Seismic imaging beneath magmatic features
Important to this proposal is how the upper crustal density
variations are manifest in terms of their shear velocity
variations that will be imaged by our seismic dataset. The
gravity modeled upper crustal density variation of 2.75 Mg/m?
and 2.60 Mg/m® is predicted to manifest a shear velocity
variation of 3.61-3.65 km/s to 3.2-3.3 km/s (Boucher, 2005): a
shear speed difference of about 10%. This calculated shear
wave contrast is consistent with measured shear velocity
contrasts between an average granite and a gneissic basement
rock (Behn and Kelemen 2003).

Of course, we intend to use velocities and densities more
specific to our particular rock types, but the point is that if the
gravity models are reasonable estimates of density variations,
then our seismic should be able to image the velocity contrasts
at the base of these magmatic bodies. In addition, given the
high heat flow in the Colorado Rocky Mountains (Decker 1995),
the surface pressure and temperature velocities will need to be
corrected.

Because the velocity imaging will require a linearly-close
starting velocity model to properly converge, we propose to
construct a geologically based starting velocity model. This will
be done using the USGS Geographic Information Service
database (USGS, 2005) which is rendered in Figures 1,3,4,5. In
Figure 5, the spatial relation between our primary magmatic
targets and our array station distribution is shown in detail. The
late-Cretaceous to Mid-Tertiary magmatic targets along the
Colorado Mineral Belt are: the Elk Mountains field, the 1.4 Ga
Sawatch Mountains batholith, and the Leadville-Breckenridge
fields. The mid-Tertiary caldera field targets are: the San Juan
field, the Gunnison field, and the 39-mile field.

To construct the geologic based velocity field, the GIS database
will be sampled for rock type every % km. This output will be
mapped into a surface density and shear velocity map. Where
the platform sediments cover the basement (mostly in the NW
regions), a good estimate of depth to basement is provided by
well-logs, gravity modeling and well-known stratigraphy. The
Figure 5. GIS geology and stations as dots. depth of caldera fill (1-3 km) in the dozen mid-Tertiary

(bottom) mid-Tertiary volcanics. (middle) calderas can be estimated from published geologic
Pre-cambrian and Colorado mineral belt

granites. (top) meta-sedimentary basement

gneiss. The grid forms 10 km squares.




studies (Riciputi and Johnson 1990; Lipman et al. 1996; Lipman and Mclntosh 2008). The depth of the
late Tertiary sediment in the San Luis Basin has been constrained from gravity and stratigraphic analysis
(Peterson and Roy 2005). The most problematic element of the geology based velocity map is the
downward extrapolation of the surface geology. This downward extrapolation of the geology with the
seismic imaging will be an iterative process where the starting models are adjusted as new images are
constructed.

Relation of this proposal to the CREST project

The CREST project was funded by the Continental Dynamics program with three years of funding from
2007-2010 with eight PI’s at a total cost of 1.29 million. The non-seismic co-PI’s are: Karl Karlstrom, Matt
Heizler, Eric Kirby, Sherry Kelly, Colin Shaw, Laura Crossey with Lang Farmer on a subcontract and pro-
bono involvement from LANL by David Coblentz and Jolante Wijk (now at Houston University). These
co-Pl's are in the final year of their field work and interesting new results on the exhumation, river
incision, geochronology, dynamic modeling, and gas fluxes has been accomplished. The passive source
PI’s on the CREST proposal are Dr. Dueker and Dr. Aster who received a total of $518K to run the 59
station array and perform the standard passive seismic analysis. To date, the seismic array has run at a
93% data collection rate and tomographic analysis of teleseismic P-waves has been performed by one of
Dr. Aster’s students. The standard teleseismic analysis to be performed by Dr. Dueker and Aster includes
teleseismic body-wave tomography, scattered wave imaging (both P and S), standard diffusive and
ballistic wave analysis of fundamental mode Rayleigh waves using the methodology of Stachnik et al.
(2008), and teleseismic shear wave analysis. With the array being demobilized in November of 2009, this
standard analysis is expected to be accomplished by the summer of 2010.

What this proposal intends to scientifically accomplish is the application of more sophisticated full-
physics kernel imaging. We believe that the improved seismic imaging methodology proposed herein is
warranted by the quality of our dataset and the importance of mapping the shear velocity structure
under the magmatic targets.

CREST array diffusive field characteristics

The envelopes of 30 CREST array station correlation functions at a 3 s center filter period finds the
fundamental mode Rg wave at 30-250 km offsets (Figure 6a). To extract the energy envelope of such a
short period Rg wave is encouraging given our goal of accurate imaging of the mid to upper crust. We
note that the envelope peak becomes uncertain at offsets <30 km. To improve this image at short
offsets, an adaptive stacking strategy is derived in the Methods section. An image of the daily
correlation functions for a station pair shows temporal variations associated with temporal variation of
the noise currents with respect to azimuth. We note that these images are made from only two months
of data (16 months will be availible by this November) and the 1 sps data stream has been used (to be
replaced by the 40 sps stream in proposed analysis).

Given that the quality of our Green’s function extractions depends on the magnitude of the non-
diffusive ‘noise’ signals (cultural, electronic, and wind generated noise) recorded by the CREST and TA
arrays, the mean noise level between the CREST and TA stations was compared. This show very similar
noise levels; in part, this is because we completely filled our sensors vaults with sand.
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Figure 6. CREST correlations. (a) 3 sec correlation envelopes with respect to interstation distance with
the line being 3 km/s. (b) Day correlation image with strong temporal variation over a two month
period. (c-d) Correlation function and its spectrum showing energy to the .45 hz where the FIR filters
truncates the 1 sps data stream (40 sps data will be used in full analysis).

Our prior experience with ambient noise tomography (Stachnik et al. 2007; Stachnik and Dueker 2009)
shows that our CREST array correlation functions are nominal. We have posted all the day correlation
and day spectra for the 1 sps data for 2-3 months of data at http://fats.timehaven.org/research.html.

Figure 7 shows the day spectra for a station pair recording

. from last December to Febuary. This spectragram shows the

STt primary excitation at 0.07 hz from the dominant ocean swell
period. At twice this frequency, the ‘double-seismic’

excitation varies its peak frequency and is associated with

high frequency noise excitations up to 0.4 hz about every 8
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Figure 7. Day-long noise spectra of days: about the storm periodicity in the Rockies. Our
station pair. The y-axis is from last adaptive stacking method is intended to enhance these high
December to March 2009. frequency excitations to better constrain the velocity

structure under our magmatic targets.

To improve the spatial resolution of the upper crust velocity structure, we propose to extract seismic
measurements from the diffusive Love waves recorded by our array. Love waves were recently observed
in the diffusive field (Lin et al. 2008). The generation mechanism for the Love wave diffusive field
remains elusive.
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Proposed Research

It has been demonstrated, both experimentally and theoretically, that “by cross correlating and stacking
the ambient noise recorded at two receivers, it is possible to recover the response of the material
recorded at one station as if there were an impulse excitation at the other receiver” (i.e. the Green’s
function) (Rickett and Claerbout 2000). Theoretical backgrounds of this principle have been developed
using normal-mode theory (Lobkis and Weaver 2001), representation theorems (Weaver and Lobkis
2004), time-reversal invariance (Derode et al. 2003) , principle of stationary phase (Snieder 2002;
Snieder 2004) and reciprocity theorem (Wapenaar 2004; Sneider and Wapenaar 2007). This capability to
extract deterministic response of the Earth from random noise is playing an increasingly important role
in seismic tomography since it allows us to exploit the density of the seismic network without using
natural and/or man-made earthquakes. A major objective of this proposal is to apply the full-3D
waveform tomography (F3DT) method, which has been successfully applied in regional seismic
tomography using natural earthquakes (Chen et al. 2007b), to the Green’s functions extracted from the
ambient noise recorded by the dense CREST and TA network.

1. F3DT using ambient-noise Green’s functions

In F3DT, the tomography problem is formulated as an optimization problem, in which we optimize the
Earth structure model m to minimize an objective function defined in terms of the misfit between the
observation and the model prediction with three regularization terms:

W 2 =ldl+ A+ 4 Lm] + A m, —m]

Here the first term on the right-hand-side quantifies seismic waveform misfit, the second term
regularizes the amplitude of the model, the third term regularizes the smoothness of the model and the
fourth term is used to impose additional constraints on certain portions of the model or to force the
solution toward a certain direction. The Lagrangian multipliers A;,3; controls the trade-off between
fitting the seismic data and the three regularization terms.

The misfit measurement d can be the differential waveforms (Tarantola 1984; Tarantola 1988),
broadband cross-correlation travel-time delays (Luo and Shuster 1991; Dahlen et al. 2000) or the
frequency-dependent phase-delay and amplitude anomalies, etc. In our proposed study the misfit
measurements will be extracted from the ambient-noise Green’s function between a pair of receivers

(_;if(xr,t;xs) and the model-predicted Green'’s function for the same receiver pair G;(X,,;X,) . Here,

following the convention in Aki & Richards (2002), the Green’s functions relate a unit impulsive force in
direction j acting at receiver location x, to the displacement response in direction i at receiver location x,.

For our proposed study, we prefer to use the frequency-dependent phase-delay and amplitude
anomalies to parameterize waveform misfit between the Green’s function extracted from the ambient
noise recordings and the model-predicted Green’s function. Examples of such waveform analysis can be
found in (Chen et al. 2007b). To make the frequency-dependent phase-delay and amplitude anomaly
measurements, the complete synthetic Green’s function is first windowed to isolate the wave group
that is to be measured. The isolated wave group is termed “isolation filter”. The isolation filter can




contain any types of seismic phases. The isolation filter is then cross-correlated with both the ambient-
noise Green’s function and the synthetic Green’s function. The resulting cross-correlagrams are then
windowed around zero-lag and narrow-band filtered at a set of frequencies of interest. After the
narrow-band filtering operation, the resulting cross-correlagrams can be well parameterized using a
five-parameter Gaussian wavelet (Gabor function). The amplitude and phase differences between the
data and the synthetic Gaussian wavelets provide us the frequency-dependent phase-delay and
amplitude anomaly at each narrow-band filtering frequency. These frequency-dependent
measurements are generalizations of the classic travel-time and t" measurements to better capture the
waveform differences.

Full-3D Fréchet kernel

In F3DT both the starting structure model and the derived model perturbation are 3D in space and the
sensitivity (Fréchet) kernels are computed using the full physics of 3D wave propagation. By applying the
chain rule, the exact Fréchet kernel of a misfit measurement can be derived using the “seismogram
perturbation kernel”, which provides the exact Fréchet derivative of the misfit measurement with
respect to the waveform, and the Born approximation, which provides the exact Fréchet derivative of
the waveform with respect to structural parameters (Chen et al. 2007a).

Following the notation of Chen et al. (2007a) the exact kernel with respect to the elastic modulus
Cxm (X) can be expressed as a convolution between the gradient of the Green tensor from the receiver

side with the gradient of the forward wavefield from the source side and then integrate against the
seismogram perturbation kernel (no Einstein’s summation convention):

@ K= - [dt[dzr;()0,G,(x.t — 7:x )0, (x, )

where d; is the n-th misfit measurement made on the i-th component of the seismogram, which is
generated by source s and recorded at receiver r, J; () is the “seismogram perturbation kernel”, which
is the exact Fréchet kernel of the misfit measurement d; with respect to the waveform ul?"(xr,t),
G,(X,t—1;X,) is the Green tensor for an impulsive excitation at the receiver r and u, (X,7) is the

forward wavefield generated by the seismic source s. The receiver-side Green tensor and the source-
side wavefield can be computed in the 3D reference structure model using purely numerical methods
such as finite-difference (Olsen 1994), finite-element (Bao et al. 1998) and spectral-element (Komatitsch
and Tromp 2002) methods.

The seismogram perturbation kernels for several types of misfit measurements were presented in Chen
et al. (2007a). For broadband cross-correlation travel-time measurements, the seismogram perturbation
kernel is proportional to the synthetic velocity (Luo and Shuster 1991; Dahlen et al. 2000). Exact
expressions for the seismogram perturbation kernels of frequency-dependent phase-delay and
amplitude anomaly can be expressed as convolution between the isolation filter with a Gabor function
whose parameters are determined by the windowing and narrow-band filtering parameters. The exact
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expressions were derived (Chen 2005) and applied to the F3DT of the Los Angeles Basin region (Chen et
al. 2007b).

To apply equation (2) to the Green’s functions extracted from the ambient noise data, the forward
wavefield from the source side is replaced with the Green tensor from a different receiver that is located
at x,. In this case, we can express the source-side forward wavefield as

(3) u, (x,7)=G,, (X, 7;X,)

where Gmp(x, Z';XS) is the Green’s function relating a unit impulsive force in direction p acting at

receiver location x; to the displacement response in direction m at the scattering location x. The
calculation of the receiver-side Green tensors, or their gradients, the strain Green tensors, using the
finite-difference method was discussed in detail in (Zhao et al. 2005) and (Zhao et al. 2006). A receiver-
side Green tensor (RGT) Gij (X,t;X,,) for station r consists of the spatial-temporal wavefields generated

by three orthogonal unit impulsive point-forces acting at the receiver location x,.

For each receiver in our array, three finite-difference wave-propagation simulations are needed to
construct the 9-component symmetric Green tensor. For the target simulation volume as shown in
Figure 1, at 500-meter grid-spacing, each finite-difference simulation takes around 18 minutes on our in-
house 128-CPU cluster. For the 89 receivers located in our modeling volume, we will need 267
simulations (81 hours or 3.4 days) of uninterrupted computing time to construct the Hessian of the
objective function, which allows us to adopt the Gauss-Newton optimization algorithm for our F3DT
implementation (Chen et al. 2007a). Each Green tensor occupies around 39 GB disk space and we will
require around 10.4 TB (1TB=1024GB) total disk space. Our in-house cluster has 64 TB disk space in
total, which is sufficient for our proposed study. Unlike F3DT using earthquakes, in our proposed study
using ambient-noise Green’s functions, no additional simulations or disk storage is needed for the
earthquake sources.

Nonlinearity of waveform tomography

We use the phrase “full physics” to indicate that the Fréchet kernel given in equation (2) is computed
exactly based on the anelastic wave equation. The Born approximation used in deriving the exact kernel
is an approximation only when it is used to approximate the scattered field and this approximation is
good only under the “weak scattering” condition. In F3DT, the Born approximation is used to provide
the first-order Fréchet derivative of the waveform with respect to the structure parameters and this
Fréchet derivative is exact. This exact kernel is all we need in order to implement a Conjugate-Gradient
or Gauss-Newton algorithm to optimize the misfit objective function. In F3DT the optimization algorithm
is therefore implemented exactly without mathematical approximations.

F3DT can account for the nonlinearity of the structural inverse problem through iteration, in which the
reference structure model is updated at the beginning of each iteration and the Green’s functions (or
adjoint wavefields) are re-computed using the updated structure model. This approach of accounting for
nonlinearity is different from inverse scattering based on reconstructing higher-order terms in the Born
or Rytov series, in which the higher-order terms are computed using the same Green’s function as the
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first-order term. The higher-order terms in the Born/Rytov series would be difficult to compute except
for simple structure models for which analytical solutions of the Green’s functions are available.

The convergence of the optimization algorithm used in F3DT depends upon the shape (number of local
minima) of the objective function used to quantify misfit between observation and model prediction.
Objective functions defined in terms of the energy of differential waveforms (Tarantola 1984, 1988) are
dominated by local minima because the waveform itself is a very nonlinear function of the velocity
model. In this case, Conjugate-Gradient or other types of gradient- and/or Hessian-based algorithms will
have difficulty converging unless the starting model is already very close to the global minimum. The
gradients (or Hessian), even though they are computed exactly, are not very useful if the starting model
is far from global minimum.

There are a number of different strategies for dealing with this problem in the full-wave domain, for
instance, using a wave-equation travel-time tomography (Luo and Shuster 1991) to align the phases
before doing a waveform inversion. One strategy that has been developed substantially is based on a
scale-decomposition approach or “frequency bootstrapping” (i.e. starting from low-frequency waveform
data to improve large-scale structure and move to higher frequencies while the model improves, please
see (Bunks et al. 1995; Akcelik et al. 2002; Sirgue and Pratt 2004), which can allow a descent algorithm
to stay in the neighborhood of the global minimum or the “basin of attraction”. This type of approaches
may fail in practice if the waveform data do not have sufficient signal-to-noise ratio at low frequencies
that would allow us to bootstrap from a starting model far away from the global minimum. In this case,
we might have a “scale gap” in our approach.

Another strategy is to re-parameterize waveform information into another form that is more linear with
respect to structure model. Experiences from decades of travel-time tomography show that objective
functions defined in terms of differential travel-times are much smoother than those defined in terms of
differential waveforms, therefore more suitable for gradient-descent type optimization algorithms. To
better capture waveform information, Gee & Jordan (1992), Holschneider et al. (2005), among others,
proposed to use frequency-dependent phase-delay and amplitude anomalies to re-parameterize
waveform misfit. The exact Fréchet derivatives of these misfit measurements (gradient and/or Hessian
of the objective function) can be computed using the seismogram perturbation kernel and the Born
approximation by applying the chain rule (Chen et al. 2007a).

Chen et al. (2007a) showed the connection between the exact Fréchet derivatives of these frequency-
dependent phase and amplitude misfits and the Rytov approximation. The Rytov approximation can
handle large accumulative phase-shifts much better than the Born approximation. Unlike the Born
approximation, the Rytov approximation is not limited to the “small phase-shift” constraint (weak
scattering); instead, it is limited by the “small-angle” (forward-scattering) constraint. The Rytov
approximation has been widely used in long-distance propagations with primarily forward-scattering or
small-angle scattering such as line-of-sight optical or radio wave propagation (Chernov 1960; Tatarskii
1971; Ishimaru 1978) and diffraction tomography (Devaney 1984; Wu and Toksoz 1987).
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Chen et al. (2007b) applied our F3DT methodology in the Los Angeles Basin region. The misfit measure
used was frequency-dependent phase-delay on direct-arriving P and S waves (forward-scattered or
transmitted waves). In one Gauss-Newton iteration, we were able to correct more than 80% of the large
phase-shifts, which can be larger than % cycle, between observed and synthetic waveforms (Figure 18,
19 in Chen et al. 2007b). This suggests that the objective function defined in terms of the frequency-
dependent phase-delay measurements for forward-scattered waves is smoother (has a larger basin of
attraction) with respect to seismic velocities than an objective function defined in terms of differential
waveforms.

In our inversion for the Los Angeles Basin, we obtained nearly 10% perturbation to the reference model
in one Gauss-Newton iteration. In a recent study done by (Tape et al. 2008) for Southern California, they
obtained more than 20% perturbation after about 15 conjugate-gradient iterations. Their objective
function is defined in terms of broadband cross-correlation travel-times. These large perturbations
obtained in these F3DT applications suggest that if the objective function is relatively smooth (have a
large basin of attraction), descent-based optimization algorithms might not necessarily require the
starting model to be very close to the global minimum.

2. Improving Green’s function retrieval through adaptive stacking

The principle of equipartitioning plays a fundamental role in the retrieval of Green’s functions from
ambient noise recordings. In this case, equipartitioning means the energy current is the same in all
directions (Snieder et al. 2007). The accuracy of the retrieved Green’s function therefore depends on the
amount of disorder in the excitation. Ideally the cross-correlations should be done in the equipartitioned
regime, in which the energy current is independent of direction and the net energy current is zero
(Snieder et al. 2007). In practice, this condition might not always be satisfied, for instance, the
asymmetry of the causal and acausal Green’s functions estimated from noise cross-correlation might be
due to a lack of equipartitioning (Malcom et al. 2004; Paul et al. 2005). One objective of this proposal is
to explore the possibility of improving the accuracy of the Green’s functions retrieved from ambient
noise recordings by using a weighting scheme in the stacking process that is adapted to the state of the
energy current.

Green’s function retrieval based on correlation-type reciprocity theorem

The theoretical principle for extracting Green’s functions from cross-correlations of ambient noise can
be derived using the correlation-type reciprocity theorem (Wapenaar 2004; Snieder et al. 2007). This
derivation does not rely on the assumption about the diffusivity of the wavefield. Instead, the diffusivity
of the wavefield is a natural result of many uncorrelated noise sources inside the medium. The
extraction of the Green’s function for acoustic and electromagnetic waves can be derived for stationary
random media by using an ensemble average and the Green’s function of the mean field can be
obtained (Rytov et al. 1989). On the other hand, the derivation based on the correlation-type reciprocity
does not average over thermal fluctuations or an ensemble, but averages over noise source field
instead. It can be applied to inhomogeneous medium that is either random or deterministic.

For elastic wave equation, the derivation based on correlation-type reciprocity theorem was given in
Wapenaar (2004). If we denote the boundary of our modeling volume as 0D and it consists of the free
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surface 0D, and the boundary inside the Earth 0D,, by using the reciprocity theorem of the

correlation type, Wapenaar (2004) has shown that for velocity Green’s functions in frequency domain,
we have (Einstein’s summation convention applies)

(4) 2Re @pq(xA,a);xB)}z—j {@pk(xA,a);x)}éqk(xB,w;x)dzx
an,

where the left-hand-side is the Fourier transform of the superposition of the time-domain Green’s
function between two receiver locations X, and X, and its time-reversed version, the right-hand-side

is the cross-correlation of the receiver-side Green’s functions (RGT) at X, and X, due to excitation at a
point X on the boundary 0D, . The noise velocity observations at receiver locations X, and X, can

therefore be expressed as (Einstein’s summation convention applies)

(5) V" (x,, @)= '[ épk(xA,w;x)]Qk(x,w)dzx, Vo (X g 0) = .f (A;ql(xB,a);x')]\Afl(x',a))dzx',
oD, oD,

where M(X, @) is the Fourier transform of the noise source field on boundary 0D, . If the noise source

field is uncorrelated for any x and x’ on the boundary 0D, , that is
6) (N (x 0N, (X', 0))=5,5(x-Xx)S(e)

where <> denotes spatial ensemble average and S(®@) is the power spectrum of the noise, bringing

equation (6) into (4) gives
7 2RefG, (x, 0ix,) K@)~ —< G (0 0) ¥ 92 (x,, a))>

Adaptive stacking
In our F3DT analysis, the receiver-side Green tensors (RGT) for every receiver in our seismic network are
computed and stored. The values of the velocity Green’s functions at the boundary 0D, , as shown in

equation (5), can therefore be retrieved from our RGT database for every receiver. This capability gives

us an opportunity to estimate the noise source field ](fi(X, ®) by solving an inverse problem in the form
given by equation (5). This noise-source-field estimation problem is analogous to the earthquake source
parameter (CMT) inversion as discussed in Zhao, Chen & Jordan (2006). But instead of estimating a
point-source CMT representation, we now need to estimate the noise source field as a function of
frequency and space on the surface boundary 0D, . The accuracy of the estimated noise source field will

depend upon the accuracy of the RGTs, which are computed from the reference structure model.

Once we have obtained an estimate of the noise source field, we replace the spatial ensemble average
in equation (6) with a weighted summation and define an objective function in the form
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®) 2 =X, @) (x0)] N (X,0)-5,6x-x)F(o)

where ]W(X, ®) is our y-th estimate of the noise source field, F(w) is a pre-defined target source
spectrum, which can be used to regularize the stacked noise source spectrum, X,X' € 0D, and the
frequency-dependent weighting function a, (@) can be estimated by minimizing the objective function.
We note that the weighting functions are not space-dependent, for every choice of X,X' € 0D, we have

a separate constraint on the weighting functions. The averaging in the right-hand-side of equation (7)
can be replaced with the weighted averaging, and we have

0 [2Re{G,,(x, @:%,) (@) = -Y a, (@) (x,,0) } 7/ (x,,0)

where QZ(XA,a)) and ﬁg(XB,a)) are the y-th member of the collection of the ambient noise velocity

observations at receiver locations x, and xg.

By using a weighting scheme in the stacking process, we hope to achieve two goals. First, since the
weights are constructed so that the weighted stack of the noise source field is more uncorrelated, we
hope to remedy the lack of equipartitioning in our noise observations (Figure 6b,c) to some extent.
Second, the weights obtained by solving the optimization problem in equation (8) are frequency-
dependent and their forms are selected so that the stacked noise source field could have a spectrum
close to the pre-defined target spectrum F(w), which gives us a possible mechanism to broaden the
frequency band of the retrieved Green’s function.

Methodology Summary

As pointed out above, the F3DT method provides us a machinery to back-propagate noise observations
to the noise source field on the boundary of our modeling volume, but the accuracy of the estimated
noise source field and the weighting functions depends upon the accuracy of the seismic structure
model used for computing the receiver-side Green tensors. The capability of retrieving more accurate
Green’s functions from noise observations through this adaptive weighting scheme and the capability to
refine our seismic structure model using the ambient-noise Green’s functions are interdependent. The
process of refining the structure model through F3DT and improving Green’s function retrieval through
adaptive weighting might be iterated a number of times to achieve convergence. The accuracy of the
starting model constructed from geological data will play an important role in the convergence of this
iterative process. The accuracy of the Green’s functions extracted from the ambient noise recordings
depends on the distribution of the noise source field. Ideally, the noise sources should be distributed
homogeneously throughout space and uncorrelated. In practice, the extracted Green’s functions are
fairly robust even when noise sources are not homogeneously distributed, perhaps because of the
stability of wave propagation (Snieder 2002). The Green’s functions extracted from our noise recordings
using conventional methods give us fairly robust estimates of the surface waves, which are sufficient for
us to initiate our F3DT iterations. We've proposed a tentative outline to remedy the lack of
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equipartitioning in our noise recordings through a weighted stacking that is adapted to the state of the
energy current. As the structure model improves, this adaptive stacking scheme might allow us to obtain
more accurate estimates of the Green’s functions and we might be able to model and invert robust
body-wave observations from certain iteration.

Broader Impacts

The most important broader impact of this research is that our application of the full-waveform 3D
tomographic imaging technique - that has been quite successful using near-regional earthquakes as
sources in Southern California - will provide significant improvements in spatial resolution using Green’s
functions extracted from the diffusive wavefield. This would fulfill the desire that PASSAL and
EarthScope based seismic imaging to constrain important geologic problems: e.g., the petrogenesis of
granitoid bodies and their emplacement mechanisms. Current surface wave based images of western US
crustal structure using the EarthScope Transportable array do not have the fidelity to capture the
velocity profiles beneath the Colorado magmatic fields. This is primarily because the Transportable array
has a 72-km station spacing, whereas our array has a 22 km station spacing. Another important broader
impact of this research is the reconstruction of the noise source field on the array boundary (0D, ). This

reconstruction can then be used to solve for a temporal weighting function (Eqn. 9) to improve the
isotropic quality of the diffusive noise currents at short periods (<6 s). Finally, we believe that the
petrogenesis and emplacement of the granitoid bodies and mid-Tertiary caldera systems remains an
age-old outstanding problem that badly needs improved seismic imaging of the upper crust in a region
so well studied and characterized as the Colorado Rocky Mountains.

Work Plan

The requested funding is for applying an existing F3DT algorithm, which has been tested and successfully
applied before, to the diffusive Green’s functions extracted from the ambient noise recordings.
Distributing the research over a two-year period will adequately allow for the collection, processing,
screening and analysis of the large amount of waveform data. The requested funding is to support one
graduate student, Mr. Dawei Mu, and one post-doc, Mr. Josh Stachnik, at the Geology and Geophysics
Department, University of Wyoming, to work on this project under the supervision of the PlIs. In the first
year of the project, we will collect and compile a Green’s function database for our F3DT inversion using
the CREST and TA noise recordings. The Green’s function waveform data will be visually inspected and
those with high signal-to-noise ratio will be selected for detailed waveform analysis and inversion. We
will construct a 3D starting model using well-mapped geology and prior depth constraints from gravity
and petrologic modeling. We will compute synthetic Green’s functions using our 3D starting model and
carry out a number of F3DT iterations of seismic velocity inversion using primarily surface waves on our
in-house 128-CPU cluster.In the second year of the project, we will investigate the feasibility of
improving Green’s function retrieval using the adaptive stacking scheme by back-propagating noise
observations using the improved seismic structure model. Theoretical and experimental analysis on the
choice of the weighting scheme will be tested using our CREST and TA data collection. More accurate
Green’s functions with robust body-wave observations might emerge after the weighted stacking and
we will carry out a number of F3DT iterations using the improved Green’s functions, which might further
refine our seismic structure model.
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