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Abstract 

Petrology, Density, and Velocity Structure of Subducting 
Lithosphere and the Mantle 

by 

Joel Jacob Ita 

Doctor of Philosophy in Geophysics 

University of California at Berkeley 

Professor Lane R. Johilson, Chair 

I compare the predictions of compositional models of the mantle to properties inferred from 
seismological data by constructing phase diagrams in the MgO - FeQ - CaO - Al20 3 - Si~ system and 
estimating the elasticity of the relevant minerals. Mie-Grlineisen theory is combined. with the Birch'-' 
Murnaghan or the Universal equation of state to extrapolate experimental measurements of thermal and 
elastic properties to high pressures and temperatures. The resulting semi-empirical thermodynamic 
potentials combined with the estimated phase diagrams predict self-consistently the density, seismic 
parameter and. mantle adiabats for a given compositional model. The transition zone and upper mantle 
are likely tO have similar compositons. I find that both olivine rich (pyrolite-like) and olivine poor 
(piclogite-like) compositions agree well with the observed properties of the upper mantle and transition 
zone. Compositions low in olivine substantially underestimate the magnitude of the 400 km discon
tinuity unless they have enough AI to cause the pyroxene-garnet transition to coincide approximately 
with this boundary. The dissolution of Ca rich perovskite at 18 gigapascals in these models provides a 
promising explaination of the 520 km discontinuity. Also, the temperature jump associated With a com
positional change at 400 km leads to poor agreement with seismic observations for all compositions. 
However, the composition of the lower mantle may differ from that of the upper mantle. The candidate 
upper mantle compoSitions considered here provide acceptable fits to lower mantle observations, but 
along adiabats which are cooler than expeeted. If the mantle is isochemical, a thermal boundary layer 
near 670 km depth is highly, unlikely. 

Isobaric phase changes Induced by thermal anomalies in subduction zones have a significant 
effect on the material properties of that region. Strong lateral and vertical velocity and density gra
dients not predicted by previous modelling efforts are found ,to exist The nature of the velocity and 
density distribtions in subducting slabs is greatly affected by the presence or absence' of metastable 
olivine deep within them. Its presence would be conducive to dynanmic layering of the man.tle while its 
absence will have the opposite effect. 



Chapter 1 

Introduction 

1.1 Geophysical Background 

The structure of the Earth is dominated by internal layering in the form of radial shells (Figure 

1.1). Secondary features consist of departures from the mean properties within a given shell. The ther-

mal and chemical evolution of the Earth, the dynamics of its interior and thus the forces. which drive 

plate tectonics depend critically on the nature of this structure.· If the radial boundaries in the mantle 

are due to changes in phase alone, either whole mantle or layered convection could exist, depending on 

the nature of the phase transitions. If. they are marked by a change in composition as well as phase, 

convection would most likely occur within the shells but not between them. The reduction of heat and 

material transport between layers would engender the presence of large scale chemical heterogeneities 

and the preservation of primordial heat. Lateral variations in material properties outline the patterns of 

convection within and between the spherical shells. Sharp contrasts in these deviations across a boun-

dary would indicate a barrier to flow, while a high positive correlation is more ambiguous. It may 

represent flow across the boundary or· thermal coupling of the convective patterns in each shell with lit-

tie or no exchange of material. 

Some models of the early evolution of the Earth suggest strong chemical fractionation and the 

formation of multiple compositional layers. These models, which are based on analogy with crustal 

magma chambers, envision silicate liquids sinking relative to lighter olivine in the shallow mantle, but 

rising relative to denser perovskite in the lower mantle, producing a chemically distinct transition zone 

[Anderson and Bass, 1986; Ohtani, 1988]. However, detailed analysis of very high Rayleigh number 

dynamics indicates that convective mixing in a planet scale magma chamber may completely prevent 

crystal fractionation. [ Tonks and Melosh, 1990]. Furthermore, extensive crystal fractionation appears 

inconsistent with the Earth's trace element chemistry [ Kato et al., 1988; but see also Walker and Agee, 

1989]. 

·' 
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Lower Mantle 

)\) \ 
Core 

Fig. 1.1 Cartoon of the Earth's internal structure depicting the major features such a8 the upper 
mantle, the transition zone, the lower mantle, and the core. Secondary features such as the lateral 
difference between oceanic and continental lithosphere and differing views of convective patterns in the 
mantle are also represented. In this investigation, the upper mantle is defined as the fraction of the man-

. tie that lies above the 670 km discontinuity, the transition zone lies between the 400 and 670 km 
discontinuities, and the lower mantle lies between the 670 km discontinuity and the core. 



''\; 

·~ 

3 

1.2 Subduction Zone Properites 

Many types of geophysical observations bear on the nature of mantle layering, but none hlive 

unambiguously resolved whether the Earth's mantle is isochemical or compositionally layered. Deep 

seismicity patterns, used to infer the presence of subducting slabs, show that many slabs penetrate into 

and in some cases, span the entire length of the transition zone [!sacks and Molnar, 1971; Jarrard, 

1986]. Travel time and wave-form studies indicate that slabs in the Kurile, Mariana and Tonga 

trenches penetrate well into the lower mantle [Creager and jordan, 1984, 1986; Fischer et. al., 1991; 

Silver and Chan, 1986], although these results are controversial [Anderson, 1987; Zhou et al., 1990; 

Gaherty et al., 1991; Schwanz et al., 1991]. Tomographic iniages of the mantle also suggest deep man

tle penetration of slabs in some areas, while in other regions they appear to be confined to the upper 

mantle [Zhou and Clayton, 1990; van. der Hilst et al., 1991; Fukao et al., 1992]. Isochemical mantle 

models easily accommodate these observations, but slab penetration is also consistent with a composi

tionally layered mantle in which the layers are separated by pem1eable (leaky) boundary layers, or 

bound&i.es that are only intermittently breached [Silver et al., 1988; Macheteland Weber, 1991], Pel

tier and Solheim, 1992].Tomographic models [Fukao et al., 1992] and analysis of seismicity patterns 

[Giardini and Woodhouse, ·1984, 1986] also indicate that at least some subducting slabs are substan

tially deformed by the boundary between the upper and lower mantle, suggesting a change in material 

properties at 670 km depth. Slab deformation is easily explained by a change in composition between 

upper and lower man~es, but is also consistent with an isochemical mantle which exhibits a 10- to 30-

fold increase in viscosity [Vassiliou et al., 1984; Gufnis and Hager, 1988] or contains an endothermic 

phase change whose Calpeyron slope is less than -2 MPa/K at 670 km depth [Machete[ and Weber, 

1991; Peltier and Solheim, 1992]. The viscosity increase is actually thought to exist in the Earth on the 

·basis of geoid observations [Hager, 1984; Hager and Richards, 1989]. The spinel to perovskite phase 

transition thought to be responsible for the 670 km. discontinuity has a Clapeyron slope of -2.8 MPa/K; 

within the range needed for stratified convection. 

At the same time, the absence of slab deformation at 400 km is not inconsistent with composi

tional change at that boundary provided the attendant changes in density and viscosity are not large 
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enough to significantly impede the slab's descent. Many geochemical observations are most easily 

explained by the survival of two or more physically distinct reservoirs, such as multiple convective 

layers [Depaolo, 1983; Alfegre and Turcotte, 1985; Zindler and Hart, 1986; Silver et al., 1988]. How-

ever, inefficient mixing may allow the long-term survival of chemical heterogeneity on many length 

scales even in single-layer convection [Gumis and Davies, '1986]. 

1.3 Mantle Properites 

Comparison of seismological observations of the Earth's interior with known material _properties _ 

is the most direct way of determining the composition of the mantle. It was first recognized by Bernal 

[1936] that pressUre-induced phase transformations could cause increases in seismic velocity with depth. 

Birch [1952] later argued that the anomalously high seismic velocity gradients in the transition zone 

were most easily explained by a series of phase changes, rather than the effect of pressure on a single 

phase. Since that time, many workers have tried to constrain mantle composition by comparing the den

sity and elastic properties of the Earth to that of high pressure minerals. The density and elasticity of 

the mantle is inferred from seismological data while that of the high p~sure phases has been measured 

experimentally or estimated from systematics of analog minerals. 

Studies of this kind have followed three different approaches. The first two involve the use an 

equation of state to extrapolate the mineralogical elasticity data to mantle conditions. Following this 

tact, some investigators searched through a spectrum of mineral assemblages to find those that were 

consistent with the seismological data. In the upper mantle, this has been attempted by Anderson 

[1967], Burdick and Anderson [1975], Lees et al. [1983], Bina and Wood [1987], and Duffy and Ander

son [1989]. Similar lower mantle studies were conducted by Butler and Anderson [1978] and Bina and 

Silver [1990]. Alternatively, others have chosen to compare the properties of phase assemblages 

' predicted by mantle compositions based on studies of mantle xenoliths or geochemical considerations 

[Jeanloz and Thompson, [1983]; Anderson and Bass, 1984; Bass and Anderson, 1984; Weidner, 1985; 

Akaogi et al., 1987; lrifune, 1987; DuffY and Anderson, 1989]. The third approach involves using an 
... 

equation of state to extrapolate the inferred elastic properties of the mantle to ambient conditions and 

then perform the comparison [Jeanloz and Knittle, 1989; Bina and Silver, 1990; Bukowinski and Wolf, 
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1990]. 

The petrologic complexity of the transition zone and the extreme pressures and temperatures of 

the lower niantle, however, have hindered these efforts. Until recently, information about the high pres-

sure behavior of Iruii}Y possible mantle minerals was virtually unknown. Forced to rely on estimates of 

these crucial quantities, the aforementioned investigators have come to very different conclusions 

regarding the composition ·of the transition zone and ·the existence of chemical stratification in the 

Earth's mantle. 

1.4 Summary 

A good of body evidence has been advanced from the diverse fields of seismology, geodynamics, 

mineral physics, and geochemistry to explain the structure and composition of. the mantle, yet a con-

sensus still eludes us. This lack of agreement is no cause for concern at the present moment however. 

Recent advances in high pressure experimental petrology have disentangled· the stability relations among 

the more than 25 phases which may exist in the transition zone, while Brillouin spectroscopy has deter

mined the elastic constants of many of these phases. ,Jn situ measurements at combined high pressures 

and temperatures have placed the first experimental constraints on the thermal expansivity of likely 

lower mantle phases at high pressure. Innovative application of theory has also reduced the reliance on 

estimates of parameters needed to describe the high pressure, high temperature behavior of possible 

mantle minerals. 

Atmed with this new information, I analyze three models of mantle composition by combining a 

self-consistent thermodynamic formulation with recent measurements of mineral elasticity, phase equili

bria and high pressure thermal expansivity. This formulation is used to predict the properties of their 

associated phase assemblages under conditions thought to exist in the mantle. A Comparison between 

the predicted properties and those that exist in the Earth provides constraints on mantle composition. I 

then extend this investigation to predict the effect of temperature on the mineralogy, density and velo-

city structure in subduction zones. 

The average density and elastic properties of the Earth are well constrained, but there still exists 
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significant uncertainty. The cause of this uncertainty and its quantification are the subject of chapter 

two. In chapter three, the origin of the model compositions used is discussed. A review of· the phase 

equilibria studies relevant to these compositions is also presented. ·Coupled with this is a discussion of 

the pressure - temperature phase diagrams used in this study. Chapter four outlines the theory used to 

predict the. properties of these phases under mantle conditions. The improvements of this formulation 

over that used in previous investigations are noted. A discussion of the determination and reliability of 

th~ parameters used in this formulation is also given. At this point, the comparison between the 

predicted and expected density and elastic properties of the uppe~ and lower_ mantle is made in chapter 

five. Effects of error on the results of this section are also explored. In chapter six, the effect of tem

perature and compositional contrasts on the mineralogy of subducting slabs is presented. Lateral 

changes in. mineral assemblage predicted by my. models may explain some of the more perplexing 

aspects of the tomography models and should have a noticable impact on forward modeling of travel

times, waveforms and convective patterns. This is followed by a summary and some concluding 

remarks in chapter seven. 

\ 

.. 

. ) 
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Chapter 2 

Observational Constraints on Mantle Properties 

2.1 Introduction 

Most of our knowledge of mantle properties is derived from observations of seismic waves that 

travel through it. Measurements of waveforms and traveltimes of body waves and surface waves as well 

as the periods of free oscillations of the Earth provide us the information needed to estimate compres-

sional (Vp) and shear wave (Vs) velocities and density as a fUnction of depth. From this information I 

can infer material properties of the Earth such as bulk (K) and shear (JJ.) modulus as well as density (p). 

Given these material properties, one can subsUme the composition and petrology of the mantle. 

As with any estimate of the physical properties of nature, there is error present due to the inabil-

ity to make all the measurements necessary, inexactness in our measurements when they are made, and 

inadequacies in the theory used to derive from these measurements knowledge about the desired pr~ 

perty. Early attempts were made to quantify the errors in Vp and Vs by Wiggins [1969,1972], in p by · 

Gilbert et al. [1973], and in velocity and density simultaneously by Press [1970]. Our knowledge of 

the mean properties of the Earth has progressed since ~at time,. but estimates of its associated error 

have not kept pace. Recently, most estimates of resolution and uncertainty of velocity and density in the 

Earth have been derived from long period surfaces waves (see Moniager and Tanimoto, 1991; Tani-

moto, 1991; and references therein). The depth resolution of these models in the mantle is approxi-

mately 200 to 400 km and is unsuitable for a meaningful analysis of the upper mantle, though it may 

be adequate for the lower mantle. 

One way out of this dilemma is to get an estimate of the uncertainty from the Vp, Vs and p 
I 

profiles themselves. Enough models exist in the literature, that one could consider them as a random 

sample of the true average profile of the Earth. From this sample I can then estimate the mean and stan-

dard deviation of the average velocity or density. Many of the profiles in this estimate represent the 

average properties of the Earth, but a significant number are drawn from regional studies. Implicit in 
', 
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this approach is· the assumption that distribution of regional profiles used in the study is equal to their 

distribution in the Earth and thus will not bias the estimate of the mean. As shown &low, this assump

tion appears to be valid. 

2.2 Density 

I estimate the expected density profile of the mantle and its uncertainty with the mean and stan~ 

dard deviation of 14 published models [Derr, 1969; Haddon and Bullen, 1969; Mizutani and Abe, 1971; 

Wang, 1972; Jordan and Anderson, 1974; Gilbert and Dziewonski, 1975; Kind and Muller, 1975; Hart 

et al., 1976; Nakada and Hashizume, 1983; Lemer-Lam and Jordan, 1987;. Montagner and Anderson, 

1989; Dost, 1990] by standard statistical formulae [Bevington, 1969]. The five most recent models are 

based exclusively on surface wave data which provide radial density resolution of approximately 100 

km in the upper 700 km of the mantle. Most of these utilized a starting model based on body-wave 

observations and thus agree in the placement of the discontinuities in the upper mantle, though the gra

dients between them do vary significantly. The older models are based mostly on free oscillation data 

and give information about the mantle over its entire depth range. The resolution of these models is 

poorer in the upper mantle, but they agree in general with the surface wave models. 

Some of the older models may contain systematic errors due to the effects of attenuation 

[Hart, et al., 1976], but this error does not appear to significantly bias the mean in the upper mantle. A 

comparison is made with the Earth model PREM [Dzeiwonski and Anderson, 1981] which was pur

posely left out of the average to provide an independent test of .the mean. The mean and PREM are in 

excellent agreement throughout the upper mantle except just above the 400 and 670 km discontinuities 

(see Figure 2.1). Even there, PREM falls within the uncertainty of the mean. It appears that any error 

introduced by the older models has only increased the standard deviation in this region, making it a 

conservative estimate. A significant bias does appear between PREM and our mean curve in the lower 

mantle. The standard deviation estimated in this region should overestimate the actual uncertainty given 

the increased disparity between profiles with and without this bias. In order to account for this bias, I 

assume that PREM represents the true mean in the lower mantle and has the same standard deviation as 

the biased curve. The implications of this assumption for mantle composition is discussed in chapter 5. 
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Also, in this region, the average standard deviation is 0.6% which is in good agreement with other esti-

mates of the error [Silver et al., 1988]. 

2.3 Velocity 

We base our estimate of the expected velocity distribution in the mantle and its uncertainty on 37 

P-wave velocity (Vp) profiles and 34 S-wave velocity (V5 ) profiles [Chinnery and Toksoz. 1967; Hales 

et al., 1968; Herrin, 1968; Fairborn 1969; Hales and Roberts, 1970; Buchbinder 1971; Randall, 1971; 

Robinson and Kovach, 1972; Wright and Cleary, 1972; Wiggins et al., 1973; Gilbert and Dziewonski, 

1975; Hart, 1975; Kind and Muller, 1975; Dey-Sarkar and Wiggins, 1976; Hart et al., 1976; King and 

Calcagnile, 1976; Fukao, 1977; Burdick and Heimberger, 1978; Sengupta and Julian, 1978; McMechan, 

1979; 1981; Uhrhammer, 1979; Given and Heimberger, 1980; Hales et al., 1980; Burdick, 1981; 

Dziewonski and Anderson, 1981; Vinnik and Ryaboy, 1981; Fukao et al., 1982; Nakada and Hash

izume, 1983; Grand and Heimberger, 1984a,b; Walck, 1984, 1985; Lyon-Caen, 1986; Lemer-Lam and 

Jordan, 1987; Paulssen, 1987; Grad, 1988; Graves. and Heimberger, 1988; Montagner and Anderson, 

1989; Lefevre and Heimberger, 1989; Bowman and Kennett, 1990; Dost, 1990; Kennett and Engdahl, 

1991] mostly generated from high resolution waveform or travel-time studies of body waves with the 
' 

remainder coming from surface wave or free oscillation investigations. In the upper mantle, I have 

selected only profiles that were generated after 1974 to avoid any systematic bias that may have been 

introduced by attenuation. In the lower mantle, Hart et al. [1976] find that attenuation has little effect 

on velocities; a result confirmed below. The average radial resolution of these models in the upper man-

tie is on the order of 20 to 30 km. Shown in Figures 2.2 and 2.3 are the mean and standard deviation of 

Vp and Vs respectively. 

Presently, the behavior of the shear modulus in individual minerals at elevated pressures and tern-

peratures is poorly known. For this reason, I use the bulk sound velocity (V 41) as a constraint on the 
I 

predicted properties of the Earth generated in this investigation. V If> can be extracted from Vp and Vs 

via: 

2.1 

As shown in this expression, V 41 depends only on K and p, whose values can be accurately predicted at 
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mantle conditions. 

The expected value of V ~ and its variance in the upper mantle and transition zone is calculated 

from the mean and standard deviation of the Vp and V8 profiles through a formal propagation of errors. 

As sho\vn in Figure 2.4, the results of this procedure are nearly identical to those recovered from a 

simulation of the probability distribution of v~ which used all possible combinations of the Vp and V8 

profiles. This indicates that the statistical properties of V ~ reported here are robust. Figure 2.5 com-

pares the estimated mean and uncertainty of V ~ with very recent global and high resolution, regional 

profiles. Our estimate agrees well with the observed profiles except in the uppermost mantle. This 

observation is not surprising in light of the fact this is the most variable region in the mantle as eyi

denced by the high level of uncertainty. Thus any deviation due to bias between our estimate and the 

true mean is probably insignificant compared to the error. 

Below 900 km depth, the number of published velocity profiles decreases rapidly. Thus, in the 
I 

lower mantle, I use the method of ~essonova et al. [1976] to invert tau estimates for the statistical pro-

perties of V p and Vs . The tau estimates are calculated directly from traveltime data in the International 

Seismological Centre catalog [Tralli and Johnson, 1986; Ita and Tralli, Appendix A]. The mean and 

standard deviation of the profile calculated using . this method agrees well with an average of the pub-

lished profiles that extend throughout the depth range of the lower mantle (Figure 2.6). It should be 

noted that the lower 560 km of the mantle is not resolved by the tau method because of contamination 

of the S wave traveltime curve by SKS arrivals. This is not of concern however. Anomalous velocity 

·gradients have often been observed in this region (see Lay and Young, [1986]). These gradients are 

symptomatic of possible non-adiabatic temperature gradients and chariges in bulk composition, which I 

do not attempt to explain here. 

To fully represent the, statistical properties of the expected lower mantle. seismic profiles, I include 

the covariance for both density and bulk sound velocity. The covariance matrix, A, is given by 

2.1 

where xik is the value at the i'h depth point of the kth density or velocity profile and X; is the mean 

value at that depth. For density, the· covariance matrix was calculated using the same set of profiles 
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described above. For the bulk sound velocity, I used the variance given by the tau method to represent 

the on-diagonal terms of the matrix. The off-diagonal terms are derived from a statistical analysis of the 

II Vp and Vs profiles available in the lower mantle. Correlation matricies represented in Figures 2.7 

and 2.8 illustrate the importance of covariance. The errors in V"' are virtually independent of one 

another according to this estimate. Density errors are strongly correlated however. As we shall see in 

Chapter 5, this correlation can have a strong influence oil the inferences one can make about mantle 

composition. 
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Chapter 3 

Compositional Models and Phase equilibria 

3.1 Origin of Models 

Our knowledge of the chemical composition of the Earth's interior is derived from two major 

sources. The first and most reliable source comes from surface samples of mantle material. Mantle 

rocks are usually found as xenoliths in ultramafic kimberlites which are volcanic in origin or as bodies 

in thrust sheets brought to the surface by tectonic forces [Ringwood, 1979; Haggerty and Sautter, 

1991]. These samples are thought to originate at less than 180 km depth, although deeper samples may 

have been found recently [Haggerty and Sautter, 1991]. The second source comes from the composi-

tion of meteoritic carbonaceous chondrites. High volatile contents and near solar ratios of refractory ele

ments indicate that chondrites represent primitive solar nebula material from which the terrestrial 

planets formed [Anderson, 1989]. Agreement in the elemental abundances between chondrites and man-

tie nodules indicate that the composition of the mantle may be well represented by samples from its 

uppermost regions. 

The major oxide contents of the three upper mantle compositions considered here are shown in 

Table 3.1. Composition A is that of pyrolite. Pyrolite was first proposed by Ringwood [1962] based on 

observations of the bulk chemistry of basalt and peridotite, a rock type thought to originate in the 

uppermost mantle. He noted that the elemental partitioning between the two is complementary suggest-

ing that they could represent the partial melt product and residuum of some "parent" mantle material 

(pyrolite). Due to the increased understanding of the phase equilibria of basaltic rocks and bulk Earth 

composition, pyrolite has undergone a slow evolution over time [Ringwood, 1975; /rifune, 1987]. Com-
; 

position A represents the most recent version of pyrolite as defined by lrifune [1987]. 

Composition B is the model deduced from the preferred phase assemblage of Duffy and Anderson 

[1989]. The model was developed based on the comparison of Vp and Vs predicted by combinations of 

possible mantle minerals as explained in chapter 1. Their preferred assemblage was chosen due to its 

•• 
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A 

Si02 38.59 
MgO 49.09 
FeO 6.24 
CaO 3.25 
Al203 2.20 
Na20 0.33 
Cr203 0.15 
Ti20 0.14 

100xMgO 
88.72 

MgO+FeO · 
(Mg,FehSi04 wt% 62 
Si# 3.23 

Composition 
(mole%) 

B c 

41.94 39.82 
42.32 42.77 

5.30 5.35 
8.67 8.76 
1.78 3.30 
-

88.88 88.88 

40 40 
3.46 3.26 

Harz 

36.23 
57.38 
5.44 
0.44 
0.32 

.01 
0.17 
0.01 

91.35 

82 
3.17 

TABLE 3.1. Molar percents of major oxides for the mantle compositions and harzburgite. Si# is 
number of Si atoms per every 12 0 atoms . 
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optimal fit to the transition zone. It is important to note that the derivation of this composition relied 

heavily on estimates of the shear modulus whose pressure and temperature dependence was based 

almost exclusively on systematics. 

Composition C is an aluminum enriched version. of B and is similar to piclogite compositions 

defined by Bass and Anderson [1984] and Anderson and Bass [1984]. Piclogite is an olivine enriched 

eclogite, a high pressure form of basalt which is rich in sodium and aluminum. It was proposed as an 

alternative model to pyrolite based on the high eclogite content of some mantle xenoliths. Schulze 

[1989] concluded that the actual amount of eclogite in the upper mantle is insignificant, but I include it 

in this study for completeness. 

Significant chemical variation has also been noted to occur in the oceanic lithosphere and thus 

will have a strong affect on the mineralogical evolution of subduction zones. A petrologic model of the 

oceanic lithosphere is shown in Figure 3.1. The oceanic crust is composed of basalt formed from the 

partial melting of mantle material upwelling at spreading ridges. The residuum left from this partial 

melting event is contained in the underlying olivine-rich harzburgite layer. Below the harzburgite lies a 
. I 

lherzolite layer which represents the transition from the residuum to the normal mantle material. Here I 

wish to consider only the large spatial scale length effects of chemical heterogeneity and thus ignore the 

oceanic crust. The oxide composition of harzburgite is given in Table 3.1. The composition in the lher-

zolite layer is assumed to grade linearly from the harzburgite to that of the mantle. 

3.2 Phase Equilibria 

To fully exploit phase equilibrium data on pseudo-binary systems, I assume that these bulk com-

positions can be divided into two subsystems, olivine and the remainder (residuum), which do not affect 

each other's phase equilibria [Jeanloz and Thompson, 1983; Irifune, 1987]. This is consistent with the 

results of Akaogi and Akimoto [1979] which show no change in the relative proportions of these two 

subsystems to at least 20 GPa. 

I base the form of the (Mg,FenSi04 phase diagram on the experiments of Ito and Takahashi 

[1989], and Katsura and Ito [1989] (Figure 3.2). These data along with the thermochemical calcula-
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tions of Akaogi et al. [1989], Wood [1990], and Fei et al. [1991] provide tight constraints on the 

relevant phase boundaries (precision of ± 0.5 GPa) throughout the pressure-temperature range con

sidered here. Recently, much attention has also been given to the kinetic hindrance of phase transitions 

in the olivine system at low temperatures. Kirby et al. [1991] find the metastable behavior of olivine 

proposed by Sung and Bums [1976] provides a convincing explanation for the variation in the max

imum depth of earthquakes between different subduction zones. Because of its apparent relevance to the 

Earth, I include the kinetic boundary of Sung and Bums [1976] in this analysis. Given that their mag

nesium to iron ratios are nearly identical, I use the same phase diagram for all compositions. 

Phase diagrams in the residuum component (Figures 3.3-4) are primarily constrained by measilre

ments on the Mg, Fe, and (Ca,Mg) pyroxene-garnet joins up to 20 GPa reviewed by Akllogi et al. 

[1987], the enstatite-pyrope join from 24 to 27 GPa [ Kanzaki, 1987; lrifune and Ringwood, 1987a] and 

direct observation of pyrolite and harzburgite residuum at 1200 C and 1300 C, respectively, throughout 

the pressure range considered here [ lrifune and Ringwood, 1987a,b]. These data encompass the major 

element chemistries of the compositions considered here (Table 3.2). 

Mantle Residuum. The coexistence field of pyroxene and garnet is perturbed slightly from its 

location on the enstatite-pyrope join by the competing effects of Ca and Fe substitution. Because the 

residua components of the compositions have more Ca than Fe (Table 3.2), I have raised the. 

pyroxene+garnet to garnet boundary above that in the magnesium end-member by 1 GPa, based on . 

linear interpolation of the results of Akaogi et al. [1987]. Compared with compositions A and C, the 

lower Al content of B raises the boundary slightly and reduces its temperature dependence [ Akllogi et 

al., 1987]. The estimated boundaries are consistent with the whole rock experiments of lrifune [1987], 

lrifune and Ringwood [1987b], and Takllhashi and Ito [1987]. 

I assume that the formation of Ca-perovskite is not strongly dependent on bulk composition and 

base the garnet to garnet + Ca-perovskite transition on observed transitions in· diopside and hedenber

gite. Ca-perovskite first forms at 17 GPa in diopside [ Irifune et al., 1989; Tamai and Yagi, 1989] and 

at somewhat higher pressures in more Fe rich compositions [Kim et al., 1989]. Assuming that Fe haS a 

linear effect on the appearance of Ca-perovskite, I place the garnet to garnet + Ca-perovskite transition 
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A 

Si02 48.60 
MgO 29.93 
FeO 3.82 
CaO 9.45 
A120 3 5.84 
Na20 0.95 
Cr203 0.44 
Ti20 0.42 

/ Si# 3.58 

28 

Residuum Composition 
(mole%) 

B c Harz 

48.39 44.81 48.51 
29.64 29.50 41.49 
3.71 4.34 4.25 

15.17 15.50 2.70 
3.11 3.30 1.92 

.03 
1.05 
0.05 

3.76 3.43 3.90 

TABLE 3.2. Molar percents of major oxides in the residuum system of the mantle compositions 
and harzburgite. Si# is number of Si atoms per every 12 0 atoms . 

.. 

• 



29 

at 18 GPa This estimate is consistent with observations of pyrolite residuum by Ito and TakahilShi 

[1987a] and Irifune [19871 and of complete pyrolite by Takahashi and Ito [1987]. These experiments 

indicate that the boundary is insensitive to temperature. 

Above 18 GPa, the estimated phase boundaries are identical to those in the enstatite-pyrope sys

tem as determined by Kanzaki [1987] · and Irifune and Ringwood [1987a]. This is supported by the 

observed garnet + Ca-perovskite to garnet + (Mg,Fe)~perovskite + Ca-perovskite boundary in pyrolite 

residuum [Ito and Takahashi, 1987a; Irifune and Ringwood, 1987b] which agrees with the garnet to 

garnet + (Mg,Fe)- perovskite boundary on the enstatite-pyrope join [ Irifune and Ringwood, 1987a]. 

The inferred formation of ilmenite from pyrolite residuum [ lrifune and Ringwood, 1987b] also agrees 

with the estimated phase boundaries. Compared with A and C, the lower Al content of B extends the 

stability of ilmenite to slightly higher temperatures. The ass_umed lower mantle assemblage is in excel

lent agreement with very high pressure (25-84 GPa) determinations of peridotite phase equilibria [ 

O'Neill and Jeanloz, 1990]. 

Harzburgite Residuum. Given that the relative abundances of Ca and Fe are about equal in 

harzburgite, the phase relations along the enstatite-pyrope join to 22 GPa are used. This assumption is ,. 
corroborated by the study on harzburgite residuum by Irifune and Ringwood [1987a]. The upper ooun-

dary. for the pure ilmenite phase is based on the the ilmenite to perovskite phase transition given by Ito 

and Takahasi [1989]. An ilmenite + perovskite phase field is inserted based upon the phase relations 

shown by lrifune and Ringwood [1987a]. The lower boundary for pure perovskite is also taken from Ito 
.. 

and Takahasi [1989] for the spinel to perovskite phase transition. This boundary should be well con-

strained because the stoichiometry of the olivine component changes at this point. Thus, one can no 

longer consider the system a8 two separate components. Dilution of the olivine component with the resi

duum component in harzburgite has little effect on the transition to perovskite + magnesiowlistite but 

the same is not true for normal mantle material [Irifune and Ringwood, 1987a]. There, the presence of 

aluminum rich material stabilizes garnet to higher pressures (Figure 3.3). 

It is interesting to note that the geotherm for the cold core of the slab indicated by the dashed 

line in. Figure 3.4 lies well below the experimental data for most of the pressure range considered. This 
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fact coupled with the scarcity of data at higher pressures could mean that the phase boundaries could be 

in error by ± 2 to ± 4 GPa or more in poorly constrained regions. In relatively well constrained regions, 

the error should be about ± 1 GPa assuming it is the same order as the referenced data. 

3.3 Determination of Mineral Proportions 
I 

Based on theresults of Akaogi and Akimoto [1977], olivine and residuum systems are assigned 

identical bulk Fe contents. In the olivine system, volume fractions of coexisting phases vary linearly 

from the lower single phase field to the upper one [Irifune, 1987; Weidner and Ito, 1987]. The excep-

tion is the olivine + spinel field. Here it is assumed that the amount of spinel grades from 0% at the 

bottom boundary to a variable percentage at the top boundary that depends linearly on temperature. At 

273 K, spinel is assumed to comprise 100% of a given volume of rock. At 1500 K, it contributes noth-

ing. At the upper boundary, the spinel phase portion converts instantaneously to the wadsleyite phase 

and the remaining olivine converts to wadsleyite as one moves to the upper boundary of the olivine + 

wadsleyite field. The Mg-Fe partition coefficient between magnesiowfistite and perovskite is calculated 

using the reference Helmholtz free energies and interaction parameters of these minerals according to 

the procedure outlined in Stixrude and Bukowinski [1992]. 

In the residuum component, volume fractions and AI contents of coexisting pyroxene and garnet 

are taken from the phase diagrams of Akaogi et al. [1987], which are consistent with the results of lri

fune and Ringwood [1987a,b]. I ignore the effects of AI on the properties of enstatite since only minor 

amounts (less than 1 %) are soluble at the pressures of interest here. Pressure- and temperature-

independent Mg:.Fe partition coefficients between pyroxene and garnet are taken from Akaogi and Aki-

moto [1979]. Proportions for the spinel + stisbovite + garnet field are based on the experiments of 1ri-

june and Ringwood [1987a]. The wadsleyite + stishovite +garnet field is not observed by them because 

of their high experimental temperatures, but it is assumed to display the same. volume ratios as the 
\~ "\ 

spinel + stishovite + garnet field. In the ilmenite + garnet phase field, the composition changes com- . 

pletely from garnet to ilmenite where it is overlain by the ilmenite field. From the point where· the 

ilmenite field pinches out to where the ilmenite + garnet field does the same, the amount of ilmenite 

present at the upper boundary decreases from 100% to nothing .. The ·results of lrifune [1987] and 
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Irijune and Ringwood [1987a,b] on pyrolite and harzburgite compositions determine the amount of Ca

perovskite. Volume fractions of coexisting garnet and perovskite are determined by the phase diagram 

of lrijune and J?ingwood, [1987a]. In ·the absence of data, I have assumed an Mg-Fe-Al partition 

coefficient of unity between garnet and (Mg,Fe,Al)-perovskite. 
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Chapter 4 

Theoretical Prediction of Mantle Properties 

4.1 The Thermodynamic Potential 

Calculations of mineral elasticity and mantle adiabats are self-consistently based on semi-

empirical thermodynamic potentials. The Gibbs. free energy per formula unit, G, of a phase composed 

of a solid solution of N species as a function of pressure and temperature (P and T) can be expressed 

as: 

N 
G;(P ,T) = L x;i[G;i(P ,T) + s;RTlna;i] (1) 

j=l 

where Gii• xii• and aij are the molar Gibbs free energy, mole fraction, and activity of species j in 

phase i, s; . is the stoichiometric coefficient of the mixing site and R is the gas constant. Assuming sym-

metric solid solution behavior [e.g. Guggenheim , 1952] 

(la) 

where W; is the interaction parameter assumed to be independent of pressure and temperature. The 

· molar Gibbs free energy can be written as: 

Gii(P ,T) = F;i(V;i,T)+PV;i (2) 

where Vii is the molar volume and F;i is the molar Helmholtz free energy. 

Fol~owing the development of Stixrude and B~owinski [1990], Fij can be divided into a refer

ence term, a volume dependent part given by Birch-Murnaghan or Universal equations of state, and a 

therinal part given by Debye theory ( subscripts ij understood) 

F(V,T) =Fa + Fc(V,T0 ) + [Frn(V,T)- Fm(V,To)] (3) 

where the subscript o refers to zero pressure and temperature T0 • The cold part is given by 

(4a) 

where 

(4b) 

,, 
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a 1 = (3/2)(K0 
1 

- 4), (4c) 

for the Birch Murnaghan equation of state and by integration of the pressure volume relation proposed 

by Vinet et al. [1987] for the universal equation of state: 

where 

· 9K V 
Fc(V) = 0 0 

[1 + el10-Xl(11- 11X- 1)] 
112 

X= (VIV0 )
113 

11, = 3(K/-1)/2 

(4d) 

(4e) 

(4t) 

Here, K0 and K0 

1 are the isothermal bulk modulus and its first pressure derivative. The thermal part is 

given by: 

9/T 

FrH = 9nRT(TI9)3 f ln(l- e')t2 dt 
0 

(Sa) 

where n iS the number of atoms per formula unit and e is the Debye temperature, whose negative loga-

rithmic volume derivative is the Grlineisen parameter, y, which is assumed to have the form: 

' (6) 

where I assume q=1 ± 2 throughout, except in the case of (Mg,Fe)Si03 perovskite where this quantity 

has been measured [Mao et al., 1991; Stixrude et al., 1992]. 

The Helmholtz potential of species ij (3-6), most often seen in the form of the Mie-Grlineisen 

equation of state (subscripts ij on all material properties understood) 

P = -(oF!oV)r = Pc + (y!V)[ETH(V,T)- ETH(V,To)] 

where 

P c = 3Kof (1 + 2/)512(1 + a If) 

u~ing the Birch Murnagh~ equation of state, 

Pc = 3K 1- _!_e11<1 -X) 
o x2 

using the universal equation of state, and 

9/T 

ETH = 9nRT(T /9)3 f t 3!(e' - 1)dt, 
0 

(7) 

(Sa) 

(8b) 

(9) 

has proved successful in reproducing a large body of thermodynamic data including equations of state, 
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heat capacities, unary phase equilibria and melting [Shapiro andKnopoff, 1969; Knopoff and Shapiro, 

1969; McQueen et al., 1970; Jeanloz, 1989; Stixrude and Bukowinski, 1990]. 

The· Gibbs potential (1) is expressed in temls of its natural variables and thus contains all themlo

dynamic infomlation about the model system; it is a fundamental themlodynamic relation in the termi

nology of Callen [1985]. All themlodynamic properties are given by pressure and temperature deriva

tives of (1). ':fhe potential fC>mlulation has important advantages over partial descriptions such as the 

equation of state (P-V-T relation) which contains no infomlation about entropy. In addition to complete 

self-consistency between calculated densities, bulk sound velocities and mantle adiabats, the themo

dynamic potentials used here generally require a small number of parameters since they are physically 

based. This allows us to constrain. each parameter independently by a large number of experimental 

measurements. In contrast, perturbative schemes, either simple polynomials .in press~ and temperature 

or more complex forms [ Plymate and Stout, 1989 and references therein; Akaogi et al., 1989; Duffy 

and Anderson, 1989; Fei et al., 1991], generally require an additional, often PoorlY constrained parame

ter for each higher-order derivative property such aS the iemperature dependence of the bulk modulus or 

the 'pressure dependence of the themlal. expansivity. The temperature derivative of the bulk modulus, 

for instance, which is unmeasured for nearly all mantle minerals, does not appear explicitly in our for

mulation but is determined by 90 and Yo, which are constrained by heat capacity and thelUlal expan

sivity data. 

4.2 Calculation of density and elasticity 

Due to the paucity of data for most mineral solutions of interest and the to simplicity of the 

resulting equations, I assume ideal behavior for all of the thermodynamic properties of interest here 

(first and higher order pressure and temperature derivatives of G). This is accomplished by setting the 

Wi equal to zero. As mentioned above, the Wi are used in the expression for G when calculating the 

partitioning of magnesium and iron between perovskite and magnesiowlistite. 

Deviations from ideality are well documented in silicates [e.g. Saxena, [1973], but the effects on 

properties deduced from seismic observations are small compared with other uncertainties in mineralog

ical and seismic data,. The deviation of molar volumes from ideal behavior at zero pressure (as much 
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as 0.2 %) is similar to the precision of high pressure volume determinations and substantially smaller 

than the uncertainties in observed mantle densities (see the review of Jeanloz and Thompson [1983] and 

the more recent work ofHazen et al. [1990] and Mao et al. [1991] on Mg-Fe solutions, 0/ulshi anLi 

Finger [1975] and 0/ulshi et al. [1975] on the effect of Ca and the discussion of the molar volumes of 

gamet-majorite solutions. below). Available data. on the bulk modulus of intermediate compositions 

considered here are consistent with ideal behavior [ Jeanloz and Thompson, 1983; Richet et al., 1989; 

O'Neill et al., 1989; Hazen et al., 1990]. Excess entropies of mixing are much smaller than the ideal 

mixing term in Mg-Fe solutions [e.g. Wood and Kleppa, 1981] but can be of comparable magnitude if 

the radii of cations occupying the mixing. site differ substantially (Ca-Mg solutions) [ Haselton and 

Newton, 1980]. Mixing entropies are smaller than entropy changes associated with phase transitions 

and contribute less than 1.2 % to the total entropy. In general, variations in the entropy of Iirixing have 
I . 

a small effect on the properties considered here, since their only influence is through slight changes in 

adiabatic temperatures. 

The entropy (S), heat capacity at constant volume (Cv ), thermal expansivity (a), and isothermal 

bulk modulus of species ij are given directly by the Helmholtz potential (subscripts ij on all material 

properties understood) 

9/T 

. S = -(aF!aT)v = 9nRT(T!9)3 J [tl(e 1
- 1) -ln(l- e..:.1 )]t2dt (10) 

0 

9/T 

Cv = -T(~F!aT2)v = 9nRT(T/9)3J e 1t 4dtl(e 1
- 1)2 (11) 

. 0 

a= -(a2F tavaT)!K = yCviKV. (12) 

K = V(a2F!aV2
) = Kc + 9aJ'2

] + (y/V)[y+ 1- q][Em(V,T)-ETH(V,T0 )]- (13) 

(y!V)[TCv(V,T)- TaCv(V,Ta)l 

where, for the Birch Murnaghan equation of state, 

'Kc = Ko(l + 2/)512[1 + (7 + 2a 1)/ + 9aJ' 2] 

and, for the universal equation of state, 

(13a) 

(13b) 

The molar volume, isothermal bulk modulus, thermal expansivity, heat capacity, entropy, and adi-

abatic bulk modulus (Ks) of a Iirineral solid solution at a given pressure and temperature are also given 
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directly by the thermodynamic potentials. Using the expressions for the corresponding properties of the 

individual species j (2-12) and assuming ideality, we have (subscription all material properties under-

stood) 

N 
v = (CJG!CJP)r = 1: xi vi 

j=l 
.N 

K = -VI[(CJ2G!CJP 2
)T] = VI(L Xj Vi!Ki) 

j=l 

N 

a = (CJ2G/CJP CJT)!V = <1: xi vi ai )IV 
j=l 

N 

Cv = -T(CJ2FICJT2)v = L xiCVi 
j=l 

N 

S = -(CJGICJT)p = 1: xiSi - sRxilnxi 
j=l 

Ks = K(1 + KTVa.Z!Cv) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

Mineral properties are combined to calculate p, entropy and bulk sound velocity of mantle composi-

tions. ~ use the Voight-Reuss-Hill method [Watt et al., 1976] to determine the bulk modulus of the 

poly-phase aggregate, resulting in tight bounds on V, (± 0.35% on average). The assumption that 

aggregates are isotropic and homogeneous, inherent in this, as well as other, more restrictive bounding 

schemes [e.g. Hashin arid Shtrikman, 1963; see Watt et al., 1976 and Salerno and Watt, 1986] is 

unlikely to significantly bias our comparisons with seismic data. Tomographic studies of the transition 

zone and lower mantle show that anisotropy is small or unresolvable in these regions [Montagner and 

TanimOto, 1991] and studies of scattering attenuation show that inhomogeneities on the scale length of 

long period seismic waves (10-100 km) are small below 200 km [Kom, 1988]. Entropy and p for the 

aggregate are calculated by summing the molar properties of each individual mineral multiplied by the 

number of moles of that mineral present in the aggregate. 

4.3 Determination of initial parameters 

The model parameters for mantle species are given in Table 4.1. The molar volumes of most 

minerals are directly measured by x-ray diffraction, while those of fictive Fe end-members (Fe-

wadsleyite, Fe-perovskite) are determined by measurements along the Mg-Fe join. The molar ·volumes 

of magnesium, iron, and calcium majorites were simultaneously inverted for using the diffraction data 

... 
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TABLE 4.1 Parameters of the Thermodynamic Potential 

Name Formula Abbrv v• 0 ·Ko Ko' 9o 'Yo 
(cc/mol) (GPa) ("K) 

Forsterite Mg:zSi04 01 43.76 '1281.2 5.01,3 9244·5 1.144,5 

Fayalite· Fe:zSi04 46.27 1276 5.26,7 6888,9 1.088,9 

Wadsleyite Mg:zSi04 Wa 40.52 17410 4.011 (4.8)12 9745,13 1.325,13 

Fe:zSi04 43.22 17414,b 4.014,b(4.8)b 77lc 1.32b 
Spinel Mg:zSi04 Sp 39.65 18315 4.116(5.0)17 10175,18 1.215,18 

Fe:zSi04 42.02 19219 4.120(5.0)b 8059,18 1.529,18 

Enstatite MgSi03 Opx 31.33 10621 5.Q22.23 93524.25 0.9724.25 
Ferrosilite FeSi03 32.96 10126 5.ob 6769.27 0.989·27 

Diopside CaMgSi20 6 ~ca-cpx 66.1128 11429 4.530 94125•28 1.0625,28 

Hedenbergite CaFeSi20 6 67.8431 12032 4.5b 845<1,21,32 0.9531 

Pyrope Mg3Al:zSi3012 Py 113.19 17333 3.834 98135.36 1.2435,36 

Almandine Fe3Al2Si30 12 115.23 17737 4.0" 9Q9f.37 1.0638 

Grossular Ca3Al:zSi30 12 Gr 125.3()38 16837 4.539 90440 1.0538 
Majorite Mg4Si4012 Maj 114.158 15141 (173)42 4.0" ( 4.9)22 949!.37.41 1.24h 

Fe4Si40 12 117.708 146i (168j 4.0" ( 4.9)22 szorJ.37 1.24h 
Ca-Majorite Ca4Si40 12 Ca-maj 127.578 135i (15sj 4.0" ( 4.9)22 s5otJ.37 1.24h 
Dmeliite MgSi03 n 26.35 21243 4.322 102644 1.4844 

FeSi03 26.85 212b 4.3b 753i.k.43 1.48b 
Perovskite MgSi03 Pv 24.46 26345 ± 4 3.~5 ± 0.3 101746,47 ± 4 1.9646,47 ± 0.05 

FeSi03 25.49 26Jb.48 ± 6 3.9b,48 ± 0.4 74~49 ±50 1.96b ± .25 
Al-perovskite Mg314Alll:zSi31403 Al-Pv 24.8450 259"' ± 10 . 3.9b ± 0.6 101<)1.D.49 ± 50 1.96b ± 0.25 

Fey4A1112Si3140 3 25.8750 248m± 10 3.9b ± 0.6 83 3 ~U.49 ± 50 1.96b ± 6.25 . 
Ca-perovskite CaSi03 Ca-Pv 27.2751 30151 ± 12 3.851 ± 0.4 9171·U.49 ±50 1.96~± 0.25 
Periclase MgO Mw 11.25 160.452 ± 0.2 4.152 ± 0.1 7774,40 ± 5 1.474·40 ± 0.01 
Wustite FeO 12.25 152.353 ± 0.2 4.953 ± 0.1 434°.52.53 ± 50 1.4854 ± 0.25. 

1 Graham and Barsch, 1969; 2 issak et al., 1989; 3 Olinger, 1977; 4 Suzuki, 1975a; 5 Ashida et al., 1987; 6 Graham et al., 1988; 
7 Williams et al., 1990; 8 Suzuki et al., 1981; 9 Watanabe, 1982; 10 Sawamoto et al., 1984; 11 Fei et al., 1992; 12 Gwanmesia et 
al., 1990; 13 Suzuki et al., 1980; 14 Hazen et al., 1990; 15 Weidner et al., 1984; 16 Sawamoto et al., 1986; 17 Rigden et al., 1991; 
18 Suzuki, 1979; 19 Liebermann, 1975; 20 Basset al., 1981; 21 Weidner et al., 1978; 22 Duffy and Anderson, 1989; 23 Watt and 
Ahrens, 1986; 24 Suzuki, 1975b; :ZS Krupka et al., 1985; 26 Bass and Weidner, 1984; 27 Sueno et al., 1976; 28 Finger and 
Ohashi, 1976; 29 Levien et al., 1979; 30 Levien and Prewitt, 1981; 31 Cameron et al., 1973; 32 Kandelin and Weidner, 1988; 33 
O'Neill et al., 1989; 34 Leger et al., 1990; 35 Suzuki and Anderson, 1983; 36 Robie et al., 1976; 37 Bass, 1989; 38 Skinner, 1956; 
39 Weaver et al., 1976; 40 Krupka et al., 1979; 41 Bass and Kanzaki, 1990; 42 Yeganeh-Haeri et al., 1990; 43 Weidner and Ito, 
1985; 44 Ashida et al., 1988; 45 Knittle and Jeanloz, 1987; Mao et al., 1991; see Remley et a!., 1992 46 Knittle et al.', 1986; Mao 
et al., 1991; see Stixrude et al., 1992 47 Ito and Takahashi, 1989; 48 Mao eta!., 1991; 49 Yeganeh-Haeri et al., 1989; 50 Weng et 
al., 1982; 51 Mao et al., 1989; 52 Jackson, 1982; 53 Jackson, 1990; 54 Touloukian et al., 1977. 

a. Unless otherwise noted, volumes are from Jeanloz and Thompson, 1983; b. Assumed to be the same as the Mg end-member; 
c. Dependence on Mg/Fe ratio assumed the same as for spinel; d. Calculated from Eq. 13 and the properties of diopside; e. 
Assumed similar to pyrope; f. Calculated from Eq. 13 and the properties of pyrope; g. This work, see text; h. Assumed to be the 
same as pyrope; i. Bulk and shear moduli calculated from Eq. 12 and the properties of Mg-Majorite; j. Calculated from Eq. 13 
and the properties of Mg-perovskite; k. Effect of Fe on shear modulus assumed the same as for enstatite; t Calculated from Eq. 
13 and the properties of Mg-perovskite; m. Calculated from Eq. 12 and the properties of Mg-perovskite; n. Shear modulus calcu-

lated from Eq . .12 and the properties of Mg-perovskite; o. Ela.~tic value. . 



38 

on a suite of garnets and the known volumes of pyrope, almandine and grossular [Ita and Stixrude, 

1992]. 

Where available, Ko values are taken from ultrasonic or Brillouin scattering measurements. 

When experimental constraints were unavailable, we estimated the bu1k and shear moduli by: 

(20) 

where Mo is the unknown modulus of a mineral, V0 is its molar volume and MoR and VoR are the 

corresponding known properties of a referenCe mineral [see also Duffy and Anderson, 1989]. Assunied 

values of K 0 ' were chosen to provide the best fit to compression data for the values of K0 used here. I 

prefer this approach, also advocated by Bass et al. [1981], to determinations of Ko' based on relatively 

low pressure ultrasonic measurements of K [e.g. Gwanmesia et al., 1990], since it is based on direct 

measurement of an observable mantle property (p) at mantle pressure conditions. 

For most minerals, values of eo and Yo are constrained by heat capacity and thermal expansivity 
•, 

data as described by Stixrude and Bukowinski [1990]. When heat capacity data are not available, eo is 

estimated by: 

(21) 

where eo is the unknown thermal Debye temperature of a mineral, e: is its known elastic Debye tern-

perature and eoR and e:R are the corresponding known_ properties of a reference mineral [see also 

w_aranabe, 1982]. 

Due to the ·lack of a proper analog, the K0 and K 0 ' of majorites are treated as variable within the 

range of current estimates and adjusted to provide the best fit with seismic properties. Thus they also 

represent the greatest source of uncertainty in the upper mantle. The effect of this uncertainty in 

modeling mantle properties is discussed in chapter five. 

·•· 
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Chapter 5 

Comparison of Theory and Observation 

5.1 Comparison 

Isentropes of the three compositions are determined from the same fundamental thermodynamic 

relations used in the mineral elasticity calculations. This is accomplished by finding contours of con-

stant entropy in pressure - temperature space. Isentropes should closely approximate geotherms since, 

for mantle conditions, the effects of viscous dissipation are only significant in thermal boundary layers 

[Machete[ and Yuen, 1989]. The calculated geotherms are deflected by the heat of reaction during 
.. 

phase transitions [Verhoogen, 1965; Jeanloz and Thompson, 1983]. The exothermic nature of phase 

transitions below 21 GPa causes positive temperature jumps and high gradients in this region comparea 

with the adiabatic compression of individual phases (Figure 5;1). The transformation of garnet and 

spinel into perovskite + magnesiowfistite is a strongly endothermic reaction and causes the substantial 

negative jump seen ·between pressures of 21 and 25 GPa. Higher pressures induce no further transitions 

and temperature changes slowly with pressure. 

Based on the summary phase diagrams (Figures 3.1 and 3.2), I estimate relative mineral fractions 

in the upper mantle and upper part of the lower mantle along a representative adiabat (initial tempera

ture at 180 km depth of 1700 K; Jeanloz· and Morris, 1986). Abundances of individual garnet and 

perovskite species are shown in Figure 5.2 to illustrate their relative effects on their respective solid 

solutions. The larger Si # in composition B causes a larger pyroxene to garnet ratio at low pressures 

and a larger ratio of majorite to Al-rich garnet components at higher pressures. Below 900 km depth, 

the phase assemblage remains unchanged, but their relative -proportions will change slightly due to 

differences in compressibility and thermal expansivity. . \ 

Figures 5.3 and 5.4 show the predicted density and bulk sound velocity profiles, respectively, of 

compositions A-C together with the expected profiles and the estimated standard deviations in the 

expected profiles. The predicted density of composition A agrees very well with the expected density 
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Fig. 5.1. Isentropes of composition A. 
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COMPOSITION A MINERAL PROPORTIONS 
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Fig. 5.2. Volume percentage of the minerals present in compositions A, B, and Cas a function 
of depth. 
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profile throughout the upper mantle, but falls outside the estimated standard deviation of the expected 

profile through most of the lower mantle (Figure 5.3). Composition C also falls within the estimated 

standard deviation in the upper mantle but the agreement above 400 km is marginal. It also predicts 

densities that differ by more than one standard deviation from the expected profile for most of the lower 

mantle. Composition B matches the estimated p profile of the uppermost mantle, the lower part of the 

transition zone and the lower part of the lower mantle, but departs significantly from expected proper

ties between 400 and 500 km and 900 to 2150 km depth given the estimates of the uncertainty. 

In the uppermost mantle, the predicted bulk sound velocity (Figure 5.4) of all assemblages falls 

within one standard deviation of the expected velocity profile. Near the 400 km discontinuity, the char

acter of B differs significantly from the other two. Composition B predicts a jump that is only two

thirds of the expected value. The velocity remains consistently low for the next 50 km and then rises to 

the expected value within a 30 km depth range. A rise in velocity occurs near the proposed 520 km 

seismic discontinuity [Shearer, 1990] in all assemblages due to the dissolution of Ca-perovskite. It is 

more pronounced in B and C due to their higher calcium contents. The rise is then followed by 

predicted values that agree with the mean velocity in the rest of the transition zone. In the lower man

tle, the velocities predicted by A fall within one standard deviation of the expected profile except in the 

lowermost regions while B and C fall systematically above the range of uncertainty. 

The predicted properties shown in the figures were calculated using the Birch-Murnaghan equa

tion of state. As seen in Figure 5.5, using the universal equation of state has a negligible effect in the 

upper mantle. In the lower mantle the effects are noticable, but seemingly not large enough to alter the 

character of the fits. I will give a more quantitative evaluation on the impact of the form of equation of 

state used in the lower mantle in the discussion below. 

5.2 Discussion- Upper Mantle 

The results show that it is possible to aceount for the anomalously high velocity gradients in the 

transition zone with a uniform composition. In excellent agreement with Birch's [1952] explanation for 

the seismic properties of this region, I find that a series of phase transitions, including pyroxene to gar

net, wadsleyite to spinel and the exsolution of Ca-perovskite, readily account for the expected density · 

·• 
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Fig. 5.5. Composite value of the density ( p ) and acoustic velocity (V ~) along the 2000 K adia
bat for a pure olivine composition using the Birch-Murnaghan finite strain equation of state (solid line) 
and the Universal equation of state (dashed line). 
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Fig. 5.6. Acoustic velocity of individual phases (solid lines) and the composite velocity of pyrol
ite (short dashed line). The mean and standard deviation of bulk sound velocity calculated from various 
seismic studies are represented by the long daShed and dotted lines, respectively. 
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Fig. 5.7. Same as Figure 5.6 for composition B. 
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and velocity in this region (see Figures 5.6-5.8). A compositional gradient through the transition zone 

is not required in order to predict the expected properties in this region. 

I find that pyrolite (composition A) provides an excellent account of the expected properties in 

the upper mantle and the transition zone. This is in agreement with the results of Weidner [1985] and 

Weidner and Ito [1987] who also concluded that seismic observations are consistent with a pyrolite 

·composition to at least 670 km depth. Olivine-poor compositions, however, are also able to account foi 

the expected profiles. 

In all compositions, the transition of olivine to wadsleyite causes rapid increases in velocity over 

a 20 km interval near 400 km. This is consistent with the depth (390-420 km) and width (10-20 km)_ of 

the discontinuity in most seismic models [ Walck, 1984; Paulssen, 1987]. The much sharper gradient 

found by Leven [1985] (less than 6 km wide) may not be representative of the normal mantle because 

the earthquakes used in this study were located in or near a subduction zone. High thermal gradients 

present in these areas may tend to sharpen the discontinuity by narrowing the dissolution width of 

relevant phase changes or give the appearance of a sharp discontinuity by focusing seismic energy at 

higher frequencies. Composition A predicts a 4.5 % velocity jump at the discontinuity, in excellent 

-
agreement with recent P and S wave velocity profiles, which predict a jump in bulk sound velocity of 

4.5 to 6 % (Figure 2A) [ Walck, 1984; Grand and Heimberger, 1984a; Leven, 1985; Paulssen, 1987; 

Lefevre and Heimberger, 1989; Kennett and Engdahl, 1991]. In composition C, the effect of this transi-

tion is muted because of its lesser olivine content. However, its greater AI content, relative to composi

tions A and B, lead to a shallower pyroxene to garnet transition. The combined effect of the olivine to 

wadsleyite and pyroxene to garnet transitions in composition C leads to good agreement with the 

expected magnitude of the discontinuity. The smaller amount of AI in·B delays the pyroxene to garnet 

transition to higher pressures (Figure 5.8) causing a much smaller velocity jump (3.3 %) than expected. 

Nevertheless, this is marginally consistent with observed conversions at the discontinuity [ Bock and 

Kind, 1991]. However,· due to the delayed transition, the pr~ictions of composition B continues to 

deviate significantly from the expected velocities and densities 80 km below below the discontinuity. 

Velocity and density profiles predicted by the compositions. also display a small rise near 520 km 
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depth. The rise is caused by the dissolution of Ca - perovskite from Ca rich garnets and majorites (Fig

ure 5.2). The depth and character coincides well with new evidence for a discontinuity near that depth 

from investigations of long period body waves [Shearer, 1990; Revenaugh and Jordan, 1991]. Shorter 

period studies find little or no evidence for the discontinuity suggesting that it very diffuse (> 50 k:m 

thick) [CumminsetaL, 1992; Jones et al., 1992] in agreement with the behavior predicted here. The 

small amplitude of the rise (1 to 3%) is also consistent with the amplitude of the seismic reflections 

[Cumminsetal., 1992]. 

To account for the uncertainties of the thermodynamic parameters in the upper mantle and transi

tion zone, alternative estimates of Ka for the majorite species and K0 ' for the majorites, wadsleyite, and 

spinel are considered (Table 4.1). Variation of other parameters within their uncertainties has a com

paratively small effect on derived mantle velocities. For pyrolite, values of K 0 of majorites and K 0 ' of 

. majorites, wadsleyite and spinel at the lower extreme of, current estimates were used to generate Figures . 

5.3 and 5.4. Higher majorite bulk moduli lead to higher bulk sound velocities in the transition zone, 

causing pyrolite to deviate significantly from the observed profile (Figure 5.9). Although raising mantle 

temperatures can reconcile calculated velocities with observation, higher temperatUres lead to disagree

ment with observed densities. Adopting high values of K0 ' for wadsleyite does not affect the accepta

bility of pyrolite, although high values of K0 ' for spinel cause significant disagreement just above the 

670 km discontinuity. Pyrolite provides an acceptable fit to upper mantle and transition zone properties 

for values of majorite bulk moduli and spinel Ka' in the lower half of the range considered here. Simi

lar behavior is seen in the calculations)or composition C. 

Average values of majorite bulk moduli and values of K/ of majorite, wadsleyite and spinel at 

the lower extreme of current estimates were used to generate the values predicted by composition B. 

_ Lower and higher majorite bulk moduli lower and raise transition zone velocities, respectively, and 

magnify the disparity between the predicted and expected bulk sound velocity profiles (Figure 5.9). 

Again, agreement with velocities can be improved· by raising or lowering assumed mantle temperatures 

but only at the expense of the density comparison. Alternative values of K0 ' of wadsleyite and spinel 

improve agreement with the bulk sound velocity profile. but magnify the discrepancy in density between 
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400 and 500 km (Figure 5.10). Regardless of variations in the thermodynamic parameters or tempera

ture, composition B does not provide an acceptable fit to both bulk sound velocity and density profiles . 

5.3 Discussion- Lower Mantle 

In agreement with many previous studies, the MgG-FeG-Si02 fraction of the compositions con

sidered here is marginally consistent with observed lower mantle properties [e.g.· Jackson 1983; 

Bukowinski and Wolf, 1990]. However, consideration of the CaO component degrades the comparison.' 

Through Ca-perovskite, likely the fastest mantle mineral (highest bulk sound velocity, Figures 5.6-5.8), 

the CaO component causes complete pyrolite, piclogite and Al-rich piclogite to overestimate bulk sound 

velocities at the top of the lower mantle by 1 %, 2 %, and 3 %, respectively, the larger differences for 

the latter two reflecting their greater CaO content Lower mantle densities are also underestimated by 

all three models.· 

The effects of the uncertainties in the lower mantle parameters on calculated properties tend to be 

larger, but are well characterized. The recent abundance of data in the Mg0-Fe0-Si02 system relevant 

to the desired thermodynamic properties allow a quantitative error analysis. Experimental measurements 

of thermal expansion and heat capacity constrain e andy, compression data determine the errors associ

ated with the values of K and K', and phase equilibria measurements provide constraints on the interac-

tioil parameters and the reference free energies. The best fitting values and their associated errors are 

found by minimizing the value of x2 between. the experimental and calculated values [see Table 4.1, 

Stixrude and Bukowinski, 1992 and Stixrude and Bukowinski, 1990 for details and results]. Elasticity 

data is also available for the Ca- and Al-bearing perovskites. However, their thermal properties have 

been estimated and thus assigned generous uncertainties (Table 4.1). 

I use the variance and covariance of the thermodynamic parameters determined in this way as 

• 
generating functions in a Monte Carlo algorithm to simulate the probability distribution of the density 

and bulk modulus of mineral assemblages at elevated pressures and temperatures. The simulation results 

show that the distributions of p and K are, io a good approx~tion gaussian. Thus the non-linearities 

inherent in the thermodynamic and mechanical mixing of end-member species do not cause errors in 

the predicted lower mantle p and V ~ estimates to significantly deviate from a normal distribution. 
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Considering these errors in the comparison, I find that the bou11ds on the expected profiles and the 

profiles predicted by composition C overlap (figure 5.11). Over the depth range of the lower m'antle, 

the average relative error of the expected p and V ~ is approximately 0.7% and 0.8%, respectively. The . 
predicted p and V ~ have an average relative error of 0.6% and 1.8%, respectively. The errors are 

clearly of the same order and both should be taken into accmmt when making these comparisons. 

A formal measure of the significance of the difference between the predicted and expected 

profiles is given by the x2 statistic: 

{15) 

where p and 'it are vectors of length N whose elements are the predicted and expected values, respec-

tively, of p or V ~ at N depth points and Ap and Ae are their associated covariance matrices. Predicted 

and expected profiles are compared at sixteen depth points located 100 km apart for V ~and five depth 
\ 

· points located 300 km apart for p. The spacing was chosen based on the expected resolution of p and 

' V ~ in the lower mantle appropriate for the estimated uncertainties in the expected profiles [Tralli and 

Johnson, 1986; Gilbert ·et al., 1973]. 

For the purpose of illustration, I note that x2 is less than the number of degrees of freedom (N) 

for all compositions (Table 5.1), as suggested by the overlap of error bounds shown in Figure 5.11. 

This means that with at least 68% confidence the following hypothesis (H1) can be rejected: the 

predicted and expected profiles are drawn as random samples from different parent probability distribu

tions. This test would be relevant, for example, in the case of comparing a single experimental meas-

urement of density at a given pressure and temperature with a seismological determination of density at 

the corresponding depth. However, the expected and predicted profiles are based on many measure

ments so that I have some confidence in their mean values and the shapes of their probability distribu-

tions. In this case, it is appropriate to test the following hypothesis (H2): the means of the predicted 
\ 

and expected probability distributions are. determined by repeated sampling of different parent probabil-

ity distributions. Clearly this is a more restrictive test since the range of values within which the mean 

of a finite sample of the parent distribution is expected io fall for a given level of confidence is smaller 

than the expected range for ariy single event in that sample at the same confidence level. 



~ 
-+-'> 
•1""""1 

11. 

10. 

C) 9. 
0 
~ 

Q) 

> 
8. 

750. 

5.4 

4.9 

4.4 
750. 

55 

Bulk Sound Velocity 

--
-

-

1150. 1550. 1950. 2350. 

Density 

1150. 1550. 1950. 2350. 

Depth [km] 

Fig. 5.11. Comparison of the the expected mean (solid line) and standard deviation (dotted line) 
with the predicted properties of composition C (dashed line) and their associated uncertainties (error 
bars). 



56 

Eq. of 68% Conf 95% Conf 

Composition State Best Fit 2 XBF xfiM Low High Low High 

A BM 1575 1.36 3.55 1410 1750 1260 1880 
UN 1585 1.73 3.69 1425 1765 1265 1895 

no covariance BM 1780 7.60 9.90 1690 1875 1580 1975 
no predict. error BM 1675 15.68 16.04 1570 1780 1465 1885 

B BM 1690 4.05 4.65 1530 1870 1375 2050 
UN 1725 4.51 5.05 1565 1895 1340 2160 

c BM 1570 5.36 7.28 1385 1765 1215 1970 
UN 1605 6.26 7.64 1430 1800 1250 2000 

TABLE 5,1. Tempemtures at the foot of the spectrum of lower mantle adiabats (K) determined 
from the error analysis. BM refers to the Birch-Muraghan equation of state. UN refers to the universal 
equaiton Of State. XJF is the X2 value Of the best fitting adiabat and XfiM is the Value for the adiabat pro-
jected from the upper mantle. 
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The modelling procedure of Press et al., [1986, pp. 534-5] is adopted. to determine the tempera

ture at the foot of the lower mantle adiabat (670 km depth) which minimizes X: for each composition 

and the uncertainty in this best-fitting temperature. This is equivalent to determining the range of adia-

bats which do not satisfy H2 in the case that the best fitting temperature yields a perfect fit between · 

predicted and expected profiles (minimum value of x2=0). The results of this procedure are shown in 

Table 5.1. 

The adiabat which produced the best fits to expected properties of the upper mantle and transition 

zone (1700 Kat 185 km depth, e.g. Figure 5.1) implies a temperature of 1822 to 1841 Kat the top of 

the lower mantle. Table 5.1 shows that temperatures which produce the best fits to lower mantle obser

vations using the Birch-Murnaghan equation of state are 250 to 260 K colder. The best fitting tempera

bEe is bounded by profiles which raise the x2 level by 1 at the 68% confidence level and by 4 at the 

95% confidence level. Thus we see that the difference between the best fitting and upper mantle profiles 

is not significant at the 95% confidence level, but is significant at greater than the 68% confidence level 

in the case of compositions A and C, the two which produced acceptable fits to the upper mantle and 

transition zone. Employing the universal equation of state produces temperatures which are 20 to 35 

degrees higher, but this affect does not alter the conclusions of the prior analysis. Minimum misfits for 

compositions B and C also lie outside the 68% confidence level of composition A indicating the these 

compositions cannot adequately reproduce· the properties of the lower man he at any tem,perature. 

None of the compositional models considered here match expected profiles over the entire depth 

range of the mantle at the 68% confidence level. The extent to which this result is affected by possible, 

as yet un~scovered, phase transitions in the perovskite species and magnesiowfistite or the possible 

significance of higher order thermodynamic parameters (e.g. volume dependence of q) at very high 

pressures and temperatures will require further experiinental and theoretical investigation. Seismological 

observations, in particular the expected density profile, are also not free of systematic uncertainty. If the 

14 density profiles I have considered here are not significantly biased by attenuation and I assume that 

their mean best represents the expected density profile, rather than PREM, best fitting temperatures for 

compositions A-C are raised by approximately 100 K, making them consistent with the best fitting 
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upper mantle adiabat. 

The effect of neglecting covariance and uncertainties in the predicted profiles is also shown in 

Table 5.1. If the off-diagonal terms in A are ignored, H2 and the less restrictive hypothesis, H1, are 

satisfied at the 95% confidence level for both compositions B and C regardless oftemperature. The 

best fitting temperature· for composition A is higher if covariance is ignored, but its upper bound is still 
\ 

well below what one would expect from the best fitting upper mantle adiabat. Ignoring uncertainties in 

the predicted profiles also causes B and C to satisfy H2 and H1 at the 95% confidence level. The best 
/ 

fitting temperature for A is higher in this case because higher temperatures lead to better agreement 

with the expected V ~ profile at the expense of the p profile. The V G> profile is weighted more strongly 

if predicted errors are ignored since its error is reduced by a greater percentage than that of density. 

5.4 Geophysicallmplications 

In the upper mantle, pyrolite offers an excellent explanation of the expected properties but not a 

unique one. Olivine poor compositions can be reconciled with seismic observations if they are substan

tially enriched in AI at the expense of Si. This lowers the pressure of the pyroxene to garnet dissolu-

tion, raising velocities immediately below the 400 Ian discontinuity. Recently discovered kimberlite 

xenoliths, thought to have originated near 400 Ian depth, also· suggest AI rich compositions [ Sautter et 

al., 1991], although these may not be representative of the bu1k transition zone. Sodium enrichment 

also lowers the pyroxene to garnet transition and :may also improve agreemen~ with a piclogite-type 

composition [ Gasparik., 1990]. Furthermore, Ca-perovskite may provide an explanation of the pro

posed 520 km seismic discontinuity [ Shearer, 1990]. The transformation of garnet to Ca-perovskite 

near 18 GPa produces anomalous velocity gradients in all the compositions considered here which may 

account for the observed reflections (Figures 5.6-5.8). 

For the range of compositions considered here, a chemically layered upper mantle is unlikely. 

Adiabats initiating at 1700-1800 ° Kat 185 km lead to the best agreement with observed transition zone 

properties regardless of composition. These temperatures agree very well with independent determina

tions from geothermometry [see Jeanloz and Knittle, 1989]. A chemical boundary at 400 km, however, 

requires layered convection and a thermal boundary at this depth of 500-1000 o K [ Jeanloz and 

.. 
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Richter, 1979]. Retaining a 1700 o K adiabat in the uppermost mantle, one finds that transition wne 

properties along a 2200 o K adiabat are in severe disagreement with observed densities (Figure 5.12). · 

Furthermore, these high temperatures may cause wide spread partial melting ·of the transition zone (Fig

ure 3.2) leading to shear velocities much lower than observed. Alternatively, if OJle assumes a 1700 o 

K adiabat in the transition zone, the uppermost mantle follows a 1200 o K adiabat which is marginall~ 

consistent with seismic data for some compositions (Figure 5.12) but inconsistent with geothermometry. 

Best estimates of predicted and expected profiles and their. uncertainties indicate that the composi

tion of the lower mantle may differ from that of the upper mantle if one. accepts a· PREM density distri

bution in the lower mantle. This conclusion is considerably strengthened if a thermal boundary layer · 

exists at 670 km. Recent studies of mantle convection indicate that the thermal energy of pe~ovskite 

forming reactions may be sufficient, even in an isochemical mantle, to induce two-layer convection 

[Machete[ and Weber, 1991]. This would raise lower mantle temperatures by 500-1000 K, 

[Jeanloz and Richter, 1979], increasing the discrepancy between compositions A-C and seismic obser

vations. If a compositional difference does exist, the lower mantle is most likely enriched in Si02 or 

FeO components, which would lead to inherently denser and faster assemblages which would match 

lower mantle observations along the relatively hot mantle adiabats required by a thermal boundary layer 

[Jeanloz and Knittle, 1989; Bina and Silver, 1990; Stixrude et al., 1992]. 
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Chapter 6 

Subduction Zones 

As demonstrated in the preceding chapter, phase equilibria studies of minerals thought to exist in 

the mantle are significant in that they can help determine bulk compositions of mantle rocks by compar

ing the elastic properties of the observed assemblages to those observed in the mantle. These studies 

may also be useful in determining the fate of the subducting oceanic lithosphere (slabs). Given a cer

tain chemical model of a slab, its mineralogy and density can be determined. Isobaric phase changes 

may affect seismic velocity estimates within subducting slabs used to determine depths of penetration 

into the lower mantle [Anderson, 1987]. Given slab density, one can calculate the buoyancy of the slab 

relative to the rest of the mantle. Phase changes can give rise to density changes which may 

significantly affect on the slab's ability to sink into the lower mantle (Christensen and Yuen, 1984). In 

this chapter, I calculate the effect of phase changes on velocity and density and discuss their impact on 

interpretation of seismological data and implications for mantle dynamics. 

6.2 Slab Mineralogy 

In order to apply the phase diagrams developed in chapter 3, a temperature versus depth model of 

the earth was calculated with the method utilized by Creager and Jordan [1984, 1986]. They employ a 

simple kinematic, thermal diffusion model to quantify perturbations to a potential temperature profile 

caused by the injection of cold oceanic lithosphere. An error function with an asymptote of 1573 K is 

used to represent the presubduction potential temperature profile. The thermal diffusivity used to com

pute the post subduction potential temperature profile is 1x10-6m2/s which is within the known uncer

tainties for the minerals expected to be present in the slab [Jeanloz and Tlwmpson, 1983]. The final 

thermal model was computed by converting potential temperature to real temperature via the geotherm 

predicted by composition A (pyrolite) and is shown in Figure 6.1 . As discussed previously, of the three 
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models, pyrolite provides the best fit to the predicted mantle properties and should thus best represent 

the effects of thermal perturbations in the mantle. Given the above temperature field, the mineralogy of 

the olivine component of the slab takes on the form shown in figure 6.2. The residuum component is 

shown in figure 6.3. The temperature gain or loss in the material due to isobaric phase changes is omit

ted in this analysis. In the upper mantle, temperature induced perturbations in the deflection of an adia

bat by heats of reaction is fairly minor, although the changes in pressure at which the deflections occur 

can be noticeable (Figure 6.1). However, for my purposes, these affects can be safely ignored. 

To assure the spatial smoothness of the phase fields in Figure 6.3, a chemical transition from 

harzburgite to pyrolite must occur in the lherzolite layer (Figure 3.1). The transition is outlined in the 

phase diagrams shown in Figure 6.4a-f. The diagrams are formed by linearly interpolating the phase 

boundaries shown in Figures 3.3 and 3.4 as a function of position between the upper and lower lherzo

lite boundaries. In Figure 6.4b, the phase field of wadsleyite + stisbovite + garnet is inhibited due to 

the increasing Mg and Ca content, while the and upper and lower boundaries of the spinel + stisbovite 

+ garnet field remain constant [Akaogi et al, 1987]. The rest of the phase boundaries are assumed to 

vary linearly with composition which is reasonable given the uncertainties in the phase equilibria. The 

wadsleyite + stishovite + garnet field is assumed to disappear when harzburgite contains 15 % pyrolitic 

material. Beyond this point the spinel + stisbovite + garnet field also becomes inhibited due to the 

increasing Ca and Mg content [Akaogi et al, 1987] as shown in Figure 6.4c and vanishes when approxi

mately 60 % of the residuum component is derived from pyrolite. From that point on, only the phase 

fields representative of a pyrolitic composition are present. It is also at this point that the Ca-Perovskite 

is assumed to appear. 

As one can see in Figure 6.2 possible variations in the from of the phase diagram for the olivine 

subsystem bas a noticeable effect on the slab phase assemblage. These differences are of great impor

tance to the material properties of the slab due to the increased amount of olivine component in the 

barzburgite layer. Volumetrically, the olivine component comprises 82% of the assemblage (Figure 6.5). 

Kinetic binderence of the olivine to wadsleyite transition allows metastable olivine to persist down to 

550 km (Figure 6.5b) completely removing the the wadsleyite field that would otherwise be present 
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(Figure 6.5a). As we shall see below, this has great consequences for the velocity and density distribu

tion within subducting slabs. 

In addition, the position and types of phase fields vary significantly between the mantle and sub

ducting slabs. Comparing Figure 6.5 with Figure 5.2, we see that the harzburgite layer contains fields 

of ilmenite, stishovite, wadsleyite and spinel not found in the pyrolite layer as well as a more restricted 

field of AI and Ca garnet. This is caused by the relative decreased in Ca and AI in the residuum com

ponent of harzburgite compared to that of pyrolite. Under equilibrium conditions, the olivine to 

wadsleyite transition is shifted upward by approximately 30 Ian and the spinel to perovskite transition is 

shifted downward by 50 Ian due to the thermal gradient between the slab geotherm and that of the man

tle. 

6.3 Velocity and Density Structure 

The velocities calculated along the geotherm are shown in figure 6.6. Assuming equilibrium con

ditions in the olivine system, the core of the slab is faster the surrounding mantle throughout the upper 

mantle (Figure 6.6a). A ramp in the velocity extends from 290 Ian to 370 Ian depth due to the stabiliza

tion of the spinel phase at low temperature. The "400" Ian discontinuity (olivine to wadsleyite transi

tion) appears at this point. The transition is sharper in the cold core though the velocity jump is greatly 

reduced. Next, a small jump seen near 425 Ian depth due to formation of stishovite in the harzburgite 

residuum. The velocity jump at the "650" Ian discontinuity is shifted downward with the delayed spinel 

to perovskite transition mentioned above. Metastable conditions alter the velocities significantly. 

Elevated velocities remain in the uppermost mantle, but the increase in velocity below 300 Ian is 

suppressed due to the persistence of olivine. In the upper half of the transition the velocity returns to 

that normally seen in the mantle. Near 550 Ian depth, the transition to spinel occurs and the velocity 

returns to the level predicted for the equilibrium assemblage. 

Effects of mineralogy and temperature is best seen in the complete velocity profile of the slab 

shown in Figure 6.7. The velocity gradient in the pyrolite layer of the slab is purely a thermal effect. 

As noted above, the large increase in velocity just above 400 Ian depth in figure 6.7a is due to the sta

bilization of wadsleyite and spinel by the decrease in temperature (Figure 6.2a). The sudden increase in 
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gradient in the barzburgite layer below 400 km is caused by the introduction of higher velocity phases 

such as wadsleyite, spinel and ilmenite at the expense of lower velocity garnets and pyroxenes. 

Between 660 and 710 km, the the velocity contrast drops due to the thermal depression of the spinel to 

perovskite transition. Below this point the velocities in the harzburgite layer are slightly lower than the 

immediately surrounding material. This is attributed to the increased magnesiowlistite to perovskite ratio 

associated with the greater olivine component in this layer. The presence of metastable olivine obli

terates most of the higher velocities regions just above 400 km depth (Figure 6.7b). Below this point, 

the higher velocity ilmenite material offsets the presence of lower velocity olivine resulting in near nor

mal mantle velocity profile. The appearance of higher velocities near 550 km depth marks the dissolu

tion of olivine to spinel. 

Density in the subduction region has the same character as velocity. As with velocity, very 

elevated contrasts are found just above 400 km under equilibrium conditions (Figure 6.8). In the meta

stable model, the velocity contrast approaches zero below 400 km depth while the density contrast actu

ally becomes negative. Below 660 km, the contrast decreases and the value actually becomes negative 

there as well. N~ar 710 km, the contrast again becomes positive, but tends to more neutral values in the 

harzburgite layer in response to the increased amount of the olivine component. 

6.4 Discussion 

It is clear from the previous analysis that isobaric phase changes can have a strong effect on the 

velocity structure in subducting slabs. The thermal variation of phase assemblages gives rise to strong, 

short wavelength velocity anomalies both laterally and vertically within the slab. Whether the equili

brium or metastable model is most representative of slab behavior is unclear. Tomographic images of 

downgoing slabs on the Asian side of the Pacific rim show both kinds of behavior [Zhou and Clayton, 

1990; van der Hilst et al., 1991; Fukao et al., 1992]. Resolution tests indicate that the structure can be 

imaged between 400 and 600km depth. However, large block sizes and disadvantageous source-receiver 

geometry may preclude the detection of the narrow, reduced velocity contrast predicted by the meta

stable model in some instances. The same arguments could also be used to explain metastable like 

anomalies seen in these regions. Regardless, the metastable model provides an explanation for the 
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reduced velocity zones without invoking more ad hoc arguments such as detachment of the lower part 

of the slab from the upper. 

The high variability in velocity contrast in subduction zones could also affect studies of depth 

penetration of subducting slabs mentioned in chapter one. These studies considered only the thermal 

perturbations to velocity in their analysis. Such an assumption may be justified for very deep earth

quakes (>600 Ian depth) but conclusions based on shallower events should be treated with scepticism. 

Fluctuations in the density profile also have important implications for the dynamics and structure 

of the Earth's interior. Recently, Machete[ and Weber [1991] have demonstrated that an endothermic 

phase with a Clapeyron slope similar to that of the spinel to perovskite transition gives rise to layered 

convection. Surprisingly, studies by Peltier and Solhiem [1992] and Zhao et al. [1992] indicate that 

exothermic phase changes in the upper mantle do not hinder, and may actually encourage, dynamic 

layering in the mantle. A common element in these investigations is that they assume that the viscosity · 

of the mantle is constant. The very presence of tectonic plates clearly shows that this assumption does 

not hold for the Earth. King [1991] found that a temperature dependent viscosity allowed slabs to 

penetrate chemical boundaries more easily than . constant viscosity models. The increased strength of 

the slab allows. the integrated body force on the slab caused by it's temperature induced rise in density 

to be transmitted downward allowing the slab to pierce the boundary. Constant viscosity models local

ize the effect of the mass anomalies in the slab decoupling them from one another . 

. Given that subduction mass anomalies most likely affect one another, the behavior of the olivine 

subsystem will be instrtJmental in controlling the style of mantle convection. A system in equilibrium 

will produce a slab with elevated densities overlying the negative density perturbation found between 

1 650 and 700 Ian depth. This system would require a strongly endothermic phase transition to arrest its 

downward descent. Alternatively, the metastable model contains negative densities higher in the profile. 

The presence of the· metastable. wedg~ would partially offset the effect of the positive anomalies reduc

ing the value of the Clapeyron slope needed to induce mantle layering. More realistic convection 

models are needed to quantify the importance of multiple phase transitions in the Earth, but their gen

eral character should be similar to that described here. 
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Chapter 7 

Conclusions 

Proposed upper mantle compositions are evaluated here using a potential formulation to accu

rately assess most thermodynamic properties of interest. This formulation allows a self-consistent cal

culation of temperature, density and velocity profiles throughout the mantle. The physical basis of the 

formulation allows the use of a minimal number of input parameters and reduces the reliance on esti

mates of ~Qe pressure and temperature dependance of elastic constants which are unknown for most 

minerals thought to exist in the mantle. Both the Birch-Murnaghan and Univeral equation of state are 

employed in the thermodynamic potentials, but the results of this investigation prove insensitive to the 

form used. 

Comparisons are made between the predicted and expected properties takmg into account their 

associated uncertainties. Uncertainties in the predicted properties are produced by propagating errors in 

the input parameters through the thermodynamic potentials. Given the lack of error estimates of the 

expected properties from previous investigations with adequate resolution, they are estiinated here based 

on the statistical properties of profiles published m the geophysical literature. 

These comparisons show that pyrolite-like compositions (A) agree very well with seismically 

observed properties throughout the upper mantle and transition zone. A piclogite-like composition (C) 

also matches the seismic data primarily because its high AI content causes the pyroxene to garnet tran

sition to occur near the 400 km discontinuity. Olivine-poor, pyroxene-rich compositions (B) 

significantly underestimate velocities and densities between 400 and 500 km. Thus, seismic and mineral 

physics data are able to reject some models but they cannot uniquely determine the composition of the 

transition zone given their present precision. Consideration of shear wave velocities may further limit 

the range of acceptable compositions. The lack of laboratory measurements of shear moduli under man

tle pressure conditions currently limits this approach. 
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One common element between the compositions considered here is the presence of anomalous 

velocity gradients near 18 GPa due to the transformation of garnet to Ca-perovskite. This transforma

tion may explain the proposed 520 km seismic discontinuity. The chemical models also equally reject 

the possibility of chemical layering in the upper mantle. 

Adiabats which yield the best agreement above 670 km lead to disagreement with expected 

profiles in the lower mantle, although possible biases in the density profile may obviate this conclusion. 

The high bulk sound velocity of Ca-perovskite causes overestimated velocities in the upper part of the 

lower mantle for all compositions, though this difference is only significant for compositions B and C. 

A thermal boundary layer at 670 km considerably strengthens the possibility of chemical segregation, so 

that a dynamically stratified isochemical mantle is highly unlikely. If the mantle is dynamically and 

compositionally stratified, the lower mantle is mostly likely enriched in Si02 and/or FeO components. 

Thermally and chemically induced isobaric phase changes are found to have a significant effect 

on the density and velocity structure of subducting slabs. A mantle which is in thermodynamic equili

brium predicts elevated contrasts within subduction zones throughout the upper mantle except near the 

670 km discontinuity, where the depression of the perovskite phase boundary allows spi.Iiel to ,persist to 

710 km depth resulting in neutral to negative contrasts. Alternatively, kinetic hindrance of the olivine to 

spinel phase transtions also produces neutral to negative contrasts below 400 km depth. The variatio~s 

in velocity seen in the upper mantle induced by changes in mineralogy indicate that modeling of the 

thermal perturbation to velocity, an assumption made in most seismic studies of subduction zones to 

date, is inadequate. Density variations will have a noticable impact on convective dynamics. An equili

brium. phase assemblage will retard the formation of dynamic stratification while the metastable pres

ence of olivine would encourage its formation. Convective modelling which accounts for phase induced 

changes in density is needed to clarify what consequences this bas for the structure of the Earth's inte

rior. 
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Appendix A 

A common problem with estimating mean properties of the earth is the biased distribution of 
/ 

sources and recievers in certain tectonic regions. In order to overcome this obstacle, Tralli and Johnson, 

[1986] proposed a tectonic regionalization for the Earth. The then calculated pure region tau estimates 

and inverted them for the velocity structure in each tegion. using· the areal distributions of these regions, 

a weighted global average can be computed in which the effects of the biased sampling. have been 

accounted for. This is the approach I followed to calculate the mean P and S wave velocity profiles 

presented in chapter 2. 

The regionalized tau estimates for S waves of Tralli [personal communication, 1991] were calcu

lated aCcording to the method outlined in Tralli and Johnson, [1986]. Tabulated values of P wave tau 

estimates can be found in Tralli and Johnson, [1986] while the S wave estimates are given in Tables 

A.1-7. I inverted these estimates for the average P and S velocity and their 68% confidence bounds 

using the method of Bessonova et al., [1976]. The method requires and estimate of ~e velocity at the 

surface to begin the inversion. I used a simplex minimization routine described by Press et al., [19~6] 

to find the value which minimized the misfit of the tau values predicted by the resulting velocity profile 
' 

and those used to determine the profile. The large amount of P wave arrival times resulted in very 

stable estimates of velocity. However, about an order of magnitude less data was available for the S 

wave tau estimates. It is assumed that this reduction in the amount of data is what gives rise to the 

numererous low velocity zones found in the profiles. In order to remove these anomalies, I again used 

the minimization routine mentioned above. The criteria I used simultaneously searched for pertubations 

to the expected tau values which minimized the difference between the expected and predicted tau 

values as well as minimizing the difference between the original and perturbed values. All perturbed 

values were required to stay within one standard deviation of the original values. The tau values that 

resulted fom this inversion are also reported in Tables A.1-7 and the velocity profiles are shown in Fig-

ures A.l-7. 
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p t 'to CJJ. N 
(side g) (s) (s) (s2) 

23.75 16.959 16.265 5.767 47 
23.00 36.392 40.272 5.973 22 
22.40 50.030 50.615 4.961 41 
21.20 70.886 68.525 4.848 47 
20.30 87.000 87.265 4.926 231 
19.40 108.039 108.415 4.269 60 
18.80 120.955 120.527 3.730 32 
17.60 148.534 148.782 3.348 11 
16.80 166.094 165.625 2.361 65 
16.20 179.540 180.444 2.858 33 
15.65 190.791 190.482 2.311 62 
15.35 201.519 201.459 3.538 54 
15.05 211.552 211.371 3.009 108 
14.75 222.459 222.112 2.592 87 
14.45 237.467 237.960 2.598 50 
14.15 250.081 249.589 2.362 49 
13.85 266.237 267.344 2.472 41 
13.55 280.202 281.095 2.621 71 
13.25 295.137 289.781 2.124 8 
12.95 313.058 316.849 3.341 40 
12.65 332283 332.784 2.330 101 
12.35 350.086 350.373 2.989 82 
12.05 367.959 365.928 2.580 116 
11.75 388.282 387.603 2.511 92 
11.45 411.745 413.634 3.078 115 
11.15 432.520 431.711 2.665 64 
10.85 455.898 455.750 2.703 121 
10.55 479.151 480.384 3.807 70 
10.25 503.301 502.244 2.100 . 60 
9.95 529.321 529.616 2.215 43 

TABLE A.1.· Tau-p values for tectonic refion 1. tis the value of tau that was used·in the velo
city inversion, to is the original value of tau, CJ is the variance of tau, and N is the number of travel
times that were used in the estimate of tau after uniform variance reduction (see Tralli and Johnson, 
1986). . 
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p 't 'to a'" N 
(s/deg) (s) (s) (s2) 

23.75 10.673 11.017 4.823 556 
23.00 26.170 24.858 5.319 422 
22.40 44.055 45.409 5.378 1260 
21.20 68.001 67.778 3.353 257 
20.30 86.197 86.410 4.130 1253 
19.40 102.387 102.065 3.660 954 
18.80 113.491 113.576 3.841 801 
17.60 141.693 141.717 3.419 540 
16.80 161.597 161.505 3.799 363 
16.20 175.229 175.239 3.778 301 
15.65 188.594 188.548 3.320 595 
15.35 197.260 197.391 3.959 96Z 
15.05 206.324 206.231 3.101 346 
14.75 218.091 217.971 3.575 1176 
14.45 232.432 232.617 3.689 1154 
14.15 245.278 245.163 2.772 310 
13.85 260.186 260.257 3.476 528 
13.55 275.620 275.501 3.105 219 
13.25 293.798 293.811 3.816 _552 
12.95 311.411 311.464 3.890 478 
12.65 328.882 328.830 3.216 428 
12.35 347.931 347.994 2.883 360 
12.05 367.312 367.090 3.308 312 
11.75 ' 389.748 390.246 3.808 756 

. 11.45 409.692 409.424 2.846 348 
11.15 432.001 432.054 3.438 706 
10.85 455.311 455.337 3.338 364 
10.55 478.602 478.594 3.087 778 
10.25 502.395 502.382 2.558 113 
9.95 526.836 526.813 2.766 527 

TABLE A.2. Same as Table A.1, but for tectonic region i 
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p 't to cr' N 
(side g) (s) (s) (s2) 

23.75 2.821 3.153 5.144 272 
23.00 13.248 12.019 6.426 343 
22.40 29.529 30.465 7.491 398 
21.20 56.176 56.926 5.475 58 
20.30 71.478 70.602 5.513 117 
19.40 94.099 94.506 4.610 58 
18.80 108.017 107.484 5.196 94 
17.60 136.691 136.645 4.683 172 
16.80 158.051 158.881 5.586 168 
16.20 171.727 170.947 5.272 96 
15.65 185.367 185.376 3.919 134 
15.35 194.678 194.580 4.065 178 
15.05 203.816 204.375 3.187 99 
14.75 214.115 213.319 4.840 169 
14.45 228.168 228.788 4.185 236 
14.15 241.894 242.013 3.718 146 
13.85 257.863 256.916 3.208 80 
13.55 27.6.622 277.111 3.806 572 
13.25 293.503 293.738 3.923 394 
12.95 309.666 309.456 3.573 624 
12.65 327.661 327.830 3.052 351 
12.35 345.009 345.104 3.274 586 
12.05 364.579 364.167 3.048 248 
11.75 387.226 387.450 3.653 436 
11045 408.146 408.020 3.237 119 
11.15 431.336 431.714 3.314 434 
10.85 452.874 452.135 3.304 364 
10.55 476.600 477.462 2.527 266 
10.25 499.871 498.594 3.176 234 
9.95 524.966 525.453 3.522 427 

TABLE A.3. Same as Table A.1, but for tectonic region 3. 
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p 't 'to ~ CJ" N 
(s/deg) (s) (s) (s2) 

23.75 18.814 18.693 6.247 1967 
23.00 34.838 35.450 6.273 985 
22.40 44.740 44.095 6.544 2140 
21.20 66.863 66.957 4.923 819 
20.30 83.924 83.811 5.457 1083 
19.40 101.819 101.912 4.425 19~ 
18.80 114.405 . 114.344 3.871 909 
17.60 139.939 140.090 4.753 3597 
16.80 156.122 155.978 4.327 595 
16.20 170.189 170.213 3.442 428 
15.65 187.119 187.235 3.691 1745 
15.35 196.503. 196.379 3.344 1272 
15.05 207.735 207.770 2.513 380 
14.75 219.896 219.849 3.884 1816 
14.45 233.271 233.390 3.728 726 
14.15 245.868 245.740 3.681 953 
13.85 259.832 259.842 3.043 858 
13.55 276.601 276.657 2.672 995 
13.25 292.420 292.332 3.340 2445 
12.95 310.121 310.151 3.015 1695 
12.65 328.424 328.399 2.738 603 
•12.35 347.882 347.910 2.825 1206 
12.05 367.204 367.169 3.280 1550 
11.75 387.824 387.848 2.767 1029 
11.45 408.197 408.167 3.130 630 
11.15 429.918 429.915 2.995 1222 
10.85 453.492 453.534 3.032 682 
10.55 476.008 475.960 3.108 1136 
10.25 499.326 499.346 2.983 825 
9.95 524.037 524.037 3.056 564 

TABLE A.4. Same as Table A.1, but for tectonic region 4. 
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p 't 'to cr• N 
(s/deg) (s) (s) (s2) 

23.75 7.633 7.555 3.602 559 
23.00 21.635 21.759 5.486 669 
22.40 32.718 32.615 5.131 453 
21.20 57.655 57.563 4.184 361 
20.30 76.135 76.248 3.155 196 
19.40 94.693 94.489 3.300 147 
18.80 110.064 110.284 3.989 774 
17.60 137.512 137.288 4.103 471 
16.80 156.468 156.560 3.742 643 
16.20 170.017 170.007 2.761 302 
15.65 183.519 183.445 3.749 398 
15.35 193.327 193.382 3.413 205 
15.05 . 204.874 204.680 2.843 339 
14.75 217.701 218.214 3.077 199 
14.45 228.912 . 228.454 3.462 294 
14.15 242.995 242.856 3.065 684 
13.85 257.458 257.618 3.320 446 
13.55 271.553 . 271.484 3.541 769 
13.25 289.030 289.123 3.081 229 
12.95 305.453 305.298 3.399 506 
12.65 324.007 323.993 3.490 1032 
12.35 344.224 344.312 3.349 696 
12.05 363.015 362.922 3.561 891 
11.75 384.430 384.455 3.091 367 
11.45 404.818 404.773 3.238 557 
11.15 426.437 426.450 2.999 718 
10.85 449.253 449.272 3.487 941 
10.55 472.342 472.291. 3.355 1290 
10.25. 497.697 497.724 3.172 1216. 
9.95 523.016 523.032 3.862 675 

TABLE A.5. Same as Table A.1, but for tectonic region 5. 
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p 't 'to cf N 
(side g) (s) (s) (s2) 

23.00 10.145 9.102 9.127 322 
22.40 21.460 22.302 8.421 264 
21.20 47.175 46.556 7.713 365 

·~·· 
20.30 69.440 69.689 6.904 94 
19.40 92.167 91.878 5.095 84 
18.80 108.306 108.474 4.628 96 

. 17.60 137.240 137.046 3.581 43 
16.80 157.707 157.536 3.678 41 
16.20. 173.103 173.627 2.912 47 
15.65 185.274 184.551 3.310 67 
15.35 193.734 193.940 4.412 112 
15.05 204.244 203.950 3.373 176 
14.75 217.289 217.833 2.808 29 
14.45 228.579 228.010 3.041 78 
14.15 242.068 242.155 2.525 71 

.13.85 256.051 255.785 2.938. 77 
13.55 273.153 273.210 2.179 89 
13.25 289.414 289.363 2.876 115 
12.95 307.126 307.177 3.210 79 
12.65 325.902 325.826 2.965 76 
12.35 346.189 346.236 2.783 115 
12.05 366.544 366.363 3.645 242 
11.75 389.022 389.149 2.294 184 
11.45 410.702 410.322 2.530 240 
11.15 435.462 '436.173 2.933 56 
10.85 457.033 456.443 3.107 170 
10.55 480.640 480.635 1.865 66 
10.25 504.475 504.492 2.291 190 
9.95 528.237 528.240 2.544 133 

TABLE A.6. Same as Table A.1, but for tectoniC region 6. 
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p t to a..:: N 
(s/deg) (s) (s) (s2) 

23.75 22.317 21.989 3.987 171 
23.00 35.249 35.883 4.515 235 
22.40 . 44.901 44.150 . 3.825 323 
21.20 66.545 67.328 3.649 397 
20.30 80.874 80.255 3.045 371 
19.40 98.319 98.156 3.248 1137 
18.80 112.896 113.007 2.431 377 
17.60 138.166 138.579. 3.115 603 
16.80 152.582 152.344 2.298 186 
16.20 169.735 169.982 3.554 424 
15.65 184.334 184.284 2.124 147 
15.35 193.269 192.912 2.973 229 
15.05 205.539 205.887• 2.696 281 
14.75 216.763 216.679 2.148 25~ 
14.45 228.756 228.977 2.602 77 
14.15 242.626 242.193 2.551 361 
13.85 259.628 259.907 2.938 514 
13.55 275.209 275.363 3.176 265 
13.25 291.018 290.946 3:053 308 
12.95 309.675 309.812 3.226 352 
12.65 327.722 327.635 2.342 163 
12.35 346.719 346.961 2.811 311 
12.05 365.060 364.854 2.703 267 
11.75 385.669 384.988 2.599 369 
11.45 409.430 409.773 2.315 165 
11.15 430.363 430.387 2.704 236 
10.85 452.961 453.154 2.309 138 
10.55 475.910 475.423 2.287 131 
10.25 501.192 501.227 2.154 155 
9.95 526.427 526.445 2.518 118 

TABLE A.7 .. Same as Table A. I, but for tectonic region 7. 
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Fig. A.l. P and S wave velocity profiles before smoothing (solid lines), after smoothing (dashed 
lines) and their 68 %uncertainties (dotted lines) in tectonic region 1. 
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Fig. A.2. Same as Figure A.l, but for region 2. 
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Fig. A.3. Same as Figure A.l, but for region 3. 
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Fig. A.4. Same as Figure A.l, butfor region 4. 
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Fig. A.S. Same as Figure A.l, but for region 5. 
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Fig. A.7. Same as Figure A.l, but for region 7. 
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The velocity-depth values given by the inversion represent the average velocity in an undeter-

mined depth interval that is bounded by the the velocity-depth point directly above and below the point 

being considered. Because of the variablity of the averaging interval, the profiles generated by the 

inversion may contain spurious fluctuations about an assumed smooth underlying distribution. To 

recover this smooth profile, a generalized cross-validation technique described by Craven and Wahba 

[1979] was used to objectively fit a smoothing spline through the velocity points taking into account 

their confidence bounds. The resulting smoothed profiles are also shown in Figures A.1-7. As one can 
/ 

see, the velocity profiles do not contain noticeable upper mantle discontinuities. The discontinuites 

could not be resolved in this study due to lack of data on the backbranches of the traveltime curves. For 

this reason, I used the a different technique to get a more representative estimate of the mean and 

uncertainty in the velocity profile of the upper mantle as discussed in Chapter 2. To date, no noticeable 

discontinuites exist in the lower mantle over the depth range considered here. Thus, this method will 

should provide an accuarate representation of velocity and its uncertainty in this region. 

A global mean velocity profile (vm) is calculated from the regional profiles (vi) via: 

7 

Vm = L WjVj 
j=l 

A.l 

where the weights wi are the fractional surface area for the each region j (Table A.8) .. Confidence 

bounds for the mean profile are obtained from the bounds on the regional profiles using the same 

weighting scheme. Given the mean P and S velocity profiles, bulk sound velocity is calculated via: 

v~ = ...Jv}- 4J3Vl A.2 

In order to assure a conservative estimate of the uncertainty on V ~ its upper bound is calculated using 

the upper bound on Vp and the lower bound of Vs in Equation A.2 and vice versa for its lower bound. 

The resulting V p, V ~ and Vs profiles are shown in Figure A.8. 

' 

• 
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Tectonic Region Fractional 
Area 

• 
(1) Young oceans 0.13 
(2) Intermediate-age oceans 0.34 
(3) Old oceans 0.13 
(4) Active continents 0.19 
(5) Continental platforms 0.10 
(6) Continental shields 0.07 
(7) Oceanic trenches 0.04 

TABLE A.8. Fractional surface area of the tectonic regions. 
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Fig. A.8. Globally averaged P, bu1k sound, and S wave velocity profiles (solid lines) and their 
68 % uncertainties (dotted lines). 
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