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• An application of stochastic tomography exhibits peaks in depth in the inverted 14 
heterogeneity spectrum of the upper mantle. 15 
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• These peaks correlate with the majority of predicted mineral phase changes in the mantle. 17 
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• Phase change detection requires a dense seismic array and distributions of groups of 19 

earthquakes and estimates of their mechanisms.	20 
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Abstract 22 

Peaks are observed in a depth dependent power spectrum of P-wave velocity fluctuations 23 

determined from an inversion of P wave coherences observed by the USArray.  These peaks 24 

correlate with the depths of the majority of silicate mineral phase changes predicted by a 25 

thermodynamic model of the upper 1000 km of a pyrolitic mantle. To within  ± 25 km we 26 

identify the phase change of orthopyroxene to HP-clinopyroxene at 275 km, the olivine to 27 

wadsleyite phase change at 425 km, the wadlsleyite to ringwoodite phase change at 505 km, and 28 

the initiation of an akimotoite phase at 600 km and a signature of a phase change at 775 km, both 29 

associated with the existence of fragments of subducted oceanic crust.  Non-detection of a phase 30 

change at or near 660 is consistent with the phase change of ringwoodite to Mg-perovskite and 31 

magnesiowusite occurring over a depth interval much smaller than 25 km.   32 

Plain Language Summary 33 

Fluctuations in amplitude and traveltimes of seismic P waves from deep earthquakes observed at 34 

the USArray of seismic stations are inverted for a depth dependent spectrum of the intensity P 35 

wave velocity fluctuations. Peaks with depth of this spectrum correlate with the depths predicted 36 

for changes in the arrangements of atoms of the silicate minerals comprising the upper 1000 km 37 

of Earth’s mantle. 38 

1 Introduction 39 

Modern reference Earth models typically have few first order discontinuities in the upper mantle. 40 

These include commonly agreed ones at or near 400 and 660 km depth, which are interpreted to 41 

be changes in solid phase of silicate minerals from the effect of increasing pressure with depth. 42 

They are routinely observed in complex, double-triplicated, body waveforms between 15o to 35o, 43 

associated with near grazing incidence on two nearly discontinuous increases in P and S wave 44 

velocities and densities at these depths. They are often also observed from partial reflections at 45 

steeper angles of incidence from P to S conversions in receiver functions and in underside 46 

reflections and conversions arriving as precursors to PP waves. In each of these observations the 47 

detection of the sharp change in velocity and density depends on the width of the phase transition 48 

in depth being narrower than the characteristic wavelength of the incident body wave.  49 

Dziewonski & Anderson (1981) recognized early that the steep velocity gradients required to 50 
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exist in the mantle transition zone between the 400 and 660 discontinuities in PREM likely 51 

masked a more complex set of mineral phase transitions occurring over broader intervals in 52 

depth.  In addition to those in the transition zone, the existences of other phase changes may 53 

manifest themselves not as reflective discontinuities but rather as broader zones of increased 54 

small-scale heterogeneity. 55 

 56 

Small-scale heterogeneities, unresolvable by conventional tomography, have detectible 57 

signatures in the fluctuation of amplitudes and travel times observed across seismic arrays. 58 

Numerical simulations have shown that small-scale heterogeneity in the upper mantle can affect 59 

the wavefront of an incident teleseismic wave beneath an array.  Small differences in the angle of 60 

approach of wavefronts, on the order of a several degrees or less, can produce unique signatures 61 

in amplitude and phase fluctuations due to differences in the sensitivity of the wavefronts to the 62 

small-scale structure (e.g., Zheng & Wu 2008; Tkalcic et al., 2010).  Measurement of these 63 

fluctuations between array elements can be exploited to invert for the spectrum of heterogeneity 64 

beneath the array with techniques that have been named stochastic tomography (Wu & Flatté, 65 

1990; Wu & Xie, 1991, Zheng & Wu, 2008).   66 

 67 

Applying stochastic tomography to amplitude and phase fluctuations observed from three groups 68 

of deep focus earthquakes by elements of the USArray, we inverted for a depth dependent 69 

heterogeneity spectrum in the upper 1000 km beneath the western US (Cormier et al., 2020).  70 

The inverted heterogeneity spectrum is characterized by a series of peaks that strongly correlate 71 

with the depths of silicate phase changes predicted by thermodynamic models (Stixrude & 72 

Lithgow-Bertelloni, 2007, 2012).  The majority of these detected phase changes are expressed by 73 

relatively weak changes in seismic velocity gradient spaced over a depth range on the order of or 74 

larger than a wavelength, making them undetectable by high frequency, reflected and converted, 75 

body waves. 76 

 77 

In this paper, we interpret in detail the individual peaks in the heterogeneity spectrum we 78 

published in a smoothed form, showing them in a raw, depth-discretized, form with error bars. 79 

From these interpretations we estimate constraints on the depth and widths of the detected phase 80 
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transitions. We first briefly review the application of stochastic tomography in our previous 81 

paper (hereafter referred to as CICP 2020). We conclude with a commentary on the experimental 82 

design needed to resolve peaks in the heterogeneity spectrum with depth.  In conjunction with 83 

this paper we also provide downloadable Python and Matlab scripts to assist researchers in 84 

designing experiments with stochastic tomography (Tian and Cormier, 2020). These example 85 

scripts treat the effects of earthquake moment tensors and source-time functions on the reference 86 

wavefields defining coherence measurements. 87 

2 Methods and Application 88 

Transmission fluctuation coherence measurements (eqs. 1a-d) are the starting point for stochastic 89 

tomography. We consider the recorded fields due to two plane waves, PW1 and PW2.  We use 90 

𝑈! 𝑥!  for the recorded field at 𝑥! for PW1. Likewise, we use 𝑈! 𝑥!  for the recorded field at 𝑥! 91 

for PW2. Both fields propagate through the same heterogeneous medium. We also consider their 92 

corresponding reference fields (no heterogeneities), 𝑈!!"# 𝑥!  and 𝑈!!"# 𝑥! , respectively. We 93 

can write the seismic fields in amplitude and phase terms, for example, 𝑈! = 𝑢! exp 𝑖𝜔𝑡 =94 

𝑢! exp 𝑖𝜙  and 𝑈!!"# = 𝑢!!"# exp 𝑖𝜔𝑡!"# = 𝑢!!"#exp [𝑖𝜙!"#]. Similar representations are 95 

applied to PW2. A Rytov approximation provides the relationship between the scattered field and 96 

the reference field: 𝑈! = 𝑈!!"#𝑒Ψ1. The complex function Ψ has a real part, which is the 97 

logarithmic amplitude, and an imaginary part, which is the phase (or traveltime) difference. In 98 

our work, the observables are the ratios of log amplitude and travel time differences (eqs. 1c-d) 99 

from those computed in a reference Earth model.  Transverse coherence functions are 100 

constructed as a function of the lag distance  x  between pairs of receivers. The brace brackets in 101 

eqs. 1a-b, define the logarithmic amplitude   u1 u2  and  φ1φ2  phase coherences by averaging 102 

measurements for a specific lag distance over all combinations of two receivers in an array 103 

separated by that lag distance.  Non-dimensional coherence values range from zero  (no 104 

correlation in signal amplitude and traveltime fluctuations) at neighboring receivers to 1 for 105 

perfect correlation. 106 

 107 
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(1a) u1 u2 = 1
2

Re ψ 1ψ 2
* + 1

2
Re ψ 1ψ 2

(1b) φ1φ2 = 1
2

Re ψ 1ψ 2
* − 1

2
Re ψ 1ψ 2 , where

(1c) ψ̂ (ω ) = ln(u / uref )+ iω (t − tref )

(1d) u =ψ +ψ *

2
and φ =ψ −ψ *

2

 108 

 109 

To construct the complex functions   
⌢ψ (ω ) , we measure u and uref from observed and synthetic 110 

seismograms around the direct P waves from the outputs of a multi-taper filter at 0.7 Hz, and 111 

measure the traveltime difference  112 

 
t − tref  from cross-correlation of observed and predicted reference waveforms.

 
113 

 114 

Stochastic tomography assumes that the functional behaviors of the coherences with lag distance 115 

are due to the interference of plane waves scattered by heterogeneity having an unknown power 116 

spectrum as a function of wavenumber and depth.  The transverse coherences can be written as 117 

an integral over horizontal wavenumber and depth, with an integrand containing the power 118 

spectrum (eqs. 2a-c). 119 

 120 

  

(2a) u1 u2 = 2π( )−1
dξa1(ξ )a2(ξ ) J0 (κ R(ξ )⎡⎣ ⎤⎦

0

∞

∫
0

H

∫ sin ωθ1(ξ )⎡⎣ ⎤⎦sin ωθ2(ξ )⎡⎣ ⎤⎦P(ξ ,κ )κ dκ

(2b) φ1φ2 = 2π( )−1
dξa1(ξ )a2(ξ ) J0 (κ R(ξ )⎡⎣ ⎤⎦

0

∞

∫
0

H

∫ cos ωθ1(ξ )⎡⎣ ⎤⎦cos ωθ2(ξ )⎡⎣ ⎤⎦P(ξ ,κ )κ dκ

(2c) u1φ2 = 2π( )−1
dξa1(ξ )a2(ξ ) J0 (κ R(ξ )⎡⎣ ⎤⎦

0

∞

∫
0

H

∫ sin ωθ1(ξ )⎡⎣ ⎤⎦cos ωθ2(ξ )⎡⎣ ⎤⎦P(ξ ,κ )κ dκ

 121 

 

 122 

In eqs. 2a-c,  P  is the power spectrum as a function of depth ξ  and horizontal wavenumber κ .  123 

H is the thickness of a heterogeneous layer. Functions   a1,a2 ,θ1 , and  θ2  are defined in CICP 124 

2020.  The function R  appearing in the argument of the Bessel function   J0 is the horizontal 125 

distance between the pair of rays arriving at a specific lag distance at depth ξ . The average sum 126 

of a coherence measurement at each lag from many sources at different distances and azimuths 127 
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can, in principle, be sensitive to the effects of scatterers whose size may be less than the spacing 128 

of array elements.   129 

 130 

These integrals can be discretized and set-up as a linearized inverse problem in which the 131 

squared difference of the observed coherences and predicted coherences of an unknown power 132 

spectrum are minimized.  The discretized forms of eqs.2a-c and the object function to be 133 

minimized are given in Appendix B of CICP 2020.  134 

 135 

In CICP 2020 the coherence data we chose to invert were 3 groups of deep focus earthquakes 136 

(Marianas, Tonga-Kermedec, and South America) observed by elements of the US array and 137 

transportable array in the western US (Fig. 1).  Deep focus events were chosen to avoid the 138 

effects of heterogeneity concentrated in the upper mantle near the source and to eliminate the 139 

effects of near source reflections. P waveforms of 21,205 deep focus earthquakes having moment 140 

magnitudes Mw between 5.8 to 6.2 were downloaded from the Data Management Center of 141 

IRIS.  About 40% of these had sufficiently high signal to noise ratios and simple apparent 142 

source-time functions to include in the coherence measurements. Within each earthquake group, 143 

measured coherences are averaged at all receiver pairs corresponding to a specific lag. 144 

Wavefront healing due to propagation from the source to the teleseismic receivers as well as 145 

coherence over earthquakes aids in eliminating any source-side heterogeneity effects.  A joint 146 

inversion of data comprising 3 wavefronts arriving from widely different azimuths, whose rays 147 

cross at variable depths beneath the array, makes it possible to achieve a sensitivity to 148 

heterogeneity scales slightly smaller than the spacing of array elements. 149 
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 150 

 151 

Figure 1. Hypocenters of three deep-focus earthquake groups and US Array seismic stations 152 

used in the inversion of P wave coherence for the upper mantle heterogeneity spectrum. 153 

 154 

The inclusion of the effects of the specific earthquake source-time functions and radiation 155 

patterns in  
uref are essential to isolating the effects of forward scattering from those of the source.  156 

To achieve this for each event the reference synthetic seismogram  
uref at each array element was 157 

computed from the IRIS Syngine service (Nissen-Meyer, et al., 2014; 158 

https://service.iris.edu/irisws/syngine) in the AK135-F Earth model (Montagner & Kennett, 159 

1995) using the known moment tensor solution for each event from the GCMT service (Ekstrom 160 

et al., 2012; https://www.globalcmt.org) and an empirical source time function determined by 161 

stacking P waves from each event in the 40o to 90o distance range.  162 

 163 
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We first inverted for a constant heterogeneity spectrum with depth in which the shape of the 165 

power spectrum was defined by 4 parameters. We then assumed that the spectral shape in 166 

wavenumber determined from the single layer inversion was constant in depth but allowed its 167 

peak power to vary with depth in 40, 25 km thick, layers. Comparing the depth dependent 168 

inversion to the single layer inversion, the squared coefficient of determination increased from 169 

0.74 to 0.80 and the reduced  χ
2 decreased from 1.65 to 1.05.  The significantly smaller, but not 170 

less than 1,  χ
2  for the depth dependent spectrum is consistent with an improved fit, but not an 171 

over- fit due to the assumption of a larger number of unknown parameters. Plots of our observed 172 

and predicted coherences from both types of inversions are shown in CICP 2020. 173 

 174 

3 Results 175 

 3.1 Interpretation of the depth dependent heterogeneity spectrum 176 

Results of our inversion for a depth dependent heterogeneity spectrum for the upper 1000 km of 177 

the mantle beneath the western US for the root-mean-square (rms) P velocity fluctuations are 178 

shown in Fig. 2.  The complexity of the spectrum with depth, consisting of narrow peaks, does 179 

not resemble a smooth 1-D depth spectrum, with power decaying with depth in the upper mantle, 180 

commonly resolved in conventional travel time tomography.  The error bars in depth in Fig. 2 are 181 

fixed at 25 km to equal the sampling rate for the 40 depth values used in our inversion.  The 182 

ordinate error bars in the power of rms velocity fluctuation are taken to be 10% of the ordinate 183 

value. To our surprise the depth of the peaks correlate well with ones that have been predicted in 184 

a thermodynamic model of mantle heterogeneity by Stixrude & Lithgow-Bertelloni (2007).  This 185 

model assumes a pyrolitic composition in which chemistry and phase vary with depth to achieve 186 

an equilibrium state that minimizes Gibbs free energy.  The effective temperature derivative of 187 

shear velocity for this model shown in Fig. 2 assumes an adiabatic temperature gradient and a 188 

1600o K potential temperature. In related models, Stixrude & Lithgow-Bertelloni (2012) 189 

demonstrate the effects of varying potential temperature and mechanical mixing of harzburgite 190 

and basalt to simulate the effects of slab cycling. 191 
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 192 

Figure 2. The depth dependent heterogeneity spectrum for the rms fluctuation of P wave 193 

velocity in the upper 1000 km of the mantle compared with the temperature derivative of shear 194 

velocity predicted in the thermodynamic pyrolitic model in Stixrude & Lithgow-Bertelloni 195 

(2007).  Numbered silicate mineral phase changes next to peaks in the temperature derivative are 196 

keyed to interpretations in this section. 197 

 198 

 199 

Predicted peaks in the temperature derivative of seismic velocities are from metamorphic 200 

contributions due to phase and chemistry changes (Fig. 3).  The expression of these changes in 201 

seismic velocity can either be sharp or spread out over a depth range bounded by two changes in 202 

the gradient of seismic velocity. If sharp, the phase change can be detectable from reflected, 203 

converted, or multipathed body waves, and the effect of lateral temperature variations will be 204 

expressed as topography on an apparent seismic reflector.  If spread out over a depth range, the 205 

phase change will not be detectable in seismic reflections or receiver function processing, but 206 

will be detectable as discrete scatterers in a narrow range of depth. In this case, the horizontal 207 
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length scale of the scatterers will be related to the lateral scale of temperature variations and the 208 

vertical scale to the width of the depth (pressure) range over which the phase change occurs. It is 209 

just this type of phase change that can be detectable by stochastic tomography, which seeks to 210 

image stochastically described forward scattering with depth.  Note in Fig.3 that the depth 211 

sampling of estimated scattering power may not be able to detect phase changes that occur over a 212 

depth interval shorter than the sampling rate. 213 

 214 

 215 

 216 

Figure 3. Top: the effect of a temperature variation on the P velocity due to an endothermic 217 

phase change near 660 km depth (red hotter/blue colder) Bottom: the metamorphic contribution 218 

to the temperature derivative of P velocity computed by a difference derivative. Crosses are at 219 
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the 25 km depth-sampling interval of the heterogeneity spectrum derived from the stochastic 220 

tomography inversion. 221 

 222 

 Keeping these factors and limitations in mind, we can begin to interpret the correlations in Fig. 2 223 

between the predicted peaks in the temperature derivative of seismic velocity from the 224 

thermodynamic mantle model and the peaks in depth of the heterogeneity power determined 225 

from stochastic tomography. A possible interpretation of the correlations follows: 226 

 227 

(1) A peak at 250  ±25 km correlates with a predicted phase change of orthopyroxene to HP-228 

clinopyroxene at 275 km. 229 

(2) A peak at 425 ±25 km correlates with a predicted phase change of olivine to wadsleyite 230 

between 405 to 418 km. 231 

(3) A peak at 500  ±25 km correlates with a predicted phase change of wadsleyite to 232 

ringwoodite at 505 km.  The predicted signal in the temperature derivative of velocity, 233 

however, consists of a relatively wide peak in which the shallower wadsleyite to 234 

ringwoodite phase change interferes with an initiation of a deeper calcium perovskite 235 

phase (capv in) at 545 km. 236 

(4) A peak at 600 ±25 km nearly correlates with two predicted interfering phase changes: an 237 

exothermic phase change with the initiation of akimotoite (ak in) having a positive 238 

temperature derivative of velocity, followed by predicted endothermic phase change from 239 

ringwoodite to perovskite and ferropericlase (ri to pv + fp). In the thermodynamic model 240 

these two interfering phase changes occur between 650 to 660 km depth. 241 

(5) A peak at 775  ±25 km correlates with one predicted at 785 km in mechanical mixtures of 242 

basalt and harzburgite having a basalt fraction of 18%, indicative of a phase change in 243 

subducted oceanic crust. 244 

 245 

The differences between detected and predicted phase changes will depend on the accuracy of 246 

the assumptions in the thermodynamic model and the sampling and errors in the power spectrum 247 

of heterogeneity determined from stochastic tomography.  The depth accuracy of the 248 

thermodynamic model depends on the validity of the assumed petrologic model and the physical 249 

properties of minerals determined from combinations of experimental observations and ab initio 250 
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calculations. The depth accuracy of the power spectrum largely depends on the depth-sampling 251 

rate that can be resolved in the inversion of coherences, which depends on sensor spacing and its 252 

geometry and the azimuthal and depth distribution of seismic events.  253 

 254 

For the 25 km depth sampling possible in this study, some general conclusions can be made 255 

about the achievable accuracy for stochastic tomography applied to the US Array.  Except for a 256 

disagreement between an observed and predicted 660 km seismic discontinuity, the depths of the 257 

majority of predicted and observed phase changes agree within estimated errors. This suggests 258 

that a pyrolitic theromodynamic model having a 1600o potential temperature and some 259 

mechanical mixing of subducted basalt is an adequate model for the upper 1000 km beneath the 260 

western US.  The depth of nearly all other predicted phase changes has been detected within 261 

estimated error of +- 25 km, suggesting that the transition width of at least some of these phase 262 

changes may equal or exceed 25 km. 263 

 264 

The disagreement between the detected (600 km) and predicted (660 km), last and deepest, major 265 

phase change is too large to be explained by a plausible hotter mantle temperature in this broad 266 

region.  A global 660 km discontinuity has been largely confirmed in many seismic studies and 267 

is generally the most robustly detected discontinuity even by reflected body waves having 268 

dominant frequencies approaching 1 Hz (e.g., Deuss et al., 2006).  Its signature in receiver 269 

functions (Andrews & Deuss, 2006), however, can be complex, in agreement with the complex 270 

phase changes predicted from thermodynamic models at and near this depth (Xu et al., 2008). A 271 

partial explanation for a positive detection at 600 km but not 660 km is that the 25 km sampling 272 

rate in the inversion is simply too coarse to resolve the complex signal of two closely spaced 273 

phase changes.  In addition, the positive detection at 600 km may instead be a detection of the 274 

predicted transformation of high-pressure clinopyroxene to akimotoite initiating closer to 600 275 

rather than 650 km (Hao et al., 2019), having a transition width in depth on the order of 25 km or 276 

greater. The predicted phase change at 660 km of ringwoodite to Mg-perovskite and 277 

magnesiowusite, estimated to have a transition width of 2 km (Ishii et al, 2019), may be more 278 

easily detectable from reflected and converted body waves than from a stochastic power 279 

spectrum having a sampling interval of 25 km.  280 

 281 
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The detection of an akimototite transition at 600 km, indicative of the existence of regions of 282 

colder mantle temperatures (Hogrefe et al., 1994), coupled with a phase transition at 775 km, is 283 

consistent with the history of the subduction of the Farallon plate beneath the western US.  284 

Tomographic images of the shear velocity structure of the mantle beneath this region reveal 285 

evidence of both slab stagnation and fragmentation in the lower mantle transition zone as well as 286 

penetration beneath 660 km (Schmid et al., 2002). 287 

 288 

 3.2 Comparison with non-depth dependent heterogeneity spectra 289 

It is useful to factor out the wavenumber dependence from our depth dependent spectrum and 290 

compare its spectrum against other non-depth dependent, stochastic models of upper mantle 291 

heterogeneity.  In the context of understanding how lateral temperature differences drive mantle 292 

heterogeneity such a comparison can provide some constraints on the compositional and 293 

temperature variations in the upper mantle at scale lengths intermediate between those estimated 294 

from global travel-time tomography and the coda of high-frequency body waves. 295 
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 296 

Figure 4. Mancinelli et al’s (2016) heterogeneity spectrum (solid green line) compared with our 297 

single layer (dashed red line), isotropic heterogeneity spectrum. 298 

 299 

Mancinelli et al. estimated a 1-D von Karman spectrum for the upper mantle based on the 300 

scattered coda of broadband body waves and the power spectrum of larger scale heterogeneity 301 

resolved by global tomography. Our inverted heterogeneity spectrum was a 3-D isotropic 302 

spectrum.   Hence, to make the comparison shown in Fig. 4, we converted the 1-D spectrum in 303 

Mancinelli et al. to a 3-D isotropic spectrum for a von Karman medium using formulas in Sato et 304 

al. (2012). Our spectrum was parameterized by shape parameters recommended by Klimes 305 

(2002), consisting of a product of a low pass and high pass filter in wavenumber. We chose this 306 

type of parameterization to recognize that the sensitivity of our coherence data peaked around a 307 

narrow band in wavenumber. In contrast, the data fit by Mancinelli et al. weight the effects of 308 

(2π / km)
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heterogeneity over a much broader band of wavenumber, corresponding to frequencies from 309 

millihertz to 10 Hz. The two spectra nearly coincide in a narrow wavenumber band centered near 310 

0.065 km-1 .  From the region of match in wavenumber, we conclude that scale length of 311 

heterogeneities induced by lateral variations in upper mantle phase transitions has a lateral scale 312 

length on the order of 100 km. This suggests that our coherence measurements reveal the 313 

existence of a significant lateral scale on the order of 100 km for variations in chemistry, 314 

temperature (100o to 500o K), or both. 315 

4 Conclusions 316 

The application of stochastic tomography to invert for a depth dependent heterogeneity spectrum 317 

in the upper 1000 km of the mantle reveals a strong correlation with the majority of predicted 318 

phase changes from a thermodynamic model of a pyrolitic mantle.  This demonstrates that 319 

stochastic tomography has the potential to detect mantle phase changes that do not exhibit 320 

changes in seismic velocity and density over short depth intervals. These types of phase changes 321 

are characterized by paired changes in velocity gradient over a transition depth that may be equal 322 

to or larger than the wavelength of a body wave.  323 

 324 

Results from a depth-sampling interval of 25 km for the inverted spectrum for the upper mantle 325 

beneath western North America suggest that many of these phase changes may occur over a 326 

range in depth equal to or greater than 25 km.  An exception is our non-detection of the phase 327 

transition at 660 km, consistent with a transition interval in depth that may be as small as 2 km 328 

(0.1 GPa).  329 

 330 

To detect changes in mantle phases with stochastic tomography requires not only a depth-331 

sampling interval on the order of 25 km or less, but also estimation of the amplitude and phase 332 

effects of source radiation patterns and source-time functions. Resolution will also be improved 333 

by averaging of measured coherences at each lag over a large number of earthquakes arriving 334 

from sufficiently different azimuths. The 40 km spacing of the US Array elements and the 335 

availability of waveforms from 3 widely separated groups of deep focus earthquakes, having 336 

simple source-time functions, makes this possible for at least the western US.  Similar to the 337 

1970’s discovery of the 400 and 660 km mantle velocity discontinuities (Burdick & Helmberger, 338 
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1978), which required the incorporation of the effects of earthquake sources, the detection of less 339 

pronounced mantle phase changes, will generally require routine source-time function and 340 

moment tensor estimation. 341 
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