Chapter 5

Relationships Between Seismic Wave-
Speed, Density, and Electrical Conductivity
Beneath Australia from Seismology,
Mineralogy, and Laboratory-Based
Conductivity Profiles

A. Khan, S. Koch, T.J. Shankland, A. Zunino and J.A.D. Connolly

Abstract We present maps of the three-dimensional density (p), electrical
conductivity (o), and shear-wave speed (Vs) structure of the mantle beneath
Australia and surrounding ocean in the depth range of 100-800 km. These maps
derived from stochastic inversion of seismic surface-wave dispersion data, ther-
modynamic modeling of mantle mineral phase equilibria, and laboratory-based
conductivity models. Because composition and temperature act as fundamental
parameters, we obtain naturally scaled maps of shear-wave speed, density, and
electrical conductivity that depend only on composition, physical conditions
(pressure and temperature), and laboratory measurements of the conductiv-
ity of anhydrous mantle minerals. The maps show that in the upper mantle p, o
and Vg follow the continental-tectonic division that separates the older central
and western parts of Australia from the younger eastern part. The lithosphere
beneath the central and western cratonic areas appears to be relatively cold and
Fe-depleted, and this is reflected in fast shear-wave speeds, high densities, and
low conductivities. In contrast, the lithosphere underneath younger regions is
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relatively hot and enriched with Fe, which is manifested in slow shear-wave
speeds, low densities, and high conductivities. This trend appears to continue
to depths well below 300 km. The slow-fast shear-wave speed distribution
found here is also observed in independent seismic tomographic models of the
Australian region, whereas the coupled slow-fast shear-wave speed, low-high
density, and high-low electrical conductivity distribution has not been observed
previously. Toward the bottom of the upper mantle at 400 km depth marking the
olivine — wadsleyite transformation (the “410-km” seismic discontinuity), the
correlation between Vs, p, and o weakens. In the transition zone, Vs, p, and o
are much less correlated indicating a significant compositional contribution to
lateral heterogeneity. In particular, in the lower transition zone, o and p appear
to be governed mostly by variations in Fe/(Fe 4+ Mg), whereas lateral variations
in Vg result from changes in (Mg + Fe)/Si and not, as observed in the upper
mantle, from temperature variations. Lower mantle lateral variations in thermo-
chemical parameters appear to smooth out, which suggests a generally homo-
geneous lower mantle in agreement with seismic tomographic images of the
lower mantle. As a test of the regional surface-wave-based conductivity model,
we computed magnetic fields of 24 h S, variations and compared these to obser-
vations. The comparison shows that while our predicted conductivity model
improves the fit to observations relative to a one-dimensional model, amplitudes
of the computed conductivity anomalies appear not to be large enough to enable
these to be discriminated at present.

Keywords Electrical conductivity *+ Seismic wave-speed + Tomography - Phase
equilibria + Surface waves - Electromagnetic sounding *+ Mantle composition *
Mantle temperatures

5.1 Introduction

Large-scale features of elastic properties from seismic tomography are reasonably well
resolved and show strong correlation with surface-tectonic features (e.g., Schaeffer and
Lebedev 2015; Lekic and Romanowicz 2012; Rawlinson et al. 2015), but
smaller scale variations appear to be less well resolved and to have more complex ther-
mal and chemical origins (e.g., Trampert and van der Hilst 2005). Mantle convection
simulations favor a heterogeneous mantle made of a mechanical mixture of basalt and
harzburgite (e.g. Christensen and Hofmann 1994; Xie and Tackley 2004), which are the
products of partial melting at mid-ocean ridges. While such models produce a natural
metric for understanding the generation and continued renewal of a laterally heteroge-
neous mantle through subduction of differentiated oceanic lithosphere (e.g., Xu et al.
2008), it is not yet clear whether such mixture models can account for the complexity
observed across a wide range of geophysical data (e.g., Helffrich and Wood 2001;
Schmerr 2015; Kawai and Tsuchiya 2015).
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Detailed maps of compressional and shear-wave velocity models exist, but
there are fewer constraints on mantle density structure (e.g., Kennett 1998; Ishii
and Tromp 2004) because seismic data underlying tomographic models are rela-
tively insensitive to density (e.g., Resovsky and Ritzwoller 1999; Romanowicz
2001; Kuo and Ramanowicz 2002). Yet, geodynamical modeling expresses inter-
nal dynamics driven by lateral density variations (e.g., Forte and Perry 2000;
Deschamps et al. 2001), and improved knowledge of mantle density structure
could prove an important additional constraint.

Complementary means to obtain structural information can come from stud-
ies that relate elastic properties to chemical composition and crystal structure to
constrain systematic relations between seismic wave-speed and density in mantle
minerals (e.g., Birch 1961; Shankland 1972). These systematics can subsequently
be compared to density, P-, and S-wave speed profiles that are deduced from geo-
physical studies or even be applied in an inverse sense to obtain compositional
information (e.g., Shankland 1977). Other means rely on transport properties,
e.g., electrical and thermal conductivities, and viscosity, (e.g., Shankland 1981;
Poirier 2000). Electrical conductivity, for example, is more sensitive to composi-
tion and temperature than in elasticity (e.g., Xu et al. 2000; Dobson and Brodholt
2000; Khan et al. 2006; Verhoeven et al. 2009). However, the perceived advantage
of studies based on electrical conductivity is diminished by a smaller number of
world-wide geomagnetic observatories in comparison with the present-day global
network of seismic stations (e.g., Kuvshinov 2012).

Global and semi-global three-dimensional (3D) conductivity images of the man-
tle are most reliable in imaging transition zone and outermost lower mantle (e.g.,
Utada et al. 2009; Kelbert et al. 2009; Tarits and Mandea 2010; Shimizu et al. 2010;
Semenov and Kuvshinov 2012), where they show relatively low lateral and radial
resolution in comparison with their seismic counterparts. Resolution aside, current
global-scale conductivity, and seismic tomography maps appear to have few fea-
tures in common (for a comparison see, e.g., Semenov and Kuvshinov 2012). Fast
and slow velocity anomalies that are usually interpreted as evidence of cold and hot
mantle conditions, respectively, do not always correlate with low and high conduc-
tivities as might be expected from the observation that conductivity has a strong tem-
perature dependence following an Arrhenius relation (e.g., Poirier 2000). On a more
fundamental level, transport and elastic properties of minerals are different phe-
nomena and per se need not be correlated. However, if temperature is the dominant
source of mantle velocity anomalies as frequently argued (e.g., Goes et al. 2000),
then we might expect a minimum degree of correlation. Such a correlation is not
usually observed for reasons yet to be determined. On the other hand, if composi-
tion in the form of variations in major element chemistry is responsible for a signifi-
cant part of the signal, then we might not observe significant correlations between
the two physical properties. Hence, these features could provide potential means to
unravel compositional contributions to lateral variations in mantle properties.

To examine relations between elastic properties and electrical conductivity, we
link elasticity, density, and electrical conductivity through thermodynamic mod-
eling of mantle minerals (e.g., Khan et al. 2006; Verhoeven et al. 2009). Using a
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self-consistent scheme (Gibbs free-energy minimization) to calculate phase equilib-
ria, followed by equation of state modeling, we compute properties that depend only
on physical conditions (pressure and temperature) and on chemical composition (e.g.,
Connolly 2005; Ricard et al. 2005; Stixrude and Lithgow-Bertelloni 2005; Piazzoni
et al. 2007). Thus, the use of free-energy minimization methods results in physically
realistic models that include natural scaling between the various properties.

We first consider shear-wave velocities of the mantle beneath continental
Australia to a depth of 800 km that are derived from stochasticinversion of sur-
face-wave dispersion data as described in Khan et al. (2013). In the inversion, we
map mantle temperatures and compositions from elastic responses. Having these
properties together with independent laboratory conductivity measurements of
different mineralogies and temperatures permit calculating mantle electrical con-
ductivities independently of elastic properties at depth. From these conductivity
maps, it is possible to calculate an equivalent conductivity response. Hence, this
approach provides a natural basis for analyzing different data sets and for address-
ing fundamental issues related to the structure and constitution of the Earth (e.g.,
Khan et al. 2006, 2013; Verhoeven et al. 2009; Fullea et al. 2009, 2011, 2012;
Afonso et al. 2013a, b; Jones et al. 2013; Drilleau et al. 2013; Kuskov et al. 2014).

Joint inversion of seismic, gravity, and electromagnetic sounding data would be
a preferable approach; owing to the complexity and the computational resources
required for solving the joint problem, it is beyond the scope of this study and
will be considered in future studies. However, we would like to emphasize that
this procedure, while based on inversion of seismic data, does not imply that the
derived conductivity structure simply or tautologically follows that dictated by
seismic data because independent chemical, mineralogical, and laboratory conduc-
tivity databases are interposed. Finally, we note that because the main purpose of
this study is to examine relative behaviors of elastic and transport properties, we
do not consider the inverse problem of constraining composition and temperature
from seismic data per se in any detail here, but consider this part a fait accompli
with details supplied in the previous treatment (Khan et al. 2013).

As the main focus in this study centers on mantle compositional (major ele-
ments) and thermal variations, we assume anhydrous and subsolidus conditions,
i.e., we consider the mantle to be dry and melt-free. We make such a simplifying
assumption out of necessity as (1) thermodynamic data for modeling shear-wave
speed for water- and melt-bearing phases are uncertain and (2) several studies have
showed that an anhydrous mantle is not inconsistent with conductivity profiles
obtained from global electromagnetic sounding data (e.g., Manthilake et al. 2009;
Khan and Shankland 2012). Moreover, although available data have been used to
construct parameterized approaches to modeling the effect of water and melt on
shear-wave speed and conductivity (e.g., Laske et al. 2011; Goes et al. 2012), these
cannot be modeled self-consistently in line with the main approach of this study. It
is left to future studies to consider this and contributions arising from other effects
such as the presence of melt (e.g., Shankland et al. 1981; Park and Ducea 2003;
Toffelmier and Tyburczy 2007; Khan and Shankland 2012; Koyama et al. 2006,
2013; Karato 2011; Pommier 2014).
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5.2 Data and Methods

5.2.1 The Forward Problem

The solution to the forward problem, i.e., estimation of surface-wave dispersion
data (dseis) and magnetic field variations (dmag) from composition ¢, temperature 7,
and a laboratory conductivity database (d,) can be summarized as follows:

g1 9] 84
T = M = p,Vs,Vp = deeis
23
Ny
23 85
d, = o = dmag

where M indicates equilibrium modal mineralogy (all parameters are implicitly
assumed to be functions of radius) and the various g’s embody physical laws in the
form of thermodynamic modeling (g;), equation of state modeling (g,), bulk rock
conductivity estimation (gz), surface-wave dispersioncalculations (g4), and compu-
tation of magnetic field variations (gs). Here, we do not consider the part related
to g, for reasons outlined earlier. From the above forward scheme, we observe that
electrical conductivity is not immediately available from free-energy minimization,
but has to be computed using separate laboratory-based conductivity data.

5.2.2 Parameterization

As outlined in more detail in Khan et al. (2013), we parameterized the model later-
ally in terms of 5° x 5° pixels and beneath the center of each pixel radially by a
number of layers with a fixed node-spacing in the mantle of 50-200 km for tem-
perature and composition (Fig. 5.1). The crust is parameterized using purely phys-
ical properties that include P- and S-wave speeds, density, conductivity, and depth
to crust-mantle interface. With these parameters assigned, we performed Gibbs
free-energy minimization (to be described below) and computed modal mineral-
ogy and mantle physical properties on a denser fixed radial grid with node spacing
in the range of 10-50 km.

5.2.3 Thermodynamic Modeling

Application of free-energy minimization methods in geophysics is not new (e.g.,
Saxena and FEriksson 1983; Wood and Holloway 1984; Kuskov and Panferov
1991; Sobolev and Babeyko 1994; Bina 1998; Fabrichnaya 1999), but it has
been limited by the extent of early thermodynamic databases. Here, we use the
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Fig. 5.1 Model parameterization: lateral grid spacing is 5° x 5° (a) and radially model param-
eterization consists of layers (b—c). The crust (b) is delineated by density (p), P- and S-wave
speeds (Vp, Vs), and depth to crust-mantle interface (dpzon,). Mantle layers (c¢) are parameterized
by composition (¢) and temperature (7). Circles in both plots denote location of a set of prefixed
depth nodes (corresponding to indices i and j in plot ¢), except in the crust where depth to crust—
mantle interface is variable. Modified from Khan et al. (2013)

free-energy minimization strategy described by Connolly (2009) to predict rock
mineralogy, elastic moduli, and density as a function of pressure, temperature,
and bulk composition. For this purpose, we employ the thermodynamic formu-
lation of Stixrude and Lithgow-Bertelloni (2005) with parameters as in Stixrude
and Lithgow-Bertelloni (2011). Possible mantle compositions are explored within
the Na,O-CaO-FeO-MgO-Al,03-Si0; (NCFMAS) system, which accounts
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Fig. 5.2 Variations in phase proportions and physical properties in the upper mantle, transi-
tion zone,andoutermost lower mantle (0-30 GPa, 0-750 km depth). Aggregate rock conductiv-
ity (bold black lines) and phase equilibria are calculated for two different mantle compositions
in the NCFMAS system (comprising oxides of the elements NayO-CaO-FeO-MgO-Al,O3—
Si0,): harzburgite (a) and MORB (b) along the mantle adiabat of Brown and Shankland (1981)
(see Fig. 5.3). Phases are: olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), pl (plagio-
clase), coe (coesite), stishovite (stv), high-pressure Mg-rich cpx (C2/c), garnet (gt), wadsleyite
(wad), ringwoodite (ring), akimotoite (aki), calcium silicate perovskite (capv), ferropericlase
(fp),bridgemanite (br), and calcium ferrite (cf)

for ~99 % of the mass of Earth’s mantle (e.g., Irifune 1994). Because the equilib-
rium assumption is dubious at low temperature (e.g., Wood and Holloway 1984),
for models that require rock properties at temperatures below 800 K, the stable
mineralogy is first calculated at 800 K and its physical properties are then com-
puted at the temperature of interest. Bulk rock elastic moduli are estimated by
Voigt-Reuss-Hill (VRH) averaging. The pressure profile is obtained by integrating
the load from the surface (boundary condition p = 107 Pa). Examples of equilib-
rium mineralogy and bulk rock conductivity for two different compositions along
the mantle adiabat of Brown and Shankland (1981) are shown in Fig. 5.2. The
influence of phase equilibria in these examples representing end-member compo-
sitions is apparent from the discontinuities in conductivity associated with mineral
phase transformations. The difference in geophysical response incurred by the two
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conductivity profiles shown in Fig. 5.2 is easily detectable with an appropriate set
of electromagnetic response functions.

Uncertainties associated with the thermodynamic data are notoriously diffi-
cult to assess because of the nonlinearity of the free-energy minimization prob-
lem and correlations among the various thermodynamic parameters. A preliminary
Monte Carlo analysis of this uncertainty indicates uncertainties in density, P-, and
S-wave speeds on the order of <0.1, <0.5, and <1 %, respectively (unpublished
data). Alternative means of investigating this uncertainty are illustrated in the
applications of Afonso et al. (2013a) and Kuskov et al. (2014) that employ similar
approaches to the method outlined here. In a methodological study of determining
thermo-chemical mantle structure from a diverse set of geophysical data, Afonso
et al. (2013a) assess the uncertainty by comparing predicted and observed modal
compositions for a set of xenoliths and generally find that differences between
computed and observed values are within experimental error. Differences in physi-
cal properties between computed and laboratory measurements are also found to
be negligible. In a related study, Kuskov et al. (2014) map the thermo-chemical
structure of the lithospheric mantle beneath the Siberian craton using seismic
velocity profiles and find that temperatures and depth to the lithosphere—asthe-
nosphere boundary can only be determined to within an accuracy of £100 °C
and 430 km, respectively, given the uncertainties in the thermodynamic param-
eters and modeled velocities.

5.2.4 Laboratory Electrical Conductivity Data

The conductivity data employed in this study are detailed in Khan and Shankland
(2012) and shown in Fig. 5.3. The conductivity database comprises the minerals
olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), garnet (gt), wadsleyite
(wads), ringwoodite (ring), ferropericlase (fp), and bridgemanite (br). This data
set allows us to model mineral conductivities as functions of major element com-
position, temperature, and pressure. In order to construct a bulk conductivity pro-
file from single mineral conductivities, we make use of a self-consistent solution
based on effective medium theory (Landauer 1952; Berryman 1995) for conduct-
ing composites (for more discussion see, e.g., Xu et al. 2000; Khan and Shankland
2012)

N 0; — O,
1 SC
g | ———— | =0,
. xl[ai—i—ZaSJ G-

where x; is volume fraction of mineral i, N the total number of minerals, and oy,
represents the self-consistent solution that has to be determined iteratively to sat-
isfy Eq. 5.1, while bounded by the Hashin-Shtrikman bounds. The latter are the
narrowest bounds that exist for a multiphase system in the absence of informa-
tion about the geometrical arrangement of the constituent phases (Hashin and
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Fig. 5.3 Summary of mineral electrical conductivities measured in the laboratory as a function
of inverse temperature for a upper mantle, b transition zone, and ¢ upper part of lower man-
tle. d Variations in mineral phase proportions and laboratory-based bulk conductivity profile. For
the example shown here bulk conductivity profile and mineral modes were computed using a
homogeneous adiabatic pyrolitic and anhydrous mantle as a function of pressure (depth). The
solid black and dotted green lines in plot d show bulk conductivity and the adiabat of Brown and
Shankland (1981), respectively. For phase names, see Fig. 5.2; the main text contains further dis-
cussion. Modified from Khan et al. (2011)

Shtrikman 1962; Watt et al. 1976). Phases present at levels <10 vol% (e.g., coesite,
stishovite, and akimotoite) are not considered as these have no effect on bulk con-
ductivity (e.g., Khan et al. 2011).

To illustrate the methodology, we computed modal mineralogy and corre-
sponding self-consistently determined bulk conductivity profile for a homogene-
ous adiabatic mantle made of pyrolite (Fig. 5.3). The bulk conductivity profile
reveals a number of interesting features observed previously that include an
almost vanishing “410-km” discontinuity (olivine — wadsleyite), and relatively
strong “520-km” and “660-km” discontinuities (wadsleyite — ringwoodite and
ringwoodite — bridgemanite 4 ferriperoclase), respectively. As a consequence,
absence of a strong “410” discontinuity in conductivity is likely to be a promi-
nent feature of conductivity images relative to those showing shear-wave speed.
Variations in Vg are expected to be strong across the “410.” In the case of the
“600,” a relatively strong compositional dependence through variations in Fe
content is possible.
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5.3 Results and Discussion

Maps of mean mantle shear-wave speed [these are anelastically corrected using
the approach outlined in Khan et al. (2013)], electrical conductivity, density, min-
eralogy, and thermochemical variations derived from inversion of surface-wave
data are shown in Fig. 5.4. Mean bulk compositions are indicated as ratios of the
three major elements Mg, Fe, and Si derived from the oxide models c; the remain-
ing elements are less well determined. The mean model was computed from the
10* models that were sampled and considered in the analysis of Khan et al. (2013).
Note that variations are displayed relative to mean reference models that are com-
puted from lateral averages of all sampled models across all pixels. The mean
reference profiles are shown in Fig. 5.5. Moreover, 1D marginal posterior distri-
butions for the parameters displayed in Fig. 5.4 (for a single location in central
Australia) are depicted in Fig. 5.6. With regard to the mean model displayed here,
we would like to note that any model picked randomly from the posterior prob-
ability distribution is as representative as the mean or median model, if not more
so, since the latter models are unlikely to be sampled and therefore constitute a
poor representation of the solution (small posterior probability).

Rather than compute uncertainty measures such as credible intervals from the
suite of sampled models (see Khan et al. 2013), we depict model parameter uncer-
tainty in the form of a movie sequence that displays 250 models taken randomly
from the posterior distribution (see online supporting material). The movie provide
insight into overall model variability. The features that are well resolved will tend
to be more stable across the maps and models, whereas less well-resolved features
appear more unstable. Variations in mantle temperature and physical properties,
for example, are seen to be remarkably stable, particularly throughout the upper
mantle. Compositional variations, on the other hand, only appear to be stable
down to 200 km depth. However, a closer look actually reveals that the relative
geographical distribution of compositional variations is stable. As an aid in inter-
preting the maps, we have computed correlations between the various physical and
thermochemical parameters as a function of depth (Figs. 5.7 and 5.8). Note that
correlations are shown as distributions that are computed from 10* models, i.e.,
from all samples considered in Khan et al. (2013), and indicate the probability for
observing a correlation coefficient in a particular range. The more peaked the cor-
relation coefficient is, the better the parameter is resolved. It must also be men-
tioned that the correlations in and around the transition zone do not necessarily
coincide with the depths at which mineralogical phase transitions occur.

5.3.1 Correlated Lateral Variations of Physical Properties

Figures 5.7 and 5.8 provide a number of interesting interrelationships as lateral
correlations between physical properties, chemistry, mineralogy, and temperature.
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The distributions indicate variations with lateral distances for various depth ranges
indicated by color coding. Thus, lateral changes are isobaric, i.e., independent of
phase changes with pressure. We emphasize the significance only of distributions
outside the range —0.5 to 0.5 where statistics can be inconclusive. This section
interprets physical connections between different variables, and the following sec-
tion treats their geophysical variations.

The top row of Fig. 5.7 displays temperature effects and has the clearest corre-
lations, either strongly positive or negative. As expected, density p decreases with
T as a consequence of thermal expansion. Velocities also decrease with T as meas-
ured in laboratory measurements, a consequence of weakening interatomic bonds
(Wang 1970). The positive conductivity variation with T reflects the exponential
increase of o with T in semiconductors and thus is a right-left mirror image of
the other two figures. With increasing depth, lateral thermal effects become less
correlated, produce fewer lateral changes of physical properties, and require other
explanations.

In the second row, density increases with replacement of Mg by the heavier
element Fe in crystal structures; within a given crystal structure, this replacement
leads to decreased shear-wave speed (e.g., Birch 1961; Shankland 1972) as in
Fig. 5.7e. Electrical conductivity within different silicate mineralogies commonly
increases with Fe content (e.g., Hirsch et al. 1993; Yoshino et al. 2012), and this is
seen in Fig. 5.7f.

In the third row, to the degree that increasing (Mg + Fe)/Si represents increase
of p as olivine increases with respect to pyroxene, there can be lateral variations
of these two minerals in the upper mantle. In the lower mantle, an increase of
fp Mg, Fe)O with respect to br (Mg, Fe)SiO3 would increase (Mg + Fe)/Si but
decrease density because of the lower density of fp with respect to br (Ricolleau
et al. 2009). Vs distributions resemble those of p, which suggests the same under-
lying causes (relative quantities of ol, px; br, fp) for their lateral variations. o
shows something like a mirror image; the higher conductivity of fp relative to br
(Yoshino 2010) could lead to a positive correlation with (Mg + Fe)/Si. However,
it is not clear why there should be a negative correlation involving ol and px con-
tents (Fig. 5.7i). None of the properties in this row resembles the T-effects of the
first and second rows, and this argues for complex changes in mineralogy. Note
that (Mg + Fe)/Si from 1 to 2 corresponds to a bulk composition from pyroxene to
olivine stoichiometry, i.e., in the ranges of peridotites. The correlations of Fig. 5.7j
reflect the tight linkages created by the forward operations g, and g4. The final
column of Fig. 5.4 maps upper mantle mineral fractions px/(ol + px) and lower
mantle fp/(br 4+ fp). In both cases, the maps show good correlation between bulk
chemistry and mineralogy. Because these minerals volumetrically dominate their
respective depth ranges, they are of the most interest. Minor minerals are included
in volumetric proportions for density and for elastic wave velocities in the VRH
averaging scheme. However, because they are unlikely to form interconnected
phases, their contributions to electrical conductivity are less significant and there-
fore more easily neglected.
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4 Fig. 5.4 Maps of mean mantle thermochemical anomalies and variations in physical prop-
erties beneath Australia. Isotropic mantle shear-wave velocity (first column), electrical
conductivity(second column), density (third column), temperature (fourth column), (Mg + Fe)/
Si (fifth column, atomic fraction), Fe/(Fe + Mg) (sixth column, atomic fraction), and upper
and lower mantle mineral ratios px/(ol 4+ px) and fp/(br + fp) (seventh column, atomic frac-
tion). Shear-wave speed, density, and temperature are given in % deviations from a mean model
(Fig. 5.5), respectively. Electrical conductivity is relative to a reference electrical conductivity
profile (Fig. 5.5). Mean reference values for all properties are indicated on the right side of each
panel. Note that color bars are inverted for shear-wave speed and conductivity so that fast (slow)
velocity anomalies correspond to low (high) conductivities

Figure 5.8 presents another picture in which thermochemical parameters are
implicit, and it thus displays lateral interrelationships between physical proper-
ties. The overall picture behaves somewhat like the T-effects in the first row of
Fig. 5.7; there is declining significance of T variation with depth. Relations in the
first figure represent velocity—density systematics (e.g., Birch 1961; Shankland
1977). The most positive correlations characterize the case where density
increases in different mineral phases having minimal change of chemical com-
position as represented by mean atomic weight m. Mean atomic weight equals
molecular weight of a compound divided by the number of atoms in its chemi-
cal formula and mostly reflects Fe enrichment. For instance, in the olivine series
((Mgl_x, Fex)ZSiO4) m varies with x from 20.1 to 29.1. Negative correlations are
strongest in a given crystal phase for increasing iron content. It appears that the
wide range of lateral correlations in Fig. 5.8a could represent both effects beneath
the Australian continent.
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Fig. 5.5 Mean reference profiles (blue) showing radial variations in shear-wave speed (Vs), elec-
trical conductivity log(o/oy), density (p), temperature (7), and composition (Mg + Fe)/Si and
Fe/(Mg + Fe) in atomic fractions, respectively. The mean profiles were constructed from lateral
averages of each property at every depth node. In the conductivity plot op = 1 S/m
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Fig. 5.6 One-dimensional marginal distributions for the model parameters are shown in Fig. 5.5
for a specific location in the center of the Australian continent (120°E, 27°S). Compositional
distributions (Mg + Fe/Si and Fe/Mg + Fe) are in atomic fractions. In the conductivity plot
op=1S/m

5.3.2 Upper Mantle Structure

There is a good correlation in the upper mantle where shear-wave, density, and con-
ductivity anomaliesoutline the continental boundaries of the region. Lateral veloc-
ity variations are commonly observed in seismic tomography images of the region
(e.g., Fishwick and Rawlinson 2012; Kennett et al. 2012; Rawlinson et al. 2015). The
continental regime has a distinct thermochemical signature and is divided into slow
(corresponding to “hot” with relatively low (Mg + Fe)/Si and high Fe/(Mg + Fe) val-
ues) and fast (corresponding to “cold” with relatively high (Mg + Fe)/Si and low Fe/
(Mg + Fe) values) patterns that extend well into the upper mantle.

Fe/(Mg + Fe) is of order 0.1 &£ 0.03 in mantle minerals; higher ratios yield
higher conductivities (e.g., Hirsch et al. 1993) principally in the polaron reaction
Fe’ts Fe’t+ e~. Moreover, low upper mantle conductivities clearly correlate
with fast velocity and positive density anomaliesover the older western and central
parts of the continent, whereas high conductivity anomalies correlate with slow
velocity and negative density variations over the younger eastern and oceanic lith-
ospheric regions. This conductivity pattern has not been resolved previously; to
first order, it appears to be governed by temperature variations through the strong
T-dependence of o.
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This observation is strongly supported by the distribution of correlation coef-
ficients (Fig. 5.7). The correlation pairs Vs — T, p — T, and o — T are very peaked
in the depth range 100-300 km relative to, e.g., Fe/(Mg + Fe) and (Mg + Fe)/
Si, although compositional variations do appear to be important. In particular, we
observe p to correlate positively with (Mg + Fe)/Si and Vs and o to correlate with
both Fe/(Mg + Fe) and (Mg + Fe)/Si. The absolute values of the correlation coef-
ficients are as expected in the case of temperature, with negative correlations exist-
ing for Vs — T and p — T and positive correlations for o — T.

Toward the bottom of the upper mantle, thermal effects become progressively
less important, giving way to more complex compositionally-dependent structures.
This is most apparent in the case of p at 300 km depth, which reveals a relatively
strong compositional signature that correlates positively with Fe/(Mg + Fe).
In contrast, Vs and o are largely controlled by lateral thermal effects (Fig. 5.7b,
¢). For additional discussion of upper mantle structure see the contributions by
Rawlinson et al. (2015), Schmerr (2015), and Katsura and Yoshino (2015).

5.3.3 Transition Zone and Lower Mantle Structure

Within the transition zone (400-600 km depth), lateral velocity, density, and con-
ductivity variations are reflected in correlations between the various parameters.
Temperature has less influence compared with chemical/mineral contributions. Lateral
changes of p correlate strongly with Fe/(Mg + Fe) in particular, a result of substituting
the heavier Fe atom for Mg. However, transition zone density correlates poorly with
oxide (mineral) content, and Vs behaves similarly, which would argue for incoher-
ent lateral variation in these properties. V-p systematics Fig. 5.8a has more structure
with more lateral changes still in the range close to zero correlations. This also holds
for electrical conductivity except for the 600 km regime. Here, the Fe/(Mg + Fe)-
dependence at 600 km probably relates to conductivity dependence on Fe in transi-
tion-zone minerals, particularly in ringwoodite (Yoshino and Katsura 2013). The lower
transition zone beneath the main continent appears to have a different style of lateral
variation with slow velocity, negative density, and weak-to-positive conductivity rela-
tions. Overall, transition zone displays a general decoupling of structure relative to the
upper mantle which is driven by an increase in (Mg + Fe)/Si with depth, (Fig. 5.5).
The decoupling appears uncorrelated with Fe/(Mg + Fe), while thermal anomaliesare
smoothed out and less dominant relative to the upper mantle. For additional discussion
of transition zone structure see the contribution by Kawai and Tsuchiya (2015).

In the outermost lower mantle (800 km depth), variations in all proper-
ties diminish in amplitude, in agreement with a lower mantle that is governed
by small-amplitude thermochemical variations (e.g., Jackson 1998). Figure 5.7
reveals that both p and Vg correlate strongly with Fe/(Mg + Fe), although with
opposite signs, resulting in a negative correlation between p and Vg in the outer-
most lower mantle. Vg also shows significant negative correlation with (Mg + Fe)/
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Si. The weak negative correlation in Fig. 5.8a suggests lateral Fe enrichment in the
lower mantle (in contrast to lateral mineralogical variation in the upper mantle).
The small-scale features found here suggest a relatively homogeneous lower man-
tle. This observation is in line with what is inferred from global seismic tomogra-
phy that also shows low-amplitude velocity variations in the lower mantle (e.g.,
Kustowski et al. 2008).

5.3.4 Comparison with Other Studies

The shear wave-speed variations found here in the upper mantle have, as dis-
cussed in more detail in Khan et al. (2013), also been reported elsewhere (see
the Australian upper mantle seismic tomography models of, e.g., Fichtner et al.
(2010), Fishwick and Rawlinson (2012), Kennett et al. (2012). Most of these mod-
els (not shown for brevity) are sensitive to about 300 km. Their prominent features
to this depth include separation of structure into tectonic regimes that are slow
(corresponding to our relatively “hot,” low Fe/(Mg + Fe) and (Mg + Fe)/Si) or
fast (relatively “cold,” high Fe/(Mg + Fe) and (Mg + Fe)/Si). Details among the
various models nonetheless differ as a result of differences in methodology, data,
and parameterization. However, the overall level of agreement with other regional
models is encouraging and is considered evidence in support of the joint thermo-
dynamic analysis performed here.

Several studies have tried to unravel the physical causes of the observed veloc-
ity variations that are seen in seismic tomography images (e.g., Masters et al.
2000; Saltzer et al. 2001; Deschamps et al. 2002; Deschamps and Trampert 2003;
Resovsky and Trampert 2003; Simmons et al. 2009; Afonso et al. 2010). For this
purpose, the ratio of relative changes in shear (Vs) and compressional wave veloci-
ties (Vp), defined as Rp/s = dInVs/dInVp, has been computed directly from seis-
mic P- and S-wave tomography models. An increase in Rp/s with depth is thought
to indicate an increased compositional contribution to the observed structural vari-
ations. Generally, these studies find that the mean value of Rp/s increases radially,
although important, but less-defined, lateral variations also exist. However, as is
often the case independent overlapping information on P- and S-wave velocities is
not available, and even in cases where it is, Deschamps and Trampert (2003) have
shown that Rpss is only able to provide qualitative indication of chemical varia-
tions. Deschamps and Trampert (2003), nonetheless conclude from the distribution
of Rpss and its dispersion that the cause of P- and S-wave speed anomalies is not
only temperature, but it likely bears a compositional component. However, separa-
tion of thermal and chemical effects by seismic wave-speeds alone is difficult and,
as already mentioned, is further complicated by the relative insensitivity of seismic
wave-speeds to the density contrasts that must ultimately drive mantle convection.

This contrasts with the approach here where composition and temperature act
as fundamental parameters, that, when connected to geophysical data via material
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properties through self-consistent thermodynamic computations of mineral phase
equilibria provides a natural means of determining all properties and their varia-
tions simultaneously. This obviates the need for unknown or ad hoc scaling rela-
tionships between the various physical parameters as typically invoked in seismic
tomography. The advantage of our scheme is that geophysical/petrological knowl-
edge is implicitly involved, so that more physically realistic models that depend
only on the specific composition, temperature, and pressure conditions are pro-
duced. For example, electrical conductivity can enhance pictures of mineral com-
position and density in mantle models.

Limited comparisons for upper mantle conductivity models of the region
are available. A conductivity-depth profile based on the Australian hemisphere
model of solar quiet (S,) daily variations was obtained by Campbell et al. (1998).
Conductivities were found to range from 0.02 to 0.04 S/m at 200 km depth
to 0.1-0.15 S/m at 400 km depth in general agreement with present findings.
Comparison with the global 3D conductivity models of Kelbert et al. (2009) and
Semenov and Kuvshinov (2012) (not shown for brevity) is difficult given the low
lateral resolution of their models on continental scales. Their models, valid in the
depth range 400-1600 km, generally differ from each other by one log-unit in
conductivity and appear to have few features in common with this work, although
a somewhat higher conductivity anomaly over eastern Australia relative to the
rest of the continent is discernable in both studies. This anomaly has also been
observed recently by Koyama et al. (2014). Conductivities across the continent
range from ~0.1 to ~1 S/m in the transition zone and increase to 1-3.5 S/m below.
Anomaly patterns aside, these conductivity ranges essentially bracket those found
here where conductivities range from ~0.05 to 1 S/m in the transition zone and ~1
to 3 S/m in the outermost lower mantle. For comparison, conductivities computed
from laboratory data assuming a “standard” mantle adiabat and a uniform man-
tle composed of “dry” pyrolite lies in the range 0.1-0.3 S/m. Comparison of our
Australian conductivity model with the model of Semenov and Kuvshinov (2012)
shows some agreement, particularly in the lower mantle where both models appear
relatively uniform. In the depth range 700-800 km, our model and Semenov and
Kuvshinov’s model suggest conductivities around 1-2 and 1-3 S/m, respectively,
whereas the models of Kelbert et al. and Tarits and Mandea (2010) have larger
variations that range from ~0.5 to 5 S/m to ~0.1 to 10 S/m, respectively. Such
large conductivity variations can be difficult to explain in the apparent absence
of unusually strong thermochemical anomalies associated with water and/or melt
(Yoshino and Katsura 2013).

5.4 Testing the Conductivity Model Against Observations

To test this Australian conductivity model, we computed magnetic fields of 24 h
S, variations using the S3D method described in Koch and Kuvshinov (2013)
and compared these to observed magnetic fields acquired from an Australia-wide
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log,q(o/p)

Fig. 5.9 Non-uniform surface conductance map (Manoj et al. 2006) used for magnetic field
computations. Location of geomagnetic stations are also indicated: 53 non-permanent vector
magnetometer (dots) of the Australia-wide array of geomagnetic stations (AWAGS) alongside
with the eight permanent magnetic observatories (inverted triangles) of which four (CNB, CTA,
GNA, and LRM) were part of AWAGS. © =18

array of 57 3-component magnetometers (AWAGS) that operated for a period of
8 months (e.g., Chamalaun and Barton 1993). Station distribution and the cur-
rently employed surface conductance model are shown in Fig. 5.9. Observed and
computed magnetic fields for all AWAGS stations based on our Australian model
and a purely radial conductivity model (mean of the 3D model) are compared in
Fig. 5.10. The misfit between models is computed from

24

1
Buis(0,9) = 52 > _B™(0,9) — B (0,9), (5.2)

i=1

where B?bs(9,¢) and Bi“[lod (0, ¢) represent observed and computed magnetic
fields, respectively, at a given observatory.
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Fig. 5.10 Comparison between observed and computed horizontal magnetic fields across the
Australia-wide array of geomagnetic stations (AWAGS) for the three-dimensional (3D) conduc-
tivity model is shown in Fig. 5.4 (a) and a radial one-dimensional conductivity model (mean of
3D model) (b). Both models are overlain by the non-uniform surface conductance map shown
in Fig. 5.9. Color bar on the right side of each plot shows size of residual over 24 h as computed
from Eq. 5.2 and is given in [nT]. Color coding as follows: blue (small) and red (big) circles des-
ignate small and large residuals, respectively
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Fig. 5.11 Comparison of computed and observed horizonal-component magnetic fields of 24 h
S,-variations (May 15, 1990) at three representative observatories of the Australia-wide array
of geomagnetic stations (AWAGS). Dot-dashed curves (labeled 1D) designate synthetic data at
observatory positions obtained using the surface conductance map shown in Fig. 5.9 and a one-
dimensional (/D) conductivity background section constructed as the mean of the three-dimen-
sional (3D) model. Solid curves (labeled 3D) designate synthetic data at observatory positions
obtained employing the same surface conductance shell map and the 3D upper mantle conduc-
tivity model (Fig. 5.4). Observed data are shown as dashed lines. In order to determine the S,
source that drives the forward modeling, we employed the S3D method (Koch and Kuvshinov
2013) for analysis of a magnetically very quiet day with the typical symmetric characteristic of
the northern and southern S, vortices

Examples of observed and computed magnetic field variations over a full
24 h-period at three stations are shown in Fig. 5.11; although misfits appear to be
similar across the continent, differences between computed and observed magnetic
fields are nonetheless observed to be present. The 3D conductivity model pro-
vides a better fit to data than the purely radial conductivity model (both overlain
by the non-uniform surface conductance model shown in Fig. 5.9). The level of
improvement relative to the purely radial model suggests that the lateral conduc-
tivity variations found here are supported by data, although further improvement
in data fits probably calls for stronger regional variations than seen presently (e.g.,
Koyama et al. 2014). In this context, 3D global conductivity models (e.g., Kelbert
et al. 2009; Tarits and Mandea 2010; Semenov and Kuvshinov 2012) show anoma-
lies that vary several orders of magnitude across regions spanning continents and
oceans. This difference between field- and laboratory-derived conductivities has
presented long-standing difficulties.

An explanation for the discrepancy between conductivities determined in the
laboratory and those derived from long-period EM-induction data could be due to
inadequate or incomplete modeling of the magnetospheric source. Thus, if a com-
plex source is modeled using a simple source structure such as P(l) (implicit in the



166 A. Khan et al.

C-response concept), for example, then a large part of the modeled signal could
be regarded as emanating entirely from the mantle. Such an effect could poten-
tially lead to overestimation of mantle conductivity. This hypothesis is currently
being investigated by Piithe et al. (2015) who are studying the use and implica-
tions of a set of new transfer functions that account for complex source structures
when inverting global EM-induction data. Indeed, Piithe et al. (2015) find that
inaccurate description of source structure leads to erroneous estimations of mantle
conductivity.

5.5 Conclusions

The connection between geophysical observables, physical rock properties (seismic
wave-speeds, density, and electrical conductivity), and thermo-chemistry is con-
tained in the use of a self-consistent thermodynamic modeling scheme of mantle
mineral phase equilibria that depends only on composition, temperature, and pres-
sure. The great advantage of this approach is that it inserts geophysical/petrological
knowledge of, e.g., discontinuities that straightforward inversions would not neces-
sarily be able to resolve even though they have to be present. In this manner, we
produce profiles of physical properties to obtain models of mantle conditions that
simultaneously combine features of both laboratory and geophysical data.

In this study, we have examined the relative behavior between various mantle
physical properties (elasticity, density, and electrical conductivity) that derive from
stochastic inversion of seismic data. We have presented maps of the three-dimen-
sional density, electrical conductivity, and shear-wave speed of the mantle beneath
Australia and surrounding ocean in the depth range 100-800 km. The inversion
mapped mantle temperatures and compositions, which, when combined with inde-
pendent laboratory conductivity measurements of different mineralogies and tem-
peratures, allowed us to compute mantle electrical conductivities at depth. Thus,
although the conductivity maps obtained here are not constrained by data that are
directly sensitive to conductivity (e.g., electromagnetic sounding data or magnetic
data), we have calculated equivalent magnetic response data for a model and com-
pared these to observations.

For Australia and its surroundings, we have shown from a combined analysis of
seismic surface-wave data, phase-equilibrium computations, and laboratory-meas-
ured electrical conductivities that in the upper mantle seismic wave-speed, density,
and conductivity anomalies appear to follow continental boundaries. Low conduc-
tivities correlate with the old stable central and western parts of the continent (rel-
atively cold and seismically fast and dense), whereas high conductivity anomalies
correlate with younger continental regions and oceanic lithosphere (relatively hot
and seismically slow and less dense). Contributions to variations in structure are to
a large extent temperature-controlled, although composition does appear to play
a non-negligible role. Toward the bottom of the upper mantle and within the tran-
sition-zone lateral shear-wave speed, density, and conductivity variations appear
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to correlate less in comparison with the upper mantle, which suggests a compo-
sitional signature in observed anomaly patterns. Apart from the strong changes in
properties that occur at seismic discontinuities, which are due to variations in ther-
mochemically induced phase transformation of olivine to wadsleyite, transition-
zone shear-wave speed, density, and conductivity maps are relatively smooth—a
distinct feature of many seismic tomography images. In the lower mantle, com-
positional variations seem to govern relative behaviors of shear-wave speeds and
conductivity to a greater extent than in the shallower mantle. There is additional
evidence for bulk compositional variations between upper and lower mantle with
the transition zone possibly acting as an intermediary layer.

Finally, the 3D regional conductivity model presented here has been tested
against observed magnetic fields based on S -variations from an Australia-wide array
of geomagnetic stations and found to provide an adequate fit. As a result, the present
model should be a good choice as a starting model for 3D electromagnetic inversions
of the Australian region. Validation of the proposed conductivity model will have to
await solution of the inverse problem, which will be the focus of future studies.
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