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INTRODUCTION TO THE THESIS

As a structural seismologist, I am interested in connecting geophysical

observations with geologic and geodynamic processes. My research studies the structure

of the Earth's mantle and focuses on the information that can be learned from analyzing

the boundaries at the top and bottom of the mantle (the moho and core-mantle boundary)

as well as boundaries within the mantle (mantle discontinuities). At the upper and lower

boundaries, lithospheric, upper mantle, and deep mantle studies describe mantle flow

associated with tectonic plate motions and the influence of subduction and subducted

slabs. Within the mantle, discontinuities in density and seismic velocity result from

abrupt changes in composition and state and are important for their influence on mantle

convection and for what they can tell us about both the global and local systems.

Mantle convection can initiate in localized regions due to chemical or thermal

buoyancy of certain rocks, or it can occur on a whole-mantle scale due to the upward and

downward flows of material associated with plate tectonics. Downward flow results from

subduction, the process by which one tectonic plate is thrust below another and is

"recycled" into the Earth's mantle.  Upward flow is more diffusely distributed and

balances the downward flow of subduction.  Mantle plumes, concentrated regions of

upwelling from the deep mantle, may also result from the need to balance downward

flow.

The primary goals of this research are to study the chemical and thermal

anomalies associated with subducting slabs and upwelling plumes in relation to the

ambient mantle as well as the chemical and structural implications of the transport and

recycling of subducted slabs.  To do this, I examine areas associated with active, recent,

and ancient subduction (the Southwest Pacific, the United States and Gulf of Mexico, and

Northwest Canada, respectively) as well as a region commonly thought to be associated

with a mantle plume (Hawaii).  To specifically study mantle convection and its links to

tectonics, I use seismology to investigate several effects on regional scales. Much of my

research uses seismic waves to probe for mantle discontinuities and to gain information

about their depths, wave velocity, and rock density contrasts between the rock layers
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above and below them.  Changes in discontinuity depth, seismic velocity, and density are

related to temperature and chemistry of the mantle rocks in those regions.  Additionally, I

study variations in deformation and anisotropy within the upper mantle and lithosphere.

Patterns of anisotropy are linked to current mantle flow and plate motion, fossilized

anisotropy within the lithosphere, and deformation related to compression during

continental accretion or other tectonic events.

Each chapter of this thesis is written as a separate scientific paper.  The first

chapter, A Water-Rich Transition Zone Beneath the Eastern UnitedStates and Gulf of

Mexico from Multiple ScS Reverberations, was published in 2006 as an invited article in

the Geophysical Monograph volume entitled "Earth's Deep Water Cycle."  This work

focuses on the influence of water within the mantle transition zone, particularly on the

seismic signal of water's influence on the 520-km discontinuity. Corridors in the eastern

United States and Gulf of Mexico have extremely strong 520-km discontinuities relative

to the corresponding 410- and 660-km discontinuities. We attribute the relative strength

of the 520-km discontinuity to a locally water-rich transition zone.

The second chapter, Deep Upper-Mantle Melting Beneath the Tasman and Coral

Seas Detected with Multiple ScS Reverberations, was published in Earth and Planetary

Science Letters in 2007 and also deals with the influence of water in the mantle. Beneath

the Coral and Tasman Seas, we detect a 70-km thick low-velocity layer atop the mantle

transition zone and attribute the low velocities to partial melt resulting from volatile-

induced melting. The considerable thickness of the partial melt layer may require thin

films of a hydrous melt with a zero-degree dihedral angle surrounding grains or the

combined effect on melting of the addition of both water and carbon to the deep upper

mantle.

The third chapter, Whole Mantle Discontinuity Structure Beneath Hawaii, was a

joint project with Brian Bagley and was published in Geophysical Research Letters in

2007. This study focuses on using mantle discontinuities to investigate the thermal

structure beneath Hawaii, a region associated with a mantle plume. We find an unusually

deep 410-km discontinuity and a transition zone thickness of 227 km, corresponding to a

temperature increase of 87 K above the global average. Whole mantle travel time is near
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the global average, which we attribute to an inclined or branching plume, lowermost

mantle anisotropy, and travel time estimate bias due to a possible ultra-low velocity zone

atop the core.

The fourth chapter, Slabs and Shear-Wave Reflectors in the Mid-Mantle, has been

accepted by Journal of Geophysical Research and is currently in press. This paper covers

the same study areas as the first two chapters but focuses on a region deeper in the

mantle. Sub-transition zone reflectors are detected beneath the southwest Pacific Ocean

and Melanesia with mean depths of ~850 and 1100 km in the majority of source-receiver

corridors crossing the study area.  Beneath North America, reflectors at depths of ~1380

and 1530 km are seen in the mid-continent region; further east, the reflections are

shallower, with depths near 940 and 1130 km.  The reflections in both study areas are

unlikely to be the result of slabs interacting with a chemical boundary layer or small-scale

scatterers within the mid-mantle. More likely these reflectors result from a pressure-

temperature-dependent phase transition within or around subducting slabs.

Finally, the last chapter, Mantle Structure Beneath the CANOE Array, Northwest

Canada, will soon be submitted for publication. This work studies mantle variability

beneath the Canadian Northwest Experiment (CANOE) using two different methods.

First, receiver functions across the CANOE seismic study are used to analyze the

structure of the transition zone and overlying upper mantle discontinuities. The only

major discontinuity variability is observed at stations at the western end of the array in

the form of a split 660-km discontinuity, potentially related to lower temperature or

increased aluminum content reflected as phase changes in the garnet component of the

mantle beneath the Northern Cordillera. Second, shear wave splitting is used to study

anisotropy beneath the region. Splitting times derived from multi-event station averages

average ~1.4 s, and fast directions are coherent yet suggestive of strong variability of

mantle anisotropy across the region. Additional variations in the fast directions and delay

times are suggestive of complexity in the region and stem from differences in regional

tectonic settings and the potential influence of a second layer of anisotropy beneath a

portion of the array.
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Chapter 1: A Water-Rich Transition Zone Beneath the Eastern United

States and Gulf of Mexico from Multiple ScS Reverberations

Anna M. Courtier and Justin Revenaugh

Department of Geology and Geophysics,  University of Minnesota, 108 Pillsbury Hall,

Minneapolis MN 55455

This chapter has already been published and is included as part of this dissertation with

permission from Earth's Deep Water Cycle, Geophysical Monograph, 168, 181-193,

2006, Copyright by the American Geophysical Union.
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ABSTRACT

We examine mantle discontinuities beneath the United States and Gulf of Mexico

using multiple ScS reverberations from earthquakes in Central and South America

captured by 65 broadband and long-period seismometers across the United States. The

depths of discontinuities and the impedance contrasts across them were estimated using a

hierarchical waveform inversion and stacking method. The path-averaged depth of the

410-km discontinuity varies moderately across the study area and is particularly shallow

(~395 km) beneath the eastern United States. Topography on the 660-km discontinuity is

more subdued and is close to the global mean depth. The 520-km discontinuity is seen

consistently across the study area, though both the depth and the impedance contrast of

the discontinuity vary significantly. Corridors in the eastern United States and Gulf of

Mexico have extremely strong 520-km discontinuities relative to the corresponding 410-

km and 660-km discontinuities. We attribute the shallow 410-km and strong 520-km

discontinuities beneath the eastern United States and Gulf of Mexico to a locally water-

rich transition zone.
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1.1 INTRODUCTION

Water must be present to some extent in the Earth's mantle [e.g. Bell and

Rossman, 1992], though the total mass of water and its distribution in the interior are

largely unknown [e.g. Drake and Righter, 2002; Hirschmann et al., 2005]. The water

content of the mantle is largely governed by the amount of hydrogen that partitioned into

the accreting core and mantle during Earth formation, the amount of water that

subsequently degassed to form the hydrosphere, and the amount that is recycled into the

interior through subduction [e.g. Ahrens, 1989; Williams and Hemley, 2001]. Each of the

major mantle minerals has the ability to incorporate at least trace amounts of water in its

structure [e.g. Bell and Rossman, 1992; Kohlstedt et al., 1996; Bolfan-Casanova et al.,

2000; Murakami et al., 2002; Bolfan-Casanova et al., 2003; Litasov et al., 2003; Bolfan-

Casanova, 2005], allowing for the equivalent of half of the world’s oceans in a "dry"

mantle [Hirschmann et al., 2005] and potentially much more [Smyth, 1987; Bell and

Rossman, 1992].  Hydrogen may be present as point defects, as structurally bound

hydroxyl [(OH)-], or as molecular water (H2O), each of which is colloquially described as

“water” in the literature.

The distribution of water in the mantle can be constrained by considering seismic

observations in conjunction with experimental constraints on water in mantle minerals. A

number of authors have examined the solubility of water in mantle minerals [e.g. Bell and

Rossman, 1992; Kohlstedt et al., 1996; Ingrin and Skogby, 2000; Bolfan-Casanova et al.,

2000; Bolfan-Casanova et al., 2003; Bolfan-Casanova, 2005] and the pressure-

temperature stability fields of minerals containing water [e.g. Irifune et al., 1998; Higo et

al., 2001; Ohtani et al., 2001; Smyth and Frost, 2002]. Although all of the most abundant

mantle minerals are capable of storing water in their structures, for some the

concentration of water may reach only the parts per million level. Water solubility

measurements indicate that transition zone minerals can incorporate considerably more

water than both the remaining primary upper mantle minerals and primary lower mantle

minerals [e.g. Smyth, 1987; Kohlstedt et al., 1996; Bolfan-Casanova et al., 2000]. While

it is highly unlikely that the entire mantle is saturated with water, the transition zone may

be a significant reservoir for water due to its enhanced water solubility.
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The transition zone seismic discontinuities, herein referred to as the 410-km, 520-

km, and 660-km discontinuities, correspond to the phase transition from olivine to

wadsleyite (β-Mg2SiO4), the transition from wadsleyite to ringwoodite (γ-Mg2SiO4), and

the dissociation of ringwoodite to perovskite-type (Mg,Fe)SiO3 and magnesiowüstite-

(Mg,Fe)O, respectively (see Helffrich [2000] for a review).  These three reactions have

pressure-temperature stability fields that vary between hydrous and anhydrous conditions.

The 410-km discontinuity migrates to shallower depths in the presence of water [Smyth

and Frost, 2002; Chen et al., 2002; Komabayashi et al., 2005; Komabayashi et al., 2006],

whereas the 660-km discontinuity may deepen [Higo et al., 2001]. The presence of water

also can broaden or sharpen mantle velocity transitions [e.g. Akaogi et al., 1989; Wood,

1995].   Transition thicknesses under anhydrous conditions are 9-18 km for the 410-km

discontinuity [Akaogi et al., 1989], 30 km for the 520-km discontinuity [Akaogi et al.,

1989], and 4 km or less for the 660-km discontinuity [Ito and Takahashi, 1989]. For

under-saturated hydrous conditions, the 410-km and 660-km discontinuities broaden to

thicknesses of up to 40 km [Wood, 1995; Helffrich and Wood, 1996; Smyth and Frost,

2002] and 13 km [Higo et al., 2001], respectively. The 520-km discontinuity sharpens in

the presence of water, occurring over a thickness of less than 15 km [Inoue et al., 1998].

Seismic methods yield the most direct observations of the transition zone

discontinuities. A global study by Flanagan and Shearer [1998] reported mean depths of

418 km, 515 km, and 660 km for the three discontinuities.  The 520-km discontinuity is

seen more frequently in areas where data density is high, and it typically has a much

smaller apparent impedance contrast than either the 410-km or 660-km discontinuities.

The poor signal-to-noise ratio of data sampling the low-contrast 520-km discontinuity

almost certainly adds to the apparent variability in its depth.  It is also occasionally

observed as a two-part discontinuity, further adding to apparent depth variability  [e.g.

Deuss and Woodhouse, 2001].  Transition thicknesses influence the impedance contrasts

measured by seismic methods. As a transition broadens, its effective reflection and

conversion coefficients decrease  [e.g. Richards, 1972], making the discontinuity more

difficult to detect and, often, biasing downward the estimated impedance and/or velocity

contrast. The contrasts at the 410-km and 660-km discontinuities are large enough that
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even if water broadens them, they should still be easily detectable with multiple ScS

reverberations. The 520-km discontinuity, which narrows in the presence of water, may

appear stronger and be more easily detected in hydrous environments.  If the transition

zone is a significant reservoir for water in the mantle, the effect of that water should be

apparent in seismic observations.

Several seismic studies have called upon water to explain anomalous observations

of the transition zone and the overlying mantle. A layer of silicate partial melt was

proposed by Revenaugh and Sipkin [1994] to explain an impedance decrease detected at

an average of 80 km above the 410-km discontinuity beneath easternmost China and the

Sea of Japan.  The inferred partial-melt layer was detected with multiple S c S

reverberations and was seen consistently across the study area, though the thickness of

the layer varied from ~50 to 100 km.  Volatiles, principally water, were suggested as a

catalyst for producing the melt. Song et al. [2004] reported a very similar feature

beneath the northwestern United States.  The low velocity zone in this study was detected

in triplicated shear-wave arrivals and extended from ~20 to 90 km above the 410-km

discontinuity.  It too is interpreted as a partial melt layer and linked to hydration from

past subduction in the region.  Van der Meijde et al. [2004] used receiver functions to

infer the presence of up to 1000 ppm by weight of water near depths of 400 km beneath

the Mediterranean, another region of subduction, which again may be the source of the

water.  A second receiver function study [Vinnik et al., 2003] reported a ~60-km thick

low velocity layer on top of the 410-km discontinuity beneath the Arabian plate.  This is

interpreted as a water-rich layer underlying the dry continental root of the plate.  The

transition zone water filter model of Bercovici and Karato [2003] predicts occasional

melt above the 410-km discontinuity as a byproduct of the difference in water solubilities

of transition zone and overlying upper mantle minerals.  The model predicts that as

upwelling mantle material reaches the water-rich transition zone, it is able to incorporate

water on the order of 1 – 2 wt% into its mineral structures.  When this material passes

through the 410-km transition, it becomes at least saturated, if not super-saturated, with

water due to the lower solubility of water in olivine than in wadsleyite [e.g. Kohlstedt et

al., 1996; Hirschmann et al., 2005].    Water saturation greatly depresses the melting
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temperature of the olivine and can cause localized partial melting above the transition

zone [Inoue, 1994].  The resulting melt may be intermediate in density to olivine and

wadsleyite [e.g. Stolper et al., 1981; Ohtani et al., 1995] and could pond above the 410-

km discontinuity.

Broadening of the 410-km phase transition to thicknesses of 20 – 35 km is

observed in the Mediterranean region [Van der Meijde et al., 2003].  This can be

explained by 0.07 wt % H2O (700 ppm) in the surrounding mantle. The 660-km transition

also may broaden in the region, although the receiver function method used may not be

able to detect the amount of broadening across the transition interval expected at that

depth for the estimated water content. Van der Meijde et al. [2005] observed increases in

transition zone thickness beneath the same region, which is consistent with either water

or low temperature persisting throughout the depth range of the transition zone.  They

further note that the velocity transition at the 520-km discontinuity may be as sharp as 20

km in the region.  Several thousand kilometers to the north-northwest, weak conversions

from the 660-km discontinuity beneath the North Sea could be the result of a broadened

discontinuity [Helffrich et al., 2003].   A transition occurring over a 13-km interval could

cause the observed behavior, consistent with the expected influence of water at 660 km

depth [Higo et al., 2001].

Low seismic velocities due to water in the mantle have been reported for

compressional and shear waves in regions of both current and past subduction [e.g. Zhao,

2001; Nolet and Zielhuis, 1994]. In the mantle wedge, at depths to 400 km, a low velocity

zone often lies just above the subducting slab.  Here the low velocities are attributed to

water released from the slab as hydrous minerals dewater [Zhao, 2001].  Deeper in the

mantle, Nolet and Zielhuis [1994] find evidence of water in the upper mantle and

transition zone in shear wave tomography of the mantle beneath the Russian platform.

There, a low shear wave velocity anomaly extends from 300 to 500 km depth and follows

the trend of the ancient Tornquist-Teisseyre subduction zone, which initiated with closure

of the Tornquist Sea a maximum of ~450 million years ago [Bergstrom, 1990; Scotese

and McKerrow, 1990].  The authors conclude that 85 million years of subduction have
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injected a significant amount of water into the transition zone, substantially lowering

shear wave velocities.

In this context, we conducted an ScS reverberation study examining variability in

discontinuity depths and impedance contrasts beneath the United States and Gulf of

Mexico.  Multiple ScS reverberations are useful tools for detecting regional variability

that occurs due to changes in temperature or chemistry along mantle discontinuities.  Past

and present subduction of the Farallon and Juan de Fuca plates lead to slab-dewatering

and the possibility for areas of water storage in the mantle beneath the study area.

1.2 DATA

We compiled a dataset of 130 long-period and broadband seismograms from

fourteen intermediate depth events in Central and South America.  Only events with

magnitude mb ≥ 5.9 and depth z ≥ 95 km were considered.  Data with low signal to noise

ratios or with excessive apparent source complexity were discarded.  The events occurred

between 1974 and 2001 and were recorded at 65 stations from a variety of networks

across the United States; the Digital World-Wide Standardized Seismograph Network

(DWWSSN), United States National Seismic Network (USNSN), High-Gain Long-

Period Network (HGLP), Lamont-Doherty Cooperative Seismographic Network (LCSN),

IRIS Global Seismograph Network (GSN), Seismic Research Observatory (SRO), Pacific

Northwest Regional Seismic Network (PNSN), Leo Brady Network (LB), TERRAscope

(Southern California Seismic Network, SCSN), GEOSCOPE, Berkeley Digital

Seismograph Network (BDSN), California Transect Network (CT), and ANZA Regional

Network (ANZA).  See Table 1.1 for source parameters of the events.

Seismograms were rotated, deconvolved to ground velocity, low-pass filtered, and

decimated to a three-second sampling interval following Revenaugh and Jordan [1989].

Transverse component data were separated into eight source-receiver paths based on

geographic sampling (Figure 1.1) and considerations of data density. Six paths connect

Central America and the United States. The remaining two connect South America and

the United States.  An example trace is shown in Figure 1.2.
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1.3 METHOD

Zeroth- and first-order ScS reverberations (i.e. multiple ScS and sScS phases and

similar arrivals once-reflected from discontinuities within the mantle; Figure 1.3) were

modeled using the hierarchical waveform inversion method of Revenaugh and Jordan

[1991a].  The only change to their method was the addition of a finite source duration,

taken as the half-duration of the event as given by the Harvard Centroid Moment Tensor

(CMT) catalog which scales directly with seismic moment.  Source parameters for the

two events prior to 1977 were taken from nearby events in the CMT catalog. Specifically,

the July 18, 1983 (12.67° N, 87.18° W, 86 km depth, mb 6.0) earthquake was used for the

March 6, 1974 event, and the June 25, 1980 (4.44° N, 75.78° W, 162 km depth, mb 6.0)

earthquake was used for the May 19, 1976 event.  Combinations of between two and four

ScSn-sScSn phase pairs were modeled on each seismogram, with the number depending

on the level of ambient noise and interference from major arc arrivals and phases from

other earthquakes. Model parameters include the whole-mantle quality factor (QScS),

crustal thickness, and whole-mantle travel time. QScS and the crustal thickness are

regarded as “nuisance” parameters due to the geographic length of the corridors and

complex variations in crustal structure expected along these primarily continental paths

[e.g. Sipkin and Revenaugh, 1994].

Modeled zeroth-order reverberations were stripped from the data, leaving a

residual signal consisting of first- and higher-order reverberations from discontinuities

throughout the mantle [Revenaugh and Jordan, 1989], noise, and residual multiple ScS

energy.  An estimate of the mantle radial shear-wave reflection coefficient is obtained by

1D migration of the first-order reverberations as per Revenaugh and Jordan [1991b].

The general velocity model of Revenaugh and Jordan [1991a] was used for the migration

of all source-receiver paths following simple velocity scaling to match the whole-mantle

travel time specific to each region. The velocity used in migration must match the vertical

ScS travel time estimated during the zeroth-order reverberation stripping, but is otherwise

largely immaterial. For the near-vertical raypaths followed by multiple ScS and higher-

order reverberations, move-out is minimal and nearly identical for all reasonable mantle

models. What differs are the absolute depths, and we include the uncertainty in this
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mapping in the error bounds on the discontinuity depths. The stacking of all seismograms

sampling an individual geographic corridor accomplished by migration greatly increases

the signal-to-noise ratio of low-amplitude reflected shear waves.  Unfortunately it also

introduces artifacts and biases by collapsing 3D structure into a single spatial dimension,

a point we address below. The reflection coefficient profiles are modeled using migrated

synthetic seismograms in a graduated series of steps, resulting in a preferred reflection

coefficient profile that contains the fewest reflectors necessary to accurately replicate the

data profile.

There are several effects that can bias our reflection coefficient estimates; chief

among these are along-path heterogeneity and anisotropy.  Velocity and attenuation

heterogeneity and crustal structure variability along-path are not well accounted for in the

1D migration methods used here.  The result is discontinuity response functions

(synthetic seismograms used as migration matched filters) that differ in waveform detail

and arrival time from the data, lowering waveform cross-correlation and biasing

downward the estimates of reflection coefficient.  For the low-frequency waveforms we

examine, these effects are not great, but they are present.  Experiments with migration of

synthetic data intentionally made to differ from the discontinuity response functions

suggest biases on the order of 25% are possible.  Along-path variability in the depth of

individual discontinuities imposes an additional downward bias that scales with

discontinuity topography, but which may also reach 25%.  Anisotropy is present beneath

much if not all of the study region, splitting the multiple ScS reverberations and

increasing the waveform complexity of arrivals on the transverse components records we

use. Because of inefficient reflection at the free surface and core-mantle boundary, SV-

polarized multiple ScS phases are not well excited along these paths and are seldom

observable in our dataset.  (Their amplitude is typically only one-fourth of the amplitude

of SH).  As a result, the primary effect of anisotropy on the transverse component is a

downward amplitude bias that increases roughly linearly with the number of passages

through anisotropic depth intervals.  This influences our estimates of QScS and reduces

apparent reflection coefficients of mantle discontinuities.  As with along-path
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heterogeneity, the effect should be near-equal for all discontinuities and, as such, is

unlike the effect of discontinuity topography, which is reflector specific.

To minimize the impact of these sources of bias on our interpretations of mantle

discontinuity structure, we will focus on reflection coefficient ratios, which cancel out

common downward biases.  In theory, the only remaining biases are due to variable

degrees of discontinuity topography and transition width.

1.4 RESULTS

SH reflectivity estimates for each of the eight source-receiver paths are shown in

Figure 1.4.  Shallow upper mantle discontinuities are seen sporadically across the study

area (Table 1.2).  H  (see Revenaugh and Jordan, 1991c for discontinuity nomenclature)

may be present beneath the westernmost paths (C5 and C6) as well as path S2, but

reflectivity peaks at this depth can also arise as artifacts of inadequate modeling of crustal

impulse response, and these interpretations of H should be treated with caution.  This is

especially so in the case of path S2, where the putative H discontinuity has a particularly

high impedance contrast.  Several discontinuities are seen in the depth range of L as well,

though the impedance contrast is negative below the western United States and positive

beneath the eastern United States.  The easternmost paths (C1 and S1) are equally well

modeled by either a low velocity zone near 115 km depth or an impedance increase in D"

above the core-mantle boundary.  This seemingly ridiculous ambiguity, a peak in the

upper mantle possibly arising from an opposite polarity impedance contrast in the lower

mantle, is due to the sensitivity of first-order reverberation travel time to separation of the

mantle reflector from the core-mantle boundary and/or the free surface (see Revenaugh

and Jordan, 1991b) and not directly on reflector depth.  Path C3 also has a discontinuity

in D"; modeling an upper-mantle low velocity zone in its place produced a much lower

quality of profile fit, but either interpretation is plausible in light of previous work.  These

paths cross the Caribbean in a region where a D" discontinuity has been detected [e.g.

Garnero and Lay, 2003], but the paths with a potential low velocity zone also traverse

oceanic lithosphere, where such a discontinuity is often observed [Revenaugh and

Jordan, 1991c].  It is possible that it is some combination of the two that create our
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results. Two other paths which cross the Caribbean region (C2 and S2) do not require a

discontinuity in D".  In general, the sporadic appearances of the shallow upper mantle (or

D") discontinuities limit further interpretation.

The 410-km, 520-km, and 660-km discontinuities are seen in all profiles and have

path-averaged depths and impedance contrasts that vary across the study area (Table 1.2).

The small amount of path-to-path average depth variation (Plate 1.1) that exists extends

beyond the error estimate of 5-7 km for path-averaged discontinuity depth used by

Revenaugh and Jordan [1989].  However, we increase that error estimate to ±12 km to

account for greater lateral heterogeneity along the long source-receiver paths, which

places the topography along the 410-km discontinuity (±12 km) at the edge of resolution

and depth variability along the 520-km and 660-km discontinuities (±10 km and ±8 km,

respectively) below it.  On average, the discontinuities are shallower beneath the eastern

part of the study area and impedance contrasts for the 410-km and 660-km discontinuities

are small throughout.  The latter is likely due to heterogeneity along these long and

tectonically variable paths.  As previously discussed, impedance contrast estimates

obtained in this study should be considered in a relative, as opposed to absolute, sense

(Plate 1.2).  Of particular note is path C1, which has a very strong 520-km discontinuity,

but only weak impedance contrasts for the 410-km and 660-km discontinuities (Table

1.2).  In fact, the 520-km discontinuity is roughly twice the strength of the other two

discontinuities.  Nearby paths (C2 and S2) also have strong 520-km discontinuities, on

the order of that seen at 410 or 660 km.  We believe this is evidence of a wet transition

zone along the three paths.

1.5 DISCUSSION

Wadsleyite and ringwoodite are the major minerals of the transition zone and can

incorporate considerable amounts of water into their structures, favoring water storage in

the transition zone rather than the upper mantle above [Kohlstedt et al., 1996;

Hirschmann et al., 2005].  Water solubility is much lower in the lower mantle [Bolfan-

Casanova et al., 2000; Murakami et al., 2002], and the partitioning of water favors
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incorporation into the transition zone at the 660-km discontinuity. The transition zone

thus may act as a key water reservoir in the mantle. The presence of a large amount of

water there would affect discontinuities bracketing and inside the transition zone,

influencing their depths and apparent impedance contrasts.

The most striking characteristic of anomalous path C1 is the unusually large

impedance contrast at the 520-km discontinuity (both relative to the 410-km and 660-km

discontinuity and in reference to other studies sampling the 520-km discontinuity over

much of the globe [Shearer, 1990; Deuss and Woodhouse, 2001; Revenaugh and Jordan,

1991b]).  The ratios of the apparent impedance contrasts between the 520-km and 410-

km or 660-km discontinuities were the characteristics used to define the geographic

extent of the anomalous corridor, with ratios of either 520:410 or 520:660 > 1.25

considered highly anomalous.  Only paths C1, C2, and S2 fall into this category.

Although geographically proximal, no data is shared between these paths, strongly

suggesting some regional structure is responsible for the unusually energetic reflections

from the 520-km discontinuity.

The impedance ratios of the 520-km discontinuity to the 410-km and 660-km

discontinuities are sufficiently high, however, as to cast some doubt on the veracity of

this result.  To test it, a modified jack-knife was applied to each of the anomalous paths to

examine the contribution of individual seismograms to the measured impedance contrast

at 520 km.  Stacked reflectivity profiles were recalculated for each permutation of the

dataset created by dropping one seismogram.  The resulting impedance ratios showed

variability, both upwards and down, and scaling with the number of seismograms in the

stack.  In the cases where removing a trace lowered the 520:410 or 520:660 impedance

contrast ratios, no stations, events, or event depths were common among removed traces.

The highly anomalous impedance ratios are not the product of a noise burst or “rogue”

seismogram or event, but rather appear to be reliable, albeit noisy, estimates.

The phase transition from wadsleyite to ringwoodite at 520 km depth is expected

to occur over a depth range of 30 km [Akaogi et al, 1989]. The incorporation of water

into the structures of transition zone minerals narrows the range over which the phase

transition occurs to as little as 15 km [Inoue et al., 1998]. Similar observations have been
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made using seismic methods.  The 520-km discontinuity is generally observed to occur

over a range of up to 50 km [e.g. Cummins et al., 1992]. Due in part to this broad

transition interval, the 520-km discontinuity typically has a measured impedance contrast

that is only roughly half that at the 410-km discontinuity [Shearer, 1990]. However, in

the presence of water, the apparent impedance contrast observed at 520 km depth is

increased [e.g. Van der Meijde et al., 2005], as is the ratio between the impedance

contrasts for the 520-km and 410-km discontinuities.

Under hydrous conditions, the phase change from olivine to wadsleyite at the top

of the transition zone occurs at lower pressure conditions and over a broader range of

pressures than under anhydrous or saturated conditions [Wood, 1995; Chen et al., 2002;

Smyth and Frost, 2002; Hirschmann et al., 2005].  If water is present, the 410-km

discontinuity should be observed at shallower depths [Wood, 1995], and the transition

interval will depend on the partition coefficient of water between wadsleyite and olivine

at those conditions [Hirschmann et al., 2005].  Similarly, the transition across the 660-km

discontinuity is also expected to broaden if the partitioning of water between the

transition zone and lower mantle is of the same order of magnitude as the partitioning

between the transition zone and the overlying mantle [Smyth and Frost, 2002], though the

broadening expected at 660 km depth is less than that at 410 km [e.g. Higo et al., 2001;

Smyth and Frost, 2002].

Broadening of a transition that is centered on the same depth as the original

discontinuity will not directly affect the multiple ScS phases, unless that broadening is

unusually large (>25 to 30 km for most of our paths).  However, it can affect apparent

discontinuity depth and estimated impedance contrast if the broadening is not symmetric

above and below the original transition.  Asymmetric broadening of a discontinuity

changes its centroid depth; variable broadening induces additional topography along the

path and leads to a dampened or lowered impedance contrast obtained from the ScS

reverberation method.  Therefore, while the multiple ScS reverberations may not be

directly sensitive to the thickness of the phase boundary at a mantle discontinuity, their

interactions with that broadened region across a source-receiver path still result in a

lowered impedance contrast.
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The response of the 410-km and 660-km discontinuities to water results in a

broadened transition zone in hydrous regions.  Transition zone thicknesses range from

243 to 267 km (± 17 km) in our study, and all are thicker than the global average of 241

km [Flanagan and Shearer, 1998].  Paths that show hydrous signatures in impedance

contrasts have the thickest transition zones.  The broadened transition zones are primarily

the result of shallow 410-km discontinuities.  The 660-km discontinuity exhibits less

depth variation and no topographic correlation, negative or otherwise, with the 410-km

discontinuity.

We see no evidence of a partial melt layer on top of the 410-km discontinuity

[e.g., Song and Helmberger, 2006].  The absence of a melt layer does not necessarily

contradict the implication of water in the transition zone. There could be enough water in

the transition zone to amplify the measured impedance contrast across the 520-km

discontinuity without exceeding the saturation limit (~0.4 wt% H2O) for the mantle above

410 km depth [Hirschmann et al., 2005].  Alternatively, the water content of the

transition zone may exceed the saturation limit of the mantle above but the hydrous

material may be localized within the transition zone and not upwelling across the 410-km

discontinuity.  Lastly, a thin melt layer may be present but not detected.  For the long-

period shear waves we examine, any melt layer would need to exceed 20 to 30 km to

appear separate from the underlying 410-km discontinuity.  A thinner layer would act to

lower the apparent impedance contrast across the 410-km reflector, augmenting the effect

of transition broadening and topography.

Before concluding that water is present in large quantities in the transition zone

along paths C1, C2, and S2, we must consider other mechanisms for increasing the

measured impedance contrast across the 520-km discontinuity relative to the 410-km and

660-km discontinuities. And in fact, some additional upward driver is needed to achieve

the unusually large ratios we observe.   Since path-averaged topography along the three

transition zone discontinuities is at or below the error estimates, other mechanisms for

producing topography are not discussed.  The shallow 410-km discontinuity that exists

along two paths sampling the eastern United States is interpreted in conjunction with the
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elevated impedance contrast at 520 km rather than as a separate line of evidence for a wet

transition zone beneath the anomalous region.

Significant along-path topography on the 410-km and 660-km discontinuities

would lower the measured impedance contrasts across those boundaries.  A more-nearly

"flat" 520-km discontinuity would then appear larger in a relative sense.  Path-averaged

depths of the three discontinuities do not exhibit greater variability for the 410-km and

660-km discontinuities.  Nor is this behavior seen globally, as seismic studies show the

opposite: a more undulatory 520-km discontinuity [e.g. Deuss and Woodhouse, 2001].

The inferred reflection coefficient of the 520-km discontinuity along path C1 also is large

in an absolute sense, not just in relative terms, implying it is being driven up by some

process and is not simply less damped than the 410-km and 660-km discontinuities.  As a

result, we consider relative topography variability as a possible, perhaps likely, addition

to water-induced impedance ratio amplification, but not a substitute.  A second possibility

is that the multiple ScS reverberations are imaging a fast velocity structure confined to the

lowermost transition zone and geographically situated beneath the Gulf of Mexico.

Under this scenario, what we image as the 520-km discontinuity is a mix of the globally

observed phase transition and a seismically fast local thermal and/or chemical anomaly.

The latter, however, is not observed in North American tomographic models [Van der

Lee and Frederiksen, 2005].  A third possibility is that there is a velocity-neutral, high-

density feature in the region.  The associated mass excess should produce a large

excursion in the geoid in the Gulf region, an excursion not seen in the measured geoid

[Lemoine et al., 1997]. A final possibility is that another compositional defect has the

same effect as hydrogen on discontinuity depths and impedance contrasts across the

transition zone discontinuities and also lowers the shear wave velocities of the minerals

in the deep upper mantle.  With future research, another feasible option may be

presented, however a mechanism for introducing that compositional defect into a

localized region of the mantle is also required to explain our results.  In the absence of a

viable alternative, we conclude that the transition zone is unusually wet along paths C1,

C2, and S2.  The expected behavior of water on transition zone discontinuity depths and
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impedance contrasts matches most of our observations, and a subducted slab beneath the

region provides a mechanism for introducing water to the region.

Previous seismic studies made observations or predictions consistent with a

hydrated transition zone beneath the eastern United States. Nominally anhydrous upper

mantle and transition zone minerals containing water in some form are expected to have

lower seismic velocities [Karato, 1995; Wang et al., 2003; Jacobsen et al., 2004;

Jacobsen and Smyth, 2006]. Low compressional wave velocities measured in rocks

beneath the Appalachians in the eastern United States [Taylor and Toksoz, 1982] could be

an indication of serpentinization and hydration of the mantle rocks [Christensen, 1966;

Karato, 1995].  A low velocity corridor trending along the eastern coast of the United

States is found by Van der Lee and Nolet [1997] and Van der Lee et al. [2005].   The low

velocity anomaly is strongest beneath the Gulf of Mexico and extends from 200 km to

transition zone depths.  The authors interpret it as a water-rich region of the upper mantle.

Injection of water into overlying mantle by subduction has been proposed as a

mechanism for creating the hydrous region [Van der Lee and Nolet, 1997]. Song et al.

[2004] and Song and Helmberger [2006] observe a low velocity layer atop the transition

zone beneath the western United States. This layer is not apparent in our reflection

profiles for the same region.  However, Song and Helmberger [2006] report a thickness

of ~25 km for the layer, which is pushing the detection limit of multiple ScS

reverberations.

Turning the hypothesis of subduction-related water injection into the upper mantle

and transition zone around, one could ask why other areas of active or recent subduction

do not show clear signs of hydration.  The lack of a seismic signature of water in areas

where it may be expected does not necessarily exclude the presence of water.  The

seismic signatures of water are generally subtle and easily masked by stronger

heterogeneities that result from large lateral thermal gradients, melt, and anisotropy.

Williams and Hemley [2001] estimate that seismic methods generally have a minimum

detection limit of more than 1 wt% H2O in the transition zone and 2 wt% H2O above it.

Water in quantities greater than these limits may be rare, even in areas where there exists

an abundant source of water.
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1.6 CONCLUSIONS

Discontinuity depths and apparent impedance contrasts obtained from multiple

ScS reverberations sampling the mantle beneath the eastern United States and Gulf of

Mexico are consistent with a water-rich transition zone.  A similar hydrous signature is

not seen beneath the central or western United States.  Laboratory studies find that the

major mantle minerals are capable of storing large amounts of water, leading to as much

as 0.4 wt% above 410 km depth and 1.5 wt% in the transition zone [Hirschmann et al.,

2005]. The distribution of water in the mantle has implications for planetary accretion,

mantle composition, rheology, and convection, but its seismic signature can be subtle.

We believe that multiple ScS reverberations are important tools in the search for mantle

water.
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1.8 FIGURES

Figure 1.1:  Map of the study area showing earthquakes (circles) and seismic stations

(diamonds).  Black bars indicate particular geographic paths and are numbered from east

to west according to the source region; Central America (C) or South America (S).  The

bars are schematic; actual sampling is much broader geographically.
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Figure 1.2: Long period, SH-polarized seismogram of the October 21, 1995 earthquake

recorded at station SBC (34.442° N, 119.713° W) with multiple ScS phases within the

reverberative interval labeled.
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Figure 1.3:  Schematic raypaths for (A) zeroth-order ScS2 reverberations and (B) first-

order ScS2 reverberations interacting with a hypothetical mantle discontinuity by either

top-side (upper panel) or bottom-side (lower panel) reflection.  FS = Free Surface, CMB

= Core-Mantle Boundary.
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Figure 1.4: SH-Reflectivity profiles obtained for each of the eight paths. Vertical axis is

depth (km) from the free surface (FS); the horizontal axis, R(z), is an estimate of the SH

reflection coefficient of the mantle (%).  Tick marks to the right and left of each

centerline represent 3%.  Data (left) are paired with the preferred synthetic profile (right).

Peaks exceeding the gray shaded region are significant at the 95% confidence level.  Bold

horizontal bars on the preferred profile mark the depths and reflection coefficients of

discontinuities included in the model. The number of seismograms contributing to each

data stack is labeled above each profile.  Paths are ordered from west to east and are

grouped by source region.  Numbers correspond to Figure 1.1.
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Plate 1.1:  Topography of transition zone discontinuities superimposed over the NA04

(Van der Lee and Frederiksen, 2005) tomography model sliced across 28° N.  Horizontal

lines are global mean depths for the three discontinuities (Flanagan and Shearer, 1998).
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Plate 1.2: Path-averaged ratios of impedance contrast for the 520-km discontinuity to the

410-km (left) and 660-km (right) discontinuities.  Symbols plotted are surface bounce

points of multiple ScS phases for individual traces. Gray rectangles highlight a swath of

elevated 520-km impedance contrasts.
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1.9 TABLES

Table 1.1:  Source parameters of earthquakes used in this study. See Figure 1.1 for path

locations.

Date Origin Time

(UTC)

Latitude

(Deg. N)

Longitude

(Deg. W)

Depth

(km)

mb Paths

March 6, 1974 01:40:26 12.29 86.39 110 6.1 C1 and C5

May 19, 1976 04:07:15   4.46 75.78 157 6.4 S1

June 22, 1979 06:30:54 17.00 94.61 107 6.3 C5

September 16, 1989 23:20:53 16.50 93.67 108 6.6 C3, C5, and C6

March 1, 1991 17:30:26 10.94 84.64 196 6.1 C5

June 12, 1993 11:15:07 13.25 87.53 217 5.9 C3, C5, and C6

March 14, 1994 20:51:24 15.99 92.43 164 6.9 C2, C3, C5, and C6

April 10, 1994 17:36:57 14.72 92.00 100 6.0 C5 and C6

August 19, 1995 21:43:31   5.14 75.58 119 6.7 S1

October 21, 1995 02:38:57 16.84 93.47 159 7.2 C2, C3, C4, C5, and C6

December 31, 1996 12:41:42 15.83 92.97   99 6.4 C4, C5, and C6

September 2, 1997 12:13:22   3.85 75.75 198 6.8 S1

November 9, 1997 22:56:42 13.85 88.81 176 6.5 C1, C2, C3, C4, C5 and C6

December 11, 1997 07.56:28   3.93 75.79 177 6.4 S1 and S2

December 18, 1997 15:02:00 13.84 88.74 182 6.1 C1, C3, C4, C5, and C6
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Table 1.2: Path-averaged discontinuity depth, z (km), and measured impedance contrasts,

R(z) (%), of upper mantle discontinuities in the preferred models for the eight paths in the

study. Bandpass filter parameters provided are low cut, low corner, high corner, and high

cut in mHz. See Figure 1.1 for path locations.

Path Bandpass

(mHz)

H

z,km    R(z)

G/D"

z,km    R(z)

L

z,km    R(z)

410

z,km    R(z)

520

z,km    R(z)

660

z,km    R(z)

C1a   8  10  40  60 2673 6.48 397 2.34 497 4.93 662 3.73

C1b   8  10  40  60 123 -6.88 397 2.18 496 5.79 667 2.39

C2 12  14  40  60 256 3.86 397 1.19 519 2.68 662 3.39

C3 10  12  40  60 2803 3.71 269 2.57 408 1.41 507 1.28 658 2.68

C4 10  12  40  60 421 1.99 522 1.81 662 2.18

C5 16  18  40  60 54 2.63 241 -2.70 402 1.45 526 1.48 663 3.27

C6 10  12  40  60 105 2.15 416 3.37 516 1.57 663 5.16

S1a   8  10  40  60 2691 5.60 388 2.71 507 1.40 643 2.55

S1b   8  10  40  60 110 -4.16 385 2.65 507 1.38 643 2.67

S2 14  16  40  60 55 7.28 395 2.48 519 3.57 657 2.77
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ABSTRACT

Multiple ScS reverberations are used to search for mantle reflectors beneath the

Tasman and Coral Seas with a hierarchical waveform-inversion/migration method. In

addition to the major transition zone discontinuities, a low-velocity layer above the 410-

km discontinuity is detected. The top of the low-velocity layer lies at an average depth of

352 km, indicating that the layer could be more than 70-km thick if it persists to the 410-

km discontinuity, which occurs at an average depth of 420 km along paths containing the

low-velocity layer.  We attribute the low velocities to partial melt resulting from volatile-

induced melting. The considerable thickness of the partial melt layer may require thin

films of a hydrous melt with a zero-degree dihedral angle surrounding grains or the

combined effect on melting of the addition of both water and carbon to the deep upper

mantle via subduction. Although the depths of the transition zone discontinuities do not

indicate that the transition zone itself is rich in water, the impedance contrasts do contain

a subtle signature that could be related to transition zone water, namely a decrease in the

impedance contrast across the 410-km discontinuity and a relatively strong 520-km

discontinuity.
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2.1 INTRODUCTION

Theoretical and experimental studies predict melting associated with the addition

of volatiles such as water or carbon dioxide to mantle rocks in the deep upper mantle

under a variety of conditions (Bercovici and Karato, 2003; Dasgupta and Hirschmann,

2006; Dasgupta et al., 2004; Karato et al., 2006), however the density, buoyancy, and

longevity of these melts at depth is debated (Leahy and Bercovici, 2005; Ohtani et al.

1995; Stolper et al., 1981).  Several seismic studies have documented low-velocity layers

or regions in the deep upper mantle that can be interpreted as localized layers of partial

melt (Revenaugh and Sipkin, 1994; Song et al., 2004; Vinnik and Farra, 2002; Vinnik et

al., 2003).  If melt is the cause of lowered velocities, then either the melt is dense enough

to accumulate and persist in the region or the signature of an earlier melting episode in

the deep upper mantle remains seismically detectable.

While the majority of water carried by subducted slabs dehydrates and is lost in

the uppermost 200-km of the mantle (Irifune et al., 1998; Tatsumi et al., 1989), small

amounts of water may be carried into the deep upper mantle and transition zone by dense

hydrous magnesium silicates (e.g., Shieh et al., 1998) or in nominally anhydrous minerals

(e.g., Katayama and Nakashima, 2003). If the slab stalls near the 660-km discontinuity

(e.g., Anderson, 1989; Irifune and Ringwood, 1993), it will warm and may release

volatiles in the transition zone (Irifune et al., 1998).  This water may concentrate in the

transition zone due to its enhanced solubility in transition zone minerals over minerals

above and below (Bolfan-Casanova et al., 2000; Hirschmann et al., 2005; Kohlstedt et al.,

1996; Murakami et al., 2002).  The transition zone water filter hypothesis (Bercovici and

Karato, 2003; Karato et al., 2006) predicts a layer of hydrous melt in the deep upper

mantle resulting from hydrous material upwelling through a "water-rich" transition zone

into the overlying upper mantle.  Since the upper mantle mineral assemblage has lower

water solubility than that of the transition zone (Hirschmann et al., 2005; Kohlstedt et al.,

1996), the upwelling material can become saturated and melt.  In this scenario, a layer of

melt is expected to accumulate atop the 410-km discontinuity, directly above the mantle

transition zone.  Revenaugh and Sipkin (1994) proposed volatile-induced melting to

explain a low-velocity layer above the transition zone below the Sea of Japan and eastern
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China.  In their hypothesis, volatile induced melt forms in the upper mantle and then

sinks to the 410-km discontinuity due to negative buoyancy, slab entrainment, or some

combination of the two.  Unlike the water-filter hypothesis, this scenario does not require

upwelling of material from below the region of accumulated melt, but may require

unrealistically high melt density.

Since water is incorporated differently into the structures of nominally anhydrous

upper mantle, transition zone, and lower mantle minerals (Bell and Rossman, 1992;

Bolfan-Casanova et al., 2000; Bolfan-Casanova et al., 2003; Bolfan-Casanova et al.,

2005, Ingrin and Skogby, 2000; Kohlstedt et al., 1996), it has a signature in the pressure-

temperature stability fields of the phase changes producing the major transition zone

discontinuities at 410, 520, and 660 km depth, affecting both the equilibrium depth and

the impedance contrast of the seismic discontinuities.  The 410-km discontinuity is

broadened (Akaogi et al., 1989; Helffrich and Wood, 1996; Smyth and Frost, 2002;

Wood, 1995) and migrates to shallower depths (Chen et al., 2002; Smyth and Frost,

2002) under hydrous conditions. The 660-km discontinuity also broadens under the

influence of water (Higo et al., 2001; Ito and Takahashi, 1989), but occurs at deeper

depths than when dry (Higo et al., 2001).  The transition across the 520-km discontinuity

narrows in the presence of water (Inoue et al., 1998).

The effect of carbon on melting in the deep upper mantle may be similar to that of

water stored in nominally anhydrous minerals (e.g., Dalton and Presnall, 1998; Dasgupta

and Hirschmann, 2006; Dasgupta et al., 2004).  Studies investigating the relationship

between upper mantle melting and carbon dioxide have examined a range of rock

compositions and pressure-temperature conditions.  While the early studies focused on

the relationship of carbon with shallow upper mantle low-velocity zones (e.g., Eggler,

1976; Green, 1972; Wyllie and Huang, 1976), more recent studies have examined

conditions nearing the base of the upper mantle as well (Dalton and Presnall, 1998;

Dasgupta and Hirschmann, 2006; Dasgupta et al., 2004).  Dalton and Presnall (1998)

experimentally determined the coexistence of carbonatite melt with lherzolite.  While

carbonatites are rare on Earth's surface, they concluded that carbonatites could be

abundant within the upper mantle.  Dasgupta et al. (2004) and Dasgupta and Hirschmann
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(2006) conducted experiments under deep upper mantle conditions to examine melting

caused by carbon dioxide in eclogite and peridotite.  Carbonate minerals survive in

nominally anhydrous eclogite to deep upper mantle and/or transition zone conditions.

Upon assimilation into the convecting upper mantle, upwelling carbonated eclogite

releases melt beginning around 400 km depth and continues to coexist as eclogite plus

melt until ~280 km (Dasgupta et al., 2004).  Melting of upwelling carbonated peridotite

occurs as deep as 330 km under ridge conditions (Dasgupta and Hirschmann, 2006).

Since carbon dioxide is incorporated into the major mantle minerals in only very small

amounts (on the order of <1 ppm by weight; (Keppler et al., 2003)), the presence of

carbon should not be manifest in discontinuity depth or impedance contrast across the

transition zone discontinuities.

The stability and steady-state thickness of a partial melt layer is debated. Seismic

studies detecting layers up to 100 km in thickness and consistent with the velocity

decrements of partial melt (e.g., Revenaugh and Sipkin, 1994; Song et al., 2004) are at

odds with numerical calculations suggesting that these layers must be thin.  Hirschmann

et al. (Hirschmann et al., 2006) considered the stability of a layer of hydrous melt from a

phase-equilibria standpoint and concluded that the melt layer would not exceed a

thickness of ~7 km.  From the fluid dynamics perspective, this layer might not exceed

even a few meters thickness before collapsing due to insufficient surface tension

(Stevenson, 1986) or by re-circulation into the transition zone via slab or viscous

entrainment (Leahy and Bercovici, 2005).  However, the melt layer calculated by Leahy

and Bercovici (2005) was modeled as a layer composed of 100% melt that compacted

due to gravitational collapse rather than a thicker region of partial melt.  Due to this and

other model simplifications, their model provides better constraints with respect to the

lateral extent of the melt layer rather than melt layer thickness.  Regardless of the

thickness of the melt layer, small amounts of melt may remain along grain edges even

after the bulk of partial melt has been extracted, leaving a signal that melt has passed

through a region and, under the right flow conditions, producing a thick region of melt-

modified mantle (Hier-Majumder et al., 2006).
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Melt distribution and interconnectivity are controlled by the dihedral angle (θ) of

the melt in contact with the surrounding solids. For dihedral angles of 0° < θ ≤ 60°, melt

will be distributed in pockets at grain triple junctions (e.g., Bulau et al., 1979). Complete

grain boundary wetting in the form of a melt film surrounding individual grains may

occur if the dihedral angle is 0° (Smith, 1964).  This would allow even very small

amounts of melt to remain interconnected over a broad depth range and would enhance

seismic detection of the melt. In addition to a larger shear wave velocity decrement

resulting from interconnected melt, the spatial distribution of interconnected melt is

broader relative to a region composed of individual melt pockets (Blackman and Kendall,

1997).  Experimental work with partially molten peridotite finds dihedral angles of 0-10°

for large grain size and low melt fraction (Cmiral et al., 1998), and the dihedral angle of

hydrous silicate melt with olivine goes to 0° at pressures above 7-8 GPa (Yoshino et al.,

2007).  Despite a dihedral angle of 25-30°, interconnectivity of carbonated mantle melts

is also likely, even for very low melt fractions (Minarik and Watson, 1995).

Seismic observations of low-velocity zones in the deep upper mantle have been

limited to regions of subduction (Pino and Helmberger, 1997; Revenaugh and Sipkin,

1994; Song et al., 2004; this study) or to regions associated with continental flood basalts

(Vinnik and Farra, 2002; Vinnik et al., 2003).  Revenaugh and Sipkin (1994) detected a

low-velocity layer beneath eastern China and the Sea of Japan at a depth of

approximately 330 km and with a thickness of ~50-100 km.  A similar feature was

detected in the northwestern United States by Song et al. (2004), who reported a low-

velocity layer located directly atop the 410-km discontinuity that varied in thickness over

short length-scales, ranging between 20-90 km thick.  In both cases, the velocity

decrement was attributed to a compositional anomaly due to the presence of volatiles that

may have been introduced to the region by subduction.  Pino and Helmberger (1997)

report a feature in a similar depth range that can be explained equally well by a 410-km

discontinuity elevated to 368 km or a low velocity layer confined between 318 and 368

km depth.  This feature occurs in the West Mediterranean Basin, a region influenced by

subduction of the African Plate.  Deep low velocity zones away from subduction zones

have been attributed to hydrated mantle material beneath overlying dry cratonic roots in
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regions also associated with continental flood basalts (Vinnik and Farra, 2002; Vinnik et

al., 2003).

Revenaugh and Jordan (1991b, 1991c) investigated the upper mantle and

transition zone structure of the southwest Pacific and did not model a low-velocity zone

in the deep upper mantle.  However, the seismic signature of this layer is subtle, and

closer inspection of their reflectivity profiles (e.g., Corridor #5 in Revenaugh and Jordan.

1991c) indicates that the layer may be present but obscured due to averaging along long

and variable or broad source-receiver corridors. We utilize nearly twenty years of

additional seismicity and the much greater present-day receiver density in the region to

re-examine discontinuity structure beneath the southwest Pacific.  The increase in

available data allows us to narrow the geographic area covered by individual source-

receiver corridors, reducing averaging, enabling detection of subtle features, and

increasing the likelihood of highlighting localized features that may go undetected in

smaller ScS datasets. The geometry of the subduction in the study area produces a broad

earthquake source array that allows for a large number of source-receiver paths. This, in

turn, allows us to study the mantle beneath specific geologic regions rather than

averaging over a variety of terrains.

The southwest Pacific region is bounded by Australia to the west, Papua New

Guinea, the Solomon Islands and the Vitiaz Trench to the north, the Tonga-Kermadec

trench to the east, and New Zealand and Tasmania to the south (Figure 2.1). Subduction

occurs along the northern and eastern boundaries.  The Caroline plate is subducting under

the Australian plate along the New Guinea trench (Hall and Spakman, 2003).  Further

east, subduction vergence reverses, with the Australian plate subducting beneath the

Pacific plate at the New Britain trench along the Solomon Islands and the New Hebrides

trench along the Vanuatu chain (Hall and Spakman, 2003; Sdrolias et al., 2003), which is

undergoing trench roll-back, allowing the opening of the North Fiji Basin (Auzende et al.,

1994). Subduction polarity is reversed along the eastern boundary, where the Pacific plate

subducts beneath the Australian plate along the Tonga-Kermadec trench (Sdrolias et al.,

2003).    Extension occurs to the west of and parallel to this trench, creating the Lau

Basin (Parson and Wright, 1996; Taylor et al., 1996).
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2.2 DATA

We conducted a study of the transition zone and upper mantle beneath the

Tasman and Coral Seas to investigate mantle heterogeneity in a region heavily influenced

by subduction, a process that makes the area a likely candidate for locally-enhanced

thermal and chemical heterogeneity.   We modeled mantle discontinuities using the

hierarchical waveform-inversion method of Revenaugh and Jordan (1991a, 1991b) on

multiple ScS reverberations from nearly 180 intermediate and deep-focus earthquakes

captured at 12 stations of the DWWSSN, GEOFON, GEOSCOPE, IDA, NZSE

(PASSCAL), and USGS networks.  Earthquakes included in the study have magnitude mb

> 5.0, depth z > 75 km, and occurred between 1977 and 2003. Source parameters for each

of the events are reported in the supplementary material.

Seismograms were rotated, deconvolved to ground velocity, and decimated to a

three-second sampling interval.  All seismograms were run through a cosine-squared

zero-phase bandpass filter between 8 and 60 mHz, with filter corners at 10 and 45 mHz.

Seismograms with low signal-to-noise ratios or apparent source time-function complexity

were discarded prior to modeling.  The remaining transverse-component seismograms

were divided into sixteen source-receiver corridors containing a minimum of five

seismograms each. Corridors were determined with regard to tectonic setting and data

density (Figure 2.2).  A representative seismogram is shown in Figure 2.3.

2.3 METHOD

The hierarchical waveform inversion/migration method of Revenaugh and Jordan

(1991a, 1991b) was used to model zeroth- and first-order ScS reverberations.  Zeroth-

order ScS reverberations are multiple ScS and sScS phases; first-order reverberations are

similar but are reflected once from a mantle discontinuity along the path between the

source and receiver.  A minimum of two ScSn-sScSn pairs were modeled for each

seismogram, extending to a maximum of four pairs (n = 1-4) for traces with a high

signal-to-noise ratio and minimal interference from other arrivals.  The synthetic zeroth-

order reverberations were stripped from the data, producing a residual signal populated
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by first- and higher-order reverberations, noise, and minor residual energy from the

zeroth-order reverberations (Revenaugh and Jordan, 1989).  One-dimensional migration

of the first-order reverberations (Revenaugh and Jordan, 1991b) yields a radial profile of

SH-reflectivity in the mantle.  The folding of many seismograms (and thus many more

reverberations) into a single depth profile makes possible the identification of low

amplitude reflections and variations in waveform shape that would be difficult, if not

impossible in some cases, to discern on individual seismograms.  For this reason, we

model the reflectivity profiles, not individual seismograms.  To do this, synthetic

seismograms are migrated in a series of iterations to produce a synthetic reflection profile

closely matching the data profile while containing the fewest number of discontinuities

necessary.  The generic velocity model of Revenaugh and Jordan (1991a) used in the

migration was scaled to match the ScS travel time for each source-receiver corridor.  In

what follows, discontinuity depth is referenced to PREM (Dziewonski and Anderson,

1981) after path-specific corrections for bathymetry, crustal thickness, and background

mantle heterogeneity are applied following Revenaugh and Jordan (1991b).

2.4 RESULTS

Corrected discontinuity depths and apparent impedance contrasts for each of the

source-receiver corridors are reported in the supplementary material.  Representative SH-

reflectivity profiles for the study area are shown in Figures 2.4 and 2.5.  Profiles are

partitioned into those that require a low-velocity layer above the 410-km discontinuity to

match the data and those that do not.  For profiles that do require the low-velocity layer,

intermediate synthetics without the layer modeled are also shown in Figure 2.4.  Cases

with both a sharp interface and a gradient across the 410-km discontinuity were

considered.  Due to the frequency of the ScS reverberations, the data are not highly

sensitive to changes in discontinuity structure and are agnostic with regards to transition

intervals less than ~20 km.  Other seismic methods (e.g., van der Meijde et al., 2005) can

provide these constraints but have not been applied to this study area.  In addition to the

low-velocity layer and transition zone discontinuities at average depths of 421 km, 515
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km, and 672 km, several paths contained additional discontinuities in the shallow upper

mantle.

The Hales discontinuity (H; see Revenaugh and Jordan (1991c) for discontinuity

nomenclature) is seen intermittently and with depths varying between 40 and 115 km in

paths across the northern part of the study area but appears more consistently in the

southern half of the region, with depth variability limited between 50 and 60 km.

Inconsistency in the northern region may be related to incomplete modeling of crustal

structure, which can lead to artifacts in the reflectivity profile for the uppermost mantle

(and lowermost mantle due to the inherent ambiguity of first-order reverberations that

include at least one core reflection). Corridors located primarily in the central region of

the study area detect the Gutenberg discontinuity (G) at depths varying between 80 and

150 km. This discontinuity is characterized by a strong negative impedance contrast,

typically associated with the detection of asthenosphere beneath oceanic areas

(Revenaugh and Jordan, 1991c).  Because of migration ambiguity, it is possible that some

portion of the signal assigned to G stems from a discontinuity in D" with a positive shear-

wave impedance contrast, a feature that has been detected within the study area by

Neuberg and Wahr (1991) and Kendall and Shearer (1995). The Lehmann discontinuity

(L) may be present in two segments; an eastern segment at an average depth of

approximately 222 km and focused beneath the Tonga-Kermadec Trench and a western

segment at an average of 236 km depth and constrained to lie beneath the Coral Sea in

the northwest corner of the study area.  An observation in this depth range is also present

in the preferred model for Path 15, but the apparent impedance contrast is weaker than all

of the other observations of L, and since it is not required in the models for neighboring

corridors, we regard this feature as speculative.

Path-averaged discontinuity depths from individual source-receiver corridors

were converted into a two-dimensional grid using a simple smoothed least squares

inverse and assuming equal weighting of all reverberation interactions with the reflector

(Figure 2.6).  We used the Akaike Information Criteria (AIC) to determine the optimum

grid size (Akaike, 1974).  For the 410-km, this resulted in grid centers separated by 15° in

latitude and 7.5° in longitude; for the 660-km discontinuity, grid centers were spaced at
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15° latitude and 10° longitude increments. The geographic locations of ScS surface

bounce points and discontinuity depth observed within each corresponding source-

receiver path were used as data points contributing to the depth estimates at each grid

center.  Data were not shared between grid cells.  The grid cells resulting from the AIC

are larger than the effective Fresnel zone, which was determined by calculating ScS2

travel times for raypaths with perturbations in the location of the surface bounce point.

Results for first-order reverberations and reverberations with more core bounces are

similar.  Because raypaths are close to vertical in the upper mantle, perturbations of the

surface reflection point along the great circle and perpendicular to it produce similar

delays.  As a result, the effective Fresnel Zone (defined as the geographic limit of

sampling within one quarter of the dominant period) is well approximated by a 5°

circular cap. Additional source receiver paths crossing the study area would be required

to resolve structures on the scale of the Fresnel zone.  The topography resulting from the

AIC and resulting least squares inversion represents the combination of highest resolution

and highest confidence available with the dataset.  A delete-one jack-knife outlier test

was applied to each discontinuity dataset to examine contributions of individual source-

receiver paths to the modeled topography. The results shown in Figure 2.6 omit Path 1

for the 410-km discontinuity and Path 14 for the 660-km discontinuity.  These paths

contributed a disproportionate amount to the model and lead to apparent artifacts in the

topography.  Both paths are located along the western boundary of the study area and

large portions of each are not crossed by other paths, allowing them to dominate

sampling locally and produce a highly smeared result. While not suited for inclusion in

the inversions, path-averaged results for Paths 1 and 14 are considered reliable.  The

topography shown along the 410-km and 660-km discontinuities in Figure 2.6 provides a

reasonable fit to our data with few degrees of freedom. However it is possible, likely in

fact (e.g., Gilbert et al., 2003), that smaller scale topography exists beneath the region.

Topography along both the 410-km and 660-km discontinuities exceeds the errors

on discontinuity depth of 5-7 km (Revenaugh and Jordan, 1989) but is not correlated

between the two discontinuities for results from individual source-receiver paths or for

results from the least-squares inversion.  The 410-km discontinuity lies at an average
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depth of 421 km, within error of the global mean (418 km; Flanagan and Shearer, 1998),

but is 5-10 km deeper than the local observations for the area of Flanagan and Shearer

(1998).  The 660-km discontinuity has an average depth of 672 km across the study area,

which is similar to local observations from Flanagan and Shearer (1998) and deeper than

the global mean (660 km).  Results obtained from the inversion (Figure 2.6) show saddle-

shaped topography along the 410-km discontinuity, with a broad topographic high

running north-south through the center of the study area and deeper observations near the

Tonga-Kermadec trench and the Australian continent.  The 660-km discontinuity is also

deeper near the Australia relative to the rest of the study area, where it is relatively flat

across the Coral and Tasman Seas and slightly shallower toward New Zealand.

The low-velocity layer above the transition zone occurs at an average depth of

352 km and is centered beneath the Coral Sea, but extends to the northernmost Tasman

Sea.  The paths that show the layer provide a rough geographic definition of the extent of

the layer (Figure 2.7).  From these, it appears to extend more than 20° along both the

north-south and east-west directions, but, because of path-averaging and a limited catalog

of paths limning the region, the layer may be as much as 5° smaller or larger along one or

both directions. We did not attempt to resolve geographic variability in the depth to the

top of the low-velocity layer.  This decision was premised on the smaller number of paths

with this feature relative to paths containing the 410-km and 660-km discontinuities and

because the modeled depth of the feature is heavily influenced by strong interference

with the larger 410-km discontinuity, leading to a larger uncertainty of path-averaged

depth (± 15 km).

The presence of the low-velocity layer is associated with a decrease in the

impedance contrast across the 410-km discontinuity and a relatively strong 520-km

discontinuity (Figure 2.8).  The average thickness of the layer is ~70 km; the minimum

observed thickness of ~40 km is close to the minimum resolution threshold of the

multiple ScS reverberations (~25 km), and it is possible that the layer exists along other

paths but is too thin to resolve or too weak to detect.
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2.5 DISCUSSION

The lateral extent of the low-velocity layer (Figure 2.7) coincides with a 520-km

discontinuity with impedance contrast enhanced relative to the 410-km discontinuity

(Figure 2.8), which has been interpreted as an indication of a water-enriched transition

zone in both laboratory and seismic studies (Courtier and Revenaugh, 2006; Inoue et al.,

1998; van der Meijde et al., 2005).  While the ratios of impedance contrast between the

520-km and 410-km discontinuities are not as large in this study as in those just

mentioned, we interpret them as a signal, albeit subtle, of transition zone water and

incorporate this into our discussion of the overlying low-velocity layer.

Laboratory experiments demonstrate that water-induced melting above the

transition zone can occur under saturated hydrous conditions due to the difference in

water solubilities of olivine and wadsleyite (e.g., Chen et al., 2002; Kohlstedt et al.,

1996).  Such melting is an integral aspect of the transition zone water filter hypothesis

(Bercovici and Karato, 2003; Karato et al., 2006), and if it occurs extensively could

profoundly impact the chemical evolution of the mantle.

The density of hydrous silicate melt is intermediate between upper mantle and

transition zone minerals for ranges of water and iron contents and temperatures

(Matsukage et al., 2005; Sakamaki et al., 2006), and so stable hydrous melt layers rooting

on the 410-km discontinuity are feasible with regard to density.  Numerical studies,

however, suggest that a hydrous melt layer may not exceed a few meters (Leahy and

Bercovici, 2005) to a few kilometers in thickness (Hirschmann et al., 2006).  It may be

reasonable to expand the lower limit of a few meters (Leahy and Bercovici, 2005) to the

order of kilometers if the compacted melt layer modeled is distributed as a partial melt

layer with low melt fraction. The latter constraint, based on the pressure interval of the

olivine to wadsleyite transition under saturated conditions (and thus with partial melting),

applies only to the thickness of the melt-producing region, not the resulting melt “pool.”

All the same, neither limit compares well with the ~70 km mean thickness observed in

this study, assuming the layer extends to the 410-km discontinuity.  We propose two

solutions to this problem.
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The first solution hinges on the distribution of melt in the matrix.  A dihedral

angle of 0° has been observed for silicate melt in contact with olivine-basalt aggregates

(Cmiral et al., 1998) and with olivine at pressures above 7-8 GPa (Yoshino et al., 2007).

Zero degree dihedral angles allow a thin film of melt to nearly completely surround grain

boundaries. Surface tension counteracts the melt’s negative buoyancy, enabling the

partial melt layer to be much thicker (Hier-Majumder et al., 2006).   In addition, Hier-

Majumder et al. (2006) also describe capillary action in the melt that leads to the

retention of small amounts of melt after upwelling (or downwelling) and passage of melt

through a region, producing a "wake" of melt pockets.  The melt films and remnant melt

pockets expand the region influenced by partial melting.  Whether or not they are able to

produce the ~70-km thick layers we observe is uncertain at this juncture. Also uncertain

is the ability of remnant pockets to produce the needed velocity decrement, which is on

the order of 5%.

Under this scenario, the rapid change in shear-wave impedance near 350 km

implies that the dihedral angle of the melt becomes greater than 0° at this point.  This

transition would cause any melt above 350 km depth to be localized in pockets at grain

triple junctions rather than as a film surrounding grains.  This distribution would mute the

seismic signature of small melt fractions, making it more or less transparent.  The surface

tension of melt with a larger dihedral angle would also lead to melt separation (Hier-

Majumder et al., 2006) and descent if it remains negatively buoyant.

Although water solubility in olivine increases with pressure (Kohlstedt et al.,

1996), varying water solubilities in other mantle minerals may produce a local maximum

in water storage capacity near 350 km (Hirschmann et al., 2005).  If this is correct and if

melt is responsible for the low velocity layer, it must either accumulate up to this point or

percolate down to it. If there is no local maximum, but rather a gradual increase in water

solubility with depth approaching the 410-km discontinuity, then upward advection of

mantle mass through the wadsleyite-olivine transition with water weight percentage

below the storage capacity at 410 km would not immediately induce melting.  Continued

upward advection, and gradual reduction of water solubility, could result in melting

significantly above the 410-km discontinuity.  Under this model, the negative impedance
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reflector near 350 km depth marks the onset of melting in ascending mantle.  Lowered

velocities beneath could be due to an accumulation of negatively buoyant melt or

remnants of melt produced by more water-rich ascending mantle rock.

A third possibility involves carbon.  Since carbon is not incorporated into the

major mantle minerals (Keppler et al., 2003), melting induced solely by carbon is not

consistent with the observed linkage of low-velocity layer occurrence and impedance

contrasts across the 410-km and 520-km discontinuities.  However, it is possible that

water and carbon conspire to induce melting over a broader region in the deep upper

mantle.

Carbonate minerals are introduced to the deep upper mantle via subduction of

carbonated eclogite.  Subsequent upwelling of the material leads to melting between 280

and 400 km (Dasgupta et al., 2004).    Unlike hydrous melts, carbonated melts are less

dense than typical upper mantle mineral assemblages (Dobson et al., 1996). Water is very

soluble in carbonate melts (Keppler, 2003), and mixing of hydrous melt into carbonated

melts produced above the transition zone could counteract the negative buoyancy of

hydrous melts.  Ascent of the hydrous-carbonate melt along with continued carbonated

mantle melting could produce a thick layer of partial melt in the deep upper mantle.

The top of the low-velocity layer beneath the Coral and Tasman Seas lies at an

average of 352 km below the surface.  If due to carbonate-catalyzed melt, this depth

represents either the upward limit of the melt's ascent toward the surface or a crossover in

the relative buoyancy of hydrous carbonated melt and ambient mantle.  Given the paucity

of laboratory constraints on the properties of hydrous-carbonate melts and the low density

(Dobson et al., 1996) and high interconnectivity of carbonate melts (Minarik and Watson,

1995), we favor the former, but clearly more work is needed.

2.6 CONCLUSIONS

Extensive regions of partial melting in the deep upper mantle most likely reflect

compositional heterogeneity and definitely influence mantle dynamics.  We detect a large

and spatially coherent low-velocity layer consistent with partial melting in the deep upper

mantle.  The inference of melting just above the transition zone carries many
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implications.  Chief among these are the development of geochemical reservoirs through

sequestration of volatiles and incompatible elements as a result of melting and the

mechanical weakening of the deep upper mantle through melting and grain boundary

wetting.  This is an important point in time for our understanding of mantle water and its

influence on mantle dynamics.  Seismic data is now dense enough and of sufficient

quality to detect the subtle signature of mantle water at locations around the globe.

Similarly, improvements in laboratory techniques allow melting experiments to be

conducted at deep upper mantle temperatures and pressures for appropriately small melt

fractions (Baker et al., 1995).  Water, essential to life, the shaper of Earth’s surface and

the lubricant of tectonics also has a role to play in the mantle.  Whether that role turns out

to be a cameo or a co-star may soon be known.
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2.8 FIGURES

Figure 2.1:  General tectonic map of the southwest Pacific region.  Solid triangles

indicate present-day subduction polarity. Open triangles indicate polarity of past

subduction along the Vitiaz trench.  Double lines are ridges; solid lines are transform

faults.
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Figure 2.2: Map of study area with source-receiver paths connecting events (circles) and

seismic stations (diamonds).  Paths are grouped according to receiver region and are

numbered in a clockwise direction.  Events are color coded according to depth.
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Figure 2.3: Long period, SH-polarized seismogram of the October 22, 2002 earthquake

(20.633° S, 178.391° W, 546 km depth) recorded at station CTAO (20.088° S, 146.255°

E) with multiple ScS phases within the reverberative interval labeled.
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Figure 2.4: SH impedance reflectivity profile for source-receiver corridors that contained

observations of a low-velocity layer above the 410-km discontinuity. Vertical axis is

depth (km) from the free surface (FS); horizontal axis is reflection coefficient (R(z), %).

Upper: Composite SH impedance reflectivity profile for all of the source-receiver

corridors that contained observations of a low-velocity layer above the 410-km

discontinuity. The reflector depths shown by dashed lines were included in every model

in the stack.  Lower: Representative individual SH impedance reflectivity profile from

Path 3 connecting Vanuatu and Northern Australia.  Center panels show profiles without

the melt layer modeled for a sharp interface (Synthetic 1) and a gradient (Synthetic 2) at

the 410-km discontinuity.   Depths for reflectors included in the preferred model are

shown by dashed lines.
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Figure 2.5: SH impedance reflectivity profile for source-receiver corridors that did not

contain observations of a low-velocity layer above the 410-km discontinuity.

Conventions are the same as in Figure 2.4.  Left: Composite SH impedance reflectivity

profile for all of the source-receiver corridors that did not contain observations of a low-

velocity layer above the 410-km discontinuity. Right: Representative individual SH

impedance reflectivity profile from Path 9 connecting Papua New Guinea and New

Zealand.
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Figure 2.6:  Modeled topography along the 410-km (left) and 660-km (right)

discontinuities.  After applying a delete-one jack-knife outlier test to the dataset, Paths 1

and 14 have been omitted from the topography model for the 410-km and 660-km

discontinuities, respectively.
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Figure 2.7: Inferred lateral extent (shaded area) of the low-velocity layer observed in the

deep upper mantle.  Symbols plotted are surface bounce points of multiple ScS phases for

individual traces. Crosses indicate traces belonging to paths that did require the low-

velocity layer in the preferred reflectivity profile; circles indicate traces belonging to

paths that did not.  Crosses that fall outside of the shaded area result from along-path

averaging.
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Figure 2.8:  Path-averaged ratios of impedance contrast for the 520-km discontinuity to

the 410-km discontinuity.  Symbols plotted are surface bounce points of multiple ScS

phases for individual traces. A ratio of zero (gray circles) indicates that the 520-km

discontinuity was not observed in the corridor.
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2.9 TABLES

Table 2.1:

Date Time Lat Lon Depth mb Path
March 28, 1977 1:15:42 -14.68 167.10 107 5.7 3
August 10, 1977 18:27:10 -20.73 -178.45 576 5.7 4, 11
October 30, 1977 12:53:23 -14.87 166.95 101 5.6 3
December 10, 1977 10:15:43 -20.61 -178.42 540 5.2 11
March 25, 1978 19:26:03 -21.03 -178.84 580 5.7 4
May 13, 1978 7:08:46 -14.52 167.32 174 6.7 3
August 5, 1978 15:46:36 -3.58 152.29 247 5.7 1
September 6, 1978 11:07:43 -13.32 167.14 195 6.3 3
February 14, 1979 16:55:04 -15.56 167.57 125 5.8 10
June 25, 1979 5:29:06 -4.98 145.58 196 6.5 1
August 5, 1979 0:53:46 -22.72 -177.49 202 6.6 13
November 8, 1979 15:56:44 -32.31 179.20 438 6.5 7
February 24, 1980 19:34:13 -17.69 -178.50 506 5.1 4
March 29, 1980 4:07:42 -4.60 154.88 463 6.0 2
June 14, 1980 19:32:36 -18.28 -177.97 552 5.6 11
June 17, 1980 8:42:57 -20.18 -178.44 580 5.6 4
July 17, 1980 14:06:31 -23.60 179.03 551 5.0 6
July 22, 1980 7:06:23 -20.30 169.61 121 6.8 10
October 19, 1980 15:03:35 -6.11 145.52 123 5.8 1, 9
February 6, 1981 7:23:07 -21.09 -178.93 612 6.0 4
March 21, 1981 22:52:39 -5.45 146.72 223 6.0 1, 9
April 5, 1981 3:17:54 -6.13 154.51 402 5.8 2
April 28, 1981 21:14:48 -23.72 179.98 533 6.0 11
May 28, 1981 16:10:07 -14.69 167.28 133 6.1 3
July 21, 1981 11:47:01 -15.44 167.47 129 5.8 10
September 28, 1981 17:56:20 -29.31 -179.23 322 5.2 12
October 7, 1981 3:02:15 -20.61 -178.80 613 5.1 4
December 23, 1981 0:30:01 -3.70 150.66 416 5.4 1
December 23, 1981 18:47:22 -15.36 -173.80 107 5.6 13
January 4, 1982 22:20:54 -23.05 -177.47 192 6.1 13, 16
March 21, 1982 13:35:03 -18.51 -175.27 206 5.9 13
March 28, 1982 3:52:35 -31.45 -178.69 127 5.9 13
April 19, 1982 7:55:16 -26.04 -178.63 346 5.5 12
May 12, 1982 10:03:32 -24.55 179.08 543 5.6 6
June 11, 1982 0:38:10 -17.53 -174.46 125 5.2 13
July 5, 1982 21:22:27 -20.75 -178.88 604 5.5 4
December 3, 1982 22:30:00 -13.35 167.21 233 6.1 3
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Date Time Lat Lon Depth mb Path
January 16, 1983 22:10:12 -5.45 147.06 211 6.5 9, 14
January 26, 1983 16:02:21 -30.36 -179.43 227 6.0 13
February 25, 1983 22:03:55 -5.42 146.83 224 5.9 1, 9
May 2, 1983 9:58:14 -20.73 -178.48 589 5.7 11
May 3, 1983 15:39:39 -20.29 -178.30 585 5.5 4
June 1, 1983 2:00:00 -17.00 -174.71 201 6.6 13
June 20, 1983 5:43:38 -23.53 179.05 545 5.5 6
September 4, 1983 20:53:00 -21.01 169.77 95 5.5 10
September 16, 1983 8:09:28 -23.95 -179.92 518 6.0 11
November 6, 1983 9:38:40 -20.13 -177.69 391 5.6 4, 16
January 17, 1984 19:49:59 -22.16 -179.77 592 5.5 6
January 19, 1984 16:15:17 -23.63 -178.37 328 6.4 12, 16
March 14, 1984 11:36:31 -20.04 -178.11 571 5.7 11
April 6, 1984 23:08:23 -18.93 168.84 177 5.7 15
April 18, 1984 6:49:14 -15.94 -174.35 151 6.4 13
April 25, 1984 4:19:32 -17.29 -177.23 407 5.7 12
May 30, 1984 7:49:44 -4.88 151.60 164 6.2 1, 14
September 28, 1984 3:03:51 -21.42 -177.98 370 6.2 16
October 15, 1984 10:21:07 -15.74 -173.79 127 7.1 13
November 15, 1984 2:46:22 -22.02 170.90 117 6.3 5, 15
December 28, 1984 15:59:49 -23.54 179.11 549 5.3 6
June 2, 1985 12:02:33 -6.48 154.82 363 5.3 2
August 28, 1985 20:50:48 -21.01 -179.01 617 5.3 4
October 6, 1985 12:00:48 -18.93 169.39 262 6.2 5
December 25, 1985 22:15:12 -21.56 -178.72 464 5.0 4
December 30, 1985 11:13:15 -5.57 150.73 104 5.8 1
January 15, 1986 20:17:31 -21.38 170.28 128 6.0 5
March 5, 1986 15:47:07 -18.80 169.58 286 5.6 5, 10
March 7, 1986 2:46:52 -5.01 151.76 105 6.0 1, 9, 14
May 26, 1986 19:06:18 -20.07 178.72 545 6.7 4
June 24, 1986 3:11:33 -4.42 143.98 116 7.1 1
October 22, 1986 8:59:33 -10.63 166.03 188 5.9 10
October 23, 1986 2:18:53 -15.56 167.64 163 5.7 3
February 23, 1987 15:49:56 -15.82 167.87 223 5.9 3
March 19, 1987 17:14:39 -14.81 167.24 138 5.5 3
June 18, 1987 14:03:20 -10.69 162.19 91 6.0 2
October 24, 1987 14:37:17 -10.95 166.17 163 5.5 3
November 3, 1987 8:15:02 -17.25 -173.76 108 6.1 4, 13
December 4, 1987 19:51:38 -5.80 154.61 154 5.9 2
January 15, 1988 8:40:28 -20.74 -176.13 226 6.2 13
January 24, 1988 16:00:05 -17.71 -178.83 574 5.7 4
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Date Time Lat Lon Depth mb Path
March 17, 1988 12:19:58 -17.49 -178.55 537 5.3 16
August 10, 1988 13:11:20 -14.88 167.30 138 6.2 3
November 23, 1988 9:27:09 -19.68 -178.11 586 5.6 16
December 24, 1988 13:09:40 -5.08 149.76 353 5.6 1
February 19, 1989 12:49:10 -14.90 167.17 105 5.6 3
March 11, 1989 5:04:55 -17.72 -174.81 218 6.7 13
April 6, 1989 8:05:59 -19.45 169.08 167 6.3 15
April 16, 1989 19:48:15 -20.98 -179.03 595 5.7 4
April 18, 1989 12:33:55 -23.81 179.84 539 5.9 11
May 8, 1989 14:28:32 -23.33 179.92 541 5.4 6, 11, 16
August 8, 1989 7:59:07 -40.21 174.22 114 5.5 7
January 18, 1990 20:57:50 -20.64 -178.60 573 5.6 16
February 18, 1990 12:21:58 -5.51 149.46 139 5.9 1
May 20, 1990 9:53:48 -32.42 179.60 348 6.2 7
June 8, 1990 15:05:10 -18.70 -178.90 496 6.2 4, 16
June 23, 1990 21:38:22 -21.36 -176.58 191 6.9 4, 13, 16
June 26, 1990 12:08:30 -21.97 -179.52 593 6.0 4, 16
July 11, 1990 19:49:13 -25.08 178.03 577 5.2 6
July 22, 1990 9:26:18 -23.48 179.93 548 5.9 16
July 27, 1990 12:38:01 -15.32 167.40 124 7.2 3
October 10, 1990 5:54:58 -23.35 178.87 571 5.2 6
October 25, 1990 16:33:36 -6.20 154.92 153 5.8 2
June 9, 1991 7:45:07 -20.18 -176.31 291 7.0 16
August 15, 1991 13:36:01 -16.01 167.92 185 5.9 3
November 11, 1991 16:15:51 -24.05 -177.46 177 5.0 16
December 3, 1991 10:33:42 -26.31 178.57 571 6.0 16
May 16, 1992 14:58:39 -19.13 169.09 159 6.1 10
August 8, 1992 1:08:07 -31.20 179.94 386 5.4 7
August 16, 1992 10:23:31 -5.39 146.66 225 6.3 14
August 30, 1992 20:09:07 -17.74 -178.77 570 6.4 4
October 11, 1992 19:24:29 -19.28 168.91 141 7.4 10, 15
November 12, 1992 22:28:58 -22.35 -178.08 364 6.3 12
April 16, 1993 14:08:39 -17.69 -178.88 564 6.9 11
May 23, 1993 6:59:54 -16.16 167.90 171 5.7 3
June 15, 1993 13:06:34 -4.98 145.43 216 6.2 1
July 24, 1993 20:24:52 -13.02 166.99 203 6.0 3
August 7, 1993 17:53:27 -23.87 179.82 554 6.7 6, 16
February 11, 1994 21:17:31 -18.81 169.16 211 6.9 5, 10
March 31, 1994 22:40:53 -21.95 -179.58 594 6.5 11
May 4, 1994 6:37:38 -17.07 168.27 215 6.2 3
October 27, 1994 22:20:31 -25.79 179.35 530 6.7 6, 8, 11
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Date Time Lat Lon Depth mb Path
June 24, 1995 6:58:07 -3.96 153.93 376 6.8 2, 14
June 29, 1995 12:24:04 -19.46 169.24 137 6.9 15
September 12, 1995 14:23:33 -21.72 -179.35 594 5.6 16
September 14, 1995 12:24:34 -17.62 -178.97 532 5.9 16
September 16, 1995 1:03:37 -6.32 155.21 145 6.1 2, 14
September 19, 1995 22:52:23 -39.70 174.17 212 5.8 7
October 9, 1995 13:43:43 -21.49 170.13 117 6.3 15
March 17, 1996 14:48:57 -14.71 167.30 166 6.7 3
April 16, 1996 0:30:55 -24.06 -177.04 110 7.2 8, 13
May 2, 1996 13:34:28 -4.55 154.83 503 6.6 2, 14
May 26, 1996 1:43:44 -22.19 171.48 102 6.2 15
August 5, 1996 22:38:22 -20.69 -178.31 547 7.4 8, 11, 16
August 13, 1996 9:41:21 -21.60 170.35 105 5.7 15
August 27, 1996 6:24:08 -22.57 -179.79 571 5.9 16
December 26, 1996 19:34:12 -5.36 151.36 121 5.8 14
September 4, 1997 4:23:37 -26.57 178.34 616 5.7 16
October 17, 1997 15:02:00 -20.89 -178.84 570 6.0 16
January 4, 1998 6:11:59 -22.30 170.91 101 7.5 15
January 27, 1998 19:55:01 -22.54 179.05 596 6.3 16
February 7, 1998 3:20:19 -14.80 167.32 125 5.9 3
February 28, 1998 10:46:52 -14.42 167.36 183 5.8 3
March 30, 1998 4:06:02 -15.96 167.94 174 5.6 3
November 14, 1998 15:03:12 -14.95 167.37 109 6.0 3
December 27, 1998 0:38:27 -21.63 -176.38 150 6.8 16
January 25, 1999 10:37:13 -18.03 -178.45 631 5.8 16
February 6, 1999 21:47:59 -12.85 166.70 82 7.3 3
April 9, 1999 12:16:02 -26.35 178.22 616 6.2 6, 8, 16
April 13, 1999 10:38:48 -21.42 -176.46 164 6.8 13
July 9, 1999 18:16:21 -20.10 -178.16 566 5.6 16
July 18, 1999 10:34:03 -22.55 179.41 570 5.2 6, 16
September 17, 1999 14:54:49 -13.79 167.24 197 6.3 3
December 7, 1999 21:29:49 -15.91 -173.98 139 5.4 8
January 8, 2000 16:47:21 -16.93 -174.25 167 7.2 13
April 11, 2000 6:41:26 -27.94 -178.39 189 5.8 7
April 18, 2000 17:28:12 -20.66 -176.47 221 6.0 4
May 4, 2000 20:36:32 -17.91 -178.52 511 6.5 16
June 14, 2000 2:15:26 -25.52 178.05 537 6.4 8, 16
August 15, 2000 4:30:09 -31.51 179.73 358 6.6 7
October 22, 2000 20:26:39 -15.23 167.70 144 5.7 15
November 15, 2000 12:36:22 -21.66 170.44 158 5.9 5
December 18, 2000 1:19:22 -21.18 -179.12 632 6.7 4, 8, 16
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Date Time Lat Lon Depth mb Path
January 9, 2001 16:49:28 -14.93 167.17 111 7.1 3, 15
May 26, 2001 10:57:26 -20.29 -177.84 402 6.4 4, 8
July 3, 2001 3:18:07 -6.03 154.81 207 5.9 2
July 4, 2001 7:06:32 -21.73 -176.71 181 6.5 4, 13, 16
November 5, 2001 23:07:12 -17.29 -179.25 564 6.3 4
December 2, 2001 2:47:56 -12.74 166.66 102 6.0 3
December 27, 2001 10:54:52 -14.65 167.26 155 6.2 3
June 30, 2002 21:29:36 -22.20 179.25 604 6.5 8, 16
September 7, 2002 8:14:20 -20.28 -176.04 205 6.0 4
September 8, 2002 13:15:56 -22.84 178.93 606 6.0 6
October 17, 2002 4:23:56 -19.84 -178.40 613 6.2 4, 16
October 22, 2002 11:39:04 -20.63 -178.39 546 6.2 4
January 4, 2003 5:15:04 -20.57 -177.66 382 6.5 8
April 5, 2003 22:03:32 -16.18 167.89 180 5.9 3, 15
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Table 2.2:

H G L Melt 410 520 660
Path

#
Traces z,km R(z),% z,km R(z),% z,km R(z),% z,km R(z),% z,km R(z),% z,km R(z),% z,km R(z),%

1 13 50 5.05 252 3.08 402 2.84 486 1.69 673 4.54

2 9
222
283

4.29
3.11

352 -3.46 424 1.33 501 3.34 673 2.99

3 31 51 5.26 215 1.69 354 -1.92 419 2.21 671 3.56
4 27 83 -6.92 333 -2.05 425 3.27 509 4.02 678 4.02

5 6 114 2.82 373 -1.03 417 2.5
467
606

1.60
1.50

680 5.36

6 14 43 4.76 366 -2.82 405 3.27
468
553

5.46
1.64

683 3.32

7 7 148 -4.62 381 -3.42 427 2.19 494 2.92 684 5.03
8 10 97 -2.98 210 1.88 298 -2.44 419 3.41 663 3.65
9 5 92 -7.23 420 2.65 591 2.08 670 4.81

10 9 58 7.77 149 -3.54 419 3.59 675 4.66

11 18 232 1.58 433 3.94 504 3.07 673 4.83
12 5 249 3.36 432 5.05 517 4.43 667 4.74
13 18 186 2.74 421 4.65 510 2.82 661 3.90

14 11 58 3.41 420 3.87 658 4.79

15 14 59 9.43 224 1.09 361 -5.08 423 1.48 510 2.66 666 5.20
16 34 50 10.10       422 4.11 497 0.78 672 3.18
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ABSTRACT

We examined mantle structure beneath the southeast Hawaiian Islands using

multiple ScS reverberations from four earthquakes from the island of Hawaii and

recorded at station KIP on the island of Oahu. We find an unusually deep 410-km

discontinuity and a transition zone thickness of 227 km, corresponding to a temperature

increase of 87 K above the global average. Other reflectors include a lid-low-velocity

zone boundary, a weak 520-km discontinuity, and smaller discontinuities at 224 km, 288

km, and 1000 km. Whole mantle travel time is near the global average, which we

attribute to an inclined or branching plume, lowermost mantle anisotropy, and estimate

bias due to a possible ultra-low velocity zone atop the core.
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3.1 INTRODUCTION

The theory that intraplate, volcanic oceanic islands result from deep-seated mantle

plumes is the subject of intense scientific debate (for a review see Anderson [2005]).

Although seismic studies have imaged the structures as narrow regions with seismically

slow velocities extending to great depth in the mantle [Allen et al., 1999; Montelli et al.,

2004, 2006], others suggest that plumes originate in the upper mantle [Anderson, 2000]

or that they are purely chemical anomalies [e.g., Takahashi et al., 1998].

The distance between the 410-km and 660-km seismic discontinuities can be used

to indicate whether mantle plumes have thermal anomalies. The discontinuities mark

phase transitions in the olivine component of the mantle: from olivine to wadsleyite at

410 km and the dissociation of ringwoodite to perovskite and ferro-periclase at 660 km

(see Helffrich [2000] for a review). The pressure-temperature trajectories of these

reactions are described by their Clapeyron slopes. The reaction corresponding to the 410-

km has a steeper Clapeyron slope (4.0 MPa/K; Katsura et al. [2004]) than that of the 660-

km (-2.0 to -0.4 MPa/K; Katsura et al. [2003]) and is opposite in sign. This results in the

410-km and the 660-km transitions deflecting towards each other in the presence of

increased transition zone (TZ) temperature, with a stronger deflection at 410 km,

assuming a through-going thermal anomaly.

Global studies of TZ thickness (TZT) by Flanagan and Shearer [1998] and

Lawrence and Shearer [2006] obtain a global average thickness of 241 and 242 km,

respectively. Both studies observe thickening of the TZ near subduction zones and

average or thinned TZTs beneath ocean basins.

Measurements of TZT cannot address whether a thermal anomaly originates in

the deep upper mantle or at the core-mantle boundary. Combining the observations with

mantle travel time measurements yields further information about the existence of mantle

plumes and their structures. Lower seismic velocity is an expected effect of a thermal

plume [Sleep, 2006], which should result in a delayed mantle travel time relative to

global reference mantle models. Whole-mantle travel times are generally obtained

through analysis of differential times between multiple ScS arrivals [e.g., Okal and

Anderson, 1975; Lay and Wallace, 1983]. Individual measurements of ScS travel time
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(TScS ) average heterogeneity across the depth of the entire mantle and cannot differentiate

between strong anomalies concentrated in one depth range in the mantle and weaker

whole-mantle anomalies.

Several studies have investigated the mantle beneath the Hawaiian Islands, a

region that is characterized by slow velocities (e.g., Megnin and Romanowicz, 2000) and

is commonly thought to be the result of a thermal whole-mantle plume, being in many

respects the poster-child of deep mantle plumes. Petrologic studies have investigated the

region (e.g., Herzberg, 2006), and the local TZ discontinuity structure has been examined

seismically using SS-precursors [Schmerr and Garnero, 2006] and receiver functions [Li

et al., 2000; Shen et al., 2003]. All three studies observe a thinned TZ beneath Hawaii,

with thickness estimates ranging from ~200-230 km, consistent with the effects of a

thermal plume. The region has also been examined with seismic tomography [Montelli et

al., 2004, 2006; Lei and Zhao, 2006] and differential analysis of multiple ScS phases

[Sipkin and Jordan, 1980]. We utilize multiple ScS reverberations to estimate TScS and TZ

discontinuity structure jointly beneath the region with the waveform inversion/migration

method of Revenaugh and Jordan [1991a,b]. Our estimates of TScS incorporate the effects

of crustal structure and mantle attenuation on the multiple ScS waveforms. The sensitivity

of ScS reverberations to absolute two-way travel time (not one-way differential time as is

the case for receiver function methods) results in accurate discontinuity depth estimates

despite the effects of local velocity anomalies.

3.2 DATA AND METHOD

We examined all digital long-period and broadband records of magnitude ≥ 5.7

earthquakes located beneath the island of Hawaii and recorded along the island chain.

Records were culled to eliminate those with excessively low signal-to-noise ratios. ScS is

not commonly observed clearly for shallow-focus events and our 35-year catalog of

seismicity produced only four events with usable seismograms, all recorded by station

KIP on the island of Oahu (Figure 3.1; Table 3.1). The source-receiver corridor has an

epicentral distance of approximately 3°, resulting in near-vertical incidence for the

multiple ScS reverberations. This allows us to use both the radial and transverse
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components to investigate SH-reflectivity in the mantle along the corridor. While noise

(ambient or signal generated) is not independent between components, the use of both

does afford some increase in noise suppression due to the variations in polarity between

signal and non-signal generated noise. The only exception to this was the 1973 event,

where only the east component was used due to natural east-west alignment of particle

motion. Seismograms were deconvolved to ground velocity, decimated to a three-second

sampling interval, and filtered with a cosine-squared bandpass filter between 8 and 60

mHz, with filter corners at 10 and 45 mHz (Figure S3.1, Auxiliary Material).

We used the hierarchical waveform inversion and migration method of

Revenaugh and Jordan [1991a,b] to model both zeroth- and first-order ScS

reverberations. Zeroth-order ScS reverberations are multiple ScS and sScS phases; first-

order reverberations are similar but are reflected once from a mantle discontinuity along

the path between the source and receiver (Figure S3.2, Auxiliary Material). A minimum

of two and maximum of four ScSn-sScSn pairs (n  = 1-4) were modeled for each

seismogram. Values for crustal thickness, TScS, and whole-mantle attenuation along the

source-receiver path were obtained through waveform modeling of the zeroth-order

reverberations. Synthetic zeroth-order reverberations were then stripped from the data,

resulting in a residual signal dominated by first- and higher-order reverberations

[Revenaugh and Jordan, 1989]. One-dimensional migration of the first-order

reverberations [Revenaugh and Jordan, 1991b] yields a radial profile of SH-reflectivity

in the mantle. Synthetic seismograms are migrated iteratively to produce a synthetic

reflection profile closely matching the data profile. The discontinuity depths included in

the synthetic profile were corrected for bathymetry, crustal thickness, and background

mantle heterogeneity (M84C, Woodhouse and Dziewonski [1984]) following Revenaugh

and Jordan [1991b] and are referenced to PREM [Dziewonski and Anderson, 1981].

3.3 RESULTS

We present discontinuity depths and impedance contrasts inferred beneath the

study area (Table 3.2) and the corresponding data and synthetic reflectivity profiles

(Figure 3.2). The first synthetic reflectivity profile includes only the Gutenberg
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(indicative of a low-velocity layer at ~100 km), 410-, 520-, and 660-km discontinuities,

and fits the data profile very closely. Additional discontinuities in the upper and mid-

mantle were modeled in the second synthetic profile. The amplitudes of these reflectors

do not exceed our 95% confidence limits but were included on the basis of other nearby

observations [Deuss and Woodhouse, 2002; Shen et al., 2003]. While confidence in this

model is lower, the profile does match the data very closely. There is no evidence for an

additional low-velocity layer directly atop the TZ as has been suggested for some regions

thought to be associated with mantle plumes [Vinnik et al., 2003]. The depths and

impedance contrasts for discontinuities included in both synthetic profiles change slightly

due to interactions from first- and higher- order reverberations from the additional

discontinuities included in the second synthetic profile. We use the results from the first,

more conservative, synthetic profile in the following discussion of TZT and the

corresponding thermal anomalies.

We incorporated crustal structure and whole-mantle attenuation into waveform

modeling, yielding a vertical-incidence TScS of 937.17 s at a frequency of 30 mHz. We

scaled TScS to a frequency of 1 Hz for comparison to PREM (δTScS = +2 s slow)

[Dziewonski and Anderson, 1981] and IASP91 (+1.9 s slow) [Kennett and Engdahl,

1991]. We then adjusted the calculated time to match PREM and IASP91 crustal

structures to remove a shallow component to the residual. The corrected δTScS we

compute is 1.131 s fast for PREM, 0.425 s slow for IASP91, and consistent with zero in

both cases.

3.4 DISCUSSION

The resulting TZT is 227 km, which is thinner than the global average of 241-242

km [Flanagan and Shearer, 1998; Lawrence and Shearer, 2006]. The thinned TZ we

infer is created primarily through the depression of the 410-km discontinuity to a path-

averaged depth of 435 km. If this depression is of purely thermal origin, the deflection

relative to the global mean depth of 418 km [Flanagan and Shearer, 1998] corresponds

to a temperature increase of 129 K [Katsura et al., 2004]. We observe the 660-km

discontinuity at 662 km depth, within error (5-7 km, Revenaugh and Jordan [1989]) of
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the global mean value of 660 km [Flanagan and Shearer, 1998]. The temperature

anomaly inferred to produce the 410-km depression should also cause the 660-km

discontinuity to shallow by 1.7-8.5 km due to the negative Clapeyron slope of the post-

spinel transformation at 660 km [Katsura et al., 2003]. Though we do not observe the

expected shallowing at 660 km, the lower bound of the deflection predicted by the

Clapeyron slope is within error of our measurement. Additionally, the post-garnet

transition in this region of the mantle may counteract the expected shallowing of the 660-

km discontinuity [Hirose et al., 2001] and so our observation is consistent with a hot

thermal anomaly extending through at least TZ depths.

The TZT can also be related to a temperature perturbation using constraints from

phase relations and seismic velocities [Stixrude and Lithgow-Bertelloni, 2005]. This

method is less biased by the velocity and tomography models used in the depth

calculations, yielding a likely more accurate, estimate of the thermal anomaly, although

multiple phase transitions at the base of the TZ may bias the result. The 227 km TZT

corresponds to a temperature increase of 87 K. The temperature calculation based on TZT

[Stixrude and Lithgow-Bertelloni, 2005] considers the influence of a peridotite phase

assemblage rather than basing the temperature on the olivine component alone; this partly

accounts for the differences in temperature calculated with the two methods. The thermal

anomalies calculated from both the TZT and discontinuity depth deviations are consistent

with the increase of 50-250 K observed from petrologic thermometers at ocean island

basalts relative to mid-ocean ridge basalts [Lee et al., 2006], indicating that the

temperature anomaly extends to at least TZ depths.

The deviation of TScS from the reference models is smaller than expected based on

most tomographic velocity maps of the area (e.g., a delay of 2.7 s is expected based on

tomography from Megnin and Romanowicz [2000]), but one must be careful to consider

the particulars of the study area and other influences on TScS. Our results average TScS

over an epicentral distance of 3°, which may damp out an anomalous travel time as

multiple ScS reverberations travel away from the source, near the plume head, to the

receiver. The proposed plume source at the base of the mantle is even farther to the

southeast [Steinberger and O'Connell, 1998], which may amplify this effect. If the
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velocity structure is caused by a plume with narrow cross-sectional area [e.g., Sleep,

1990], the ScS phases may deviate from the expected path to take advantage of faster

velocities outside the plume. These explanations likely contribute to some extent to our

observation, but are unlikely able to completely cancel out the expected anomaly based

on tomography.

Other interpretations involve the plume structure in the lower mantle. One

explanation is simply that the Hawaiian plume originates at the boundary between the

upper and lower mantle rather than at the core-mantle boundary. This may reconcile the

discrepancy in travel time anomalies but is inconsistent with seismic observations of slow

velocities beneath the TZ in the region. A similar explanation incorporates a whole-

mantle plume with a lower-mantle structure that deviates away from the Hawaiian

Islands. P-wave tomography [Montelli et al., 2004] shows the plume branching into two

structures located on either side of the Hawaiian Islands below approximately 1000 km

depth. Our data may be sampling a thermal anomaly related to the plume in the upper

mantle but sampling the area between plume branches in the lower mantle. S-wave

tomography [Montelli et al., 2006] also shows the disappearance of the mantle plume in

the lowermost mantle, although in this model the anomalous thermal structure disappears

in the lowermost mantle rather than branching into different areas.

In the former scenarios, the TScS anomaly would be damped but likely still present

to some extent, but there remain other considerations. Russell et al. [1999] observed

anisotropy from ScS splitting above the core-mantle boundary beneath the Central Pacific

near the Hawaiian plume. They proposed a horizontally sheared region with VSH faster

than VSV (VSH > VSV) extending laterally away from the plume source transitioning to

VSH < VSV within the root and conduit of the mantle plume. The region of horizontal

shear sampled in the Russell et al. [1999] is approximately perpendicular in outline to our

study area and is located to the southeast of the Hawaiian Islands. If we invoke radial

symmetry of the plume structure such that this anisotropy extends outward from the

plume in all directions, then our data would sample an anisotropic region near the core-

mantle boundary with VSH > VSV. Similar anisotropy may be sampled near the surface as

well, if there is preferred orientation of minerals aligned with plate motion of the Pacific
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Plate. Since our data is sensitive to VSH, both of these anisotropic scenarios would reduce

TScS, reducing any delay caused by a thermal plume structure. If this anisotropy is strong

enough to neutralize TScS delays, then any azimuthal anisotropy beneath the study area

should be strong enough to produce split ScSn arrivals, especially when n > 1. We

examine this by looking at particle motion plots for the ScS2 phase for each of the three

events that provided suitable seismograms on both the radial and transverse components

(Figure S3.3, Auxiliary Material). We choose this phase for its balance of signal strength,

which decreases with core-bounce number, and sensitivity to anisotropy, which increases

with core bounces. All three ScS2 phases show ellipticity in the particle motion indicating

a time difference of ~1 s between the radial and transverse components of ScS, consistent

with the interpretation of anisotropy at the base of the mantle. The 1 s delay does not

greatly affect the ScS reverberations (frequency of ~30 mHz), and our use of both the

radial and transverse components in the analysis results in an "isotropic" TScS that is not

biased toward fast or slow arrivals resulting from the anisotropy. A component of the

elliptical particle motion may be produced by ScS2 waveform distortion due to an out-of-

plane reflection from an inclined surface near the top or bottom of the mantle.  Given the

short epicentral distances involved, however, any such component must be small.

An additional reduction in TScS could be produced by an ultra-low velocity zone

(ULVZ) at the base of the mantle beneath the study area [e.g., Mori and Helmberger,

1995; Revenaugh and Meyer, 1997; Russell et al., 2001; Thorne and Garnero, 2004]. The

ScS reverberations follow near-vertical raypaths and spend very little time in the ULVZ

(< 4 s), so slow velocities within these regions don’t greatly affect TScS. ScSn-precursors

caused by reflections off of the top of a ULVZ, however, arrive shortly before ScSn and

are in phase, whereas the first (and strongest) reverberations within the layer arrive an

equal time after ScSn and are inverted. The effect of these ScSn-pre- and post-cursors is to

produce a distorted pulse that appears advanced in the scheme of the hierarchical

waveform inversion/migration method.
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3.5 CONCLUSIONS

Mantle discontinuity depth observations indicate that the mantle beneath Hawaii

is anomalously hot relative to ambient mantle conditions (ΔT = 87-129 K), suggesting

that a thermal mantle plume originating from at least TZ depths feeds the Hawaiian

hotspot. The vertical-incidence TScS measured beneath the area does not show the delay

relative to reference mantle velocity models expected for an ScS phase traveling within a

thermal plume originating from either the TZ or the core-mantle boundary. A portion of

the discrepancy between the discontinuity and travel time observations may be a result of

damping anomalous structure by averaging the mantle travel time over an epicentral

distance of 3°, and by the fact that the location of the proposed plume is southeast of the

study area rather than directly beneath it. The additional apparent discrepancy may be

reconciled if the phases sample VSH > VSV anisotropy above the core-mantle boundary

and if ScS-precursors caused by reflections from the top of a UVLZ at the base of the

mantle affect the ScS waveforms. We interpret these observations as resultant effects of

an inclined, and potentially branching, thermal plume originating at the core-mantle

boundary, anisotropy caused by horizontal flow from surrounding areas into the plume

conduit, and the ScS waveform bias towards earlier travel times related to UVLZ

structure at the base of the mantle.
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3.7 FIGURES

Figure 3.1: Regional map showing contours of vertically averaged velocity deviation

within the TZ from the SH tomographic model SAW24B16 [Megnin and Romanowicz,

2000]. Inset: Map showing sources (red inverted triangles), receiver (yellow triangle),

and multiple ScS surface bounce-point locations (crosses) across the study area.
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Figure 3.2: Reflectivity profile for the mantle beneath the study area for data (left) and

two synthetics (center, right). See text for description of synthetic profiles. Vertical axis

is depth (km) from the free surface (FS); horizontal axis is reflection coefficient (R(z),

%).  Tick marks on either side of center vertical line indicate R(z) of ±2%. Peaks in the

data profile exceeding the gray shaded region are significant at the 95% confidence level.

Bold spikes show the amplitudes and depths of reflectors included in the synthetic

models.



93

Figure S3.1: Seismograms used in the study. Time windows for ScSn arrivals are

highlighted in gray.  High amplitude phases occuring outside of the ScSn times windows

were removed prior to migration. 1: East component, 1973 event. 2-4: Transverse

components, 1975, 1989, 2006 events respectively.  5-7: Radial components, 1975, 1989,

2006 events respectively.
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Figure S3.2: Raypaths of zeroth- and first-order ScS2 reverberations interacting with a

hypothetical mid-mantle discontinuity (dashed line).  FS=Free surface, CMB=core-

mantle boundary.
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Figure S3.3: Transverse vs radial particle motion plots for ScS2 phases of the three

events that produced suitable seismograms for both components.  Amplitudes are

normalized, x:y scale is 1:1.



96

3.8 TABLES

Table 3.1:  Source parameters for events used in the study.

Date Lat Lon Depth (km) mb

April 26, 1973 19.93 -155.10 50 6.0

November 29, 1975 19.36 -155.05 8 6.0

June 26, 1989        19.36 -155.08 9 5.8

October 15, 2006 19.88 -155.93 38 6.2
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Table 3.2:  Discontinuity depths and impedance contrasts.

Discontinuity z, km R(z), %

Synthetic 1

G 101 -5.5

410 435 2.3

520 513 1.2

660 662 5.5

Synthetic 2

G 100 -5.5

L 224 1.2

X 288 1.1

410 435 2.3

520 511 1.1

660 663 5.6

Mid-Mantle 994 1.3
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ABSTRACT

An extensive analysis of multiple ScS reverberation datasets sampling regions of

active or recent subduction reveals evidence of mid-mantle reflections apparently

stemming from fragments of subducted slabs or from the interaction between subducted

slabs and the surrounding mantle.  Transition zone reflectors are detected beneath the

southwest Pacific Ocean and Melanesia with mean depths of ~850 and 1100 km in the

majority of source-receiver corridors crossing the study area. The observations are most

spatially coherent beneath the Coral and Tasman Seas.  Coincident observations of the

two reflectors along most seismic corridors suggests (but doesn’t mandate) the existence

of two distinct reflectors rather than bimodal depth distribution of a single reflector or

distributed scatterers.  Beneath North America, reflectors at depths of ~1380 and 1530

km are seen in the mid-continent region; further east, the reflections are shallower, with

depths near 940 and 1130 km. Unlike the southwest Pacific, the reflectors are not paired

in any of the individual source-receiver corridors.  This and the depth variability of the

observations indicate that the reflector (or reflectors) in the Americas is (are) fragmented

from west to east (transecting source-receiver corridors).  The impedance contrasts of

these features rival that of the 660-km discontinuity, suggesting that individual fragments

of the reflecting surfaces must be relatively continuous and flat from north to south

(along individual corridors) to maintain a strong apparent impedance contrast. The

reflections in both study areas are unlikely to be the result of slabs interacting with a

chemical boundary layer or small-scale scatterers within the mid-mantle. More likely

these reflectors result from a pressure-temperature-dependent phase transition within or

around subducting slabs.
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4.1 INTRODUCTION

"How many degrees of compositional freedom exist in the Earth's mantle?" is an

enduring question. In its early evolution, it focused on the existence of a chemically

distinct lower mantle, an idea that can be traced at least as far back as Washington's

"Lithosporic" layer as postulated by Williamson and Adams [1923].  More modern

arguments – including the need for a geographically extensive, yet infrequently tapped

so-called primitive mantle reservoir, difficulties in explaining the high-frequency

reflectivity of the 660-km discontinuity [Lees et al., 1983], the floor to slab seismicity,

and doubts about convective penetration of the transition zone (e.g., Knopoff [1964] and

Ringwood [1972]) led many researchers to postulate a primordial (or nearly so) reservoir

occupying the whole of the lower mantle (e.g., DePaolo [1980] and Wasserburg and

DePaolo [1979]), segregated by its greater intrinsic density, an endothermic reaction at

660 km depth, and, perhaps, much greater viscosity.

Seismic demonstration of slabs penetrating the transition zone with sufficient flux

to flush the lower mantle several times over (e.g., Creager and Jordan [1984], Grand et

al. [1997] and van der Hilst et al. [1997]) prompted a revisiting and recasting of the

question.  Perhaps the boundary between the reservoirs is semi-permeable?  Former

oceanic crust might be stripped off of subducting oceanic lithosphere and kept in the

upper mantle or transition zone, feeding growth of lowermost transition zone megalith

suites (e.g., Ringwood [1982]).  Or perhaps the lower mantle is intrinsically denser than

the upper mantle such that slab penetration occurs without significant entrainment, slab

residence time in the lower mantle is limited and slab assimilation is negligible (e.g.,

Silver et al. [1988]), allowing for slab penetration and maintenance of chemically distinct

reservoirs.

Conversely, convective mixing calculations suggest that even relatively small

heterogeneities can have long half-lives in the face of turbulent mantle flow and could, in

a plum-pudding sense, satisfy the need for a long residence time reservoir (e.g., Gurnis

and Davies [1986]).  Could the geochemically-mandated primitive reservoir be many

bodies spun like lottery balls in the mantle?  If so, a crucial question is the size

distribution of the bodies.  Geochemistry provides some clues, for example the Dupal
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anomaly (e.g., Castillo [1988]) and the ability of three or four end-member models to

accurately predict island-arc basalt trace element variations imply long wavelength power

in the spectrum [Hart and Zindler, 1989], whereas along-strike variations in MORB

imply short wavelength power [Gurnis, 1986].  Power at scale lengths in between these

extremes is less well understood, but the spectrum is wide, by necessity of energy at the

long and short ends.

Recent images of the lower mantle are dominated by megaplumes beneath the

central Pacific and south Africa (e.g., Grand et al. [1997], Li and Romanowicz [1996],

Megnin and Romanowicz [2000], and van der Hilst et al. [1997]).  Coupled with

numerical and laboratory models of convection demonstrating diapiric modes [Davaille,

1999], these images have rekindled arguments for a two-reservoir mantle (e.g., Kellogg et

al. [1999]).  Other evidence is supportive (the decorrelation of P and S velocities below

~2000 km [Saltzer et al., 2001; Su and Dziewonski, 1997], difficulties in matching the

density of the lower mantle with upper mantle magnesium to iron ratios, etc.), but not

inescapable.

Seismic studies suggest the mid-mantle is much more homogeneous than the

upper and lowermost mantle regions [Davies et al., 1992], and many studies examining

mid-mantle depth ranges have found no evidence for abrupt changes in radial structure in

the mid-mantle (e.g., Shearer [1991] and Vidale et al. [2001]).  Detection of mid-mantle

heterogeneity in the form of high-frequency scatterers, reflectors, and sites of wave

conversion is more common in regions of subduction (e.g., Castle and Creager [1999],

Kaneshima and Helffrich [2003], Krueger et al. [2001], Niu and Kawakatsu [1997], Niu

et al. [2003], and Vinnik et al, [1998]).  Results from tomography also show enhanced

mid-mantle heterogeneity near subduction zones.  Fukao et al. [2001] categorize

subduction styles into regions where the slabs deflect horizontally above or below the

660-km discontinuity but remain connected to the slab at the trench along the surface and

regions where remnant slabs have disconnected from surface plates and are sinking

deeper through the mid- and lower mantle, indicating that compositional variability in the

mid-mantle is varied even in tectonically similar regions.
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We utilize multiple ScS reverberations in two geographically extensive study

areas to investigate mid-mantle heterogeneity. Both are sites of recent or active

subduction penetrating to at least transition zone depths.  The first uses the abundance of

intermediate and deep seismicity along the Pacific-Austral-Indian plate boundary to

densely image the region bounded by Australia to the west, Papua New Guinea, the

Solomon Islands and the Vitiaz Trench to the north, the Tonga-Kermadec trench to the

east, and New Zealand and Tasmania to the south.  Revenaugh and Jordan [1991b,

1991c] investigated the mid- and lower mantle structure of the southwest Pacific and did

not detect any layering until the lowermost mantle, aside from very small impedance

increases near 700 and 900 km depth.  However, depth variability along slab-related mid-

mantle heterogeneity is likely, and averaging along fairly long or broad source-receiver

corridors may have masked the signals of such features. The Revenaugh and Jordan

studies also suffered from the limited long-period digital seismogram archive available at

the time, an archive that has since swelled by an order of magnitude.  We utilize the

nearly twenty years of additional seismicity and the increase in receivers across the

region to re-examine mantle discontinuity structure beneath the region.  The increase in

available data allows us to narrow the geographic area covered along individual source-

receiver corridors, reducing averaging, enabling detection of subtle features, and

increasing the likelihood of highlighting localized features that may have gone

undetected in earlier, smaller multiple ScS datasets.

For the second region, intermediate depth earthquakes from Central and northern

South America recorded across the continental United States are used to study the

structure beneath America, Mexico, and the Gulf of Mexico.  While the source geometry

of the Americas does not lend itself as readily to multiple ScS reverberation mapping, we

produce a fan of seismic corridors spanning the United States that enables us to look at

mid-mantle heterogeneity potentially associated with ongoing subduction of the Farallon

slab through the mid-mantle.
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4.2 DATA

4.2.1 Southwest Pacific and Melanesia

We compiled a dataset of 235 seismograms from 172 intermediate and deep-focus

earthquakes in the southwest Pacific Ocean captured at twelve stations of the Digital

World-Wide Standardized Seismograph Network (DWWSSN), GEOFON, GEOSCOPE,

International Deployment of Accelerometers (IDA), New Zealand Seismic Experiment

(NZSE), and United States Geological Survey (USGS) networks.   The events occurred

between 1977 and 2003, had magnitude mb ≥ 5.0 and depth z ≥ 75 km.  These data were

separated into sixteen source-receiver corridors according to geologic setting and

considerations of data density (Figure 4.1).

4.2.2 Americas

The Americas dataset consists of 130 SH-polarized seismograms from fourteen

intermediate depth events in Central and northern South America. The events had

magnitude mb ≥ 5.9 and depth z ≥ 99 km. The earthquakes occurred between 1974 and

2001 and were recorded at 65 stations from a constellation of networks across the United

States; DWWSSN, United States National Seismic Network (USNSN), High-Gain Long-

Period Network (HGLP), Lamont-Doherty Cooperative Seismographic Network (LCSN),

IRIS Global Seismograph Network (GSN), Seismic Research Observatory (SRO), Pacific

Northwest Regional Seismic Network (PNSN), Leo Brady Network (LB), TERRAscope

(Southern California Seismic Network, SCSN), GEOSCOPE, Berkeley Digital

Seismograph Network (BDSN), California Transect Network (CT), and ANZA Regional

Network.  Data were separated into eight source-receiver paths based on geographic

sampling (Figure 4.1). Six of the paths connect Central America and the United States.

The remaining two paths connect northern South America and the United States.

4.3 METHOD

Seismograms were preprocessed by deconvolving to ground velocity, rotating to

radial and transverse components, low-pass filtering, and decimating to a three-second

sampling interval following Revenaugh and Jordan [1989]. Data with low signal-to-noise
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ratios or with apparent source complexity were discarded from the datasets. Mantle

discontinuity depths and impedance contrasts were calculated using the hierarchical

waveform inversion method described by Revenaugh and Jordan [1989, 1991a]. The

only change to the method was that the source time function was taken to be a rectangular

pulse with the half-duration of the event as reported in the global Centroid Moment

Tensor (CMT) catalog (e.g., Dziewonski et al. [1981]).  Because these are assigned based

on event magnitude, rather than modeled on an event-by-event basis, their consistency

with reverberation data was visually verified for each record and adjusted manually when

necessary.  At the periods of interest (~25 s), accurate estimates are only necessary for the

largest magnitude events.  Zeroth-order ScS reverberations, i.e., multiple ScS and sScS

phases, were used to characterize mean mantle properties.  First-order reverberations, i.e.,

those that are once-reflected from boundaries internal to the mantle, are used to detect

and characterize internal mantle discontinuities.  A minimum of two ScS multiples were

modeled for each seismogram, and the entire reverberative interval, that is, the entire

region between the tail-end of surface wave arrivals along the minor arc and the first-

arriving major arc body waves, was modeled whenever possible. Synthetic zeroth-order

reverberations obtained by waveform inversion were removed from the data, leaving a

residual signal consisting of first- and higher-order reverberations from discontinuities

throughout the mantle and noise (both ambient and signal generated) [Revenaugh and

Jordan, 1991a; Revenaugh and Jordan, 1991b].

One-dimensional migration of the first-order reverberations leads to profiles of

shear reflectivity versus depth for the mantle.  The general velocity model of Revenaugh

and Jordan [1991a] used in the migration was scaled to match the ScS travel time for

each source-receiver corridor. Migration proceeds trace by trace.  Synthetic seismograms

modeling the first-order reverberation response from a unit reflectance mantle

discontinuity are cross-correlated with data.  The results are stacked in the frequency

domain with weighting by signal-to-noise ratio.  By moving the target discontinuity

through the mantle, the method produces a 1D depth migrated estimate of shear-wave

reflectivity. Synthetic seismograms are also migrated, leading to a synthetic reflectivity

profile that is compared to the data to interpret the locations of discontinuities within the
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mantle.  The models are calculated in a series of iterations so that the preferred model

contains the minimum number of discontinuities necessary to accurately match the data.

Discontinuities were modeled for peaks that did not exceed the 95% confidence level if

similar features were seen in nearby source-receiver corridors and if inclusion of the

discontinuity in the synthetic greatly improved the fit to the data.

Depths and impedance contrasts are averaged over the source-receiver corridors,

and local variability along paths will dampen the amplitudes of observations.  For this

reason, relative impedance contrasts of discontinuities or reflectors along a path are more

reliable than absolute values.  Particularly in the Americas study, comparison of

amplitudes between paths is best done on a relative sense, i.e., amplitude ratios of pairs of

discontinuities for a single path, due to the long path length and tectonic variability from

path to path.  In addition to the geographic distribution of source-receiver corridors

containing observations of reflectors (or the lack thereof), the relative strength of

reflectors along a single corridor can be used to estimate the geographic extent of features

at depth.  For example, a reflectivity peak modeled as an impedance contrast of, say, half

that of the 660-km discontinuity must result from reflections along a considerable portion

of the path in order to represent geologically reasonable changes in density and velocity.

Individual scaling of the velocity model leads to differences in apparent

discontinuity depths between corridors.  For the southwest Pacific study we address this

through individual corrections for bathymetry, crustal thickness, and background mantle

heterogeneity for each corridor following Revenaugh and Jordan [1991b].  The resulting

discontinuity depths are referenced to PREM [Dziewonski and Anderson, 1981], and the

depth errors of 5-7 km reported by Revenaugh and Jordan [1989] are appropriate for the

southwest Pacific data.  The tectonic variability along the Americas paths limits the value

of tailoring corrections for individual paths, and for this reason, we increase the errors on

discontinuity depth to 12-15 km for these paths.  Sensitivity to two-way travel time (not

one-way differential time as is the case for receiver function studies) results in accurate

depth estimates even in the face of incomplete accounting of mantle heterogeneity.
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4.4 RESULTS

Impedance increases associated with mid-mantle reflectors are seen beneath both

study areas, indicating that these regions are more heterogeneous than is typically

reported for the mid-mantle, potentially a result of the regions' associations with

subduction.   The depths and impedance contrasts for the 660-km discontinuity and mid-

mantle reflectors are reported in Table 4.1.

4.4.1 Southwest Pacific and Melanesia

Two reflectors below the 660-km discontinuity were detected beneath many of

the source-receiver corridors in the southwest Pacific, with average depths of 852 and

1108 km.  The observations are spatially coherent beneath the Coral and Tasman Seas,

though there are variations in the depths of the observations.  The two reflectors are often

seen together in the same corridor, suggesting that they represent two distinct reflectors

rather than the result of topography along one discontinuity.  Examples of the SH-

reflectivity profiles from the region are shown in Figure 4.2.  On average, the mid-mantle

reflectors have impedance contrasts roughly ~50% of the 660-km discontinuity.

Consistency between nearby source-receiver corridors is shown through a stack of three

paths that are contained within the Coral Sea region (Figure 4.3).  The data profiles from

the three paths sum to provide clear peaks in the reflectivity profile for all of the

discontinuities included within the modeled data.  The excellent match of the preferred

synthetic model to the data stack demonstrates the robust nature of these reflector

detections.

Figure 4.4 summarizes the spatial coverage and depth variation of the mid-mantle

reflectors.  Path-averaged discontinuity depths from individual source-receiver corridors

were mapped to a two-dimensional grid using a smoothed least squares inverse and

assuming equal weighting of all reverberation interactions with each reflector. Only paths

that observed the mid-mantle reflectors were included in the inversion.  We used the

Akaike Information Criteria (AIC) to determine the optimum grid size [Akaike, 1974].

This resulted in grid centers that were spaced at increments of 15° latitude and 10°

longitude.  A delete-one jack-knife was applied to the dataset for each reflector to
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examine contributions of individual source-receiver paths to the modeled topography. All

paths were included in the inversion for topography along the deeper reflector, but the

results shown in Figure 4.4 omit Paths 9 and 10 for the 850-km reflector.  These paths

contributed a disproportionate amount to model roughness and lead to apparent artifacts

in the topography. While not suited for inclusion in the inversion, path-averaged results

for Paths 9 and 10 are considered reliable, and the depths observed along each of the

paths individually are broadly consistent with the pattern of topography resulting from

the inversion.  The 850-km reflector generally dips from east to west, and is flatter in the

east and steeper in the western part of the study area (Figure 4.4A).  The 1110-km

reflector is saddled-shaped, with the high of the saddle running east-west through the

center of the study area (Figure 4.4B).

4.4.2 Americas

Six of the eight source-receiver paths in the Americas study detected a reflector in

the mid-mantle (Figure 4.5).  The observed depths of the mid-mantle reflections vary,

ranging from ~920 km to 1530 km.  Paths that sample much of the same geographic area

(C1 and C2; C3 and S2), however, do see the feature at approximately the same depth

(see Table 4.1). Though the depths of the observations vary from path to path, their

impedance contrasts rival that across the 660-km discontinuity, with the strength of the

mid-mantle reflectors ranging from ~80-120% of the impedance contrast observed at 660

km depth (Figure 4.6).  The mid-mantle reflectors are not seen beneath the two

westernmost paths.

4.5 DISCUSSION

The depths and geographic extent of reflectors described in this study can be

compared to variations in tomography-derived velocity maps to gain further insight about

the distribution of the mid-mantle reflectors.  We compare our results to the shear wave

tomography of Megnin and Romanowicz [2000] for the southwest Pacific and to that of

Grand et al. [1997] for the Americas.  The depths we report for the reflectors in the

southwest Pacific generally correspond to the center of a fast anomaly seen by Megnin
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and Romanowicz [2000]. The strongest tomographic anomaly does not extend beneath

the Coral Sea (Figure 4.4) or to depths below ~1000 km, though our results show clear

reflections from about 850 and 1100 km in this region (Figure 4.3; Paths 2, 3, and 5).

Further south, the tomographic anomaly does extend deeper and appears to be one broad

anomaly over a large depth range.  Our results suggest that this anomaly may actually

represent two distinct reflectors, perhaps indicative of multiple phases of subduction not

distinguished in the tomographic model.  Although we cannot rule out the possibility that

our observations result from significant topography along one reflector or from two

geographically distinct reflectors occurring at different depths, in the discussion will we

give priority to interpretations that can explain the paired observations.

The depths of the reflectors we observe in the Americas also roughly correspond

to fast anomalies in Grand et al.'s [1997] tomography model.  While the depths and

geographic locations of our observations (which are path averages and not directly

comparable to tomography) only approximately match the anomalies in the tomography,

the similarities in general patterns of the two sets of observations suggest similar origins.

The tomographic anomaly first appears near 900 km and is focused along the trend of

Paths C1 and C2, which see the mid-mantle reflector at an average of 936 km in this

study.  The end points of Path C4 align with the appearance of two patchy anomalies near

1500 km in the tomography model.  The reflector we see along this path has a depth of

1527 km and could be a result of the same feature.  The reflectors that we observe in the

intermediate depths occur in the vicinity of fast velocity anomalies in the tomography

model but do not match as well.  The reflector along Path S1 has a mean depth of 1131

km, but a fast anomaly is not present in the tomography model until slightly deeper.

Paths C3 and S2 see a reflector at an average depth of 1380 km.  Path S2 aligns well with

the velocity anomaly seen at 1300 km, but Path C3 lies to the west of the extent this

feature in the tomography model.  Given the similarity in the depths reported and the

proximity of the two paths, however, it is likely that Paths C3 and S2 are sampling the

same structure.  The geographic trend of these paths also corresponds to a region where

subducted lithosphere is predicted to rest at 1380 km [Lithgow-Bertelloni and Richards,

1998]. This prediction stems from a geodynamic study and is subject to a host of
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assumptions, but the results do reinforce the interpretation that these reflectors somehow

represent fragments of the subducted Farallon plate.

The impedance contrasts between the mantle and slab fragments are an average of

~50% and ~100% of the impedance contrast observed across the 660-km discontinuity in

the southwest Pacific and Americas studies, respectively.  The source-receiver paths in

the Americas are generally longer and are more tectonically variable than those in the

southwest Pacific, which should result in a relatively lower apparent impedance contrast

for all reflectors.  The greater depth variability of the mid-mantle reflectors across paths

in the Americas should have the same effect on impedance contrast, however the

reflectors seen beneath the United States and Gulf of Mexico are stronger relative to the

660-km discontinuity than the reflectors beneath the southwest Pacific.   The 660-km

discontinuity displays similar amounts of topography beneath both study areas, so that

would seem to contribute little to the differences between the two regions. However,

these measures are path averages and need not relate easily to along-path variability,

which is a cause of reflector dimming in the one-dimensional stacks.  The depth

variability of the mid-mantle reflectors in both regions indicate that is unlikely that the

reflectors are completely continuous at depth, especially for the Americas study, and this

contributes to the discrepancies in impedance contrast ratios.  All of the source-receiver

paths in the Americas study have the same general geographic trend.  The depth results

indicate that the slab (to the extent that it produces the reflections we see) is fragmented

from west to east, but the strong impedance contrast ratios suggests a more continuous

structure along the trend of the paths, that is, from south to north, roughly following the

strike of paleo-subduction zone thought to have produced the Farallon anomaly.  In the

southwest Pacific, the source-receiver paths cross each other and do not align along a

particular azimuth.  In this region, it is more likely that the deep-slab geometry is not

correlated with the distribution of source-receiver paths, leading to dampened impedance

contrasts for paths that cross areas where the slab is present only intermittently.

If these reflectors are related to the dynamics of subducted slabs directly, mapping

the reflections in the mid-mantle has implications for interpretations of tectonic

evolution, particularly in the southwest Pacific where the subduction process at the
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surface is on-going. The geologically sudden introduction of slab material into the mid-

mantle through "mantle avalanches" or "slab flushing" has been suggested as an

instigator for subduction polarity change, mantle plume initiation, large-scale volcanic

events, episodic continent growth, and changes in ridge dynamics [Brunet and Machetel,

1998; Condie, 1998; Pysklywec et al., 2003; Steinbach and Yuen, 1994].  In particular,

Pysklywec et al. [2003] suggested that the change in subduction polarity and opening of

basins in the southwest Pacific is a result of a slab avalanche across the 660-km

discontinuity.  If the reflectors we observe stem directly from slabs themselves, then the

abruptness and cyclicity of a mantle avalanche process could provide a mechanism for

producing the fragmented nature of the slabs at depth, though modeling of the tectonic

history in the Americas [Tan et al., 2002] resulted in patterns very similar to tomography

assuming no avalanching, and so this explanation may not explain observations in both

areas.  This interpretation also requires that reflectors detected as slab fragments be

oriented at least sub-horizontally within the mantle (to produce detectable reflectors with

our 1D, i.e., no dip, method), which requires a flattening of the slabs from the original

incidence angle, a process that would likely occur as slabs stall in the transition zone in

this scenario.  The greatest problem with this explanation is simply this: how does a

primarily thermal anomaly produce strong reflections?  Reflection from the former Moho

is one possibility.  To be effective in this case, opposite polarity reflections from the

former crust’s upper boundary must not largely cancel those from the Moho.  Kaneshima

and Helffrich [1999, 2003] detected S to P wave conversions within a dipping layer

between 1400 and 1600 km depth beneath the Mariana and Izu-Bonin subduction zones.

Modeling of the phase conversions suggests an 8-km thick layer with shear velocity 4%

lower than surrounding mantle, which they interpret as former oceanic crust.  Given the

dominant period of our data (~25 s), reflections from the top and bottom of such a layer

would cancel.  However, Kaneshima and Helffrich’s data also can be modeled adequately

as single conversion from a ≥ 8% velocity,  which is sufficient to explain the amplitude

of the reflectors seen in this study and doesn’t suffer from destructive interference.  The

origin of such a velocity increase remains quizzical.  If due to the former Moho, the near

equivalence of residual dunite (former subcrustal oceanic lithosphere) and ambient
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mantle chemistry would predict little velocity contrast with the vast bulk of

tomographically imaged high velocities owing to temperature contrasts [Lee, 2003].

Avalanching into the lower mantle, assuming little entrainment of surrounding material,

could produce a new thermal boundary around the slab, offering a possible solution. Even

this explanation is problematic for the North America observations where both

tomography [Grand et al., 1997] and geodynamic modeling [Tan et al., 2002] imply slab

fragments that are oriented more nearly vertical in the mid-mantle.

An alternative is to relate the reflectors to chemical heterogeneity in the mid-

mantle rather than to slabs directly. One such approach is to call for a chemical boundary

layer, e.g., the Repetti Discontinuity, in the mid- to lower mantle (e.g., Wen and

Anderson [1997]). In this scenario, density and velocity contrasts across the boundary

would be strong enough to produce reflections directly or to impede the descent of the

slabs, resulting in reflections from subducted slabs sitting atop the chemical boundary

layer.  This explanation is inconsistent with our observations for several reasons. If the

reflections result directly from the chemical boundary layer, then velocity should

decrease with depth as indicated by tomography [Megnin and Romanowicz, 2000].  The

velocity contrast we observe has the opposite sense, leaving the possibility that we detect

slabs stalled atop the chemical boundary layer.  This interpretation, however, explains

neither the paired reflectors in the Southwest Pacific nor the varied depth observations

from path-to-path in the Americas. Nor does it explain the paucity of mid-mantle

discontinuities observed outside subduction zones [Shearer, 1991; Vidale et al., 2001].  If

global, the chemical boundary layer must be present outside subduction zones; if

anything, one would expect it to be pushed aside and highly distorted by deep subduction.

Our observations are also poorly explained by smaller scale, plum-pudding-type chemical

heterogeneities.   While this interpretation may work for high-frequency scatterers (e.g.,

Vinnik et al. [1998]), the lateral and radial distribution of these heterogeneities would

result in strongly damped, possibly undetectable, observations with the low-frequency

ScS phases we use.

Our observations are more consistent with near-isobaric reactions occurring either

within subducted slabs or in the surrounding subduction-modified mantle.  Interpretations
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that involve reflections originating from pressure-dependent phase transitions allow

subducting slabs to remain inclined as they descend through the mantle, as the reflections

can originate from within the slab rather than at the mantle-slab interface.  The shallower

mid-mantle reflectors we observe could be related to meta-stable garnet in the slab below

the transition zone.  Cold slab temperatures may delay the post-garnet transformation

until around 800 km depth [Kubo et al., 2002], which could cause the reflections we

observe near this depth.  For this explanation to work for the deeper reflectors as well, the

buoyancy resulting from meta-stable garnet would have to lead to delamination of the

crust from the slab, in which case we observe the subducted crust as the shallower

reflector and a signal from subducted mantle as the deeper one.  The aforementioned

problems with top and bottom side reflection interference are present here as well.

Stixrude et al. [2007] predict a phase transition in Ca-perovskite with a large

elastic anomaly, and this phase change may also explain our observations.  It is possible

that this phase transition occurs multiple times in regions associated with subduction, as

the pressure-temperature behavior of the phase transition is very similar to estimated

subduction geotherms.  We do not, however, see evidence of transitions out of the Ca-

perovskite phase which would be marked by shear-wave impedance decreases and would

be required for a single transition in Ca-perovskite to explain our paired reflectors.

 Phase transitions within dense hydrous magnesium silicates (DHMS) offer

another explanation, one that is able to produce paired reflectors.  As subducted

serpentine is subjected to higher temperature and pressure, it undergoes transitions to

Phases A, E, B, and D in the DHMS system [Faust Larsen et al., 2003; Gasparik and

Brearley, 1990; Kanzaki, 1991; Ohtani et al., 2000; Shieh et al., 1998].   The reflections

we observe can be explained by the transitions of superhydrous Phase B to Phase D near

800 km and out of the Phase D stability field near 1100-1400 km depth [Shieh et al.,

1998]. Water released as a product of the latter reaction would lower seismic Q and could

produce melt.  Low Q is observed in the mid-mantle in some regions of deep subduction

[Lawrence and Wysession, 2006] and may reflect the same processes that give rise to

mid-mantle reflectors.
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4.6 CONCLUSIONS

Mapping of paired, spatially coherent reflectors corresponding to fast

tomographic anomalies beneath the southwest Pacific Ocean and Melanesia, and isolated

reflections from what might be fragmented remnants of the Farallon slab beneath the

United States and Gulf of Mexico indicates that the mid-mantle is a host for subducted

lithosphere and that seismic detection of the subducted material is possible with

appropriate datasets. Impedance-sensitive, local seismic studies can be paired with global

and local tomographic results to investigate broad features and understand variability in

the mid-mantle, both near subduction zones and elsewhere. We observe mid-mantle

reflectors with low-frequency shear waves over broad geographic regions and find that

their spatial distribution and seismic properties are more readily interpreted as due to

pressure-temperature-dependent phase transitions within or around subducted slabs than

to either large-scale chemical layering or small-scale chemical heterogeneities.

Candidates for the near-isobaric phase transitions that could explain our observations

include a kinetically inhibited post-garnet transformation around 800 km, phase changes

in Ca-perovskite along a subduction geotherm, or phase transitions in dense hydrous

magnesium silicates around 800 and 1100 km.  Deeper reflections beneath North

America lack a convincing origin.   Nonetheless, identification of subducted lithosphere

or subduction-modified material in the mid- and lower mantle, while only pieces of the

puzzle, are important parts of unraveling the answers to the suite of questions that exist

with regard to the radial heterogeneity and chemical evolution of the mantle.
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4.8 FIGURES

Figure 4.1: Maps of the study areas showing earthquakes (circles color-coded by depth)

and seismic stations (diamonds).  Black bars indicate the source-receiver corridors and

are schematic; actual sampling is much broader geographically. Left: Southwest Pacific

study area. Paths are grouped according to receiver region and are numbered in a

clockwise direction.   Right:  Americas study area. Source-receiver paths are numbered

from east to west according to the source region; Central America (C) or South America

(S).
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Figure 4.2: Left: Sample SH-reflectivity profiles for the source-receiver corridors that

did not contain observations of mid-mantle reflectors in the southwest Pacific. Right:

Sample SH-reflectivity profiles for the source-receiver corridors that did contain

observations of mid-mantle reflectors in the southwest Pacific.  Each profile pair contains

data (left) and preferred synthetic (right) stacks.  Peaks in the data stack extending

beyond the gray shaded regions are significant at the 95% confidence level.  Vertical axis

is depth (z, km) from the free surface; horizontal axis is SH reflection coefficient (R(z),

%). Depths for reflectors included in the preferred model are shown by dashed lines.
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Figure 4.3: Stacked SH-reflectivity profiles for the three paths that are contained within

the Coral Sea region (Paths 2, 3, and 5).  Discontinuity depths are shown by dashed lines

for both data (left) and preferred synthetic (right) stacks.
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Figure 4.4: Spatial distribution and topography of mid-mantle reflectors in the southwest

Pacific with average depths of A: 852 km and B: 1108 km. Background SH-tomography

is from Megnin and Romanowicz [2000] and is sliced through depths of A: 850 km and

B: 1100 km.  Topography was contoured using a smoothed least squares inversion of the

depths obtained along individual source-receiver corridors.
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Figure 4.5: SH-reflectivity profiles for the source-receiver corridors in the Americas

study area that did not (upper) and did (lower) contain mid-mantle reflectors. Each profile

contains data (left) and preferred synthetic (right) stacks. Peaks in the data stack

extending beyond the gray shaded regions are significant at the 95% confidence level.

Vertical axis is depth (z, km) from the free surface; horizontal axis is reflection

coefficient (R(z), %). Depths for reflectors included in the preferred model are shown by

dashed lines.  The gap in data and synthetic profiles from 1200 to 1350 km is a result of

unstable estimates due to partial cancellation of top- and bottom-side reflections in that

depth range.
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Figure 4.6:  Distribution of mid-mantle reflectors beneath the United States and Gulf of

Mexico.  Symbols are plotted at the surface bounce points of the multiple ScS

reverberations.  Symbol shapes indicate reflector depth and colors indicate the strength of

impedance contrast for the reflector relative to that at the 660-km discontinuity.
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4.9 TABLES

Table 4.1: Path-averaged discontinuity depth, z (km), and measured reflection

coefficient, R(z) (%), for the 660-km discontinuity and mid-mantle reflectors in the

preferred models for each path in this study. Reflection coefficient is related to

impedance contrast such that R(z) = [(ρ2ν2 - ρ1ν1) / (ρ2ν2 + ρ1ν1)] with ρ = density, ν =

velocity, and subscripts 1 and 2 indicating the upper and lower layers, respectively.  The

number of traces is given as Total Seismograms (# Stations, # Events).  Bandpass filter

parameters provided are low cut, low corner, high corner, and high cut in mHz.  See

Figure 4.1 for path locations.

# of Bandpass 660 Mid-Mantle 1 Mid-Mantle 2Path

Traces (mHz) z R(z) Z R(z) z R(z)

Southwest
Pacific
1 13 (1,13) 8 10 45 60 673 4.54 834 2.19

2   9 (1,9) 8 10 45 60 673 2.99 819 1.15 1125 3.97

3 31 (2, 28) 8 10 45 60 671 3.56 882 0.93 1117 0.95

1003 1.224 27 (1,27) 8 10 45 60 678 4.02 850 1.85

1074 1.29

5   6 (1,6) 8 10 45 60 680 5.36 867 2.97 1052 3.14

6 14 (2,13) 8 10 45 60 683 3.32 813 1.9 1027 0.99

7   7 (1,7) 8 10 45 60 684 5.03

8 10 (1,10) 8 10 45 60 663 3.65

9   5 (1,5) 8 10 45 60 670 4.81 909 3.41 1149 2.32

10   9 (1,9) 8 10 45 60 675 4.66 777 2.8 1144 1.83

11 18 (7,13) 8 10 45 60 673 4.83

12   5 (1,5) 8 10 45 60 667 4.74 828 3.64

13 18 (2,18) 8 10 45 60 661 3.9

14 11 (2,8) 8 10 45 60 658 4.79 923 1.86 1138 2.05

15 14 (2,12) 8 10 45 60 666 5.2 899 1.12

16 35 (2,35) 8 10 45 60 672 3.18 832 1.07 1150 0.8

Americas

C1   7 (5,4) 8 10 40 60 662 3.73 916 3.88

C2   4 (3,2) 12 14 40 60 662 3.39 955 2.92

C3 10 (5,7) 10 12 40 60 658 2.68 1386 2.31

C4   7 (3,4) 10 12 40 60 662 2.18 1527 2.64

C5 20 (11,11) 16 18 40 60 663 3.27

C6 65 (32,8) 10 12 40 60 663 5.16

S1 10 (8,5) 8 10 40 60 643 2.55 1134 2.65

S2   7 (1,7) 14 16 40 60 657 2.77 1376 3.13   
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ABSTRACT

We examine mantle structure beneath the Canadian Northwest Experiment

(CANOE) with a two-fold approach. First, receiver functions across the CANOE seismic

study are used to analyze the structure of the transition zone. Ps conversions from the

transition zone discontinuities at 410-km, 520-km, and 660-km are analyzed to study

variations across the region. Discontinuity properties are generally consistent across the

study area and seem undisturbed by the tectosphere or overlying features. The only major

discontinuity variability is observed at stations at the western end of the array in the form

of a split 660-km discontinuity, potentially related to lower temperature or increased

aluminum content reflected as phase changes in the garnet component of the mantle

beneath the Northern Cordillera.  Second, analysis of splitting of the shear phases SKS,

SKKS, and sSKS is used to study anisotropy beneath the region. Splitting times derived

from multi-event station averages average ~1.4 s, and fast directions are coherent yet

suggestive of strong variability of mantle anisotropy across the region. Additional

variations in the fast directions and delay times are suggestive of complexity in the region

and stem from differences in regional tectonic settings and the potential influence of a

second layer of anisotropy beneath a portion of the array.
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5.1 CANADIAN NORTHWEST EXPERIMENT

The Canadian Northwest Experiment (CANOE) is an array of nearly sixty

broadband seismometers reaching from the Slave Craton in the Northwest Territories

(NWT), across a series of Proterozoic orogens and the Canadian Rockies in the NWT,

northern British Columbia (BC), and southern Yukon Territory (YT), paralleling the

Rocky Mountain Front in eastern BC, and across the Churchill Province south to

Edmonton, Alberta (AB) (Figure 5.1).  The instrumentation was a combination of Guralp

3T, ESP, and 40T seismometers. Stations were spaced 35-50 km apart, with a densified

region along the northeastern arm of the array that has station spacings of 10-15 km.  The

instruments were installed during the summers of 2003 and 2004 and recorded data until

late September 2005.

5.2 STUDY OVERVIEW

The CANOE array traverses a wide variety of continental settings, allowing the

study of mantle variability associated with the formation of continental cratons and

continental assembly over a time span of nearly 4 Ga. The accretional progression across

the study area begins at the eastern end of the array with the Archean (4.0 - 2.5 Ga) Slave

Province (e.g., Bowring et al., 1989; Carlson et al., 1998). The progression continues

from east to west with the Wopmay (2.1 - 1.0 Ga) (Hoffman, 1980; Bowring and

Grotzinger, 1992) and Racklan (1.3 - 1.1 Ga) (e.g., Cook, 1992) orogens to the Northern

Cordillera, which extends to relatively recent times (e.g., Gabrielse and Yorath, 1991).

In addition to the accretional progression from craton to Cordillera, the array crosses two

major strike-slip systems (Monger and Nokleberg, 1996). The Great Slave Lake shear

zone dates to 1.9 Ga and has been linked to the collision of the Slave Province with the

original Canadian Shield (Hoffman, 1987).  Further west, the Tintina Fault system

divides ancestral North America from younger accreted terranes (Coney et al., 1980;

Price and Carmichael, 1986; Lowe et al., 1994; Francis et al., 1996).  These systems and

their relation to the general tectonics of the area suggest that the faults may play a role in

continental formation, and we investigate possible influence of the faults at depth beneath

the array.
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Ps conversions from the 410-, 520-, and 660-km discontinuities are analyzed to

study variations in transition zone structure across the region. The depths of these

discontinuities are sensitive to thermal structure of the deep upper mantle and transition

zone, and thus may correlate with surface tectonics.  For example, observations of

features at transition zone depths with ages up to 120 million years old have been shown

to remain coupled to the overlying plate (VanDecar et al., 1995).  Therefore the influence

of regional tectonics may be detectable beneath stations at the younger, western end of

the array.  Further into the craton, it is much less likely that features in the transition zone

region have tracked the overlying plate on the order of billions of years.  However, the

tectosphere (e.g., Jordan, 1988) does remain coupled to the overlying plate, and this

coupling may play a role in causing variability in the upper mantle as well as on the

discontinuities, particularly on the 410-km discontinuity.  The keel beneath the continent

may persist to depths of up to 400 km (Jordan, 1988), and reduced temperatures in the

mantle due to this feature would have an influence on the discontinuities near that depth.

However, regional tomography (Van der Lee and Nolet, 1997) indicates that the

continental keel may only extend to about 250 km.  This study can address this issue and

examine the influence (or lack thereof) of the continental keel across a large portion of

the continent.

Previous receiver function studies have examined transition zone discontinuities

beneath the entirety of Canada (Bostock, 1996; Ramesh et al., 2002). In these

continental-scale studies, the 410- and 660-km discontinuities were reported to be

relatively homogeneous across the Canadian landmass, with maximum topography on the

order of ±10 km (Bostock, 1996).  Ramesh et al. (2002) report that the transition zone

thickness remains relatively constant from station to station, but that arrivals are earlier or

later than average for older and younger crust, respectively.  This is an indication of

correlated topography on the discontinuities from station to station, something which is

examined in the current study. Higher-resolution studies capable of resolving variations

between observation points along this region are necessary to investigate the transitions

between these observations and their association with tectonic setting. The close spacing

of instruments in the CANOE array provides a greatly enhanced view of the mantle and
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lithosphere across these transitions as the closest station spacing of the previous studies is

approximately the length of the entire CANOE array.

Examination of variations in patterns of anisotropy is used to investigate the

influence of both lithospheric and asthenospheric processes across continental transitions.

Patterns resulting from lithospheric processes should be "frozen" into the lithosphere at

the time of formation or deformation, and differences at this level may be detectable in

different regions of the continent.  Continental cratons are stable over billions of years

and experience little deformation subsequent to their formation, so anisotropy detected

within the craton likely stems from ancient events.  At the asthenospheric level, fabric

related to global plate motion as well as current or recent tectonic processes may also be

detectable.

Previous anisotropy studies beneath North America noted perpendicular fast axes

between stations on the Cordillera (NW-SE trend) and the craton (NE-SW trend)

(Bostock and Cassidy, 1995). Delay time appears to be larger beneath the Canadian

Shield, possibly indicating an increase in lithospheric thickness (Silver and Chan, 1988).

Alignment of fast axes with the Tintina Fault (Bostock and Cassidy, 1995) suggests that

the fault may be a lithospheric-scale feature, rather than a crustal feature. We examine

variations of both fast axis orientation (phi) and delay time across this region in greater

detail.

5.3 RECEIVER FUNCTIONS

5.3.1 Data and Method

The receiver function dataset consists of 813 events with magnitude > 5.5

recorded at distances between 30° and 95° from the source (Figure 5.2A).  Of these

events, 361 were recorded at both CANOE and Canadian National Seismograph Network

(CNSN) stations; the remaining events were recorded at CNSN stations alone.  P-wave

arrivals were picked by hand, and data were filtered between 0.03 and 0.15 Hz.  Sample

seismograms and a resulting receiver function are shown in Figure 5.3.

Receiver functions were calculated using the extended time multi-taper method

(Helffrich, 2006), resulting in a total of 2965 radial receiver functions at CANOE stations
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and an additional 1344 at CNSN stations.  The results were stacked at individual stations

and also along four transects through the array with the common conversion point (CCP)

stacking method of Dueker and Sheehan (1997).   This method groups the receiver

functions by conversion point location at depth and stacks results from multiple stations

together, reducing artifacts due to azimuthal variations and causing station-specific noise

to become incoherent.  Bins were 180x180 km in lateral extent, on the order of the

Fresnel zone of the phases of interest, with 2 km vertical divisions.  Converted arrival

times were translated to discontinuity depth using the IASP91 velocity model (Kennett

and Engdahl, 1991).  The transects are defined according to tectonic province (Cordillera,

Rocky Mountain Front, Proterozoic Orogens, and Churchill Province).  The Cordillera

transect runs from Whitehorse southeast to the Rocky Mountain Front.  The Rocky

Mountain Front transect runs north-south and is terminated by a 90° change in the strike

of station locations in the north and at the Great Slave Lake shear zone in the south.  The

Proterozoic Orogens transect begins at the northern end of the Rocky Mountain Front

transect and continues east and northeast to Yellowknife, and the Churchill Province

transect runs from the Great Slave Lake shear zone southeast to Edmonton.

5.3.2 Results

Raw receiver functions (Figure 5.4) and CCP stacks for each of the four transects

(Figure 5.5) were obtained for the region beneath the study area.  The Cordillera and

Rocky Mountain Front transects display the most variability in transition zone structure,

particularly along the 660-km discontinuity.  In these transects, the discontinuity dips

southward and appears split into two near the intersection of the Cordillera and Rocky

Mountain Front transects. Evidence of the split 660-km discontinuity is also visible in the

raw receiver functions (Figure 5.4). The 410-km discontinuity is also present across these

transects and also has a slight southward dip. The 520-km discontinuity is not clear in the

Cordillera transect, but does appear along the Rocky Mountain Front.  All three transition

zone discontinuities are detected beneath the Proterozoic Orogens and Churchill Province

transects.  In these transects, both the 410- and the 660-km discontinuities are seen as a

single converter and are relatively flat.  The 520-km discontinuity is stronger than in the
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west and may be split into two in the eastern transects.  Mid-mantle reflectors appear to

some extent in all of the CCP stacks, however a clear arrival after the transition zone

arrivals is clear only for the Churchill Province in the raw receiver function stacks.

5.3.3 Discussion

Variability in the receiver function and CCP stacks above the transition zone is

marred with crustal multiples and is not indicative of actual structure in the upper mantle.

For this reason, the regions above 300 km are faded in Figure 5.5.  Additional faded areas

correspond to regions with increased error, and observations in these areas are considered

less reliable than unfaded regions.  The resulting structure that we resolve yields

information about transition zone and mid-mantle structure beneath the CANOE array.

The general consistency of the receiver function and CCP stacks from transect to transect

indicates that even beneath the oldest portion of the continent, the transition zone is

beneath the reach of the tectosphere and the direct influence of surface tectonics on these

discontinuities is unlikely.  The split 660-km discontinuity beneath the Cordillera and

Rocky Mountain front may be an indication of a change in general mantle chemistry at

depth beneath these regions compared to the older tectonic settings.  A split 660-km

discontinuity has been observed elsewhere, including Alaska and, broadly, North

America (Deuss et al., 2006) and may be related to contributions from the garnet

component of the mantle.  Multiple phase transitions near 660 km depth occur in regions

of low temperature or increased aluminum content due to the stability of the majorite to

ilmenite transition before transition to perovskite (Weidner et al., 1998; Hirose, 2002).

The region of the anomalous observations of the 660-km discontinuity is roughly

associated with a slight increase in seismic velocity within the transition zone (Van der

Lee and Frederickson, 2005), consistent with lower temperatures in the area.  At this

point variations in either temperature or aluminum content are viable options to explain

the observations.

Only the Churchill Province transect shows mid-mantle converters in both the raw

receiver functions and the CCP stacks.  Mid-mantle reflectors have been seen in a variety

of locations and depth ranges (e.g., Revenaugh and Jordan, 1991, Le Stunff et al., 1995;
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Deuss and Woodhouse, 2002; Van der Meijde et al., 2005, Vinnik et al., 2001; Castle and

Van der Hilst, 2003; Courtier and Revenaugh, In Press), though their observation

primarily occurs in regions of subduction.  This may be related in part to the source-

receiver geometries of methods typically used to investigate this depth range but may

also be indicative of a subduction-related origin for the reflectors. The arrival from the

mid-mantle converter present beneath the Churchill Province arrives 88 s after P and

corresponds to a depth of ~950 km. If associated with subduction, this may result from a

conversion off of remnants of the Kula-Farallon plate at depth.

The discontinuity depths observed for the transition zone discontinuities are

consistently shallow across the study area.  Much of this may be due to the fact that

IASP91 (Kennett and Engdahl, 1991), a global velocity model, was used to convert times

to depths rather than a regional tomographic velocity model.  For this reason, we will not

comment further on the origins of the specific discontinuity depths.  We can, however,

comment on the transition zone thickness beneath the area.  The transition zone thickness

is defined by the distance between the 410- and 660-km discontinuities, and since it is

based on a the relative time difference between converted arrivals rather than their

absolute travel time, it is less dependent upon the velocity model used to convert the

travel times to depth.  The transition zone thickness ranges from 241-249 km across the

majority of the study area and is near the global average of 242 km (e.g., Lawrence and

Shearer, 2006).  The slightly broadened transition zone thickness relative to the global

average is consistent with cool mantle temperatures, although the thickest transition zone

we observe is beneath the Rocky Mountain Front and not the oldest terranes.  As also

observed in previous studies with larger station spacings (Bostock, 1996; Ramesh et al.,

2002), there is little variability in transition zone thickness beneath the study area as

changes in the depths the 410- and 660-km discontinuity appear to be correlated with one

another.  If the variations in discontinuity depths are related to temperature, then the

behavior of the discontinuities is expected to be anti-correlated due to the Clapeyron

slopes of the transformations causing the discontinuities (Katsura et al., 2003; 2004).  The

correlation of the two suggests that a factor other than temperature is causing topography,

albeit minimal, along the discontinuities.
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5.4 SHEAR WAVE SPLITTING

5.4.1 Data and Method

The SKS splitting dataset consists of ~70 teleseismic events of either magnitude >

5.6 and depth > 500 km or magnitude > 6.4 and depth < 500 km (Figure 5.2B). All

earthquakes were recorded at CANOE or nearby Canadian National Seismograph

Network (CNSN) stations between May 2003 and September 2005.  Seismograms were

processed with a Butterworth filter with corners at 0.01 and 0.2 Hz. Traces were rotated

to radial and transverse components for visual verification of clear SKS arrivals, and time

windows of 30-40 seconds centered around the phase of interest were selected by hand.

This resulted in an average of 31 events used at CANOE stations and 93 events used at

CNSN stations.  Sample seismograms are shown in Figure 5.6.

We use the cross-convolution method of Menke and Levin (2003) to analyze

shear wave splitting beneath the study area.  All results are calculated for data in both

north-east and radial-transverse orientations.  Phases SKS, sSKS, SKKS are analyzed

both jointly and individually to obtain a picture of anisotropy beneath the region.  We

estimate parameters for one layer of anisotropy but also investigate the results for signals

of back-azimuthal variations (e.g., Silver and Savage, 1994; Rumpker and Silver, 1998)

and depth dependence, both of which may indicate multiple layers of anisotropy are

present. Individual station estimates are additionally calculated by doing a grid search on

dT and phi, maximizing the cross-correlation on time-shifted fast and slow seismograms

(Menke and Levin, 2003).

Additional analyses are conducted to examine the robustness of the results.

Analysis with the instrument response deconvolved from the seismogram is conducted to

examine potential effect of varying instrument type across the CANOE array.  Possible

differences due to the frequency content of the filter applied to the data and the time

window around the selected phase for analysis are also examined.

5.4.2 Results

Splitting times derived from multi-event station averages resulting from the cross-
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convolution method (Menke and Levin, 2003) average ~1.4 s, and fast directions are

coherent yet suggestive of strong variability of mantle anisotropy across the region

(Figure 5.7). Stations on the craton show a dominant NE-SW fast direction.  At the

Cordillera boundary, fast directions flip abruptly to NW-SE, and continuing west across

the Cordillera the fast directions rotate from NW-SE to roughly E-W before returning to

NW-SE near the edge of the continent. Within the craton, there is an anomalous cluster of

stations with N-S fast directions.  Results after deconvolution of the instrument response

from the same dataset are similar (Figure 5.8) and indicate that patterns in the results do

not stem from variations in instrument type across the array.

Analyses examining the effects of varying frequency content and time windows

around the data were grossly similar to the primary analysis.  The variations were applied

to a subset of the data (the ten events with mb > 6.0) for efficiency of analysis.  In general

this subset produces the same result as the full dataset; the primary exception is that the

anomalous cluster of stations with N-S fast directions went undectected. Values for phi

and delay time do change slightly with changes in the frequency and window content but

the overall spatial trends of the results are nearly identical.  The consistency of the results

disappears when the frequency filter becomes band-limited or when the time window

around an event is too broad; major differences are observed only after such a threshold

has been crossed, and the number of null observations increases at this point.  Variations

on the order of ±0.05 Hz on both ends of the filter bandpass or 5-10 seconds on both ends

of the time window had little discernable effect on the results (Figures 5.9 and 5.10).

Individual event results from the cross-convolution and cross-correlation methods

are in good agrement.  Excluding events that produce null measurements for one or both

methods, the fast-axis orientations returned are similar (Figure 5.11A).  Delay times

resulting from the cross-correlation method are consistently smaller than those from the

cross-convolution (Figure 5.11B), although this trend was observed in tests of synthetic

data as well (Menke and Levin, 2003).

5.4.3 Discussion

The SKS splitting results speak to variability in the upper mantle and lithosphere,
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and changes related to tectonic setting are evident in these results.  The general patterns

seen in previous work (Bostock and Cassidy, 1995) are confirmed, and our analysis

provides additional measurements that link variations between previous observations.

The general NE-SW fast direction seen on the craton is roughly consistent with fabric

formed by olivine alignment during mantle flow dominated by plate motion.  Additional

variations in the fast axis orientation may be attributed to lithospheric anisotropy.  This

orientation changes abruptly approaching the Cordillera, where the fast axis is sub-

parallel to the strike of the Rocky Mountain Front.   The dominantly east-west trending

fast axes across the Cordillera show no change across the Tintina Fault, suggesting that

the fault is predominantly a crustal-scale feature.  The patterns of rotation across the

Cordillera are suggestive of dominant transpressional deformation through the

lithosphere during continental accretion.  Within the craton, the cluster of stations with

N-S fast directions sits astride an apparent ancient suture zone detected through previous

scattered-wave and seismic reflection studies (e.g., Bostock, 1998; Cook et al., 1998;

Mercier et al., In Press).  The locations of the anomalous regions coincide, and there may

be a causative link between the features, however the splitting delay times suggest a scale

of anisotropy that is much larger than that observed in the scattered wave analysis.

The smallest delay times are observed along the Rocky Mountain Front and the

Cordillera.  Delays increase across the Proterozoic Orogens and Churchill Province to the

northeast and southeast, respectively.  This is consistent with previous work by Silver and

Chan (1988), and the increased delay time in the east may be related to increased

lithospheric thickness.

The combination of observations consistent with anisotropy due to mantle flow

and anisotropy related to lithospheric features suggests the possibility of at least two

layers of anisotropy beneath the study area.  It is likely that the lithospheric signature that

we observe contains some signature of the deeper signal as well.  This can be investigated

in two ways.  Systematic variations of the fast-direction of shear-wave splitting with

back-azimuth (Figure 5.12) may indicate that two layers of anisotropy exist beneath the

study area (e.g., Silver and Savage, 1994; Rumpker and Silver, 1998). A saw-tooth

pattern of fast axis orientation as a function of back-azimuth is an indicator that two
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layers of anisotropy are being modeled as a single layer. More complete back-azimuthal

coverage is available for the CNSN stations, and the phi pattern for station EDM is

shown in Figure 5.12.  The patterns seen in Figure 5.12 are not clearly a saw-tooth

pattern, but the significant scatter in fast directions is suggestive of complex fabric

beneath the station.

Additionally, analysis of delay time and fast-direction for phases SKS, sSKS, and

SKKS show variations that may be due in part to the amount of time each phase spends at

different depths in the upper mantle.  Individual results for SKS and sSKS analyses

(Figure 5.13, left, center) are very similar to the group solutions.  Results for SKKS

(Figure 5.13, right) are less variable and more consistent with a general pattern of

alignment with global plate motion.  SKKS arrives at a steeper incidence angle, therefore

spending more time at depth than SKS or sSKS.  The variability between the phases may

indicate that an anisotropic layer with fast-direction parallel to global plate motion exists

below a more variable layer, likely anisotropy related to continental assembly that has

been fossilized within the lithosphere.  Differences in the events used for each phase and

the signal-to-noise ratios of the data likely also contribute to the variability in the results.

5.5 CONCLUSIONS

Receiver function analysis of the transition zone discontinuities indicates that

deep upper mantle properties are generally consistent beneath the suite of tectonic

settings transected by the CANOE array.  One exception to this is the potential influence

of lower temperature or increased aluminum content in garnet component on the 660-km

discontinuity beneath the northern Cordillera.  Transition zone thickness is consistent

with an average to cold transition zone and also varies little beneath the study area.  The

minimal topographic variations that are observed indicate a correlation of topography

between the 410- and 660-km discontinuities.

Shear wave splitting measurements track variations in anisotropy of the upper

mantle and lithosphere beneath the array. Stations on the craton show a fast direction that

is roughly consistent with mantle flow dominated by plate motion.  Patterns across the

Cordillera are suggestive of dominant transpressional deformation through the



140

lithosphere during continental accretion.  Within the craton, there is an anomalous cluster

of stations with N-S fast directions; these stations sit astride an apparent ancient suture

zone detected through previous scattered-wave and seismic reflection studies, and the

change in anisotropy may result from the same feature.  Variations in fast direction with

event back-azimuth indicate that at least two anisotropic layers may contribute to our

observations.
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5.7 FIGURES

Figure 5.1: Map showing CANOE station locations and regional geologic setting.



148

Figure 5.2: A) Receiver function and B) SKS event maps. Red inverted triangles indicate

locations of CANOE stations; Black triangles indicate event locations.
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Figure 5.3: Sample of vertical (upper) and radial (middle) data used in the study, with

resulting receiver function (lower). Seismogram is from earthquake occurring on

September 5, 2004 (33.07N, 136.62E) recorded at CANOE station B04 (58.85N,

125.23W).
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Figure 5.4: Receiver function stacks for each line array transect.  Amplitudes to the right

of the vertical line are multiplied by 5.  Gray shaded regions indicate arrival times for

conversions from the 410- and 660-km discontinuities from the IASP91 velocity model

(Kennett and Engdahl, 1991) for the range of event parameters used in the study.
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Figure 5.5A: CCP stack for the Cordillera transect. Faded area in upper mantle is region

dominated by crustal multiples; Other faded areas are regions of increased error in the

CCP stack.
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Figure 5.5B: CCP stack for the Rocky Mountain Front transect. Faded area in upper

mantle is region dominated by crustal multiples; Other faded areas are regions of

increased error in the CCP stack.
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Figure 5.5C: CCP stack for the Proterozoic Orogens transect. Faded area in upper mantle

is region dominated by crustal multiples; Other faded areas are regions of increased error

in the CCP stack.
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Figure 5.5D: CCP stack for the Churchill Province transect. Faded area in upper mantle

is region dominated by crustal multiples; Other faded areas are regions of increased error

in the CCP stack.
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Figure 5.6:  Sample of radial (upper), transverse (center), and vertical (lower) data used

in the study.   Seismogram is from earthquake occurring on July 15, 2004 (17.66S,

178.76W, 565 km depth, mag.7.1) recorded at CANOE station BC04 (61.20N, 120.10W).
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Figure 5.7:  Multi-event station averages (71 events, 104 phases) at CANOE stations and

CNSN stations WHY, YKW, FNBB, and EDM.  Length of bars indicates delay time with

horizontal scale bars for 1.0s, 1.5s, and 2.0s at bottom of plot; Orientation of bars

indicates fast-direction of splitting.  Data bandpass filtered with corners at 0.01 and 0.2

Hz. Red = NE components, Blue = RT components.  Circles indicate null measurements,

and white arrows indicate plate motion from models HS-2 and HS-3 (Gripp and Gordon,

2003).
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Figure 5.8: Multi-event station averages after deconvolution of instrument response from

data.  Similarity to Figure 5.7 indicates results are not biased by instrument type.  See

Figure 5.7 for additional details.
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Figure 5.9:  Upper: Multi-event station averages for subset of ten events with mb > 6.0;

Filter and window parameters are the same as data used in Figure 5.7.  Center: Multi-

event station averages for subset of ten events with mb > 6.0; Filter bandpass 0.005 0.25

(within acceptable threshold), window parameters unchanged.  Lower: Multi-event

station averages for subset of ten events with mb > 6.0; Filter bandpass 0.04 0.10 (outside

acceptable threshold), window parameters unchanged. See Figure 5.7 for additional

details.
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Figure 5.10:  Upper: Multi-event station averages for subset of ten events with mb > 6.0;

Filter and window parameters are the same as data used in Figure 5.7.  Center: Multi-

event station averages for subset of ten events with mb > 6.0; Filter parameters

unchanged, window parameters 10 seconds longer on each side of arrival (within

acceptable threshold).  Lower: Multi-event station averages for subset of ten events with

mb > 6.0; Filter parameters unchanged, window parameters 30 seconds longer on each

side of arrival (outside acceptable threshold). See Figure 5.7 for additional details.
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Figure 5.11: A) Phi and B) Delay Time results from cross-convolution vs cross-

correlation methods, Sample shown for one CANOE and one CNSN station (B01 and

EDM, respectively).
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Figure 5.12: Fast-direction (phi) versus back-azimuth for CNSN station EDM.

Increasing phi with back-azimuth and ninety-degree periodicity may indicate the

presence of two layers of anisotropy (Silver and Savage, 1994).
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Figure 5.13: Splitting results based on analysis of individual phases. Upper: SKS,

Center: sSKS, Lower: SKKS.  Differences in SKKS fast-directions may result in part

from increased sensitivity at depth and may indicate that a different layer of anisotropy is

sampled by this phase. See Figure 5.7 for additional details.
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CONCLUSION TO THE THESIS

The primary goals of this research were to study chemical and thermal anomalies

associated with subducting slabs and upwelling plumes in relation to the ambient mantle

as well as the chemical and structural implications of the transport and recycling of

subducted slabs. Investigations of the mantle on regional scales can shed light on both the

presence (or absence) of variability associated with slabs and plumes.  Changes in mantle

discontinuity structure and mantle anisotropy are signatures of changes in mantle

chemistry, temperature, and fabric.

There is a growing amount of evidence for the presence of localized water-rich

regions in the mantle. Water, essential to life, the shaper of Earth’s surface, and the

lubricant of tectonics has an important role to play in the mantle. The distribution of

water in the mantle has implications for planetary accretion, mantle composition,

rheology, and convection, but its seismic signature can be subtle. Laboratory studies find

that all of the major upper mantle minerals are capable of storing water in their structures

to some extent. If regional water content of the mantle exceeds this water storage

capacity, then localized melting may occur in the deep upper mantle. Extensive regions

of partial melting most likely reflect compositional heterogeneity and definitely influence

mantle dynamics. Partial melting just above the transition zone carries many

implications.  Chief among these are the development of geochemical reservoirs through

sequestration of volatiles and incompatible elements as a result of melting and the

mechanical weakening of the deep upper mantle through melting and grain boundary

wetting.

This is an important point in time for our understanding of mantle water and its

influence on mantle dynamics.  Seismic data is now dense enough and of sufficient

quality to detect the subtle signature of mantle water at locations around the globe. The

multiple ScS reverberation method is an important tool in the search for mantle water and

can detect water’s subtle signature in a variety of ways.  Discontinuity depths and

apparent impedance contrasts obtained from multiple ScS reverberations can signal a

water-rich transition zone. Corridors in the eastern United States and Gulf of Mexico
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have extremely strong 520-km discontinuities relative to the corresponding 410- and 660-

km discontinuities. We attribute the strong 520-km discontinuities beneath the region to a

locally water-rich transition zone. The presence of a low-velocity layer above the

transition zone is also indicative of increased water content.  We detect a large and

spatially coherent low-velocity layer consistent with partial melting in the deep upper

mantle beneath the Coral and Tasman Seas. The layer could be more than 70 km thick if

it persists to the 410-km discontinuity. The considerable thickness of the partial melt

layer may require thin films of a hydrous melt with a zero-degree dihedral angle

surrounding grains or the combined effect on melting of the addition of both water and

carbon to the deep upper mantle via subduction.

Understanding temperature variability within the mantle is also a key to

understanding mantle dynamics.  Subduction zones are typically associated with cold

mantle temperatures, and mantle plumes are often thought of as regions of increased

temperature (hence the moniker “hotspot” for these regions). Whether or not hotspots are

actually hot, though, remains a topic of debate within the scientific community.  This is

another research question that can benefit from the ScS reverberation toolkit. Hawaii is a

region often described as the quintessential mantle plume, and the long-term presence of

seismometers on the Hawaiian Islands permits an ScS reverberation study of the mantle

below despite the lack of deep seismicity in the area. We find an unusually deep 410-km

discontinuity and a transition zone thickness of 227 km beneath Hawaii.  If solely a result

of temperature variability, these discontinuity depth observations indicate that the mantle

beneath Hawaii is anomalously hot relative to ambient mantle conditions (ΔT = 87-129

K), suggesting that a thermal mantle plume originating from at least TZ depths feeds the

Hawaiian hotspot. However, the vertical-incidence whole-mantle travel time measured

beneath the area does not show the delay relative to reference mantle velocity models

expected for an ScS phase traveling within a thermal plume originating from either the

TZ or the core-mantle boundary. We attribute this discrepancy to an inclined or

branching plume, lowermost mantle anisotropy, and travel time estimate bias due to a

possible ultra-low velocity zone atop the core.
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Identification of subducted lithosphere or subduction-modified material in the

mid- and lower mantle, while only pieces of the puzzle, are important parts of unraveling

the answers to the suite of questions that exist with regard to the radial heterogeneity and

chemical evolution of the mantle. Knowledge of the spatial distribution of subducted

lithosphere is important for understanding both the chemical and structural implications

of slab-recycling.  Impedance-sensitive, local seismic studies can be paired with global

and local tomographic results to investigate broad features and understand variability in

the mid-mantle, both near subduction zones and elsewhere. Mapping of paired, spatially

coherent reflectors corresponding to fast tomographic anomalies beneath the southwest

Pacific Ocean and Melanesia, and isolated reflections from what might be fragmented

remnants of the Farallon slab beneath the United States and Gulf of Mexico indicates that

the mid-mantle is a host for subducted lithosphere and that seismic detection of

reflections from the subducted material is possible with appropriate datasets. We observe

mid-mantle reflectors with low-frequency shear waves over broad geographic regions and

find that their spatial distribution and seismic properties are more readily interpreted as

due to pressure-temperature-dependent phase transitions within or around subducted

slabs than to either large-scale chemical layering or small-scale chemical heterogeneities.

Finally, we investigate chemical and structural variability associated with the

formation of continental cratons and continental assembly over a time span of nearly 4

Ga. The Canadian Northwest Experiment (CANOE) is an array of nearly sixty broadband

seismometers reaching from the Slave Craton across a series of Proterozoic orogens and

the Canadian Rockies, paralleling the Rocky Mountain Front, and extending across the

Churchill Province south to Edmonton, Alberta.  This seismic study provides a window

into the mantle beneath a variety of tectonic settings as well as the transitions between

them, and allows a detailed study of continental assembly through geologic time.

Receiver function analysis of the transition zone discontinuities beneath the study area

indicates that deep upper mantle properties are generally consistent beneath the suite of

tectonic settings transected by the CANOE array.  One exception to this is the potential

influence of lower temperature or increased aluminum content in garnet component on

the 660-km discontinuity beneath the northern Cordillera.  The mantle appears relatively
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undisturbed by surface features at transition zone depths. Transition zone thickness is

consistent with an average to cold transition zone and also varies little beneath the study

area.  The minimal topographic variations that are observed indicate a correlation of

topography between the 410- and 660-km discontinuities.  Shear wave splitting

measurements track variations in anisotropy of the upper mantle and lithosphere beneath

the array. Stations on the craton show a fast direction that is roughly consistent with

mantle flow dominated by plate motion.  Patterns across the Cordillera are suggestive of

dominant transpressional deformation through the lithosphere during continental

accretion.  Within the craton, there is an anomalous cluster of stations with N-S fast

directions; these stations sit astride an apparent ancient suture zone detected through

previous scattered-wave and seismic reflection studies, and the change in anisotropy may

result from the same feature.  Variations in fast direction with event back-azimuth

indicate that at least two anisotropic layers may contribute to our observations.

These studies address a variety of questions about the state of the mantle as well

as the tools available to study it.  We have documented regional variation due to changes

in chemical content, thermal anomalies, and deformation.  Further work from the fields of

rock and mineral physics, particularly with regard to partial melts in the deep upper

mantle and the influence of chemical variations on phase changes in subducting slabs at

mid-mantle depths, will complement this work as well as future seismic studies.  Seismic

data is now abundant enough and the methods detailed enough to resolve fine-scale

variations within the mantle.  As we continue to study this variability, we can begin to

address many of the unanswered questions about the state of the mantle and the history of

the planet.
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