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Abstract Viscosity and melt generation at the base of ice sheets are critically dependent upon
heat flow. Yet subglacial heat flow is poorly constrained due to the logistical challenges of obtaining
boreholes that intersect the bedrock beneath thick ice cover. Currently, continental estimates of
Antarctic heat flow are derived from geophysical methods that provide ambiguous constraints of crustal
heat sources, despite their demonstrated importance for accurate predictions of future ice sheet
behavior. This study pursues an alternative approach by using heat flow measurements from rock units
in the Coompana Province of southern Australia, which represent the geological counterparts of those
beneath Wilkes Land in East Antarctica. We present nine new surface heat flow estimates from this
previously uncharacterized region, ranging from 40 to 70 mW/m2 with an average of 57 ± 3 mW/m2.
These values compare favorably to recent geophysically derived estimates of 50–75 mW/m2 for the
Totten Glacier catchment of East Antarctica, and to the single in situ measurement of 75 mW/m2 from
the Law Dome deep ice borehole. However, they are appreciably lower than the range of 56–120
mW/m2 (83 ± 13 mW/m2 average) for the abnormally enriched Proterozoic terranes of the Central
Australian Heat Flow Province. This study provides the first regional heat flow map of geological
provinces formerly contiguous with East Antarctica through the application of continent‐scale heat flow
data sets tied to a Jurassic plate tectonic reconstruction for Gondwana. Our approach reveals several
discrepancies with current heat flow models derived from geophysical methods and provides a
more robust analysis of subglacial heat flow using this plate tectonic synthesis as a proxy for
East Antarctica.

Plain Language Summary The Antarctic ice sheet currently represents the largest source for
potential sea level rise. Understanding Antarctic ice sheet behavior is important for predicting ice sheet
movement and possible melting. Heat that flows from the crust to the base of the ice sheet is a
significant contributor to ice sheet behavior. Obtaining estimates of heat flow across Antarctica are
problematic due to the logistical challenges of accessing bedrock that lies beneath thick ice cover.
Consequently, thermal conditions are currently estimated using geophysical data, from
which temperatures beneath the ice extending into the crust and mantle are derived. However, large
discrepancies exist between alternative geophysical models, and there remains the need to validate
these models and assess their accuracy. This study takes a new approach by using heat flow estimates
from southern Australia as a proxy for heat flow in East Antarctica. Plate tectonic reconstructions
indicate that approximately 160 million years ago, Australia and East Antarctica were conjoined. We
argue that the rocks and corresponding heat flow values of southern Australia are genuine
counterparts to those beneath the ice in East Antarctica. If true, this suggests that existing geophysical
models can be tested against our reconstructed heat flow maps of this shared tectonic margin.
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1. Introduction

Numerous studies suggest that the Antarctic ice sheet will be a significant contributor to future sea level
rise (DeConto & Pollard, 2016; Overpeck et al., 2006; Pritchard et al., 2012; Rignot et al., 2011).
Geothermal heat flow is a critical factor controlling temperature conditions at the base of the ice sheet,
and consequently plays a fundamental role in current and future ice sheet movement (Schroeder et al.,
2014; Tulaczyk et al., 2000; Winsborrow et al., 2010). However, subglacial heat flow in Antarctica is
poorly constrained due to lack of accessibility, a direct consequence of the logistical challenges of drilling
through ice that is on average up to 2 km thick (Fretwell et al., 2013) to intercept the bedrock that
lies beneath.

Heat flow is the output of the combined heat produced from the convective mantle and the radiogenic heat
production of the lithosphere (in practice largely from the crust). In Antarctica, it constitutes a major control
on basal temperature (the temperature at the interface between the base of the ice sheet and underlying bed-
rock), a parameter without which ice sheet behavior cannot be modeled (Pittard et al., 2016; Seroussi,
Morlighem, et al., 2017; Simkins et al., 2017; Szuman et al., 2018). A study by Llubes et al. (2006) demon-
strates that a change in heat flow from 40 to 60 mW/m2 results in basal temperatures increasing by a few
degrees Celsius at the East Antarctic coastline, to 15 °C in the East Antarctic interior. This plainly demon-
strates the necessity for accurate modeling (and measurement, where possible) of heat flow across the
Antarctic continent, in order to robustly calculate the resulting basal temperatures and constrain the basal
conditions that determine ice movement.

Current models of Antarctic subglacial heat flow are derived from satellite and airborne magnetic and
ground‐sourced seismic data, which allow for the derivation of geothermal gradients using Curie depth tem-
perature isotherms (Martos et al., 2017) and upper mantle seismic velocity (An et al., 2015). In East
Antarctica, these models yield mean estimates of approximately 50–60 mW/m2 (An et al., 2015; Fox
Maule et al., 2005; Martos et al., 2017; Shapiro & Ritzwoller, 2004; Van Liefferinge & Pattyn, 2013).
However, they contain varying assumptions about the lithospheric structure and composition, including
the application of uniform values of radiogenic heat production for the upper and lower crust, or an expo-
nential relationship of heat production with depth. These assumptions are not representative of the heat pro-
duction sampled from numerous lithologies that constitute upper crustal rocks, neither in Antarctica
(Burton‐Johnson et al., 2017; Carson et al., 2014) nor globally (Gard et al., 2019; Hasterok et al., 2018).
Heat producing elements (HPEs) are responsible for heat produced within the crust and preferentially con-
centrate into felsic rocks, but their distribution within these felsic rocks varies both spatially and temporally
(Jaupart & Mareschal, 2003; McLaren et al., 2003; Perry et al., 2006).

Plate tectonic reconstructions (Figure 1) indicate that beneath the thick cover of ice, East Antarctica contains
rocks with affiliations to Australia, Africa, and India (Aitken, Betts et al., 2016; Daczko et al., 2018;
Ferraccioli et al., 2011; Flowerdew et al., 2013; Mulder et al., 2019), all of which were adjoined prior to the
breakup of Gondwana during the Jurassic (Boger, 2011). Geochemical and geophysical studies indicate that
both the observed heat flow and crustal heat production across these continents is highly variable (Carson
et al., 2014; Cull, 1982; Hasterok &Gard, 2016; Jones, 1987; Nyblade et al., 1990; Roy & Rao, 2000). Heat flow
in tectonically stable regions is largely controlled by crustal characteristics and the resulting crustal compo-
nent of heat flow (Förster & Förster, 2000; Mareschal & Jaupart, 2013). As such, if southern Australia repre-
sents the true geological counterpart of East Antarctica, then we expect to observe similarly variable heat
flow across their shared tectonic margin.

This study presents nine new heat flow measurements obtained from the Coompana Province, southern
Australia (Figure 1), which fills a significant gap in the current Australian heat flow data set. These data
are used to assess the magnitude and spatial variability of heat flow predicted for the corresponding domain
of East Antarctica based on geophysical methods. Importantly, this includes the Totten Glacier catchment
(purple dashed line in Figure 1c (Wright et al., 2012)), shown to be thinning at accelerated rates in compar-
ison to other glacial regions of Antarctica (Aitken, Roberts et al., 2016; Pritchard et al., 2012). Our data are
then combined with a global heat flow data set to assist in contextualizing the heat flow regime over a con-
tinental scale. This approach enables an evaluation of the degree of fit and associated uncertainty between
measured heat flow values from conjugate terranes and the current geophysically derived models that con-
strain heat flow in East Antarctica.
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2. Geological Background
2.1. Tectonic Connections Between Southern Australia and Antarctica

The tectonic connections between Antarctica and its conjugate terranes play an important role in under-
standing the subglacial bedrock of Antarctica. At the formation of the supercontinent Gondwana,
Antarctica was bound on all sides by Africa, South America, India, Australia, and Zealandia (Meert &
Van Der Voo, 1997). Rifting between Australian and Antarctica commenced at approximately 160 Ma
(Norvick & Smith, 2001; Totterdell et al., 2000), with Australia drifting northward while relatively,
Antarctica remained stationary. A number of full‐fit continental reconstructions currently exist that estab-
lish the relationship between the conjugate margins of southern Australia and East Antarctica (see
Williams et al. (2019) for a review); these vary in their E‐W alignment by up to ~380 km (see Figure 2 in
Williams et al. (2019)). While several of these reconstructions remain viable, the “Leeuwin” fit is an

Figure 1. (a) Major tectonic provinces of Australia. Study location shown in Figure 1b outlined by red box. Abbreviations:
AB, Amadeus Basin; AFB, Adelaide Fold Belt; CB, Canning Basin; GB, Georgina Basin; GC, Gawler craton; GI,
Georgetown inlier; KC, Kimberley craton; MB, McArthur Basin; NB, Ngalia Basin; OB, Officer Basin; WB, Wiso Basin.
Modified fromRaimondo et al. (2014). (b) Locations of drill holes from the Coompana Province used in this study. (c) Total
magnetic intensity anomalies overlain on a Leeuwin fit reconstruction at 160 Ma. Black symbols indicate drill hole
locations used for heat flow measurements, and purple dashed line indicates the boundary of the Totten glacier catch-
ment. Abbreviations: MP, Madura Province; CP: Coompana Province. Modified from Aitken et al. (2014). (d) Basement
geology and tie points for the terrane correlation between southern Australia and East Antarctica. Modified from Aitken
et al. (2014) and Maritati et al. (2019).
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appropriate quantitative full‐fit reconstruction that can reconcile a range of diverse geological and
geophysical constraints (Williams et al., 2011). It is thus the preferred model used here and illustrated in
Figure 1.

All available continental reconstructions indicate strong affiliations between the major tectonic provinces of
southern Australia and East Antarctica (Aitken, Betts, et al., 2016; White et al., 2013). Starting in the west,
the Yilgarn Craton (Figure 1a) is a granite‐greenstone Archean crustal block (Champion & Cassidy, 2007)
that occupies the majority of the Western Australian Craton and comprises some of the oldest known rocks
on Earth (Wyche et al., 2019). It is not easily traced into East Antarctica, although reworked equivalents are
found in the Bunger Hills region of far western Wilkes Land (Figure 1c; Daczko et al., 2018; Tucker et al.,
2017). Further east, the Gawler Craton (Figure 1) contains crystalline basement that has experienced a com-
plex tectonic history from the Archean to Mesoproterozoic (Daly et al., 1998; Hand et al., 2007), but has
remained tectonically quiescent for the past billion years. It has a long‐lived connection to the Archean‐
Paleoproterozoic rocks of the Mawson Craton of Terre Adélie in East Antarctica (Payne et al., 2009;
Williams et al., 2017).

In Australia, these two ancient cratons are linked by the Mesoproterozoic Albany Fraser Orogen, Madura
Province and Coompana Province. The Albany Fraser Orogen is NE‐SW trending tectonic wedge that
formed as a result of the two‐stage assembly of Mesoproterozoic Australia (Clark et al., 2000). The
Madura Province lies to the east of the Albany Fraser Orogen and is characterized by similar
Mesoproterozoic lithologies to those of the adjacent Coompana Province, interpreted to have formed in an
oceanic arc setting (Spaggiari et al., 2018). The two provinces are separated by the crustal‐scale
Mundrabilla Shear Zone (Figure 1b). The Coompana Province underlies thick Neoproterozoic to Tertiary
sediment cover and is characterized by Mesoproterozoic gneissic and granitic rocks typical of the
Musgrave orogenic system (Wade et al., 2008; Figure 1). Based on previous mineral exploration drilling

Figure 2. Current Australian heat flow data set. The Australian heat flow regime is defined by three major heat flow
provinces: The western, central, and eastern heat flow provinces (abbreviated as WAHFP, CAHFP, and EAHFP,
respectively). The south Australian heat flow anomaly (abbreviated as SAHFA) represents a region of anomalously ele-
vated heat flow that dominates the southeastern portion of the CAHFP. The associated kriging uncertainty map is
provided in figure S1 in the supporting information. References of constituent heat flow measurements are provided in
table S1.
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programs, it comprises four main supersuites (Jagodzinski et al., 2018; Wise et al., 2018): the Toolgana
Supersuite (approximately 1,610 Ma) is interpreted to be derived from a subduction‐enriched mantle source
(Smithies et al., 2015a, 2015b); the Undawigi Supersuite (approximately 1,490 Ma) is interpreted as possible
recycling of the arc crust of the Toolgana Supersuite (Kirkland et al., 2017a; Payne et al., 2007); the Moodini
Supersuite (1,190–1,140 Ma) comprises plutons ranging frommafic to granitic in composition, intruded into
the eastern Coompana Province (Hartnady et al., 2018); and lastly, the Warakurna Supersuite (approxi-
mately 1,080 Ma) represents a mafic intrusion (11 km in diameter) that forms part of the Coompana
Magnetic anomaly (Foss et al., 2017; Wise et al., 2018).

In East Antarctica theseMesoproterozoic domains are broadly analogous to those of theWilkes, Nuyina, and
Banzare Provinces comprising much of Wilkes Land (Figure 1d; Aitken et al., 2014; Boger, 2011; Fitzsimons,
2003; Maritati et al., 2019). Recent zircon U‐Pb‐Hf geochronology undertaken on samples of crystalline base-
ment from the Nuyina and Banzare Provinces reveal approximately 1,150 Ma plutons, with affinity to the
Moodini Supersuite found within both the Madura and Coompana Provinces of southern Australia
(Figures 1c and 1d). Furthermore, older xenocrystic zircon U‐Pb‐Hf signatures correlate with known mag-
matic suites within the Madura and Coompana Provinces, underscoring the relationship between the
Madura/Nuyina and Coompana/Banzare Provinces (Figure 1d; Maritati et al., 2019). West of Law Dome,
glacial sandstone erratic samples sourced from interior Wilkes Land are Neoproterozoic in age, with detrital
zircon U‐Pb‐Hf signatures similar to the Australian Officer Basin (Figure 1a), suggesting the presence of an
extensive region of sedimentary cover across interior Wilkes Land covering Mesoproterozoic basement
(Maritati et al., 2019).

The correlation of aerogeophysical signatures, comparable age spectra, and isotopic characteristics from
multiple locations along the conjugate margins of East Antarctica and southern Australia provides compel-
ling evidence for similar crustal characteristics built and consolidated through a shared history during the
Nuna‐Rodinia‐Gondwana supercontinent cycles. These once contiguous domains have remained tectoni-
cally quiescent (with the exception of the rifting that initiated their separation), indicating that the rocks
exposed across southern Australia are representative of those that characterize the bedrock beneath the
ice in previously contiguous regions of East Antarctica.

2.2. Heat Flow Map of Southern Australia

The oldest and coldest regions of southern Australia exist in the west, comprised mainly of the Archean
Yilgarn Craton, which exhibits an average heat flow of 39 ± 8 mW/m2 (Sass & Lachenbruch, 1979;
Weber et al., 2011). This contrasts against the Central Australian Heat Flow Province (CAHFP;
Figure 2), which comprises abnormally enriched Proterozoic crust with an average heat flow value of
83 ± 13 mW/m2 (Cull, 1982; McLaren et al., 2003). Heat flow increases to >120 mW/m2 throughout
the South Australian Heat Flow Anomaly (SAHFA; Figure 2), a north‐south trending region of
anomalously elevated heat flow that extends north of the Adelaide Fold Belt (Neumann et al., 2000)
on the eastern edge of the Gawler Craton (Figure 1a). Abnormal enrichment of HPEs (averaging 6
μW/m3 and measured up to 16 μW/m3 in the northern Adelaide Fold Belt) are responsible for the
elevated heat flow observed here (McLaren et al., 2002; Sandiford et al., 2002); for comparison, global
averages of granitic heat production are 2.5‐3.0 μW/m3 (Haenel et al., 1988; Vilà et al., 2010). Lastly,
eastern Australia comprises the youngest portion of Australian crust which has been subjected to
tectonic activity up until the Cenozoic, exhibiting heat flow values of 72 ± 27 mW/m2

(Kirkby & Gerner, 2013; Mather et al., 2018; Matthews & Beardsmore, 2007; Sass & Lachenbruch, 1979;
Figure 2).

No in situ heat flow estimates exist from the Coompana Province; predictions of 45‐60 mW/m2 for this
region are interpolated from in situ measurements 540 km to the east and up to 900 km to the west
(Beardsmore & Hill, 2010; Raimondo et al., 2014). These approximations appear geologically reasonable,
given that the Coompana Province comprises juvenile crust with oceanic affiliations (Kirkland et al.,
2017b). Due to the mafic‐intermediate nature of the basement lithologies, elevated heat flow is not
expected (Beardsmore & Cull, 2001). However, new surface heat flow estimates obtained as part of this
study will test this hypothesis and fill a significant gap within the Australian continental data set, pro-
viding insights into the true thermal regime of the Coompana Province and the lithologies that contri-
bute to its crustal heat production.
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2.3. Heat Flow and Heat Production of East Antarctica

The conventional measurement of heat flow requires access to drill holes that have recovered core samples
of bedrock and direct measurement of the thermal gradient downhole (Beardsmore & Cull, 2001). While a
small number of drill holes exist in Antarctica, they are extremely sparse in their distribution (Martos
et al., 2017) and all measure thermal parameters only within ice or subglacial sediment; none yet have inter-
sected the bedrock beneath (Goodge, 2018). Some measurements exist from offshore localities that sample
sediment derived from the continental margin (Decker & Bucher, 1982; Dziadek et al., 2017; Morin et al.,
2010). These measurements are not representative of onshore continental bedrock, as they are affected by
advective flow at the surface and influenced by varied levels of sedimentation compared to heat
flow onshore.

Minimal exposed rock outcrop exists along the coastal regions of East Antarctica fromwhich to obtain in situ
heat flow measurements. However, a recent study by Carson et al. (2014) provided heat production data
along a 300‐km transect in the Prydz Bay region, approximately 1,000 km west of Wilkes Land, with median
heat production values ranging from 0.4 to 12.9 μW/m3. These values were assigned to a simple crustal
model and an assumed mantle heat flow, from which average heat flow estimates of 31–83 mW/m2 were
derived. One additional heat flow estimate from the coastline of East Antarctica has been obtained from a
temperature profile within the ice sheet at Law Dome (Figure 1c), which returned a heat flow estimate of
75 mW/m2 (Dahl‐Jensen et al., 1999). A limited number of heat flow measurements exist from regions of
Antarctica further afield, derived from modeling englacial temperature profiles and radar data, as well as
measurements into subglacial sediments. These estimates range from ~40 to 100 mW/m2 (see Table S1 in
Martos et al. (2017)).

3. Results

Heat flow was calculated for nine locations across the Coompana Province following the method of Gerner
et al. (2012). The calculation of heat flow requires the collection of temperature data (obtained via a combi-
nation of continuous and stop‐and‐go down‐hole wireline logging (Harris & Chapman, 2007)) and thermal
conductivity data (obtained via the use of a Thermal Optical Scanner Apparatus (Popov et al., 1999)). Heat
production data for the Coompana Province were obtained via geochemical analyses of 195 core samples, to
assess the crustal contributions to the overall Coompana Province heat flow regime. Detailed heat flow
methods, accompanied by individual descriptions of temperature, thermal conductivity and heat production
data collection are found within the Methods section of the supporting information.

3.1. Temperature Data

Continuous temperature logs were obtained for seven of the eight holes drilled as part of the 2017 PACE
Coompana Drilling Program (Figure 3). The thermal gradients of all holes are relatively similar, with no ele-
vated outliers. Each log was conducted through the sedimentary cover sequences and into at least 100 m of
crystalline basement. All logs were measured from the surface to depths ranging between 360 and 680 m,
depending on the maximum drilling depth reached.

Repeat temperature logs were obtained for holes CDP002 and CDP004 24 hr after the initial logs were run
(Figures S2 and S3). These data provide information about the manner in which the thermal gradient
returned to equilibrium after drilling. Both repeat logs indicate a negative shift in temperature after 24
hrs, indicating that temperatures were cooling after the cessation of drilling. However, it should be noted
that the repeat logs were only run within the casing string to 340‐ and 440 m depth, respectively, and not
to total depth. Hence, they may not be representative of the temperature transition occurring deeper within
the drill holes. The observed shifts in temperature are consistent with trends observed in Förster et al. (2001),
indicating that heat flow determinations derived from this suite of nonequilibrium temperature logs should
be regarded as minimum estimates.

3.2. Heat Production

A total of 195 samples were collected for geochemical analysis from the 2017 Coompana Drilling Program.
The computed heat production for all samples can be found in Table S2. Figure 3 and Table 1 show the range
of heat production values determined from samples collected within each hole. Most holes exhibit large
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ranges in heat production, with the greatest range recorded from CDP003 (0.25–12.06 μW/m3; Table 1); this
hole also exhibited the highest mean value of 5.46 μW/m3. Two holes had noticeably low outputs of heat
production that ranged from 0.09 to 0.40 μW/m3 (CDP002) and 0.71–0.81 μW/m3 (CDP007). The highest
value of heat production (12.81 μW/m3) was recovered from an altered member of the Moodini
Supersuite, enriched in uranium relative to other samples from this lithology. However, it is not
representative of the average heat production analyzed for this drill hole or for any other samples
analyzed as part of this study.

3.3. Thermal Conductivity and Heat Flow

A total of 281 samples across the eight Coompana Drilling Program holes were selected and measured for
thermal conductivity. Table 2 shows a summary of the variations in thermal conductivity across each of
the lithologies present. Conductivity ranged from 0.85 Wm/K in a claystone sample, through to 5.22 Wm/
K from an aggregate of quartz clasts within a gravel conglomerate sample (Table 2); both end‐members

Figure 3. Temperature, thermal conductivity, heat production, and lithologies for the Coompana Province drill holes
used to estimate surface heat flow.
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represent reasonable values for their corresponding lithology (Beardsmore & Cull, 2001). Figure 3 and
Table 2 show the extent of thermal conductivities across the eight holes, with CDP008 accounting for not
only the maximum and minimum thermal conductivities but also the largest spread between the first and
third quartiles of the sample set. Similarly, CDP007 exhibits not only the smallest spread of thermal
conductivities between samples but also the lowest values on average, corresponding to the lowest
measured heat flow.

Figure 4 and Table 1 show the heat flow results calculated for the Coompana Province. Heat flow ranges
from 40 to 70 mW/m2, with the lowest value of 40 mW/m2 calculated from CDP007 and the highest value
of 70 mW/m2 calculated from CDP008. The mean heat flow for the region is 57 ± 3 mW/m2.

4. Discussion
4.1. Improvements to the Heat Flow Map of Southern Australia

Our study contributes new heat flow data to a largely unconstrained portion of southern Australia; it ensures
a better understanding of the spatial variability of heat flow from the western Gawler Craton through to the
Albany Fraser Orogen and Yilgarn Craton (Figure 1). Previously published heat flow maps (Beardsmore &
Hill, 2010; Raimondo et al., 2014) suggest that within the Gawler Craton, heat flow decreases from the east to
west, with an average value of approximately 45–60 mW/m2 for the central to western Gawler Craton (Cull,
1982; Figure 2). Throughout the Albany Fraser Orogen, the same heat flow maps estimate equivalent values
of 45–60 mW/m2. However, these estimates are derived by interpolation of extremely sparse neighboring
data, as no direct measurements exist in this region. Finally, the Yilgarn Craton is characterized by some

Table 1
Summary of Drill Hole Characteristics, Calculated Heat Flow Values, Bottom Hole Temperatures, Heat Production Mean and Ranges, and Total Drilling Time
(Spud Date Through to Date Total Depth Reached)

Drill hole
name

Coordinates
(WGS84)

Heat flow
(mW/m2)

Bottom hole temperature
recorded in drill hole

Heat production mean
and range (μW/m3) Total drilling time

CDP001 31°52′59″S,
129°25′48″E

N/A N/A 4.49
(2.56–11.08)

41 days

CDP002 31°17′02″S,
129°40′32″E

55 ± 3 41 °C
at

662 m

0.19
(0.08–0.36)

37 days

CDP003 31°09′06″S,
129°01′31″E

52 ± 4 36 °C
at

446 m

5.46
(0.25–12.06)

33 days

CDP004 30°49′48″S,
129°00′45″E

62 ± 2 40 °C
at

646 m

3.75
(0.38–12.81)

30 days

CDP005 31°11′37″S,
129°33′06″E

51 ± 2 36 °C
at

635 m

2.67
(0.96–7.56)

24 days

CDP006 31°18′00″S,
129°29′27″E

68 ± 2 35 °C
at

460 m

2.62
(0.20–4.41)

17 days

CDP007 31°20′36″S,
129°20′38″E

40 ± 2 31 °C
at

358 m

0.71
(0.68–0.76)

7 days

CDP008 31°20′56″S,
129°56′21″E

70 ± 2 41 °C
at

624 m

1.33
(0.09–7.38)

11 days

Mallabie 1 31°32′14″S,
130°36′06″E

52 ± 2 52 °C
at

1493 m

1.39
(0.71–1.73)

45 days

Denman 1 30°39′20″S,
129°58′47″E

65 ± 3 30 °C
at

232 m

N/A 27 days
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of the lowest heat flow values observed in Australia, averaging between 23
and 45 mW/m2 (Howard & Sass, 1964; Munroe et al., 1975; Weber et al.,
2011).

With the addition of the new Coompana Province heat flow data, we are
able to confirm that previous predictions of heat flow for this region, based
on kriging between nearest neighbors, are broadly reasonable. Our new
estimates range from 40 to 70 mW/m2 with an average of 57 ± 3
mW/m2, consistent with the existing interpolated values of 45–60
mW/m2 as stated above (Beardsmore & Hill, 2010; Raimondo et al.,
2014). Notably, the highest heat flow (CDP008; 70 ± 2 mW/m2) corre-
sponds to basaltic basement underlying ~550 m of sedimentary rocks.
This may indicate that the sediments are providing a thermal blanketing
effect to the heat flowing from below (Zhang, 1993). However, this con-
flicts with results from Mallabie 1, where more than 1,200 m of sedimen-
tary units overly a diatexite basement and yet a low heat flow value of 52 ±
2 mW/m2 is obtained. In contrast, a sediment thickness of only 350 m for
CDP006 produces an essentially identical value to CDP008 (68 ± 2
mW/m2). The elevation in heat flow observed for CDP006 and CDP008
may therefore indicate a more spatially extensive and higher heat produ-

cing unit at depth, which better signifies the character of the basement than the effects of thermal insulation
from overlying sedimentary units.

Nevertheless, if sedimentary blanketing influences in some way the heat flow patterns across southern
Australia, this process is likely also applicable to East Antarctica. U‐Pb dating of detrital zircon and in situ
authigenic monazite from the Wilkes Land Sabrina Sedimentary Basin returns Neoproterozoic ages that
are comparable to Neoproterozoic sequences within the eastern Officer Basin (Figure 1a). This supports
the existence of extensive sedimentary cover (100,000 km2) across the Vanderford Glacier Catchment
(located west of the Totten Glacier Catchment; Figure 1c), which may extend further east across Wilkes
Land (Maritati et al., 2019).

Our new heat flow estimates provide in situ characterization of the
Coompana Province heat flow regime and populate a significant gap
within the Australian heat flow data set. With aerogeophysical and geo-
chronological data confirming crustal‐scale similarities between central
southern Australia and the conjugate margin of East Antarctica, we are
now able to apply the heat flow characterization of the Coompana
Province as an estimation of the thermal regime in the formerly contigu-
ous crust of Wilkes Land. Subsequently, we can use this to verify the heat
flow characterization of East Antarctica derived from geophysical models.

4.2. Existing Models of Antarctic Heat Flow

Due to the environmental, logistical, and financial challenges of drilling
boreholes that intersect bedrock beneath thick ice cover, obtaining in situ
terrestrial thermal data from Antarctica remains deeply problematic.
Consequently, constraining heat flow across the Antarctic continent has
been achieved by modeling, largely using data derived from continental‐
scale geophysical studies. These include satellite, airborne, and ground‐
sourced magnetic data (Fox Maule et al., 2005; Martos et al., 2017;
Purucker, 2013) and seismic data (An et al., 2015; Shapiro & Ritzwoller,
2004). Additional studies have relied on the distribution of subglacial lakes
across Antarctica (Siegert & Dowdeswell, 1996), or combined previous
heat flow estimates with numerical modeling to determine continental
heat flow (Pattyn, 2010; Pollard et al., 2005). The models of Shapiro and
Ritzwoller (2004), Fox Maule et al. (2005), An et al. (2015), and Martos

Table 2
Summary of Thermal Conductivity Values From Each of the Sampled
Lithologies Across All Drill Holes in This Study

Lithology

Range of thermal
conductivity
(Wm/K)

Mean thermal
conductivity
(Wm/K)

Number of
measurements

Basalt 1.53–3.52 1.89 17
Breccia 2.46–3.00 2.57 3
Conglomerate 3.30–5.22 4.21 3
Diatexite 2.07–3.24 2.63 41
Diorite 2.27–2.36 2.31 2
Dolerite 1.74–2.14 2.00 22
Gabbro/gabbro
norite

1.99–2.34 2.17 30

Gneiss 2.86–4.02 3.28 8
Granite 2.43–3.29 2.80 68
Metasomatic rock 2.15–4.64 3.22 9
Metatexite 2.15–3.40 2.87 28
Sandstone 1.92–4.41 3.89 16
Saprolite 2.14–2.84 2.49 2
Siltstone 1.05–1.78 1.37 5

Figure 4. Heat flow estimates obtained from the Coompana Province dril-
ling program (holes CDP002–CDP008). See Table 1 for data source.
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et al. (2017) will be the focus for comparison with our study (Figure 5), with particular emphasis on the two
most recent models that employ the highest‐resolution seismic and magnetic data.

While each successive heat flow model produced via geophysical approaches has been refined with
improvements in the spatial resolution and accuracy of source data, significant disparities still exist
between alternative models (Van Liefferinge & Pattyn, 2013). For the specific region of the East Antarctic
coast once contiguous with the Coompana Province (outlined by the black box in Figure 5), differences
of up to 25 mW/m2 occur between the seismic models (An et al., 2015; Shapiro & Ritzwoller, 2004) and
magnetic models (Fox Maule et al., 2005; Martos et al., 2017), while in adjacent regions of the East

Figure 5. Four geophysically derived geothermal heat flux models for continental Antarctica, modified from Van
Liefferinge et al. (2018). The models of (a) Shapiro and Ritzwoller (2004), (b) Fox Maule et al. (2005), (c) An et al.
(2015), and (d) Martos et al. (2017) are plotted using the same color scale, truncated at 30 and 80 mW/m2; purple dashed
line indicates the boundary of the Totten glacier catchment. (e) Observed difference between the Martos et al.
(magnetic) and An et al. (seismic) models; purple dashed line indicates the boundary of the Totten glacier catchment.
Black box represents the region of East Antarctica corresponding to the Coompana Province of southern Australia.
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Antarctic coast, discrepancies exceed 30 mW/m2 (Figure 5e). Such disparities are nontrivial in the context
of studies such as Llubes et al. (2006), which indicate that variations of 20 mW/m2 result in a change of up to
15 °C for basal temperatures across East Antarctica. This is particularly important for the modeling of vul-
nerable regions such as the Totten Glacier catchment (Figure 1c), given that Figure 5e predicts discrepan-
cies of 10‐30 mW/m2 between magnetic and seismic heat flow models for this area.

Another consideration is the relatively large errors inherent to heat flow estimates from geophysical
proxies. An et al. (2015) state that heat flow derived from their seismic model is only reliable to a max-
imum of 90 mW/m2; higher values of heat flow indicate either a weak lithospheric mantle or the presence
of crustal melting (Jaupart & Mareschal, 2015). The Martos et al. (2017) magnetic model quotes errors of
approximately 10 mW/m2 after applying the propagation equation for independent uncertainties.

In addition to their lack of agreement and inherent uncertainties, a large proportion of the thermal sensing
derived from magnetic and seismic data is representative of lower crustal and upper mantle temperatures
(Figure 6). Whereas magnetic methods sense temperatures in the lower crust and the upper mantle, corre-
sponding to the deepest magnetic sources (assumed to be generally consistent with the Curie Depth iso-
therm, except where the deepest sources reach the Moho), seismic methods sense temperatures to much
greater depths within the upper mantle, down to the lithosphere–asthenosphere boundary (LAB). Little
information is thus gained about the upper crustal temperature regime, which limits the understanding of
radiogenic heat produced from crustal sources and how it contributes to the overall heat flow.

Furthermore, geophysical models use simple layered crustal models (one‐ to two‐layered crust) that field stu-
dies of heat production heterogeneity have repeatedly shown are not geologically realistic (Burton‐Johnson
et al., 2017; Carson et al., 2014; Hasterok et al., 2018; Sandiford et al., 2002). Themodels apply either constant
thermal conductivity through a single crustal layer and assume laterally uniform crustal heat production
(An et al., 2015), or an exponential relationship of decreasing heat production with depth (Martos et al.,

Figure 6. Comparison of geophysical and direct sampling techniques and their sensitivity to thermal properties with
depth. With respect to this study, surface heat flow characterises the thermal regime of the upper crust, whereas
magnetics are sensitive to the curie depth, deeper in the crust near the Moho boundary. Seismic methods are able to
sense thermal properties within the upper mantle and discern temperatures at the lithosphere–asthenosphere bounday
(LAB).
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2017). In all cases, no lateral variation in crustal heat production within the Antarctic continent is
accommodated. While changes in crustal heat flow (if great enough in magnitude) could be responsible
for shallowing of the Curie depth as associated with the deepest magnetic sources, the outputs of these
models do not allow the user to discern the source of the change.

4.3. A Tectonically Reconstructed Heat Flow Map of Antarctica

As the availability of heat flow data is extremely limited across Antarctica, we propose using a tectonic
reconstruction of the global heat flow data set to map the continent‐wide heat flow distribution. This will
assist in testing the validity of geophysically derived models by exploring the degree of fit between the mod-
eled outputs of heat flow proximate to the East Antarctic coastline with measured in situ heat flow from the
conjugate margins of Australia, India, and Africa.

The heat flow distributions relevant to the last supercontinent reconfiguration can be explored by plotting
the currently available terrestrial heat flow data from each continent (Table S1; Hasterok, 2013) and anchor-
ing each data point to its respective tectonic plate using GPlates software (Müller et al., 2018). A Leeuwin‐
hybrid reconstruction continental fit (Matthews et al., 2016) is then applied, and all data move relative to
their original reference frame during plate rotation (Figure 7a). The data can then be interpolated to produce
tectonically reconstructed heat flow maps (Figures 7b and 7c), enabling assessment of the degree of fit
between the measured Gondwanan heat flow distribution and geophysically derived heat flow models of
present‐day Antarctica (Figures 7d and 7e).

Prior to the tectonic reconstruction being applied, sources of uncertainty in the Antarctic heat flow data set
were evaluated and carefully filtered to exclude measurements that likely do not reflect conductive steady‐
state values. For example, Fisher et al. (2015) derive two significantly different heat flow values from subgla-
cial Lake Whillans located on the West Antarctic Ice Sheet. Estimates from the sediments at the base of the
lake result in a heat flow value of 285 mW/m2, whereas heat flow derived from a temperature profile within
the ice core to the base of the ice sheet indicates a value of 110 mW/m2. This suggests that approximately 175
mW/m2 of heat has been lost in the process of melting the ice (Begeman et al., 2017; Fisher et al., 2015).
Therefore, heat flow derived from ice cores that are positioned above localities of basal melting must be trea-
ted as minimum estimates. Heat flow values affected by advective systems still represent important informa-
tion about the local thermal regime; however, when relating these values tomodels or measured estimates of
conductive steady‐state heat flow, a fair comparison cannot be made (Parrenin et al. 2017). Those measure-
ments derived from temperature profiles taken only to shallow depths within the ice shelf are also treated
with caution as significant extrapolation is required in order to obtain a temperature profile to the base of
the ice sheet. Hence, measurements of heat flow from Antarctica with evidence for advective conditions,
underlying meltwater and those derived from shallow temperature profiles were removed in the process
of producing the heat flow maps in Figure 7.

To examine the heat flow distributions across the reconstructed terrane boundaries, a range of interpolation
methods were tested in order to produce spatially continuous maps. Ordinary kriging, kernel smoothing,
and local polynomial interpolation were critically assessed as outlined in the supporting information and
Figures S8–S15. All three methods produced similar outputs between points of measurement (Figures 7b,
S8, and S10), such that the map‐scale heat flow patterns are largely insensitive to the chosen interpolation
strategy. However, ordinary kriging produced the smallest associated prediction errors and is therefore
the preferred method used to explore the global heat flow data set and its comparison to current models
of Antarctic heat flow.

Our novel approach to comparing heat flow data across conjugate terranes requires consideration of the
potential for tectonic alteration of the crust subsequent to rifting. We validated our method by plotting the
global heat flow data set in GPlates and creating a tectonic plate reconstruction at 200Ma (to ensure the close
fit of Gondwanan conjugate margins prior to rifting). As shown in Figure S4, we successfully identify addi-
tional locations where heat flow trends are continuous across plate margins. A particularly strong correla-
tion is observed across the northeastern South American Plate and the northwestern African Plate (Figure
S5); a belt of low heat flow (generally lower than 50 mW/m2) is observed to extend ~4,000 km across this
margin (Brigaud et al., 1985; Hamza & Muñoz, 1996). Elevated heat flow observed across the northern
North West African Craton (Figure S6) corresponds to similar values on the conjugate coast of the
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northeastern North American Craton and Avalonian Plate, representing northeastern North America and
southeastern Canada (Hyndman et al., 1979; Jaupart et al., 1982; Jessop & Judge, 1971; Rankin &
Hyndman, 1971; Rimi, 1990). Further east, elevated heat flow observed in the North West African Plate also
corresponds to similar values observed on the conjugate margin of the Iberian Plate (Figure S7), representing
Andorra, Portugal, and Spain (Brigaud et al., 1985; Duque & Mendes‐Victor, 1993; Fernàndez et al., 1998).

4.4. Comparison With Geophysically Derived Heat Flow Models

The reconstructed Gondwanan heat flow map (Figure 7) leverages the similarity in crustal properties
between each conjugate plate margin as a means to achieve two outcomes: (1) to predict the likely heat flow
regime of the Antarctic continental margin by projecting the significantly greater data coverage of its for-
merly contiguous terranes into this region (Figure 7b) and (2) to compare this reconstructed distribution
with both measured in situ heat flow values (Figure 7b) and estimates modeled from geophysical proxies
(Figures 7d and 7e). As little is understood about the geology of the Antarctic interior and the uncertainty

Figure 7. (a) Terrestrial heat flow data plotted on Gondwana reconstruction at 160 ma created using GPlates (Müller
et al., 2018). No continental shelf heat flow data are included within this synthesis to ensure that all data values are
representative of the stable onshore terrestrial thermal regime. (b) Kriged heat flow map. (c) Kriging prediction error
map indicating the uncertainty associated with in situ data coverage relevant to Figures 7b, 7d, and 7e. (d) Heat flowmodel
of An et al. (2015) superimposed in Figure 7b, with current Antarctic continental margin shown for reference (black line).
Green rectangle indicates the conjugate alignment between the Coompana Province and Wilkes Land. (e) Heat flow
model of Martos et al. (2017) superimposed in Figure 7b. Note that the modern coastline shown in Figures 7d and 7e is for
illustrative purposes only and is not shown in a reconstructed position for the various tectonic elements of West
Antarctica. Color scale is the same as used for Figure 2 and is truncated at 30 and 80 mW/m2.
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of the reconstructed heat flowmap is too large to be useful in this region (Figure 7c), the following discussion
focuses on heat flow in regions proximal to the coastal perimeter of East Antarctica.

Coompana Province heat flow values ranging from 40 to 70 mW/m2 correspond well to geophysically
derived estimates of 50–70mW/m2 on the conjugate coast ofWilkes Land, East Antarctica. However, further
east of the Coompana Province, elevated heat flow associated with the South Australian Heat Flow Anomaly
that bounds the eastern Gawler Craton (SAHFA; Figure 2) is not reflected in geophysically derivedmodels of
the adjacent George V Coast (Figures 7d and 7e). This is despite the fact that the Delamerian Orogen of
southern Australia and the Ross Orogen of East Antarctica represent conjugate arms of the same orogenic
system (Flöttmann et al., 1993; Flöttmann & Oliver, 1994; Foden et al., 2006), and therefore should comprise
an equivalent crustal composition associated with in situ heat flow measurements of up to 120 mW/m2

(Neumann et al., 2000). Yet the An et al. (2015) model indicates an average heat flow of 55–60 mW/m2 across
George V Land, with a region of <40 mW/m2 intersecting the coast directly adjacent to the projection of the
SAHFA. TheMartos et al. (2017) model indicates heat flow of ~60 mW/m2 in this region, somewhat closer to
the expected values based on our reconstruction but still substantially lower than is typical of the SAHFA.

Closer investigation of Figures 7d and 7e reveal areas of both good and poor correlation between the recon-
structed heat flow map and geophysically derived models. The Martos model predicts substantially higher
average heat flow across East Antarctica than the An model (and the Shapiro & Ritzwoller and Fox
Maule models; Figure 5). This exacerbates a number of disparities juxtaposed against cooler regions of crust
in both southern Western Australia (Yilgarn Craton and Albany Fraser Orogen) and southern India. Heat
flow in southeastern Africa is highly variable; this pattern is similar to that observed in the Anmodel. In con-
trast, there is no evidence from the An model that there are any regions of high Antarctic heat flow corre-
sponding to the elevated values of northern India, yet the Martos model shows a circular feature of high
heat flow at this location. Elevated heat flow at the southern edge of George V Land is imaged in all geophy-
sical models and is a result of the West Antarctic Rift System, driven by recent magmatism and the likely
presence of a magmatic plume (Ivins et al., 2017; Seroussi, Ivins et al., 2017).

4.5. Implications for Accurately Mapping Antarctic Heat Flow

Geophysically derived heat flow models remain the best approach to understanding the Antarctic thermal
regime at a continental scale. However, as outlined above, significant disparities remain between models
derived from magnetic versus seismic data sets and their correlation to in situ measurements across recon-
structed continental margins (Figure 7). Fundamentally, this highlights that in situ heat flow estimates
represent different thermal states than those derived from geophysical models: the latter are well tuned to
changes in mantle/lower crustal heat flow over continental scales, whereas the former integrate variations
in upper crustal heat flow at local and regional scales (Figure 6).

Importantly, variations in heat flow observed at the surface (i.e., those most relevant to ice sheet stability) are
a result of contributions from both mantle heat flow and/or radiogenic heat produced within the crust. This
means that the crustal contribution to surface heat flow is critically important to constrain via in situ mea-
surements, particularly given that in stable cratonic regions such as Antarctica and southern Australia, man-
tle heat flow variations are likely to be small (<10 mW/m2; Hasterok & Gard, 2016). As a result, it is unlikely
that heat flow trends reflect fluctuations in mantle heat flow; rather, numerous studies from southern
Australia confirm that the predominant cause is heterogeneous crustal heat production (McLaren et al.,
2002; McLaren et al., 2003; Neumann et al., 2000; Sandiford et al., 2002). Provided that conjugate crustal
blocks experience no tectonic reworking subsequent to rifting (i.e., the crust remains similar thickness on
both sides, outside of the rift margins), their average heat production will remain comparable. It is therefore
reasonable to expect that the observed variations in heat flow along the East Antarctic coast are largely
attributed to variations in crustal heat production.

This conclusion has critical implications for the scale of observation relevant to improved ice sheet predic-
tions: several ice flow studies indicate that variations in heat flow even on the local scale can result in melt-
ing (Fahnestock et al., 2001; Greve & Hutter, 1995; Winsborrow et al., 2010). These local variations, when
attributed to shallow rather than deep‐seated heat sources, indicate that geophysical models require further
parameterization of the crustal component of heat flow in order to accurately inform ice sheet models.
Furthermore, the simplified crustal architectures used within models are inherent limitations, because
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they make invalid assumptions about the thermal uniformity of any given vertical crustal profile (thermal
conductivity and crustal heat production). It is also difficult to determine where the thermal regime is con-
ductive versus advective, which may be of critical importance to local conditions at the base of the ice sheet.
The most significant improvement for future models of Antarctic heat flow derived from geophysical data is
a more representative model of the three‐dimensional crustal architecture and resultant variations of heat
production within the crust (Goodge, 2018).

Any approach used to determine the spatial variability of heat flow across Antarctica will encounter limita-
tions due to the inaccessibility of the bedrock that lies beneath the ice. This study shows that using heat flow
values from conjugate terranes that are considerably more accessible is an effective, low cost, and practical
approach, at least for direct correlatives along the Antarctic continental margin. Nevertheless, before this
method can be extended to inland Antarctica with a high level of confidence, in‐depth geostatistical analyses
of the outputs of kriging interpolation are required, similar to that undertaken by Szwillus et al. (2019). This
will permit more robust analysis of heat flow trends determined by kriging where heat flow data do not exist.
Further improvement of the geological characterization of this region is also needed, given its comparative
uncertainty, including in situ heat flow measurements wherever feasible as a critical validation parameter.
Where significant variations between alternative models and in situ measurements currently exist, this dis-
crepancy begs the question of whether its origin lies with poor data coverage or purely methodological dif-
ferences (e.g., crustal versus mantle contribution to heat flow), and thus whether the modeled values remain
acceptable. In particular, where crustal thickness, mantle heat flow, and the thermal regime (advective or
conductive) are comparable and a similar neotectonic history is shared, variations in heat flow estimates
may be indicative of differences in crustal heat production, and consequently, differences in crustal
heat flow.

5. Conclusion

This study presents new heat flow estimates of 40–70 mW/m2 from the Coompana Province, southern
Australia, and provides the first thermal characterization of this significant gap in the Australian heat flow
map. East Antarctica remains largely inaccessible for in situ heat flowmeasurements and therefore presents
a significant challenge to better characterizing thermal conditions at the bedrock‐ice interface. To provide an
alternative approach to this problem, we offer a Gondwanan synthesis of all available in situ measurements
from formerly contiguous terranes as a means to validate geophysically derived heat flow models. In this
context, the new Coompana Province heat flow values compare favorably to the most recent geophysically
derived estimates of 50–75 mW/m2 for the Totten Glacier catchment of East Antarctica. However, our recon-
structed map demonstrates that the heat flow distribution of southern Australia is highly variable and yet
this heterogeneity is not reflected in corresponding geophysical models of East Antarctica, which are likely
underestimating the contribution from crustal radiogenic heat production. Improved mapping of crustal
heat production in East Antarctica and its influence on the resulting heat flow distribution will provide
future studies the best opportunity for thermal characterization of East Antarctic crust and its role in current
and predicted ice sheet movement.
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