is thermally equilibrated and all lower crustal outflow has occurred. In addition, terminating the array at
the SW end of the eSRP is important to provide 320 km of SW-NE array aperture to image the mantle
lithosphere with long period surface waves. To record a sufficient distribution of earthquake from
different back azimuths, we propose to deploy the array for two years (2011-2012 based on current
Flexible Array schedule). A base-camp for deployment and operations will be set up in Idaho Falls, Idaho
using storage rental units as a work and storage space. Dr. Dueker has deployed many seismometers along
the eSRP and knows that the permitting will be relatively simple: 80% private farms and 20% Bureau of
Land Management with the Fort Hall Indian reservation being a wild-card.

Seismic Analysis methods

There will be two broad categories of analysis. A first level involves standard techniques with which Dr.
Dueker and Dr. Schutt are facile: shear wave splitting [Schutt et al., 1998; Schutt and Humphreys, 2001,
2004; Waite and Schutt, 2002; Yuan et al., 2008], common-conversion points stacks using Pds and Sdp
scattered waves [Hansen and Dueker, 2009; Yuan et al., in prep.], P- and S-body wave tomography
[Schutt and Humphreys, 2004; Yuan and Dueker, 2005], and imaging with ballistic and diffusive Rayleigh
waves [Stachnik et al., 2008; Stachnik and Dueker, 2009]. Given the importance of the resolving the
mid- to upper crustal velocity structure, a second category of analysis led by Dr. Chen is included, which
involves applying recent advances in wave propagation imaging. Dr. Chen’s work has two components:
1) Because the quality of Green’s functions extracted from the ambient wavefield is degraded by non-
isotropic energy currents, an attempt will be made to weight the correlation function in such a way to
improve Green’s function accuracy and extend the frequency range of the correlations; 2) Calculate exact
3-D wave sensitivity kernels using a 3-D spectral element code and perform a full 3-D inversion (F3DT)
as Dr. Chen has been doing in southern California [Chen, 2005; Chen et al., 2007; Chen et al., 2007b] and
current analysis to image anelastic structure in China. This feeds back into the work of Drs. Dueker and
Schutt, and will allow the body and surface wave tomography to be performed with exact kernels.

Teleseismic P and S-body wave and surface wave tomography
These analyses will include all stations that have recorded in the region: i.e., the previous PASSCAL

: = experiments [Schutt and
Humphreys, 2004, Waite et
al., 2006:; Yuan and Dueker,
2005] and Transportable
Array data [Burdick et al.,
2008]. While the 320 by 140
km dimension of the proposed
array will not permit well-
resolved imaging below 140
km, the new tomograms
should be substantially
improved from prior images.

Array-based SKS splitting
measurements

As demonstrated in a 29-
station array around Billings,
Montana, if many closely
spaced stations are stacked to
reduce signal-generated noise,

Figure 8. Seismic stations. Proposed 80 station deployment (blue | the five simplest models of
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utility of the dense sampling from the Billings array data was that five direct-S events were used in the
analysis to improve the model resolution. The two years of data recorded by our proposed array will
produce sufficient direct-S and SKS arrivals from different back azimuths to resolve two layers of dipping
anisotropy.  This analysis will permit evidence for lower crustal flow to be separated between crust,
lithospheric mantle, and asthenospheric sources. Notably SKS split times vary substantially (i.e., 1.4 - 0.6
s) over a 50 km interval across the NW margin of the eSRP [Schutt et al., 1998]. Our new data will help
to resolve the cause of this 0.8 sec split time change.

Pds/Sdp scattered waves

Joint imaging with Pds (P-wave receiver functions) and Sdp (S-wave receiver functions) scattered waves
is important to resolve the ambiguities creates by the surface reverberations that complicated the crustal
response beneath a station as shown in [Hansen and Dueker, 2009] using data from a 2 km station
spacing line array that recorded for 10 months. With our proposed 12 km station spacing for the NE-SW
line array, the migrated Pds and Sdp will provide robust images of the Moho interface and the top of a
potential high velocity layer as well as imaged with the Billings array data (Fig. 5). If the lithosphere-
asthenosphere boundary is manifest as a <10 km negative velocity decrement, then this should be well-
imaged by our dataset. In addition, the transition zone velocity boundaries will be imaged with scattered
waves that could constrain potential hot/cold material fluxes or the occurrence of a 410 km low velocity
layer [Jasbinsek and Dueker, 2007].
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Figure 9. P-wave receiver function images of top of 7.x layer and Moho beneath the 20 km
station spaced Billing, Montana array [Yuan and Dueker, in prep.].

Surface waves

The combination of dispersion measurements from ballistic and diffusive Rayleigh waves provides a
powerful dataset with which to image the velocity structure of the crust and upper mantle (Stachnik et al.
2007). An image from the Yellowstone PASSCAL array shows that internal crustal structure can be
resolved (Fig. 6): e.g., the high velocity mid-crustal sill (MCS); a low velocity lower crustal wedge
(LVL); the high velocity lower crust beneath Wyoming (7.x layer); and a low velocity upper crustal body
beneath the most recent Yellowstone caldera. In addition, the sharp velocity transition in the upper 100
km from slow mantle beneath the ESRP and the Wyoming lithosphere is well imaged.

Green’s function extraction from ambient noise

The primary constraint on the spatial resolution of the crustal velocity structure will depend upon the
useful high frequency bandwidth and the accuracy of the Green’s function’s that can be extracted from the
ambient noise recordings. Our experience with ambient noise correlations has spanned three PASSCAL
experiments in Yellowstone [Stachnik et al., 2008], the coastal British Columbia Batholiths experiment
[Stachnik and Dueker, 2009], and the currently operational 92 station CREST+TA array in the Colorado
Rockies [Aster et al., 2008]. As all researchers note, we find that measurement of group delay times at
two wavelength offsets using envelope analysis provides robust inter-station dispersion curves from 5-30
s periods [Bensen et al., 2008; Bensen et al., 2009; Stachnik et al., 2008; Yang and Ritzwoller, 2008]. In
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addition, as all researchers note, the noise currents are not isotropic and vary significantly in time as
storms impact margins and affect the generation of the double-seismic frequency [Schulte-Pelkum et al.,
2004] and infra-gravity (>30 s) Rayleigh waves [Bromirski and Gerstoft, 2009]. In addition, love wave
dispersion curves been extracted from the ambient noise field between 10-25 s periods [Lin et al., 2008;
Lin et al., 2009]. An experimental goal of this proposal is to extend the frequency content of the recorded
short period Rayleigh wave-field extend measurable delay times up to 2 s wave periods to permit more
accurate imaging of the calderas structure. In the method section, we pose the theoretical aspects of the
imaging problem. As an example of the problems to be addressed by this proposal, the correlation
function envelopes for a station pair from the Billings, Montana array are shown (Fig. 10). This Figure
shows the temporal variations in the correlations images and the non-symmetric nature of correlation
functions (due to non-isotropic noise currents). Noteworthy is that the envelope peak lag-time increases
monotonically from 5.0-1.1 s period consistent with shallower sampling at shorter wave periods (Fig.
10a-d). However, the 1.1 s period envelope is beating indicating wavefield multi-pathing and will require
care to accurately measure. Another interesting observation is the large near zero-lag energy whose high
apparent velocity requires these arrivals to be scatter body waves that correlate between the two stations
(the same 2 km sedimentary cover is present at both stations).
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Figure 10. Billings array ambient noise correlation functions for two station separated by 48 km.
(a-d) symmetric correlation functions with energy envelope. (e-g) Two side correlation functions
with zero lag at the middle and 25 s tick marks. (h) Day correlation functions with respect to 10
months of recording.

Full-3D Waveform Tomography (F3DT)

Recent advances in parallel-computing technology and numerical methods have made large-scale, 3D
numerical simulations of seismic wave propagation much more affordable and they open up the
possibility of full-3D waveform tomography (F3DT), in which the starting structure model as well as the
derived model perturbation are 3D in space and the sensitivity (Fréchet) kernels are computed using the
full physics of 3D wave propagation. F3DT can account for the nonlinearity of the structural inverse
problem through iteration therefore provide an effective means to assimilate seismic waveform
observations into dynamic ground-motion models.

In this proposed study, we will apply F3DT to refine 3D seismic structure in the YSRP region.
Specifically, we will analyze broadband waveform data from a variety of seismic phases and measure
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frequency-dependent amplitude and phase residuals with respect to synthetic seismograms calculated
from a 3D reference model. The frequency-dependent phase and amplitude measurements will be inverted
for 3D perturbations to the reference model using 3D full-wave sensitivity (Fréchet) kernels that account
for the effects of both elastic and anelastic structure on amplitude and phase behavior of the seismic
waveforms. The inverted model perturbations will be applied to the reference model and the whole
procedure will be iterated until the misfit between observed and synthetic waveforms is below an
acceptable level.

The F3DT method can effectively improve the resolution and accuracy of our tomographic inversion.
First, since the F3DT method is a “full-wave” approach based on purely numerical solutions of the 3D
seismic wave equation, this approach allows us to treat any seismic phases of interest in a unified and
self-consistent manner. Since different types of seismic phases have different structural sampling patterns,
by integrating them in a unified inversion we can effectively improve the resolution of our inversion
results. Second, the F3DT method can utilize the complete waveform information. As shown in [Chen et
al., 2007b] the frequency-dependent phase and amplitude misfit measurements can effectively capture
subtle differences between observed and synthetic waveforms and the sensitivity kernels at different
frequencies sample different regions of the Earth in different waves, therefore effectively improve the
spatial sampling of our inversion. Third, the 3D full-wave sensitivity kernels computed in F3DT are exact
and no mathematical approximations, such as 1D path-average approximation or ray-theoretic 3D
approximation, are involved and we can therefore eliminate possible sources of error caused by kernel
inaccuracy.

Currently, two types of F3DT techniques are being actively developed. One is based on minimizing an
objective function defined in terms of waveform misfit using gradient-based optimization algorithms such
as the conjugate-gradient method. The gradients of the objective function with respect to model
parameters (elastic modulus, density, attenuation, etc.) are computed through adjoint wave propagation
calculations. This type of method was first introduced to seismic exploration community in 1980s under
the name "adjoint wavefield (state) method" (AWM) [Tarantola, 1984] and is currently being adapted for
F3DT using natural earthquakes [Liu and Tromp, 2006; Tromp et al., 2005]. The other methodology
named "scattering-integral™ (SI) method [Chen et al., 2007; Chen et al., 2007b; Zhao et al., 2005] is based
on explicitly constructing the Hessian of the objective function through the scattering-integral between
the forward wavefield generated by the seismic source and the Green’s tensor for the receiver and
minimizing the objective function using the Gauss-Newton algorithm. The SI and AWM methods are
closely related and they are based on exactly the same physical principles (Tromp et al, 2005; Chen et al.
2007a), but which one is more efficient depends on the overall problem geometry, particularly on the ratio
of sources to receivers, as well as trade-offs in computational resources, such as the relative costs of
compute cycles to data storage.

The SI implementation has been successfully applied to the Los Angeles Basin region using waveform
recordings from local small earthquakes (Chen et al. 2007b). In that study, one SI iteration was able to
achieve more than 80% variance-reduction in our frequency-dependent phase-delay measurements and
we observed significant improvements in waveform fitting for frequencies up to 1 Hz. We were able to
resolve small-scale structural features related to the geometry of the Los Angeles Basin and major faults
in that area. The SI method is currently being applied to refine 3D crustal structure of a much larger
region in Southern California for seismic hazard analysis purposes [Chen, 2009] and to refine 3D crustal
and upper mantle seismic velocity and attenuation structure in Eastern Eurasia [Zhao, 2009]

In our proposed study, we will apply the F3DT method to three types of waveform observations collected
by our broadband seismic array: (1) waveform recordings from local small to medium-sized earthquakes;
(2) waveform recordings from teleseismic events; (3) Green’s functions extracted from the cross-
correlations of ambient noise recordings. We outline our F3DT method and the strategy for integrating the
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three types of waveform observations in our unified tomographic inversion in the following.
Obijective function

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:

@ 2 =[dl+ Afml - 4, em]+ A -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 1,3 controls the trade-off between fitting the seismic data
and the three regularization terms.

For our proposed study, we will use the frequency-dependent phase-delay and amplitude anomalies to
parameterize waveform misfit between the observed and the model-predicted seismic waveforms [Gee
and Jordan, 1992]. 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
seismogram 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 observed and the synthetic seismograms. 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 ¢
measurements to better capture the waveform differences. As shown in Chen ez al. (2007b), as long as the
sampling in frequency is dense enough, these frequency-dependent phase-delay and amplitude anomalies
can effectively capture subtle differences in waveforms. And as indicated in Chen et al. (2007a), the
linearization of these measurements is related with the Rytov approximation, which is valid for large
accumulative phase shifts as long as the phase perturbation per wavelength is small [Chernov, 1960;
Sneider and Lomax, 1996]. This is much less restrictive than the Born approximation, which requires
small accumulative phase shifts.

3D full-wave Fréchet kernel

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. 200743].

Following the notation in Chen er al. (2007a), the exact kernel with respect to the elastic modulus
Cium(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):

@  Kre= - [dt[dzr(6)0,G,(x.t - 7:x,) 0,1, (x,7)

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
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the exact Fréchet derivative of the misfit measurement with respect to the waveform, G, (x,z - z;x,) is

the Green tensor for an impulsive excitation at receiver » and u’ (X, 7) is the forward wavefield generated
by the seismic source s. The receiver-side Green tensor G,(X,t—1;X,) and the source-side wavefield

u’ (x,7) can be computed using purely numerical methods such as finite-difference (Olsen 1994; Graves

1996), finite-element [Bao et al., 1998] and spectral-element [Komatitsch and Tromp, 2002] methods.
When intrinsic attenuation is taken into account, the (real) elasticity tensor is replaced by a complex
tensor:

Cm = {(a))[l +i0,. (0)] - Ey(a))[l + iQ;_zl (@)] 9,9,
3 3

+u(@)[1+iQ. (@)I(5,5,, +5,,6,) + ¥y

where O and Q, are the quality factors for the incompressibility x and the shear modulus g,

respectively. In (3), the elasticity tensor has been decomposed into a purely isotropic part expressed in
terms of « and x and a purely anisotropic part y,,, [Dahlen and Tromp, 1998]. As noted in [Dahlen and

Zhou, 2006] the anelastic attenuation kernels of amplitude are linear combinations of elastic phase-delay
kernels.

Exact expressions for the seismogram perturbation kernels of frequency-dependent phase-delay and
amplitude anomalies can be expressed as a convolution between the isolation filter with a Gabor function
whose parameters are determined by the windowing and narrow-band filtering parameters. The exact
expressions were derived in [Chen, 2005] and applied to the F3DT of the Los Angeles Basin region in
Chen et al. (2007Db).

Full-wave tomography using teleseismic data

For array recordings of teleseismic surface waves, a widely-adopted approach is the “two-station”
method, i.e., for two stations that are approximately aligned with the source in the great-circle plane, the
inter-station differential phase is usually attributed to the average structure between the two stations
([Woods, 1991])Passier et al. 1997) and, to first-order, is independent of the excitation of the seismic
source and the heterogeneities between the source and the nearest station [Passier and Sneider, 1995]. In
our proposed study, we will generalize the two-station method to multi-stations and multi-sources by
adopting a “denuisancing” technique [Chen et al., 2005; Jordan and Sverdrup, 1981], which has been
commonly used in relative-location techniques for relocating earthquakes, such as the “double-difference”
method [Waldhauser and Ellsworth, 2000].

We write the normal equation of the optimization problem defined in equation (1) as
(4) Am+Bn=d.

Here the vector m contains seismic structure parameter within our target area and the matrix A is
composed of the sensitivity kernels corresponding to the model parameters in m. The vector n contains
the seismic structure parameters that are outside of our target area and whose sensitivities, which are
contained in the matrix B, are non-zero. The observation vector d is composed of frequency-dependent
phase and amplitude misfits between the synthetic and observed waveforms at each station.

The appropriate annihilator can be constructed as

65) Qz=I1-B(B'B)'B'

and multiplying this annihilator on both sides of equation (4) we can write the reduced linear system of
equations as
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(6) QzAm = Qgd.

We note that in this denuisancing technique, the complete single-station kernels are still computed from
the source to the station, the sensitivities within the target area are stored into matrix A and the
sensitivities outside the target area are stored in the matrix B. The sensitivities of the nuisance parameters
B allow us to account for more general situations in which the stations might not be perfectly aligned in
the great-circle plane with the source. In general, we expect this denuisancing technique to be more
effective and more flexible than the *“two-station” method for sensitivity kernels that have significant
overlap outside the target area.

Full-wave tomography using diffusive Green’s function

To apply equation (2) to the Green’s functions extracted from the cross-correlation of 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

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

where G, (X,7;X,) 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 numerical
calculation of the Green tensors, or their gradients, the strain Green tensors, in an arbitrary 3D seismic
structure model, was discussed in detail [Zhao et al., 2005] and [Zhao et al., 2006]. A receiver-side Green

tensor (RGT) G, (x,7;x,) for station r consists of the spatial-temporal wavefields generated by three
orthogonal unit impulsive point-forces acting at the receiver location Xx,.

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 [Sneider and Wapenaar, 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, 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.

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
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)

(8) 2Re épq(xA,w;xB)}z - J. {(A}pk(xA,a);x)}*éqk(xg,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 OD, . The noise velocity observations at receiver locations X, and X, can therefore be
expressed as (Einstein’s summation convention applies)
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@ V" (x,,w)= I épk(xA,w;x)]ffk(x,a))dzx, Ve (X, ) = .[(A;q,(xB,a);x')fo,(x',a))dzx',

oDy oD,
where N, (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

10) (N (x@)N,(X',@)) = 5,5x—x)S(e)

where <> denotes spatial ensemble average and 3’(60) is the power spectrum of the noise, bringing
equation (6) into (4) gives

@) 2Re{G,, (x,0ix,) @) =~ §i (x,0) | 57 (x,.0))

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 (9), can therefore be retrieved from our RGT database for every receiver. This capability gives
us an opportunity to estimate the noise source field N,(X,®) by solving an inverse problem in the form
given by equation (9).

Once we have obtained an estimate of the noise source field, we replace the spatial ensemble average in
equation (10) with a weighted summation and define an objective function in the form

12 2= HZ () {7 (x,0) § N7 (", 0) - 8,50~ X)F(®)

where N7 (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'e€0dD, 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 (11) can
be replaced with the weighted averaging, and we have

13  2Re{G,,(x,.0ix,) (@) ==Y a,(0) ) (x,.0) } ¥ (X, 0)

where \3; (x,,®) and fzg (X,,@) are the y-th member of the collection of the ambient noise velocity

observations at receiver locations X, and Xz.

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 to some extent. Second, the weights
obtained by solving the optimization problem in equation (12) 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.

Modeling the effects of temperature and melting using a joint seismic/geochemical approach.

As shown in Figure 6 phase velocities have been helpful in constraining the temperature of the low
velocity region under the eSRP [Schutt et al., 2008a]. This study was done before the ambient noise
tomography was added to the earthquake-based surface wave measurements; thus we expect a significant
improvement even before adding the high-resolution data since errors in crustal velocity estimations can
readily propagate into the mantle velocity model. Once this is added, particularly the results of the
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teleseismic F3DT inversions, we 1700
expect to have as accurate as
possible  knowledge of the
uppermost mantle velocity
structure beneath the eSRP.  To F
this, we will add geochemical 1500 |
constraints on the depth and
pressure at which the most
primitive eSRP basalts leave
equilibrium [Leeman et al., in
press],  based on  olivine 1300 [
fractionation modeling. This has [
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algorithms used in the
geochemical modeling with those
used in Schutt and Dueker (2008).
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Figure 11. Geochemical modeling of temperature and
pressure at which the most primative eSRP basalts left
equilibrium. Various shapes indicate temperature and
pressure for basalt samples, based on assumption of the Mg#
of the mantle (89, 90, or 91). Our best estimate that
matches geochemistry and the depth of the low velocity zone
is show in yellow, and is approximately 50°C higher than
estimates for MORB melting temperatures. Better precision
will be obtained by jointly considering geochemistry and
seismic constraints.

Work Plan

The First year will consist of
preparing the seismic experiment
logistics and permitting the sites
at private landowners (80%) and the Bureau of Land Management (20%). The second and third years
consist of collecting the seismic dataset. Because the weather is mild along 80% of our field area, our
deployment could be scheduled most any month. The data will be processed at both the Univ. of
Wyoming and Colorado State University. Dr. Dueker’s experience with many broad-band experiments
will provide useful mentoring to the less PASSCAL experienced Dr. Schutt and Dr. Chen. For an array
this size, it is best to divide the 80 station array into three operational areas so that each of the three PI’s
will be responsible for roughly the same number of sites. Of course, as time goes on, there will be overlap
between the three groups during the six scheduled array data card swap (every 4 months for 2 years).

The two hour drive between Laramie and Fort Collins, and the existing record of collaboration between
the Pls, assures that the project will see the maximum synergy between the Pls. Each of them brings an
existing expertise to the collaboration that will augment the others: Dr. Schutt—seismic anisotropy and
mantle physical state relations; Dr. Chen—cutting-edge theoretical seismology; Dr. Dueker—scattered
waves, diffusive wavefield imaging, and deployment field experience. Thus, the work plan will not be
highly compartmentalized, although initial work tasks could be allotted such: 1) Dr. Schutt and Ms.
Tremblay (grad student) will work on teleseismic F3DT tomography using isolation filters in conjunction
with the annihilation operator, array-based shear wave splitting, and constraining lithospheric and
asthenospheric temperature; Dr. Dueker will work on tomography using the diffusive wavefield with full
kernels, and scattered wave imaging using common-depth point stacks and array-based methods; and Dr.
Chen will continue develop the theoretical basis for the work including the energy current regularization
to increase the frequency at which the diffusive Green’s functions can be obtained. Computationally
intensive tasks will be performed on Dr. Chen’s UW cluster—typically it takes one hour per event for
wave periods as short as 10s. We may perform higher frequency calculations on national
supercomputers.
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Broader Impacts

Two of the three Pls on this proposal, Dr. Chen—a Beginning Investigator--and Dr. Schutt, are early
career researchers completing their first year as faculty. Dr. Schutt is the first Solid Earth seismologist at
Colorado State University, in a department hitherto focused on resource extraction and geomorphology.
Under the mentoring of Dr. Dueker, the project will give Dr. Schutt the opportunity to learn how to
perform a regional seismic experiment. The methodological advances of Dr. Chen will be of use to the
broader community of seismologists, and the results of the work will be of interest to the wide range of
researchers who are trying to understand the evolution of the Snake River Plain.  Finally (and
importantly?!), the project will support three graduate students.

Results of Prior NSF Support

Dr. Schutt. EAR-0409538: Collaborative Research: The effects of melt depletion on mantle density and
velocity, $95,219, 07/01/04-07/01/09 (extended 2 years due to my NSF service. This study quantified the
compositional effects of melt depletion on density and velocity, and also examined compositional trends
among xenoliths. We have been able to put much more realistic constraints on the effects of composition,
particularly melt depletion and opx-enrichment on velocity and density. Furthermore, we have found that
previous estimates of the effects of temperature on lithospheric density may be wrong for two reasons.
The first is that past studies often used pure olivine thermal expansivity at standard pressure and
temperature—this is about 30% too low for peridotite at mantle conditions. The second is that subsolidus
compositional effects turn out to have a significant effect on density. This study led to four publications,
including one in Geology [Leeman et al., in press; Schutt and Lesher, 2006; Schutt et al., 2008a; Schutt et
al., 2008b], and one paper currently in prep [Schutt and Lesher, in prep.]. The Yellowstone-related
papers have generated significant press interest, including a New Scientist article and an article in the
local paper.

Dr. Schutt. EAR-0855362: CSEDI Collaborative Research: Joint seismic, geodynamic, and mineral
physics investigation of mantle plumes. Recommended for award on 07/01/09. $50,757, 07/01/09-
07/01/12, This project has just started. We plan to test the plume hypothesis via geodynamical modeling
of upwelling under Yellowstone, Iceland, and the East African Rift, modeling the seismic signature of this
upwelling and comparing this to features found in global tomographic model S40RTS. Dr. Schutt is
responsible for integrating current seismic measurements of Yellowstone with the models, and as such,
Ms. Gladys Bonilla Ortiz, a Puerto Rican M.S. student, is measuring attenuation at Yellowstone. This
study will complement our proposed work and provide a deep mantle background on which we can attach
our detailed asthenosphere/lithosphere/crustal flux study.

Dr. Dueker EAR-0607837: Collaborative Research: Colorado Rockies Experiment and Seismic
Transects (CREST): Time-space patterns of Cenozoic uplift-magmatism and their correspondence to the
Aspen Anomaly. A 60 station passive IRIS-PASSCAL array was installed in August 2008 and data
collection will continue until October of 2009 across the Aspen anomaly, the Colorado mineral belt, the
central Colorado Laramide thrust blocks, south Park, the northern Rio Grande rift, and San the Juan
volcanic field. The array configuration is integrated and temporally synchronized with 30 USArray
stations and is running at near 100% data return. Integrated geologic studies include: 1) Geochemical
studies and Ar-Ar dating of Colorado Mineral belt plutons; 2) Cenozoic thermochronology of the Rockies
using Apatite fission track and U-Th/He with results showing < 6 Ma cooling histories; 3) Cenozoic
denudation history from incision studies are showing a very young landscape, inferred to be responding to
active uplift (Karlstrom). 4) Mantle degassing is detected in almost all of the hot springs in with highest
3He/4He ratios above the Aspen Anomaly.
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