal structure with the new measurements presented here.
While the 8 s H/V ratio is sensitive to both the top 1 km structure
and slightly deeper structure down to 10 km (Fig. 5a), the deeper
structure is already constrained by phase velocity and longer H/V

ratio measurements. This allows the short period H/V ratio mea-
surements to provide unique constraints to the uppermost crustal
structure without trading off with deeper structure. Overall, the in-
verted structure deeper than 11 km is very similar between the test
and preferred inversions but substantial differences are observed in
the upper-crustal layers (Fig. 10). In the following section, we focus
our discussion on our preferred five crustal layer model.

5 THE INVERTED 3-D MODEL

We combine all the inverted 1-D models across the western United
States to produce the final 3-D model. Figs 11(a)—(e) show the Vs
model for each of the five crustal layers and Fig. 11(f) shows the
mantle Vs model at 80 km depth. In general, our mantle model is
very similar to previous studies (e.g. Lin et al. 2012a) as short period
H/V ratio measurements mostly add new constraints on crustal
structure (Fig. 5). The uncertainty of our inverted model is higher
near the Pacific coast and Yellowstone where small-scale structural
variations are present and the measurement uncertainties are higher
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Figure 10. (a) The inverted 1-D Vs models with five crustal layers for the dispersion curves shown in Fig. 9 (243°, 40°: solid red; 241°, 46°: dashed green;
256°, 47°: dotted blue). (b)—(c) Same as (a) but for 1-D density and Vp/Vs ratio models. (d)—(f) Same as (a)—(c) but for the test inversion with four crustal

layers.

(Figs 4c, d and 7c, d; Lin et al. 2009). Caution should be used when
interpreting the model in those regions.

In the top 1-km-crustal layer, clear correlation is observed be-
tween the Vs model and near-surface geological features (Fig. 11a).
Note that we do not account for topography in our 1-D inversions
and the zero depth has a different elevation for different locations.
Low Vs anomalies are mostly observed within major sedimentary
basins and alluvial plains in the western United States (e.g. Willis-
ton Basin, Denver Basins and Great Plains). At several locations, Vs
is lower than 0.7 km s™!, likely due to shallow unconsolidated sedi-
ments. High Vs anomalies, on the other hand, are mostly correlated
with crystalline outcrops in mountain ranges, and also flood basalts
in the Columbia Basin. A relatively high Vs anomaly is observed at

the Black Hills, which is a basement-cored uplift of the Laramide
orogeny that is surrounded by sedimentary basins near the border of
Wyoming and South Dakota (Tikoff & Maxson 2001). This feature
nicely illustrates the ~70 km lateral resolution of the 3-D model,
which is controlled by the USArray station spacing.

While many of the features observed in the second crustal layer
(1-3 km depth; Fig. 11b) are similar to those in the shallowest
layer, there are also notable differences. For example, clear low Vs
anomalies are now only observed in the centre of deep sedimentary
basins. Adjacent to deep sedimentary basins (e.g. the Williston
Basin, Powder River Basin and Denver Basin), high Vs anomalies
observed in the Great Plains likely reflect relatively high Vs bedrock
beneath a near-surface sediment layer. High Vs anomalies are also
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Table 1. Model parameters.
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Crustal layer Thickness (km) Vs (kms~!')  Density (g cm™3) Vp/Vs ratio
Upper crust 1 3 2.5(0.34.2) 2.3(0.5-3.5) 1.83 (1.7-5.0)
Upper crust 2 8 2.7(1.542)  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(1.54.2) 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(1.542) 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.
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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).

9 aunC uo yeln Jo Aisealun e /Biospeunolpioxorib/:dny woiy papeojumoq


http://gji.oxfordjournals.org/

12 E-C. Lin, V. C. Tsai and B. Schmandt

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 (Godftrey 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 ef 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
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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
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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 x 2 misfits for our two step inversions.

ratio measurements (Lin ef 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 x? misfits (i.e. x> > 4; Fig. 13a), but
the x? 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 x> 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 x? 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 e al. 2012b), however, are needed
to mitigate trade-offs between the different parameters at greater
depths.

6 CONCLUDING REMARKS

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-
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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 e 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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