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[1] We present thermal data from 473 oil exploration wells in Australia and New Zealand. Approximately
2300 bottom-hole temperatures are corrected to form a homogeneous set along with 86 temperatures from
reservoir tests. Thermal conductivity profiles are estimated from a set of geophysical well logs using a
recently developed neural network approach. Retaining wells in which temperature and thermal
conductivity data overlap over an interval greater than 1000 m, we estimate 10 heat flow values in the
Taranaki basin of New Zealand and 270 values in the northwestern, western, and southern margins and in
the intracontinental Canning basin of Australia. The values are in the range 30–80 mW m�2. As a result of
several differences in the data and methods, our heat flow values are 10–20 mW m�2 lower compared to
previously published estimates for the same wells in New Zealand. For Australia, our values are consistent
with previously measured values and trends in the continental and marine regions. On the northwestern and
southeastern margins, we interpret the variations as reflecting changes in the nature of the underlying
basement. Consistent with onshore data, it is inferred that the Archean crust is depleted in radiogenic
elements compared to Proterozoic regions and that recent volcanism affects the eastern Paleozoic area.
After removing from surface heat flow the sediment contributions, including a permanent radiogenic heat
component and a transient sedimentation effect, a simple crustal model suggests that mantle heat flow on
the continental margin bordering the Pilbara craton is higher than below the craton itself. Moreover, heat
flow corrected for the sediment contributions is markedly lower in the Petrel intracontinental basin than in
the adjacent margin, although the crust is thinner below this latter region. As both are underlaid by the
same basement, this observation may indicate that the mantle contribution is also higher below that margin.
Such a higher mantle heat flow on old continental margins is consistent with experiments of fluid
convection below an insulating lid and suggests that the thermal regime of the continental lithosphere
never returns to its prerift state, as usually assumed by several thermomechanical models of evolution of
continental margins.
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1. Introduction

[2] The thermal regime of the Australian interior is
commonly interpreted as the superposition of var-
iable crustal sources, including crustal radiogenic
heat and magmatic heat sources, and uniformly low
mantle component [Sass and Lachenbruch, 1979;
O’Neill et al., 2003]. Few studies tried to extend
continental trends toward the continental margins.
Therefore, interesting questions related to the ther-
mal regime of the margins and their relation with
the continent remain. First, it is worth verifying
whether variations of the crustal contribution with
respect to crustal age and type are similar to those
of the continent’s interior. This is not easy, as the
nature of basement is poorly constrained on the
margins. Second, classical models of evolution for
continental margins assume that the lithosphere
cools and thickens passively toward its initial
state after the extension and breakup phases
[e.g., McKenzie, 1978; Voorhoeve and Houseman,
1988]. As a result, the mantle heat flow on old
margins should be as low as on the adjacent
continent. However, experiments of fluid convec-
tion involving an insulating lid conversely suggest
that the mantle component increases at the border of
the continent [Guillou and Jaupart, 1995].

[3] We had the opportunity to verify these ideas by
interpreting oil exploration data in several Austra-
lian continental margins, as well as in some intra-
continental basins and in the Taranaki basin of
New Zealand. After a short description of the
tectonic setting and heat flow trends, we describe
in the next sections the methodology of heat flow
estimation and the interpretation of the results.

1.1. Tectonic Setting

[4] The age of formation of the Australian basement
increases roughly from east to west (Figure 1). The
westernmost part mainly consists of two Archean
cratons, the Pilbara and the Yilgarn, which are
surrounded by various Proterozoic mobile belts.
The central domain is dominated by Proterozoic
belts and Late Archean-Proterozoic blocks. The
Gawler craton (Late Archean) and the North
Australian craton (an assembly of Archean and
Proterozoic units) are located respectively in the
southern and northern parts of that area. All these
Archean and Proterozoic units, which form the
western two-thirds of the continent, were assem-
bled during various orogens until the end of the
Proterozoic. The easternmost part of Australia is a
Paleozoic feature that originated in a back arc

context related to the subduction of the Pacific
plate under the Australian plate, and experienced
widespread Cenozoic volcanism [Sutherland,
1978]. To the east, New Zealand is an insular arc
also formed as a result of the aforementioned
subduction process.

[5] Australian basins experienced tectonic activity
during the whole Phanerozoic. To the north, the
onshore Canning basin and the Petrel subbasin (of
the Bonaparte basin) are the results of failed intra-
continental rifts. The former underwent episodes of
extension and compression from the Early Ordo-
vician (�500 Ma) to the Early Jurassic (�200 Ma).
The latter, which belongs together with the Vulcan
subbasin to the Bonaparte basin, was formed
during Late Devonian–Early Carboniferous NE-
SW extension (�360 Ma). It was subsequently
overprinted by major orthogonal rifting events that
led to the creation of the northwestern margin
basins (Vulcan, Browse, offshore Canning and
northern Carnarvon), and culminated in the Middle–
Late Jurassic ocean opening in the Timor Sea
(�160 Ma) [AGSO North West Shelf Study Group,
1994]. Reactivation occurred during the Late Mio-
cene, as a result of a collision between the Eurasian
and Australian plates, and subduction of the latter
under Asia at the level of the Banda arc and Timor
Island. The Australian western margin is almost
exclusively covered by the Perth basin, which
resulted from the rifting during the Permian and
breakup of Australia and India during the Valanginian
[Song and Cawood, 2000]. It is separated from the
Yilgarn craton in the east by the Phanerozoic
Darling fault system. To the south, rifting between
Australia and Antarctica began in the Middle to
Late Jurassic (�160–150 Ma) in the Bight basin,
and in the Late Jurassic (�140 Ma) in the Otway
and Gippsland basins. ATuronian rifting episode in
the latter basins stepped out south of the eastern
Otway basin leaving the Bass Strait as a failed rift.
The Spencer and Tasman fracture zones developed
as a result of this irregular rifting geometry. Owing
to initial slow spreading rates, the exact time of
ocean opening is not precisely known but it seems
that the oldest oceanic crust formed around 83 Ma
near the Bight basin, and at 44–35 Ma near the
Otway basin [Miller et al., 2002], following conti-
nental breakup in the interval 95–43 Ma [Finlayson
et al., 1998].

1.2. Heat Flow in Australia

[6] Cull [1982] compiled 109 heat flow values on
the Australian continent, that globally define three
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heat flow provinces [Sass and Lachenbruch, 1979;
Neumann et al., 2000] (Figure 1). Measurements in
the western province were performed on the Ar-
chean cratons (the Pilbara, the Yilgarn and the
Gawler) and define an average of 41 ± 8 mW m�2

(one standard deviation, 23 values). This low value
is consistent with other Archean cratons [e.g.,
Jaupart and Mareschal, 1999]. The central part
of Australia corresponds to a Proterozoic orogen,
characterized by extremely large and variable heat

Figure 1. Heat flow data in Australia and New Zealand (not the same scale). Dots: published values, compiled by
Cull [1982] in Australia, from Studt and Thompson [1969]; Pandey [1981]; Funnell et al. [1996] in New Zealand,
and extracted from the global compilation of Pollack et al. [1991] completed with more recent ODP values of
Pribnow et al. [2000] in marine domain. Stars: oil exploration wells used in this study, with well logs (blue stars) and
with DST or corrected BHT (red stars). Solid lines delimit the Australian crustal elements [Shaw et al., 1996]. Dashed
lines in Australia indicate divisions of major heat flow provinces [Neumann et al., 2000]. Age of ocean floor is from
Müller et al. [1997] (digital data available on ftp site ftp://ftp.es.usyd.edu.au/pub/agegrid/). Bas, Bass Strait; Bro,
Browse basin; Can, Canning basin; Car, Carnarvon basin; Gaw, Gawler Craton; Gip, Gippsland basin; Pil, Pilbara
Craton; Per, Perth basin; Pet, Petrel subbasin; Vul, Vulcan subbasin.
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flow values (80 ± 24 mWm�2, 46 values). Sass and
Lachenbruch [1979] interpreted the variations of
heat flow in the Archean and Proterozoic domains
as the result of crustal heat production variations. A
mechanism of heat diversion owing to change of
lithospheric thickness, as proposed in southern
Africa by Ballard and Pollack [1987], is unlikely
to explain the Australian pattern observed as the
thickest parts of the lithosphere seem to be located
below the Proterozoic belts [Simons et al., 1999].
Values on the eastern province are also elevated (73
± 25 mW m�2, 40 values), probably as a conse-
quence of thermal perturbations due to recent
(Cenozoic) volcanism [Sutherland, 1978].

[7] Using a simple crustal model, Bodorkos et al.
[2004] proposed that the mantle heat flow is in the
range 10–15 mW m�2 below the Pilbara craton,
which is consistent with estimates in other Precam-
brian shields [Jaupart and Mareschal, 1999]. Sass
and Lachenbruch [1979] found that the reduced
heat flow is uniform throughout the continent, and
concluded that the surface variations originate
solely from the upper crust.

2. Oil Exploration Data Processing

[8] Geophysical well logs and temperature data
were obtained from the Wiltshire Geological
Services1 company for 473 oil exploration wells
(Figure 1). As no direct measurement of thermal
conductivity was available, we estimated it from a
set of five geophysical well logs (sonic, density,
neutron, electrical resistivity and gamma-ray) using
a neural network technique described by Goutorbe
et al. [2006], in boreholes where all these well logs
were recorded. This method was calibrated with
data from the Ocean Drilling Program and from
STATOIL1. The methodology is the same as in a
previous study on the South African margins
[Goutorbe et al., 2007b]; if needed, thermal con-
ductivity profiles were completed toward the sur-
face assuming that the variations were controlled
by porosity. Mean conductivity values are reported
in auxiliary material1 Data Set S1.

[9] Two types of temperatures were used: 86
stationary fluid temperatures acquired during
drill-stem tests (DST), and about 2300 bottom-hole
temperatures (BHT) measured during logging
phases. DST are measured during reservoir testings
on formation fluids that flow to the surface through
the drill-pipe, inflatable packers being used to

isolate the section of the borehole to be tested. It
is assumed that the fluids are in equilibrium with
the surrounding rocks, so that DST are considered
as most representative of formation temperatures
[Perrier and Raiga-Clemenceau, 1984]. BHT are
usually recorded using a maximum recording ther-
mometer attached to the geophysical logging tool.
They are perturbed because of the effect of drilling
and mud circulation, but it is possible to extrapo-
late the true formation temperature from a time
series of BHT measured at a given depth after the
end of mud circulation. After a review of the
correction methods that can be used to perform
such an extrapolation (described by Goutorbe et al.
[2007a]), we chose to apply the correction devel-
oped by Middleton [1982], in which it is assumed
that the perturbation acts as an instantaneous sink
of heat, so that:

TBHT teð Þ ¼ T1 �DT � 1� exp � r2

4kte

� �� �
; ð1Þ

where TBHT is a BHT measurement, te the elapsed
time after the end of mud circulation, T1 the true
formation temperature, DT the initial difference of
temperature between the borehole and surrounding
rocks, r the borehole radius and k the thermal
diffusivity of rocks. te is usually given along with
TBHT and r can be deduced from the caliper log.
The thermal conductivity l and the neutron log f
are used to obtain an estimation of k:

k ¼ l
frcw Tð Þ þ 1� fð Þrcm Tð Þ ; ð2Þ

where rcw(T) and rcm(T) are, respectively, the
volume heat capacity of water and rock matrix,
depending on temperature T. rcm(T), which hardly
varies from one rock type to another, is inferred
from Vosteen and Schellschmidt [2003] and rcw(T)
from Lide [2004]. The in situ temperature T is
roughly estimated from DST measurements. T1
and DT being a priori unknown, one needs a time
series of at least two BHT measurements in order
to extrapolate T1. From the data set it was possible
to build up about 650 time series of BHT
measurements, on which were performed least-
square adjustments using equation (1) in order to
deduce T1 and DT corresponding to each of them.
In boreholes containing both types of measure-
ments, the corrected temperatures T1 are in good
agreement with DST [Goutorbe et al., 2007a].

[10] The usual procedure is then to fit the DT
obtained in this way as a function of depth z, so1Auxiliary materials are available at ftp://ftp.agu.org/apend/gc/

2007gc001924.
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as to allow one to extrapolate T1 from the remain-
ing single BHT data that do not belong to any time
series (about 300 in our case). The idea of this so-
called ‘‘depth-time’’ correction, proposed byDeming
and Chapman [1988], is that there is a weak
relationship between the unknown correction factor
(DT in our case) and depth z reflecting the increas-
ing contrast between the mud and surrounding rocks
temperature as great depths are reached. We
assumed that the perturbation is also likely to
depend on rocks thermal properties and borehole
radius, and therefore we decided to fit DT as a
function of both z and r2/k. Indeed, the correlation is
significantly better with both variables taken into
account than with only z (Figure 2).DTwas fitted to
z and r2/k by performing a moving average, using a
search ellipse of radii Rr2/k = 104 s (	3.8 h) along
the r2

k-axis and Rz = 250 m along the z-axis. The
radii were extended to Rr2/k = 4 � 104 s (	11.1 h)
and Rz = 1000 m if no data could be found within
the previous search ellipse to perform the moving
average (which occurs mainly at small depths; see
Figure 2).

[11] In order to constrain thermal gradients over
large intervals, we assigned a ground temperature
to each borehole. It was inferred from the world-
wide ocean temperature profiles of Levitus and

Boyer [1994] for offshore wells, and from a global
climate database compiled by Leemans and
Cramer [1991] for onshore wells (updated in
1996 and available at http://www.pik-potsdam.de/
members/cramer/climate.html). The different types
of temperature (DST, corrected multiple BHT,
corrected single BHT, ground temperature) form a
globally homogeneous temperature set (Figure 3).
Ground temperatures and average thermal gradients
are reported in auxiliary material Data Set S1.

[12] We applied the inversion scheme of Vasseur et
al. [1985] in order to compute heat flow values,
under the assumptions of (1) stationary and con-
ductive heat transfer and (2) correlation of the
errors on thermal conductivity. It is essential to
introduce the last point into the inversion proce-
dure; indeed, if the estimates of thermal conduc-
tivity at successive depths are considered to be
uncorrelated variables, the dense sampling leads
the inversion to consider the profile as a whole asFigure 2. Dots: DT obtained by correcting time series

of BHT measurements, versus z and r2/k. Crosses: DT
deduced for single measurements by performing a

moving average in the z; r
2

k

� �
space (see text for

details).

Figure 3. Temperature versus depth. Black diamonds,
DST and ground temperatures; grey crosses, corrected
multiple BHT; open circles, corrected single BHT.
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completely accurate, which implies a total control
of thermal conductivity on the a posteriori geo-
therm, and underestimation of the a posteriori
uncertainty on heat flow.

[13] The contribution of sediments could also be
estimated in part of the wells. This contribution
comprises two components, namely, the heat
brought by the radiogenic elements contained in
the sediments (say, Qrs

) and the transient reduction
due to the sedimentation process itself (say, Qs). In
order to estimate Qrs

, we calculated heat production
A in every well in which spectral gamma ray log
was available, using the relation of Bücker and
Rybach [1996]. Then, the average A was assigned

to each basin. Finally, we assumed that radiogenic
elements were uniformly distributed within the
sediments, so that for every well of a basin, Qrs

=

A � d, with d the sediment thickness at well
location, estimated from EXXON maps [Kaplan
et al., 1985]. We computed Qs from lithostrati-
graphic descriptions, using the numerical model of
Lucazeau and Le Douaran [1985]. Heat flow
corrected for the sediment contributions Qcorr can
be deduced from the raw value Q:

Qcorr ¼ Q� Qrs þ Qs ð3Þ

Figure 4. Heat flow results in New Zealand. Dots with normal labels underneath: values from Funnell et al. [1996].
Stars with bold labels above: values from this Study. Underlined labels: name of the wells of this study. Major
structural features are from Funnell et al. [1996]. Locations of the data from Pandey [1981] are shown as grey
diamonds, but the corresponding heat flow values are not reported as they are likely to be overestimated (see text for
details).
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Results are reported in auxiliary material Data Set
S1 and in Figures 4 and 5 and are discussed in the
following section.

3. Results and Discussion

3.1. Data Description

[14] There are 10 rather homogeneous estimates in
the Taranaki basin of New Zealand between 40 and
50 mW m�2 (Figure 4), which yield a low average
of 46 ± 4 mW m�2 (one standard deviation). In
Australia we computed 270 values, mostly distrib-
uted in the northwestern, western and southeastern
margins (Figure 5), which are in the range 30–
80 mW m�2. Heat flow in the central southern
region of the Petrel basin is low (49 ± 5 mW m�2,
9 values) and increases toward the northern region
to 50–60 mW m�2 (Figure 5a). For basins of the
western area of the northwestern continental mar-

gin (Browse, Vulcan, northern Bonaparte basins),
the range is 50–65 mW m�2, except for a few low
values near the subduction zone. The trend of the
onshore Canning basin is complex, with heat flow
in the range 50–65 mW m�2 in the southeastern
region, and a high variability near the coastline
(30–60 mW m�2) (Figure 5a). In the Carnarvon
basin (eastern part of the northwestern margin), the
lowest estimates are found near the coastline in
front of the Pilbara Archean craton (38–45 mW
m�2), while markedly higher values, around 60–
70 mW m�2, are encountered in the vicinity of the
Proterozoic regions (Figure 5b). Some data suggest
that heat flow tends to be low (45–50 mW m�2)
toward the oceanic domain. In the Perth basin
(western margin), offshore data are almost
10 mW m�2 lower than onshore values: 48 ±
7 mW m�2 (8 values) versus 58 ± 9 mW m�2

(14 values) (Figure 5c). Finally, on the southeastern
margin, the Otway basin shows two distinct styles

Figure 5. Heat flow results in Australia. Dots: previously published values. Stars: values from this study. Short
dashed to solid lines: 2, 4, 8, and 10 km sediment isopachs. Shaded relief maps: offshore topography. Red dashed
line: ocean-continent transition [after Müller et al., 1997]. Tectonic elements (light grey to dark grey areas) and heat
flow provinces (delimited by thick dashed lines) are similar to Figure 1. In the Petrel subbasin (Figure 5a), the
hatched area is the location of the gravity anomaly (>20 mGal). In the Carnarvon basin (Figure 5b), the thick line
corresponds to the profiles in Figure 9. Note that some values from this study are outside the zoomed areas. The inset
at the top right of the central map shows a slice at 170 km depth of the shear wave speed model of Simons et al.
[1999].
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in the vicinity of the onshore Proterozoic and
Paleozoic domains (as defined by Shaw et al.
[1996]); in front of the former there is an average
of 51 ± 4 mW m�2 (8 values), while mean heat
flow reaches 62 ± 7 mW m�2 (6 values) near the
latter (Figure 5d). In the Bass Strait, most values
homogeneously fall in the range 55–60 mW m�2.
Heat flow is elevated in the Gippsland basin, where
data range between 60 and 80 mW m�2, except for
a cold region toward the oceanic domain where
values are <55 mW m�2.

[15] It should be noted that spatial continuity of
thermal gradient and heat flow from this study is
satisfied (Figure 6), which indicates that relative
variations are not mere noise. Thermal gradient is a
quasi-continuous variable of space (its variogram
tends to zero as distance approaches zero). Small-
scale variability of heat flow is �35 [mW m�2]2,
that is about 6 mW m�2, which is of the order of
heat flow uncertainty (see auxiliary material Data
Set S1).

3.2. Comparison With Published Values

[16] Pandey [1981] and Funnell et al. [1996],
using oil exploration data, previously estimated
heat flow in the Taranaki basin of New Zealand
(Figure 4). They constrained thermal gradients
using oil exploration BHT. Regarding thermal
conductivity, Pandey [1981] used a single value

per borehole, derived from needle-probe measure-
ments on low-porosity cores, while Funnell et al.
[1996] applied a geometric mixing law to end-
members lithologies, whose thermal conductivity
was deducted from sample measurements. We will
limit the comparison to the latter study, because
Pandey [1981] did not apply any porosity correc-
tion, which is likely to overestimate thermal con-
ductivity values and consequently also heat flow
estimates. Heat flow values from Funnell et al.
[1996] are systematically higher by 10–20 mW
m�2 than ours, which is partly accounted for by
differences of 1–5�C km�1 between thermal gra-
dients (Table 1). As the latter effect cannot explain
alone heat flow discrepancies, there are obviously
differences between thermal conductivity esti-
mates. However, a direct comparison cannot be
made because the mean conductivity values are not
available from Funnell et al. [1996].

[17] The possible causes for differences and their
estimated effect are reviewed here:

[18] 1. Funnell et al. [1996] used the Bullard line
source model [Bullard, 1947] with a constant
thermal diffusivity k = 5 � 10�7 m2 s�1 in order
to correct their BHT; applying the same BHT
correction method to our data does not significantly
modify the results.

[19] 2. Differences in thermal gradients are reduced
by a few �C km�1 by constraining the ground
temperature to 10�C; this lower than the present
value was introduced by Funnell et al. [1996] to
account for the deep paleoclimatic effects related to
the rise in temperature 14000 years ago.

Figure 6. Experimental variograms of thermal gradi-
ent (dashed line and dots) and heat flow (solid line and
dots) from this study. Numbers indicate the number of
pairs at each point.

Table 1. Comparison of Results From Funnell et al.
[1996] and Results From This Study

Well Name

This Study Funnell et al.

rT a Qa rT a Qa

Kea 1 26 40 ± 09 29 59 ± 8
Maui 5 31 47 ± 10 33b 64 ± 5
Maui 6 31 48 ± 10
Maui 7 30 47 ± 10
Moki 1 27 50 ± 12 31c 63 ± 9
Okoki 1 29 48 ± 14 30 68 ± 6
Stratford 1/1A 26 40 ± 11 26 57 ± 4
Te Kumi 1 26 46 ± 13 31 56 ± 5
Te Ranga 1 24 43 ± 08 29 61 ± 5

arT, mean thermal gradient (�C km�1); Q, heat flow (mW m�2).
b
This value actually corresponds to Maui 5–7.

c
This value actually corresponds to Moki 1–2.
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[20] 3. However, a residual difference up to
4�C km�1 remains for some wells; we presume
that it is related to dissimilarities in the raw
temperature sets themselves.

[21] 4. Funnell et al. [1996] measured the thermal
conductivity of some lithologic end-members on
cuttings, then applied a geometric multi-components
(including pore water) mixing model in order to
estimate in situ thermal conductivity. Our estimates
from neural networks, replaced in laboratory con-
ditions (i.e., corrected for the porosity and tempera-
ture effects), are consistent with their measurements
(Figure 7). The differences may arise from poros-
ity, which is derived from sonic logs from Funnell
et al. [1996] and seems lower than porosity from
neutron logs (Figure 8). The presence of shale is
known to overestimate the porosity derived from
neutron logs [e.g., Serra and Serra, 2004] by about
10–15%, but differences between the sonic poros-
ity of Funnell et al. [1996] and the neutron porosity
still appear for low values of gamma ray,
corresponding to nonshaly facies for which the
neutron porosity is more likely to be accurate
(Figure 8). Thus, the higher thermal conductivity
of Funnell et al. [1996] may be the result of their
low estimated porosity.

[22] In Australia, it is not possible to make a direct
comparison to the margins, but our data are glob-
ally consistent with regional trends:

[23] 1. In the southeastern part of the onshore
Canning basin, there are three published values
respectively equal to 52 mW m�2, 65 mW m�2 and
67 mW m�2 [Cull, 1982], in agreement with our

Figure 7. Comparison of matrix thermal conductivity measurements from Funnell et al. [1996] and neural network
estimates. Light grey: neural network estimates with ±15% uncertainty. Dark grey: corresponding predicted range for
matrix thermal conductivity, obtained by (1) estimating porosity from the neutron porosity log, (2) assuming a
geometric mixing law model for the rock conductivity (matrix + pore water), and (3) correcting the values from the
temperature effect using the Chapman et al. [1984] formula in order to reflect laboratory conditions. Dots: matrix
thermal conductivity measured by Funnell et al. [1996].

Figure 8. Neutron porosity log versus porosity
deduced from sonic log using the same relation as
Funnell et al. [1996] and Armstrong et al. [1998],
grouped by classes of gamma ray. Log values were
averaged over 100 m intervals. Standard logger unit for
gamma ray log is American Petroleum Institute (API)
unit.

Geochemistry
Geophysics
Geosystems G3G3

goutorbe et al.: heat flow in australia 10.1029/2007GC001924

9 of 14



estimated heat flow range of 50–65 mW m�2 (see
section 3.1 and Figure 5a).

[24] 2. In the Carnarvon basin, published offshore
data show a high variability (Figure 5b), which
makes them difficult to compare with our values.
There is a group of high heat flow in the west (61–
108mWm�2); one of them, actually corresponding
to ODP site 763A [Pribnow et al., 2000], displays
a large difference to an oil exploration well very
close by (Vinck 1): 76 mW m�2 for the former
versus 52 mW m�2 for the latter (see Figure 5b,
left-hand side). This difference could be due to the
smaller depth of measurement of ODP temper-
atures. On the other hand, values in the north
(42 mW m�2 and 45 mW m�2) are consistent with
our data toward the oceanic domain.

[25] 3. Finally, in the Otway basin, a few conti-
nental values close to the coastline are in very good
agreement with our marine data, except for a very
high estimate of 92 mW m�2: in the western region
a continental group ranges 50–55 mWm�2 and can
be compared to our estimates (46–57 mW m�2); in
the eastern region a single continental value of
71 mW m�2 is similar to very close marine data
yielding 69 mW m�2 (Figure 5d).

3.3. Heat Flow and Crustal Sources

[26] Variations of continental surface heat flow in
Australia are commonly related to differences in
crustal heat production in the Precambrian regions
forming the western two-thirds of the continent,
and upper crustal magmatic sources in the Paleo-
zoic fold belts forming the remaining third (see
section 1.2 and Sass and Lachenbruch [1979]).
This section reviews heat flow variations on con-
tinental margins that are visibly related to the
nature of the underlying crust.

[27] As described in section 3.1, low values (38–
45 mW m�2) are observed on the Carnarvon basin
at the border of the Archean Pilbara craton, while a
region of markedly higher heat flow (60–70 mW
m�2) is seen in the vicinity of the Late Proterozoic
orogen (Figure 5b). The low values are in agree-
ment with the high seismic velocity anomaly
extending toward the ocean (Figure 5) [Simons et
al., 1999]. The difference between heat flow values
cannot be explained by differences in the sediment
contribution, which does not vary significantly
(Table 2). They are more likely due to different
crustal contributions if we infer that the Late
Proterozoic Pinjarra orogen is more enriched in

Table 2. Estimates of Contribution From Sediments Radiogenic Heat Production and Sedimentation Process to Heat
Flow by Basin

Basin Aa d a Qrs
a Qs

b Qcorr
c

Bass 1.4 (2) 4.5 ± 1.5 6.5 ± 2 5.5 ± 2 53 ± 6
Bonaparte 1.4 (29) 5.5 ± 1 7.5 ± 1.5 3.5 ± 2.5 51 ± 8
Petrel subbasin 1.6 (10) 5 ± 1 7.5 ± 2 1.5 ± 0.5

Central southern 41 ± 5
Northern 49 ± 6

Vulcan subbasin 1.3 (14) 6 ± 0.5 7.5 ± 0.5 5 ± 2.5 52 ± 8
Browse 1.3 (5) 7 ± 1 8.5 ± 1 4.5 ± 3 54 ± 10
Canning (onshore) 1.5 (4) 5 ± 2.5 7.5 ± 4 1 ± 0.5 47 ± 8
Carnarvon 1.4 (30) 8.5 ± 2 11 ± 3 3 ± 2 45 ± 9
High h.f. regiond 1.4 (12) 7.5 ± 2 10 ± 3 2 ± 1 50 ± 9
Low h.f. regiond 1.4 (18) 8.5 ± 2 12 ± 3.5 4 ± 2 44 ± 8

Gippsland 1.2 (8) 4.5 ± 1 6 ± 1 13 (one val.) 83 (one val.)
Otway 1.6 (5)
West (<142�E) 5.5 ± 2 12 ± 1.5
East (>142�E) 4.5 ± 2 7.5 ± 2.5

Perth 2.3 (2)
Offshore 4.5 ± 2.5 10 ± 5.5 1.5 ± 0.5 37 ± 6
Onshore 3 ± 0.5 7 ± 1 1.4 ± 0.1 57 ± 9

a
A, mean sediments heat production (mW m�3), derived from spectral gamma ray logs (number of wells in parentheses); d, mean sediments

thickness (km, ± one s.d.) at wells location, from EXXON maps [Kaplan et al., 1985]; Qrs , mean contribution from sediments radiogenic heat
production to heat flow (mW m�2, ± one s.d.); individual wells values are in auxiliary material Data Set S1.

b
Qs, mean heat flow reduction due to sedimentation process (mW m�2, ± one s.d.), based on lithostratigraphic descriptions and using the

numerical model of Lucazeau and Le Douaran [1985]; individual wells values are in auxiliary material Data Set S1.
c
Qcorr , mean heat flow corrected from the sediment contribution (mW m�2, ± one s.d.): Qcorr = Q � Qrs

+ Qs, with Q the raw estimate.
d
Regions bordering respectively Proterozoic and Archean continental crust (see Figure 5 and text for details).
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radiogenic elements than the Archean crust. The
latter point is consistent with the trends of heat
production in the Precambrian part of the conti-
nent, which show that the Archean crust is depleted
in radiogenic elements compared to the central
Proterozoic regions [Sass and Lachenbruch,
1979]. Moreover, this assumption is corroborated
by the high values of the onshore Perth basin
overlying the Pinjarra orogen (Figure 5c) defined
by an average of 57 ± 9 mW m�2 (3 values) after
removing the sediment contributions (Table 2),
while the continental Archean domains yield 41 ±
8 mW m�2 (4 values).

[28] In the Otway basin (southeastern margin), heat
flow increases more than 10 mW m�2 between the
western and the eastern regions (see section 3.1 and
Figure 5d). The radiogenic contribution of the
sediments increases this difference (Table 2), but
there is no available information to estimate the
effect of the sedimentation process. The difference
is more likely to be related to crustal sources,
because the transition between Proterozoic and
Paleozoic crusts, as defined by Shaw et al. [1996],
corresponds to the changes in surface heat flow.

[29] Finally, recent volcanism probably explains
the high values encountered in the Gippsland basin
(60–70 mW m�2), in which the only sedimentation
correction available suggest that more than 10 mW
m�2 might by added after correction (Table 2). The
high values are consistent with the extremely slow
wave speeds at the easternmost part of the Paleo-
zoic fold belts (Figure 5) [Simons et al., 1999].

3.4. Mantle Heat Flow on the
Northwestern Margin

[30] All continental margins of this study, except
for the Otway basin, are of a sufficient age that
thermal relaxation of the lithosphere should be now
completed (age of continental breakup greater than
90 Ma). Therefore the mantle component on the
margins should reflect steady state conditions, and
can be compared to that of the continent. In this
section such comparisons are made on the north-
western margin of Australia: as its crustal structure
was extensively studied, it is possible to make
assumptions on the contribution of the crust to
surface heat flow and therefore quantify the trends
of mantle heat flow.

[31] In the Carnarvon basin, data are located in a
150–250 km wide area from the coastline to the
limits of the continental plateau (Figure 5b), with
no apparent decreasing heat flow. On the offshore

domain in the vicinity of the Archean craton, heat
flow corrected for sediment contributions (i.e.,
sediment radiogenic heat and sedimentation
process) define an average of 43 mW m�2

(�25 values). These heat flow estimates are com-
parable to the values of the Archean continental
domains of Australia in general and to those of the
Pilbara craton in particular (Figure 9). The upper
and radiogenic part of the continental crust is
significantly thinned in this area [Driscoll and
Karner, 1998], which requires that the mantle heat
flow is enhanced in order for the surface heat flow
to remain constant. Assuming that the nature of the
crust is similar to that of the adjacent Archean
domain, the upper bound for the heat production of
the upper crust can be 2.1 mW m�3, which is a
value representative of granite heat production in
the Pilbara craton [Bodorkos et al., 2004]. An
average of 0.2 mW m�3 is assigned to the lower
crust, following the global mean of Rudnick and
Fountain [1995]. These values yield an upper
bound for the crustal contribution to surface heat
flow (Figure 9), which can be subtracted from
surface heat flow estimates corrected for the sedi-
ment contributions in order to deduce a lower
bound for the mantle heat flow. Figure 9 shows
that the mantle contribution should be at least 20–
30 mW m�2 in order to account for the observa-
tions. This is higher than the estimate of 10–
15 mW m�2 for the mantle heat flow below the
adjacent Pilbara craton [Bodorkos et al., 2004].

[32] Still on the northwestern margin of Australia,
the Browse, Vulcan and Petrel basins are underlaid
by the same Proterozoic basement that forms the
Kimberley Block [Symonds et al., 1994]. Seismic
data [Goncharov, 2004] and gravity modeling
[Baldwin et al., 2003] suggest that the crust is
extremely thinned in the Petrel subbasin (as low as
5 km). Wells from the central southern region of
the Petrel subbasin (latitude > 13.5�S) are located
outside the gravity anomaly area (Figure 5a),
where the crust is 20–25 km thick [Baldwin et
al., 2003]. In this region, the average heat flow
corrected for sediment contributions is 41 ± 4 mW
m�2 (9 values). On the other hand, wells from the
northern part of the Petrel subbasin are located
above a 5–10 km thick basement [Baldwin et al.,
2003; Goncharov, 2004], where average heat flow
is 49 ± 6 mW m�2 (6 values). Below the Vulcan
and Browse basins, seismic studies suggest that the
Precambrian basement is uniformly 10–15 km
thick [Petkovic et al., 2000; Goncharov, 2004],
while average heat flow is 52 ± 8 mW m�2

(23 values) and 54 ± 10 (14 values) respectively.
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These observations show that surface heat flow
does not correlate with crustal thickness and that an
increase of mantle contribution is needed to explain
the oceanward values (Figure 10). Let us assume
that the southern central region of the Petrel
subbasin is characterized by a continent-like low
mantle heat flow, in the range 10–15 mW m�2.
Then, making the assumption that crustal radio-
genic contribution is linearly related to total crustal
thickness, mantle heat flow toward the margin
could be as high as 30–45 mW m�2 (Figure 10).
The assumption of linear dependence is rough, but
not too far from reality if (1) heat production does
not vary significantly over the considered area
(which is underlaid by the same basement) and
(2) crustal thinning is homogeneous over the entire
crustal section.

[33] Such trends of increasing mantle heat flow
toward the continental margins have been previ-

ously observed on the Congo-Angola margin
[Lucazeau et al., 2004] and the South African
margins [Goutorbe et al., 2007b]. There are also
elevated values on the Kenya-Tanzania margin
[Nyblade, 1997, Figure 3] that could be interpreted
in such a way. Moreover, an inspection of heat
flow distributions derived from a global seismic
model [Shapiro and Ritzwoller, 2004] suggests that
mean heat flow on old margins can be slightly
greater than that of the adjacent continent and even
that of the adjacent ocean. The estimates of high
mantle heat flow on old continental margins should
urge one to reconsider the classical models of
evolution of passive margins, which assume that
the lithosphere cools passively and tends toward its
pre-extension state. In fact, this assumption implies
an unrealistic step geometry for continental mar-
gins, as continental lithosphere is usually much
thicker than its oceanic counterpart. Such a geom-
etry would be obviously unstable within the mantle
convection system, and our results indeed suggest
that basal heat flow does not tend back to its initial,
low continental value. We think that the models
could be valid for intracontinental basins, which
would explain the low heat flow values in the
southern region of the Petrel subbasin, but not for
continental margins because of the interaction
between the ocean-continent transition and the
underlying mantle convection. This is consistent

Figure 9. (top) Heat flow versus distance to coast
along the line shown in Figure 5b. Dots: values from
this study corrected from the sediment contributions,
‘‘close enough’’ to the line shown in Figure 5b
(maximum distance = 100 km). Grey areas: range of
heat flow values (±1 s.d.). Hatched areas: estimated
range for mantle heat flow Qm. Crustal contribution Qc

(solid line) is estimated from the model shown at the
bottom, assuming that lateral heat conduction is
negligible. Continental heat flow values fall outside
this figure, but the range for surface and mantle heat
flow of Archean domains is shown on the left. (bottom)
Crustal section, from Driscoll and Karner [1998]. Heat
production values A are taken from Bodorkos et al.
[2004].

Figure 10. Heat flow corrected for the sediment
contributions versus crustal thickness in the Browse,
Vulcan, and Petrel basins (northwestern margin). Solid
line: estimate of the crustal contribution Qc (see text for
details). Hatched areas: estimated range for mantle heat
flow.
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with experiments and numerical simulations of
fluid convection involving an insulating lid, which
show that heat flow increases at the border of the lid
[Guillou and Jaupart, 1995; Grigné and Labrosse,
2001]. However, these studies model the continent
as a different boundary condition on top of the
convecting fluid, and predict an extremely high
anomaly at the border of the continent, which is
certainly the consequence of unrealistically high
horizontal thermal gradients generated at the abrupt
transition between the continent- and ocean-type
boundary condition. More realistic simulations
entailing deep continental roots within the convec-
tion system suggest that changes in the lithosphere
thickness can generate small-scale instabilities
[King and Anderson, 1998; O’Neill et al., 2003].
Therefore it would be worth to place continental
margins at the scale of mantle convection and carry
out similar simulations in order to quantify the
convecting structures and the thermal regime at the
border of continental roots.
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