
www.elsevier.com/locate/epsl
Earth and Planetary Science Le
Seismic constraints on temperature of the

Australian uppermost mantle

Saskia Goesa,*, Frederik J. Simonsb, Kazunori Yoshizawac

aInstitute of Geophysics, ETH Zurich, Switzerland
bDepartment of Earth Sciences, University College London, UK

cDivision of Earth and Planetary Sciences, Hokkaido University, Sapporo, Japan

Received 4 February 2005; received in revised form 25 April 2005; accepted 2 May 2005

Available online 20 June 2005

Editor: S. King
Abstract

We derive estimates of temperature of the Australian continental mantle between 80 and 350 km depth from two published

S-velocity models. Lithospheric temperatures range over about 1000 8C, with a large-scale correlation between temperature and

tectonic age. In detail however, variations ranging from 200 to 700 8C occur within each tectonic province. At the current

seismic resolution, strictly Proterozoic and Archean blocks do not have substantially different temperatures, nor does the

Phanerozoic lithosphere east and west of the Tasman line. Temperatures close to an average (moist) MORB source mantle

solidus characterize the eastern seaboard and its offshore. Differences between the temperatures derived from the two velocity

models illustrate the importance of well-constrained absolute velocities and gradients for physical interpretation. The large

range of lithospheric temperatures cannot be explained solely with documented variability in crustal heat production, but

requires significant variations in mantle heat flow as well.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Temperature controls fundamental properties of

the Earth’s lithospheric mantle such as density, rhe-
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ology, and thermal conductivity. While oceanic lith-

osphere largely behaves as a cooling thermal

boundary layer, the role of continental lithosphere

in modulating the release of mantle heat remains

poorly understood [e.g., [1–3]]. It is debated to

what extent continental lithospheric temperatures

correlate with thermo-tectonic age, and what the

relative importance is of crustal heat production

and heat supplied from greater depths in the litho-

sphere and mantle [4,5].
tters 236 (2005) 227–237
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Fig. 1. (a) Tectonic map of Australia, showing tectonic provinces (dashed lines) and locations of Cenozoic volcanism (red triangles). Also

shown is the large-scale tectonic/thermal subdivision: Archean, Proterozoic, western and eastern Phanerozoic, in increasingly darker gray shades

[after [14,22]]. The coarse tectonic division and the circles were used for calculation of the average geotherms in Fig. 3a,b,c, respectively. Colors

correspond to tectonic affiliation: purple—Archean, blue—Proterozoic, orange, red—Phanerozoic non-/volcanic (see legend Fig. 3). Y—

Yilgarn craton, K—Kimberley, G—Gawler craton, T—Tasman Line. (b) Australian surface heat-flow data from the Pollack et al. compilation

[15], which give a good indication of the distribution and values of heat-flow measurements. (c) Map of temperature at 140 km depth, inferred

from the VS model of [23], assuming a constant pyrolite composition. (d) Similar as (c), but inferred from the VS model of [21]. White-dashed

contours mark the moist MORB-source solidus of Hirth and Kohlstedt [31].
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Surface heat flow directly reflects the lithosphere’s

thermal state, but its extrapolation to temperature at

depth involves many uncertainties [6,7], and requires

the assumption that heat transport is conductive and in

steady-state. Seismic velocities provide in situ infor-

mation on lithospheric mantle structure, and are strong-

ly sensitive to temperature in the uppermost mantle.

Basaltic depletion of lithospheric mantle—which is

thought to increase with thermo-tectonic age [8]—

may cancel thermal effects on density [9], but the effect

of such compositional variations on seismic wave

speed is secondary to that of temperature [10,11].

Joint inversions of gravity and seismic data have hinted

at compositional variability in the lithosphere [12,13].

However, such approaches carry larger uncertainties

than the ones with which we can determine thermal

structure from regional seismic models at the current

resolution, when compositional influence is neglected.

Such seismic temperature estimates are derived here for

the Australian uppermost mantle.

The Australian continent comprises tectonic

domains ranging from Archean cratons in the west,

Proterozoic metamorphic belts in the center, to Meso-

zoic basins that have experienced Cenozoic volcanism

in the east (Fig. 1a). Compared to North America and

Europe, there is limited information about the thermal

structure of its lithosphere, as heat-flow data are sparse

[14,15] (Fig. 1b). Data for the western and eastern parts

of the continent fall within global trends of how heat

flow generally decreases with tectonic age. In contrast,

the predominantly Proterozoic center of the continent is

characterized by surface heat flow significantly higher

than global averages (which are dominated by the

densely sampled European and North American con-

tinents) [16,17]. In a few locations, geothermobarome-

try provides temperature-depth profiles that indicate

cool conditions under the Proterozoic domains and

non-steady state thermal conditions in southeastern

Australia, associated with Cenozoic volcanism [18].

Both body and surface-wave studies reveal a lith-

osphere that is fast under the western two-thirds of the

continent and relatively slow under the eastern rim,

with seismic thicknesses of up to 300 km [19–24].

Here, we analyze the recent S-velocity models of

Simons et al. [21] and Yoshizawa and Kennett [23].

Both velocity models are based on multimode Ray-

leigh-wave dispersion analyses, but use different in-

version techniques and theoretical approximations.
Surface-wave data have yielded continental-scale ve-

locity models for several other continents with a

lateral and radial resolution appropriate for tectonic

interpretation [e.g., [25]]. Unfortunately, no P-veloc-

ity model of similar resolution exists for Australia.

The distribution of data used in the two S-velocity

models is similar, so differences between the models

provide information on the uncertainties inherent to

tomographic inversions. Together with the published

model resolution estimates this gives a more complete

picture of the seismic resolution. The seismically

derived temperatures we obtain are compared with

independent constraints from surface heat flow and

geothermobarometry.
2. Velocities and temperature conversion

The velocity model of Simons et al. [21] is based

on a partitioned waveform inversion of constraints

derived from fundamental Rayleigh waves with 40–

200 s periods and higher modes with periods between

20 and 125 s along over 2200 paths sampling most of

the Australian continent. With such data, the bulk of

the mantle-structure resolution is confined to depths

between 80 and 400 km. Although model resolution is

notoriously hard to quantify, numerous tests and com-

parisons between modeling techniques indicate a

nominal resolution of 250 km laterally and 50 km

radially [21]. Wave speed perturbations are believed

to be accurate within 0.75% of the background model

[21]. Thermal interpretation only requires the isotro-

pic part of this model (which also included azimuthal

anisotropy). We will subsequently refer to this model

as SHMZ02.

The model of Yoshizawa and Kennett [23] uses a

three-step inversion method. First, multi-mode phase

speeds of Rayleigh waves are derived from the 2000

1-D path-specific shear-speed profiles determined by

Debayle and Kennett [20]. The spatial coverage, con-

trolled by the distribution of sources and receivers, is

similar as in model SHMZ02. In the second step, they

invert the path-specific phase speeds for dispersion

maps of the fundamental mode and three higher

modes, for period ranges between 40 and 150 s.

Higher frequencies, which are increasingly affected

by (unmodeled) mode coupling, were not considered.

In this step, the effects of off-great-circle propagation
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Fig. 2. Comparison of temperature estimates from the two S-veloc-

ity models (Simons et al. [21]—SHMZ02, and Yoshizawa and

Kennett [23]—YK04) at several depths. Dots (colored according

to tectonic affiliation, see legend in Fig. 3) represent temperature

averages over the circles in Fig. 1, with error bars corresponding to

the variation within the circle. In bold, the line TYK=TSHMZ is

shown, flanked by a gray ±100 8C zone illustrating the uncertainty

in the VS–temperature conversion. Dashed lines mark the tempera-

ture of an adiabat with a 1300 8C potential temperature, gray lines

the MORB-source solidus of Hirth and Kohlstedt [31]. There is a

strong correlation between the two thermal fields, but small sys-

tematic differences in temperatures at the shallowest and larges

depths. The range in temperature is similar in both models.
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and finite frequency of surface waves are incorporat-

ed. In the final step, the set of dispersion maps for

several modes and frequencies are combined to con-

struct 3-D shear speeds. The authors estimate their

horizontal resolution at 400 km. The model is reliable

down to about 350 km depth, with a depth resolution

that is on the order of 50 km. The recovery of velocity

anomaly amplitudes is likely somewhat better than in

models where finite-frequency effects are neglected

[23,26]. This (isotropic) model will be given the

acronym YK04.

Our approach to convert velocities between 80 and

350 km into temperature is a slightly updated form of

the procedure of Goes et al. [10]. It accounts for both

elastic and anelastic effects. All elastic parameters are

taken from the compilation by Cammarano et al. [27].

The anelasticity model used for the displayed results

is model Q1 [10]. The elastic parameters are extrap-

olated linearly to high temperature and using 3rd

order finite strain to high pressure [27]. Because of

the non-linear temperature dependence that anelastic-

ity introduces at shallow mantle depths, absolute

velocities (not just anomalies) are required for a

thermal interpretation [10,27]. Using this method,

we found that when we assume that velocity structure

is the result of temperature variations only, P-veloc-

ities, S-velocities and surface heat flow for the upper-

most mantle under Europe and North America yield

consistent temperature estimates [10,28]. This con-

firms that composition has a secondary effect on

seismic structure at shallow mantle depths. It should

be noted however that neither of the models used for

North America and Europe samples typical cratonic

areas, where depletion is largest [8], and most notice-

able due to lower temperature sensitivity of seismic

waves at low temperature [10].

Unless noted otherwise, we assume a pyrolite com-

position and include all phase changes below the

spinel–garnet transition [29]. In our previous work,

we used a linear depth extrapolation and neglected all

phase transitions. The non-linear extrapolation with

depth and the inclusion of olivine- and garnet-com-

ponent phase transitions (mainly the gradual pyrox-

ene–garnet solid solution in the depth range of interest

here) turn out to have only a minor effect (at most few

10s of degrees) on the temperatures inferred. The (not-

included) spinel–garnet transition at around 60–80 km

depth has a somewhat larger velocity signature than
the deeper garnet transitions. Neglecting it adds only a

small uncertainty because of the very strong temper-

ature-sensitivity at these depths [10]. Uncertainties in

the elastic and anelastic mineral parameters, by them-

selves, result in temperature estimates with confidence

intervals of F100 8C [10,27].
3. Thermal structure

3.1. Seismic temperatures

Temperatures at 140 km depth range over 1000

degrees, from 500–600 8C to 1500–1600 8C (Fig.

1c,d, Fig. 2). The lowest temperatures are found

under the North Australian bcratonQ, an assemblage

of Proterozoic domains in north-central Australia, and
t
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under the Archean Yilgarn craton. The highest tem-

peratures are found below the eastern seaboard and

the adjacent oceanic domains. A strongly depleted

cratonic composition [8] would increase the lowest

temperatures by about 200 8C, while the highest

temperatures would barely be affected [10,28].

Despite their different inversion procedures and

theoretical approximations, both S-velocity models

yield a very similar range and large-scale distribution

of temperature, and temperature estimates correlate

well (Figs. 1 and 2). However, the YK04 model

systematically gives somewhat higher temperatures

than the SHMZ02 model above 200 km depth (Figs.

1 and 2), and somewhat lower than SHMZ02 tem-

peratures below 200–250 km (Figs. 2 and 3). These

differences may reflect the reference models towards

which the seismic inversions are damped. At depths

shallower than about 200 km, SHMZ02’s reference

velocities exceed those of YK04’s reference model; at

larger depths, the relation reverses. Below, we discuss

the features of the temperature field that emerge as

robust from both models. Discrepancies between the

temperatures derived from the two models can be
90
80
70
60

50

40

dry

w
et

ad
iab

at

0
10

0
20

0
30

0

800 1200 1600

temperature(oC) 

de
pt

h 
(k

m
)

a

Arch
Prot
WPhan
EPhan

SHMZ02
YK04

800

SHMZ02

Arch
CProt
Crest
WPhan
EPhan

Fig. 3. (a) Average geotherms for the large-scale tectonic subdivision (s

(SHMZ02), thin lines from the model of Yoshizawa and Kennett [23] (YK0

1, from temperatures of model SHMZ02. (c) As (b), but inferred from mod

from Chapman [6], labeled with their corresponding surface heat-flow v

peridotite solidi [56].
attributed to differences in inversion technique and

spatial resolution. This illustrates how uncertainties in

the absolute seismic velocities can affect physical

interpretation.

On average, there is a systematic decrease of tem-

perature with thermo-tectonic age (Fig. 3). A similar

first-order correlation has been noted for Australian

average seismic velocity, seismic lid thickness and

mechanical strength [30]. The trend is illustrated by

the large-scale thermal averages (Fig. 3a) over the

main tectonic/heat-flow provinces (Fig. 1), i.e. the

Archean west, the mainly Proterozoic center, and the

Phanerozoic east. The latter is further subdivided into

an eastern part, which has been affected by Cenozoic

volcanism, and an unaffected western part. At 140 km

depth, the continent’s center is about 100 8C warmer

than the Archean west, and the Phanerozoic east is

almost 500 8C warmer than the center (Fig. 3a). The

highest temperatures, close to the solidus representa-

tive for a (moist) MORB source [31], are found near

the eastern seaboard (Fig. 1). These temperatures are

similar to the, also resolved, oceanic temperatures

northwest of Australia.
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As observed for mechanical and seismic thickness

[30], our mantle temperatures show notable regional

deviations from an age-dependent pattern, on scales

smaller than about 1000 km. To investigate the thermal

structure in more detail, while respecting the lateral

seismic resolution, regional geotherms (Fig. 3b,c)

were determined by averaging temperature over circles

with 300 km diameter. Their locations were chosen to

correspond to tectonically and thermally interesting

points and they are spread over the continent (Fig. 1).

The circles’ size is small enough that each one is mostly

contained within a single tectonic block. By color, we

distinguish the geotherms according to their tectonic

affiliation. Besides the coarse division made before

(Archean, Proterozoic, west and eastern Phanerozoic),

we divided the geotherms of the central part into those

corresponding to Proterozoic blocks and those falling

in the area in between, and the small Archean Gawler

craton located in the southeastern corner of the central

tectonic province.

The regional geotherms (Fig. 3b,c) show that the

Proterozoic geotherm in Fig. 3a is the average of two

components, the actual Proterozoic domains, which

have temperatures as low as the Archean cratonic

blocks, and the area in between, which overlaps in

temperature with the geotherms from the western part

of the Phanerozoic domain. Very low cratonic tempera-

tures around 80 km depth would be raised about 200 8C
[10] by accounting for a strongly depleted composition

[8]. Resolution below the Yilgarn craton is significantly

less than that under north-central Australia and appar-

ent differences in thermal thickness between these

regions are probably not resolved [21,23,24].

Three of the coldest central Australian geotherms

do not strictly fall within the Proterozoic blocks, yet

they follow Proterozoic/Archean profiles (Figs. 2 and

3). Differences between the geotherms according to

the two seismic models, sometimes amounting to

several 100 8C (Figs. 2 and 3), also reflect that 300

km is at the small-scale limit of the spatial resolution.

Yet, the ensemble of regional geotherms gives a good

overview of temperature deviations. Within each tec-

tonic domain there are thermal variations of 200 8C
(EPhan, WPhan) to about 700 8C (Arch, Prot and the

rest of the central tectonic province). Temperatures in

the eastern part of the Phanerozoic province are all

higher than in the rest of the continent and are the only

ones to approach the 1300 8C mantle adiabat.
3.2. Lithospheric thickness

The large-scale tectonic geotherms converge at 300

km (Figs. 2 and 3a), although wave speeds in both

models are constrained to larger depths. This indicates

that the thermal thickness of the conductive litho-

sphere is about 300 km. By this depth, the overall

temperature range has halved, to about 500 degrees,

with temperatures between 900–1000 8C and 1500–

1600 8C (Figs. 2 and 3). Tracing the depth of a 1200

8C isotherm (often taken as a proxy for the thermal

base of the lithosphere) is made somewhat difficult by

the varying thermal gradients with depth, but also

yields depths of around 300 km under the west and

central tectonic provinces and depths ranging from

150 to 200 km under the western Phanerozoic to

less than 100 km in the east. Similar thermal thick-

nesses were independently obtained from surface

heat-flow data [32]. These estimates are also consis-

tent with the seismic thickness, which, when defined

as the depth of the 1% velocity anomaly contour, lies

at 250–300 km [30]. Whereas at depths shallower than

250 km seismic structure clearly correlates with sur-

face tectonics, this correlation has all but disappeared

below 300 km depth.

Note that the geotherms at depth do not converge

to the adiabat taken to be representative of convec-

tive-mantle temperatures (Figs. 2 and 3). A potential

mantle temperature of around 1300 8C has been

inferred from petrologic data [33] and the correspon-

dence of olivine-system phase transitions with the

410 and 660 km discontinuities [34]. It could be

somewhat higher [35], but is unlikely to be signifi-

cantly lower. The equation of state we used, as well

as the incorporation of garnet-component phase tran-

sitions, which start above 400 km, do not signifi-

cantly influence the recovered temperatures at these

depths. Other continental velocity models have

yielded similarly cool sublithospheric temperatures

[10,28]. These low temperature estimates may be

controlled by the used background velocity models,

which are not strongly seismically constrained

[27,36]. Shapiro and Ritzwoller [37] found that,

besides models damped towards global seismic ref-

erence models, velocity structure compatible with the

mantle adiabat were also acceptable solutions to their

uppermost-mantle surface-wave tomography. Such

uncertainties in the absolute velocity structure, as
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well as uncertainties in the extrapolation of anelas-

ticity with depth [38] need to be further investigated

before an interpretation of the deep subcontinental

temperatures can be made.

3.3. Comparison with other data

The geotherms are compared with a standard set

of steady-state conductive geotherms inferred from

global surface heat-flow studies [6]. These geotherms

assume that 40% of the surface heat flow is pro-

duced in the continental crust and 60% (the reduced

or mantle heat flow) is supplied from below (lower

crust, lithosphere and mantle). The Archean west has

temperatures that are close to those of such a 40

mW/m2 geotherm (Fig. 3a), compatible with the low

heat flow, 39F8 mW/m2, measured in this part of

the continent [16] (see also Fig. 4, area 2). The

Phanerozoic east has temperatures that join those

of 60–70 mW/m2 geotherms (Fig. 3a), consistent

with the average surface heat flow of 72F27 mW/

m2 observed there. The lithospheric temperatures of

the Proterozoic center are much lower than expected

from extrapolation of its average surface heat flow of

82F25 mW/m2 [16] along these standard

geotherms. Instead, they are more compatible with
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It should be noted that heat-flow data coverage is

fairly sparse [14–16] (Fig. 1b). Within the uncertain-

ties, heat-flow derived temperatures agree with the

seismic temperatures in most locations where both

are available. Exceptions are the few very high (N90

mW/m2) heat-flow locations in central Australia (e.g.

at circle 7, Fig. 4). The high central Australian average

heat flow is influenced by these values, whose origins

lie in anomalously high values of crustal heat produc-

tion, as previously inferred from geochemical analyses

[16,17]. A large variation in lithospheric temperatures

in the central and eastern tectonic provinces is consis-

tent with the large variations in heat flow (both cases

F25 mW/m2) in these two provinces.

Temperatures under the Kimberley province in

north-central Australia and Gawler craton are some-

what higher than the temperatures close to a 40 mW/

m2 conductive geotherm inferred from garnet concen-

trates [18], but consistent with the few available heat-

flow measurements. Temperatures in southern Austra-

lia (Fig. 4, circle 20) are consistent with the strongly

concave cratonic-margin xenolith geotherm (EMAC)

[18]. The moderate crustal heat-flow values along the

east coast agree with the mantle temperatures that are
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high for the Australian continent but not as high as

under tectonically active regions in the western US

and parts of west and central Europe [10,28]. Locally

higher values, e.g. under southeastern Australia may

be due to non-steady state thermal structure associated

with the recent volcanism. The geothermobarometry

profile [39] derived for this region is able to reconcile

high surface heat-flow values with the moderate man-

tle temperatures and steep thermal gradients that we

infer (Fig. 4, circle 27).
4. Discussion

4.1. Seismic resolution

The results indicate what aspects of the seismic

models would need refinement for better temperature

constraints. Enhanced lateral resolution will be help-

ful, and is already strived for in most tomographic

models. It can be achieved by denser data coverage,

and by combining different data types, e.g., surface

and body wave data, group and phase velocities,

waveform data and polarization constraints, or seismic

and other geophysical data, for example from geother-

mobarometry on xenoliths [40–43].

Also important, however, are better resolution,

and uncertainty estimates, of absolute velocities and

velocity-depth gradients. Better theoretical approxi-

mations (e.g., including finite frequency effects and

off-great circle wave propagation [44–46]) can im-

prove anomaly amplitude recovery, as well as pro-

vide a more realistic spatial resolution estimate. The

inferred absolute velocity can also be significantly

affected by damping towards a reference model, and

in the several-stage surface-wave inversions, by lim-

iting the search space of path-average velocity mod-

els. Such procedures are unavoidable, but repeating

the analysis for a set of reference models allows for

a better characterization of the uncertainties in abso-

lute velocity [47].

The uncertainties in absolute velocity also translate

into uncertainties in velocity-depth gradients. The

surface waves employed in SHMZ02 and YK04 are

relatively sensitive to velocity variations with depth

for our depth range of interest (compared to e.g.,

teleseismic travel times). To include higher frequency

surface waves, which have more depth sensitivity,
would require better theoretical approaches and cor-

rections for scattering. Additional data that improve

lateral resolution may also enhance vertical resolution

(e.g., regional body waves), but will probably not lead

to much refinement of the current 50 km depth reso-

lution. Uncertainty estimates of the seismically recov-

ered depth gradients can be improved, by statistical

analyses of the properties of acceptable velocity struc-

tures [48]. In addition, forward tests of the compati-

bility of proposed physical structures with seismic

data can help to evaluate plausible interpretations

(e.g., [36,37]).

4.2. Crustal vs. mantle heat flux

Our Australian continental geotherms show that

thermo-tectonic age may play some role in controlling

the background thermal regime, distinguishing Pre-

cambrian from Phanerozoic regions (Fig. 3). Howev-

er, the large regional variability indicates that tectonic

age alone is a poor temperature indicator on anything

but the very largest scale.

Variations in crustal heat production have often

been designated as the main control on such regional

variations [5,49]. Fig. 5 illustrates the sensitivity of

lithospheric temperature to crustal and mantle heat-

flow variations by abandoning the 0.6 qs correlation

between surface and mantle heat flow assumed in the

theoretical geotherms [after 6] plotted in Figs. 2–4.

Conductivity parameters are from [6]. Profiles were

calculated for fixed mantle heat-flow values, of 10,

15, 20 and 40 mW/m2, while upper crustal heat

production at the surface was tailored to obtain

total surface heat-flow values compatible with the

most commonly measured values, between 40 and

90 mW/m2. Heat production decreases exponentially

with depth in the upper crust, with a characteristic

depth of 15 km. Lower crustal heat production is set

to a constant value of 0.22 AW/m3 [7]; heat produc-

tion below the crust is set to zero.

These calculations show that crustal heat production

variations produce lithospheric temperature deviations

of just a few hundred degrees (Fig. 5). A strong accu-

mulation of heat-producing elements in the deep crust

may produce a somewhat larger lithospheric tempera-

ture range [49], but only by a few tens to a hundred

degrees for upper-crustal depth distributions of heat

production ranging from exponential to linear, and
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Fig. 5. Theoretical steady-state conductive geotherms for fixed

mantle heat-flow values and a range of crustal heat production to

obtain total surface heat-flow values ( qs) of 40, 50, . . ., 90 mW/m2.

Parameter values are given in the text. Curves are shown for a

mantle heat flux of 10, 15, 20 and 40 mW/m2 (for the latter no

qs=40 mW/m2 geotherm is shown). For reference, the 40 and 90

mW/m2 geotherms according to [6], and a 1300 8C adiabat (which

limits conductive temperatures) are shown in bold gray lines. It is

clear that variations in mantle heat flow induce much larger tem-

perature variations in the subcrustal lithosphere than variations in

crustal heat production. Different depth distributions of crustal heat

production than assumed here have a relatively minor effect on the

total lithospheric temperature spread.
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lower crustal heat production within the range of [7].

Most observations, including those for Australia, point

to shallow crustal concentrations [6,16,17,32,50].

Thus, the large range of seismically estimated litho-

spheric temperatures requires significant variations in

heat flux from below the crust.

Although the thermal gradients are not a well-con-

strained part of the seismic models, it is interesting to

note that between 80 and 140 km, our estimated

mantle heat flow ranges from close to 0 to 40 mW/

m2 (assuming a mantle conductivity of 3 W/m/K),

with the largest variations in the thicker thermal lith-

osphere of the western two-thirds of the continent.

This range is much larger than predicted by dynamic

models that find that stable continents buffer the

mantle heat flux component to 15F5 mW/m2

[49,51]. Mantle heat-flow values ranging from 10 to

20 mW/m2 would put the largest range of tempera-
tures at 200–250 km depth (Fig. 5), assuming steady-

state conditions. The observed maximum variation in

temperature occurs between 50 and 150 km (Fig. 2).

Furthermore, mantle heat-flow values lower than 15

mW/m2 yield lithospheric thicknesses (Fig. 5) that are

larger than the maximum of 300 km inferred from the

Australian seismic models.

Lithospheric temperatures under other continents,

mapped seismically and inferred from xenolith and

heat-flow data, span a similarly large range, also with

maximum variability at depths between 50 and 150

km, and thermal thicknesses less than 300 km

[7,10,28,32,37,52–54]. Thus, the depth distribution

and range of seismically constrained lithospheric tem-

peratures all indicate that mantle heat flux is more

variable than dynamic models have predicted. Possi-

bly, small-scale convection, which is suppressed in

many models but can affect lithospheric structure

[3,55], plays a role in causing variability in heat

flow into the base of the crust.
5. Conclusions

A conversion of shallow mantle S-velocities

under Australia (from models of Simons et al. [21]

and Yoshizawa and Kennett [23] between 80 and

350 km depth) to temperature [following [10,27]]

gives a first-order picture of subcontinental mantle

temperatures that is compatible with thermal struc-

ture inferred from surface heat flow and geothermo-

barometry. Comparison of the results from the two

velocity models indicates that more detailed thermal

interpretation would require: improved resolution on

depth gradients, constraints on reference models and

smaller-scale spatial resolution. Although there is an

average trend of increasing temperature with de-

creasing thermo-tectonic age, the variability in ther-

mal structure within tectonic domains is equally

large. Within the seismic resolution, the temperatures

and lithospheric depths of the Australian Archean

and Proterozoic cratonic blocks cannot be distin-

guished, but they are significantly cooler than

those of the Phanerozoic terranes (with or without

the imprint of Cenozoic volcanism). The large range

in lithospheric temperatures is compatible with the

range in seismic temperatures that has been inferred

for other continents [10,28,37,52,53], and requires
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significant variations in both crustal heat production

and mantle heat flow, under conditions that may not

be steady-state.
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