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A B S T R A C T   

Antarctica is losing ice mass by basal melting associated with processes in deep Earth and reflected in geothermal 
heat flux. The latter is poorly known and existing models based on disputed assumptions are controversial. Here I 
present a new geophysical model for lithospheric thickness and mantle heat flux for the entire Antarctica and 
demonstrate that significant parts of the East Antarctica craton have lost the cratonic lithosphere signature and 
the entire West Antarctica has a highly extended lithosphere, consistent with its origin as a system of back-arc 
basins. I conclude that the rate of Antarctica ice basal melting is significantly underestimated: (i) the area 
with high heat flux is double in size and (ii) the amplitude of the high heat flux anomalies is 20–30% higher than 
in previous results. Extremely high heat flux (>100 mW/m2) in almost all of West Antarctica, continuing to the 
South Pole region, and beneath the Lake Vostok region in East Antarctica requires a thin (<70 km) lithosphere 
and shallow mantle melting, caused by recent geodynamic activity. This high heat flux may promote sliding 
lubrication and result in dramatic reduction of ice mass, such as in Heinrich events. The results form basis for re- 
evaluation of the Antarctica ice-sheet dynamics models with consequences for global environmental changes.   

1. Introduction 

Climate change effects promote melting of ice-sheets from the top, 
but near-surface thermal perturbations cannot propagate deep into the 
ice due to low thermal conductivity. The impact of atmospheric warm
ing on surface melting of the Antarctica ice-sheet is debated (DeConto 
and Pollard, 2016; Hanna et al., 2020). The main loss of ice mass in 
Antarctica is thought to happen through ice dynamics (Blankenship 
et al., 1993; Pritchard et al., 2012). Thermal anomalies at the ice-rock 
interface caused by geodynamic processes in the Earth’s interior may 
cause basal melting of ice-sheets. Close to coast lines it may lead to a 
dramatic reduction of ice mass even at low melting rates by promoting 
ice sliding to the ocean through lubrication of the ice-rock interface 
(Blankenship et al., 1993). 

Indeed, episodic massive break-offs of large ice masses are docu
mented in the North Atlantic (Heinrich, 1988; Bond et al., 1992), where 
the so-called Heinrich events have an apparent periodicity of few 
thousand years (Bond and Lotti, 1995). Ice-sheet warming by 
geothermal heat is one of the proposed triggering mechanisms by which 
sub-glacial unconsolidated sediment and ice thaw to form a “slippery 
lubricant” layer at the base of the ice-sheet (MacAyeal, 1992; Marcott 

et al., 2011). The extremely fast onset of Heinrich events on time-scale of 
years (Maslin et al., 2001) makes them particularly important as po
tential triggers of global climate change (Blunier and Brook, 2001; 
Broecker, 2002; Hemming, 2004) with possible effects on the global 
ocean circulation (Sachs and Anderson, 2005). 

Detailed studies of ice mass loss in Antarctica since 1992 demon
strate that while the East Antarctica ice-sheet has a nearly constant mass, 
although the details differ (Shepherd et al., 2018; Rignot et al., 2019), 
the rate of ice mass loss in West Antarctica has tripled (Shepherd et al., 
2018). Therefore, ice dynamics in West Antarctica is a matter of primary 
concern for estimating global environmental consequences of ice-sheet 
melting, including global changes in the ocean salinity (Golledge 
et al., 2019) and in the sea-level (Mitrovica et al., 2009; DeConto and 
Pollard, 2016). However, up-to-date, heat flux supplied to the ice base 
from the Earth’s interior is poorly constrained by geophysical and 
glaciological methods, particularly in West Antarctica. 
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2. Previous models of geothermal heat flux in Antarctica 

2.1. Large-scale geophysical models 

Seismic and magnetic constraints on the lithosphere thermal regime 
in the two contrasting geodynamic domains of Antarctica (Fox Maule 
et al., 2005; An et al., 2015; Martos et al., 2017; Haeger et al., 2019; 
Lösing et al., 2020) are hampered by physical assumptions in mathe
matical formulations, and they have not been thoroughly tested in re
gions where geothermal heat flux is known from conventional borehole 
measurements. The critical assumption of steady-state conductive heat 
flux through the lithosphere to the bedrock surface is likely to be valid in 
most of the tectonically stable East Antarctica (Fig. 1). However, rifting 
proposed for some parts of East Antarctica (Ferraccioli et al., 2011) in
validates the approach in the area around the Gamburtsev Mountains 
and the Lambert Rift, whereas the assumption of laterally constant 
thermal properties of the crust, including radioactive heat production, is 
not satisfied anywhere and leads to large potential errors (Lösing et al., 
2020). 

Some of the extreme heat production values (Carson et al., 2014) 
reported for the granitic outcrops in East Antarctica (the Prydz Bay, 
Fig. 1) suggest local short-wavelength heat flow variations. Such high- 
amplitude local anomalies contribute to globally uncorrelated values 
of the heat flux and the Curie depth on continents (Li et al., 2017). 
Furthermore, heat flux models based on the steady-state heat conduc
tion assumption (Fox Maule et al., 2005; An et al., 2015; Martos et al., 
2017; Haeger et al., 2019; Lösing et al., 2020) (Fig. 2b,d,e) are invalid 

for the tectonically active West Antarctica, which has a broadly 
distributed recent tectono-magmatic activity (Blankenship et al., 1993; 
Behrendt, 1999) and is interpreted to represent either one of the largest 
continental rift systems (Behrendt, 1999) or a large system of back-arc 
basins (Artemieva and Thybo, 2020). 

A probabilistic estimate of Antarctica heat flux based on correlation 
between a global surface wave seismic tomography model and measured 
heat flux on continents is particularly poorly constrained in West 
Antarctica (Fig. 2a), where the model has lateral resolution between 600 
and 1000 km, while standard deviation of heat flux exceeds 40 mW/m2 

and reaches ~80 mW/m2 in Marie Byrd Land (Shapiro and Ritzwoller, 
2004). A similar recent study (Shen et al., 2020) based on correlation 
between seismic shear wave velocity anomalies and measured heat flux 
in the continental USA provides a probabilistic estimate of Antarctica 
heat flux at a higher lateral resolution and with a nominal model un
certainty of about 20 mW/m2 (Fig. 2c). However, it is the only heat flux 
model that does not report heat flux greater than 85 mW/m2 anywhere 
in Antarctica, including its western part, possibly because the critical 
assumption on structural similarity between the two continents is not 
satisfied. In particular, the continental USA lacks regions with the 
anomalous, 20–25 km thick, crust (Chulick and Mooney, 2002) as in 
large parts of West Antarctica (c.f. Behrendt, 1999; Artemieva and 
Thybo, 2020) (Supplementary Fig. S1). 

Another class of geophysical models constrains Antarctica’s heat flux 
based on correlations between crustal ages, lithosphere geotherms and 
lithosphere thickness, which are controlled by heat flux. A global con
tinental thermal model (Artemieva, 2006) based on such correlations 

Fig. 1. Equivalent topography (calculated 
by reducing thicknesses of ice (Fretwell 
et al., 2013) with density of 920 kg/m3 and 
water with density of 1020 kg/m3 to 
bedrock density of 2670 kg/m3). Blue dotted 
lines outline the boundaries of the proposed 
extent of the Antarctica continent proper in 
the east, volcanic arcs associated with the 
Pacific (Phoenix) plate paleo-subduction in 
the east, and the system of back-arc basins of 
West Antarctica in-between (Artemieva and 
Thybo, 2020). (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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has low resolution for most of Antarctica (Fig. 2f) where geological ages 
are poorly known due to the sparse bedrock outcrops. A continent-scale 
heat flux model (Stål et al., 2020) based on a global cross-correlation 
analysis of gravity, magnetic, and seismic models (Fig. 2g) has similar 
limitations, since it combines geophysical data with poorly constrained 
regional geological models on crustal type and age, and the model 
(where poor correlation between many parameters is tuned by weight
ing factors) tends to underestimate heat flux in regions with very high 
values (Stål et al., 2020), such as reported in other geophysical models 
for West Antarctica. 

2.2. Local glaciological and borehole studies 

Due to the ice cover, conventional heat flux measurements in 
bedrock drill-holes are almost absent in Antarctica and, where exist, the 
critical mathematical assumption behind the method formulation 
(Pollack et al., 1993) - conductive steady-state heat transfer - is not 
satisfied. Advection, convection and water circulation may dominate 
heat transfer in conventional borehole measurements in the volcanic 
provinces of the Ross Sea (Morin et al., 2010) and in unconsolidated 
sediments of the Subglacial Lake Whillans in West Antarctica (Fisher 
et al., 2015), where the inferred extreme heat flux values of 164 mW/m2 

and 285 ± 80 mW/m2, respectively, are incompatible with the assumed 
steady-state lithosphere conduction. 

Likewise, glaciological heat flux estimates, e.g. heat flux measure
ments in ice drill-holes (Table 1), suffer from large uncertainties due to 
many unknowns, such as ice-flow pattern (Robel et al., 2013), paleo- 
surface temperatures, and paleo-accumulation rates of the ice (Dahl- 
Jensen et al., 1998; Morin et al., 2010; Fisher et al., 2015; Hanna et al., 
2020). Reliable calculations require measurements close to the ice 

bottom, where subglacial meltwater leaking into the borehole may 
significantly reduce inferred heat flux values, so that only a minimum 
heat flux value can be estimated. Accounting for a possible ice melting 
critically affects the estimated heat flux (Talalay et al., 2020), as illus
trated by results at the Vostok Lake deep ice drill-hole in East Antarctica 
(Fig. 1), where the reported values (affected by meltwater) range from 
ca. 50 mW/m2 (Salamatin et al., 1998) to a physically unrealistic 
negative value of geothermal heat flux when ice melting is included 
(Talalay et al., 2020), while an alternative approach based on the 
presence of thermophile bacteria in the meltwater yields ca. 220 mW/ 
m2 (Bulat et al., 2012). Besides, most of glaciological heat flux studies in 
ice drill-holes (Talalay et al., 2020) adopt the approach developed for 
the tectonically stable Greenland craton (Dahl-Jensen et al., 1998), 
which assumes a steady-state lithosphere thermal regime, invalid for 
West Antarctica and parts of East Antarctica. 

An alternative approach with radar-derived estimates is based on a 
strong amplitude increase of the reflected echoes in the presence of 
water. While the method assumes that water at the ice–rock interface is 
due to local ice basal melting (Fujita et al., 2012), it can originate from a 
meltwater flow from elsewhere (Le Brocq et al., 2013). Heat flux un
certainty based on ice borehole measurements can best be illustrated by 
the extraordinary difference of 180 mW/m2 between the geothermal 
and basal ice heat fluxes measured in the same ice drill-hole (Lake 
Whillans, Fig. 1) in West Antarctica, with the difference attributed to a 
high-rate (~18 mm/y) of ice basal melting (Fisher et al., 2015), while 
other explanations are possible. Likewise, airborne radar-derived study 
of heat flux beneath the Thwaites Glacier (West Antarctica, Fig. 1) 
(Schröeder et al., 2014) constrains a minimum average value of ca. 114 
mW/m2 with local anomalies exceeding 200 mW/m2. This strong short- 
wavelength heterogeneity possibly reflects basal melting patterns and 

Fig. 2. Heat flux in Antarctica predicted by geophysical models: (a-c) based on surface wave seismic tomography (Shapiro and Ritzwoller, 2004; An et al., 2015; Shen 
et al., 2020); (d-e) on magnetic data (Fox Maule et al., 2005; Martos et al., 2017); (f) on global correlations for continents between tectono-thermal ages and surface 
heat flux (Artemieva, 2006); heat flux is recalculated from the lithosphere thermal thickness (Supplementary Fig. S3b); (g) on global similarity patterns (Stål et al., 
2020). Color scale is the same in all maps; black triangles – young volcanoes, numbers in dark red – mean heat flux within the map area. Model (a) constrained by a 
correlation between heat flux and shear-wave velocity anomalies in a global tomographic model (Shapiro and Ritzwoller, 2004) has low lateral resolution with 
standard deviation for heat flux of 40–80 mW/m2, with the maximal uncertainty in Marie Byrd Land where heat flux is essentially unconstrained. A high-resolution 
model (c) based on a regional seismic receiver-functions/surface wave tomography model constraints heat flux by assuming a similarity between the Antarctica’s and 
USA upper mantle structures (Shen et al., 2020). Models (b, d-e) assume steady-state conductive heat flux through the lithosphere, which is invalid for large areas of 
Antarctica. Model (f) based on correlation between geological ages and heat flux (Artemieva, 2006) has low resolution for most of Antarctica due to limited data on 
geological ages, restricted to the sparse bedrock outcrops. Model (g) based on a global Monte Carlo analysis of similarities between various geophysical models, 
crustal types and geology (Stål et al., 2020) has similar limitation as (f) and underestimates heat flux when the values are high. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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subglacial water routing. 
This brief overview summarizes the problem: geothermal heat flux in 

Antarctica remains highly controversial (Fig. 2, Table 1) and it is poorly 
constrained despite strong multidisciplinary efforts by geophysical and 
glaciological communities, with a growing number of local (Salamatin 
et al., 1998; Morin et al., 2010; Bulat et al., 2012; Fujita et al., 2012; 
Fisher et al., 2015; Talalay et al., 2020), regional (Behrendt, 1999; 
Ferraccioli et al., 2011; Carson et al., 2014; Schröeder et al., 2014; 
Goodge, 2018), and continent-scale (Shapiro and Ritzwoller, 2004; Fox 
Maule et al., 2005; Artemieva, 2006; An et al., 2015; Martos et al., 2017; 
Haeger et al., 2019; Artemieva and Thybo, 2020; Lösing et al., 2020; 
Shen et al., 2020; Stål et al., 2020) studies. 

3. New Antarctica thermal model 

Here I present a new model for the thermal state of the Antarctic 
lithosphere based on the thermal isostasy method (Artemieva, 2019ab; 
Artemieva and Shulgin, 2019) (for details and uncertainty analysis see 
Methods and Supplementary Information). Therefore, the results are 
based on a new methodological approach, which has not been yet 
applied to Antarctica. Recent studies demonstrate that Antarctica’s 
hypsometry cannot be explained by Airy-type crustal compensation 
neither for East (O’Donnell and Nyblade, 2014) nor for West Antarctica 
(Artemieva and Thybo, 2020). The thermal isostasy method separates 
crustal and mantle contributions to the isostasy, and uses the mantle 
component to determine lithosphere thermal thickness and geothermal 
heat flux in regions where the Moho depth is constrained by seismic 
methods (Supplementary Fig. S1). The method does not require the 
assumption of a steady-state lithosphere thermal regime, in contrast to 
other continent-scale models, and it was tested for Europe and the North 
Atlantics where the method predicts heat flux within a <20 mW/m2 

range of high-quality borehole measurements (Artemieva, 2019a). 
The new model for the lithosphere thermal thickness (Fig. 3) and 

geothermal heat flux (Fig. 4) deviate significantly from the previous 
Antarctica thermal models based on seismic tomography, magnetic data 
and global heat flux statistical correlations (Shapiro and Ritzwoller, 
2004; Fox Maule et al., 2005; Artemieva, 2006; An et al., 2015; Martos 
et al., 2017; Haeger et al., 2019; Shen et al., 2020; Stål et al., 2020) 
(Fig. 2). It confirms the fundamental difference in gross lithosphere 
structure and thermal regime between East and West Antarctica. How
ever, several previously unknown large-scale features of the lithosphere 
architecture, especially in the cratonic East Antarctica (Fig. 3), indicate 
that the conventional bi-modal view on the Antarctica’s lithosphere is an 
oversimplification. 

3.1. East Antarctica 

East Antarctica is conventionally interpreted as a Precambrian shield 
formed by amalgamation of Archean to Mesoproterozoic lithosphere 
terranes. Based on geological similarity between bedrock outcrops in the 
coastal zone and the Kalahari, Dharwar, Yilgarn and Gawler cratons, the 
East Antarctica craton is interpreted as a part of Gondwanaland until its 
Mesozoic break-up (Dalziel, 1992). A very high topography of northern 
and central East Antarctica (the Gamburtsev Mountains, the Dronning 
Maud Land Mountains and the Vostok Highlands, Fig. 1), atypical of 
Precambrian shields, was interpreted as epeirogeny related to anomalies 
in the mid-to-lower mantle (O’Donnell and Nyblade, 2014). The present 
results indicate that East Antarctica topographic anomalies may be 
caused by upper mantle thermal heterogeneity. 

The lithosphere of the East Antarctica craton has largely lost its 
cratonic signature (Fig. 3). Well resolved parts of East Antarctica (where 
seismic Moho is constrained by local data, rather than by interpolations 
over broad distances, Supplementary Figs. S1, S4) have a non-cratonic, 
high heat flux with several large-scale sub-glacial anomalies (Fig. 4) 
which may be crucial for ice-sheet dynamics but are absent in existing 
models (Fig. 2). The LAB (lithosphere-asthenosphere boundary) depth 

Table 1 
Local heat flux studies in Antarctica.  

Abbre- 
viation 

Location Heat flux, 
mW/m2 

Method Reference2 

WA West 
Antarctica 

Regional 
mean 97 ± 
21 

Thermal isostasy This 
study 

LW Lake Whillans 105 ± 13 Ice-hole down to 
bedrock, T-log 

F15 

285 ± 80 Radar F15 
Whillans Ice 
Stream 

88 ± 7 Subglacial sediment, 
T-log 

B17 

RS Ross Sea 
region 

60–115 Boreholes in bedrock, 
T-log 

cf. M10 

SD Siple Dome 69 ± 1 Ice-hole down to 
bedrock, T-log 

E04 

TG Thwaites 
Glacier 

114 ± 10 Radar, minimum 
average 

S14 

WA WAIS Divide 215 ± 14 Ice-hole halted 50 m 
above the bedrock, T- 
log 

WAIS13 

BY Byrd drill-hole 117 Ice-hole down to 
bedrock, meltwater at 
the base, T-log, 
melting accounted for 

T20 

VL Victoria Land 100–1201 Xenolith geotherm AP10 

EA East 
Antarctica 

Regional 
mean 67 ± 
22 

Thermal isostasy This 
study 

CL Concordia 
Lake 

~100 Radar C09 

CEA Central East 
Antarctica 

33–84 Based on heat 
production in local 
granites 

G18 

DC Dome C 55 ± 4 Radar P17 
DF Dome Fuji 59 Ice-hole stopped 590 m 

above bedrock, isotope 
record calibrated by 
Vostok data 

H02 

KO Kohnen drill- 
hole 

55 Ice-hole down to 
bedrock, meltwater at 
the base, T-log 

H07 

LD Law Dome 75 Ice-hole down to 
bedrock, T-log 

DJ99 

LV Lake Vostok 50–56 Ice core isotope record S98 
220–240 Thermophile bacteria B12 

PB Prydz Bay 31–83 Based on heat 
production in local 
granites 

C14 

SP South Pole 
region 

120 ± 20 Radar J18 

AP Antarctic 
Peninsula tip, 
James Ross 
Island 

~50 Ice-hole down to 
bedrock, T-log, heat 
flux inferred from the 
ice base temperature 

M12 

AP Antarctic 
Peninsula, 
central, 
Graham Land 

~100 Ice-hole down to 
bedrock, unaffected by 
meltwater, T-log, heat 
flux inferred from the 
ice base temperature 

NP93 

AP Antarctic 
Peninsula 

Mean 
70–80 

Based on assumed heat 
production in mapped 
bedrock 

BJ17  

1 Not reported in the original publication; inferred from xenolith geotherm. 
2 References: AP10 = Armienti and Perinelli, 2010; B12 = Bulat et al., 2012; 

B17 = Begeman et al., 2017; BJ17 = Burton-Johnson et al., 2017; C09 = Carter 
et al., 2009; C14 = Carson et al., 2014; DJ99 = Dahl-Jensen et al., 1999; E04 =
Engelhardt, 2004; F15 = Fisher et al., 2015; G18 = Goodge, 2018; H02 =
Hondoh et al., 2002; H07 = Huybrechts et al., 2007; J18 = Jordan et al., 2018; 
M10 = Morin et al., 2010; M12 = Mulvaney et al., 2012; NP93 = Nicholls and 
Paren, 1993; P17 = Passalacqua et al., 2017; S14 = Schröeder et al., 2014; S98 =
Salamatin et al., 1998; T20 = Talalay et al., 2020; WAIS13 = WAIS Divide 
Project Members, 2013 
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typically at 130–150 km (Fig. 3) is significantly smaller than expected 
for preserved cratonic lithosphere (Pollack et al., 1993; Rudnick et al., 
1998; Griffin et al., 1999; Shapiro and Ritzwoller, 2004; Artemieva, 
2006; Shen et al., 2020; Stål et al., 2020). The deepest lithosphere root of 
~180–200 km is reached only locally near the Gamburtsev Mountains, 
where short-wavelength, high-amplitude variations in LAB depth (up to 
80–100 km in depth over a distance of 500–800 km, Fig. 3) may, in part, 
be caused by lithosphere flexural deformation (Ferraccioli et al., 2011). 
Likewise, in most of the East Antarctica craton heat flux is higher than in 
cratons worldwide (Pollack et al., 1993; Rudnick et al., 1998; Artemieva, 
2006), with typical values of 50–60 mW/m2 and anomalously high heat 
flux of 100–120 mW/m2 in several areas. In contrast, previous 
continent-scale geophysical models predict a nearly uniform heat flux in 
East Antarctica as expected for cratonic lithosphere (Fig. 2). 

In Dronning Maud Land, the high topography region has a relatively 
thin lithosphere (80–100 km, Fig. 3) and high, non-cratonic heat flux 
values of 60–90 mW/m2 (Fig. 4), so that the anomalous elevation is 
essentially supported by a mantle thermal anomaly. With a dense 
seismic data coverage on the Moho depth (Supplementary Fig. S1), the 
thermal model for this region is well constrained. However, the anomaly 
is not recognized in previous geophysical models, except for a satellite- 
based magnetic model (Fox Maule et al., 2005) (Fig. 2d), and a gravity- 
based conclusion on the mantle source for high elevation of the Dron
ning Maud Land Mountains (O’Donnell and Nyblade, 2014). The Koh
nen ice drill-hole at the edge of the high heat flux anomaly allows for 
comparing geophysical and glaciological heat flux models (Fig. 4). The 
drill-hole measurements are affected by subglacial water and show a 

huge discrepancy between the values: 54.6 mW/m2 and 161.5 mW/m2 

for models without (Talalay et al., 2020) and with basal melting (Huy
brechts et al., 2007), respectively. The present result indicates that basal 
melting is important near the drill-hole, where the non-cratonic heat 
flux suggests possible presence of local, very high heat flux anomalies 
along major fault zones. Such local anomalies cannot be resolved in this 
study. 

Anomalously thin lithosphere and a very high heat flux (~100 mW/ 
m2) are characteristic for the Lambert Rift at the NE edge of the Gam
burtsev Mountains. The rift is a part of the Gondwanan (Permian, 
reactivated in Cretaceous) intracontinental rift system that cuts through 
Australia’s NW shelf and eastern India (Harrowfield et al., 2005), and 
the high heat flux anomaly can also be related to the Kerguelen hotspot. 
Lithosphere thinning to 50–70 km may have been enhanced by litho
sphere deformation in the Gamburtsev Mountains, which provide the 
back-stop for rift propagation. With few exceptions (Martos et al., 2017) 
(Fig. 2e), this large-scale anomaly has not been recognized in previous 
continent-scale studies, while a very high heat flux may significantly 
enhance basal melting of the near-by, Antarctica’s largest, Lambert 
Glacier, possibly facilitating its sliding to the ocean through sliding 
lubrication. Conventional borehole and ice drill-hole heat flux mea
surements are absent for the Lambert Rift, while a local thermal model 
for the Prydz Bay south of the Lambert Rift constrained by measure
ments of heat production in outcropping granites is consistent with the 
results of the present study (Carson et al., 2014) (Table 1, Fig. 4). 

A major East Antarctica heat flux anomaly is inferred around Lake 
Vostok, where the lithosphere is thinned to <70 km and heat flux 

Fig. 3. Lithosphere thickness in Antarctica from thermal isostasy. See Methods for details.  
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exceeds 120 mW/m2 (Figs. 3, 4). The anomaly is constrained by a 
limited dataset (Supplementary Fig. S1) and its lateral extent is un
known due to poor seismic coverage for the Moho depth, which is based 
on interpolations in the eastern and southern directions from Lake 
Vostok (Supplementary Fig. S4). Based on a joint analysis of aero
magnetic, gravity and seismic receiver-function data, the Lake Vostok 
region was interpreted as a 400-km-wide, more than 10-km-deep sedi
mentary basin with the Moho at a ca. 30 km depth (Studinger et al., 
2003). Compared to a typical cratonic crust with a ca. 40 km thick 
crystalline basement, the inferred crustal structure at the Lake Vostok 
region suggests a ca. 50% crustal thinning, consistent with the calcu
lated strong lithosphere thinning (Fig. 3). The extremely high heat flux 
in the region (Fig. 4), which suggests possible magmatism below the 
lake, is in contrast to other (except for Artemieva (2006)) existing 
geophysical models which predict heat flux of 35–55 mW/m2, typical of 
stable cratonic lithosphere (Fig. 2). While the cratonic heat flux of 
50–56 mW/m2 was also proposed based on the deuterium isotope record 
in the Vostok ice core (Salamatin et al., 1998), this result is questioned 
(Bulat et al., 2012; Jean-Baptiste et al., 2001). Although helium isotopes 
suggest no mantle signature in the accreted basal ice section (Studinger 
et al., 2003), the detection of thermophile bacterium near the base of the 
ice, which requires water temperatures as high as 50◦С, confirms the 
presence of a high heat flux anomaly with estimated values of up to 
200–240 mW/m2 (Bulat et al., 2012) and supports the results of the 
present study, which cannot constrain heat flux higher than 120 mW/m2 

(Supplementary Fig. S3b). Undoubtedly, magmatic activity below the 

lake bottom can explain such extreme heat flux values and can strongly 
enhance the ice-sheet melting. 

The high heat flux Lake Vostok anomaly may be linked to the Wilkes 
Basin (Fig. 4) with a similar anomalous lithosphere structure (Artemieva 
and Thybo, 2020). The results are consistent with glaciological models 
which predict a heat flux of ~80–105 mW/m2 to explain the origin of 
sub-glacial lakes in the Terre Adélie and George V Land by local basal ice 
melting (Siegert and Dowdeswell, 1996). The South Victoria Land be
tween the Trans-Antarctic Mountains and the Lake Vostok anomaly 
stands out as a preserved cratonic terrane with a LAB depth of >150 km 
and heat flux <50 mW/m2 (Figs. 3, 4). Similar to the Lake Vostok 
anomaly, its lateral extent cannot be constrained by the existing data, 
and only the northern part of the terrane is well constrained by the 
modeling. 

The large South Pole heat flux anomaly with estimated values 
of >110 mW/m2 (Fig. 4) is absent in all previous geophysical models for 
Antarctica heat flux (Fig. 2a-e), but is known locally from radar data 
which requires a geothermal flux of 120 ± 20 mW/m2 to explain the 
basal melting rate of up to 6 ± 1 mm/y around the South Pole (Jordan 
et al., 2018). This local radar study could not constrain the size of the 
anomaly, which apparently links to the West Antarctica high heat flux 
province. 

3.2. West Antarctica 

Tectonic terranes of West Antarctica include (Fig. 1): the Antarctic 

Fig. 4. Predicted geothermal heat flux in Antarctica (see Methods for details). Symbols with numbers - previous local heat flux estimates (see Table 1 for details 
and references). 
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Peninsula continental volcanic arc formed along the Gondwanan margin 
and reactivated as a volcanic arc after the Gondwana break-up (Burton- 
Johnson et al., 2017), an outcropping Mesoproterozoic block between 
the Antarctic Peninsula and Ellsworth Land (Dalziel, 1992), the Ells
worth Mountains with a possible Precambrian basement, and a huge 
topographic depression which includes Ellsworth Land, Marie Byrd 
Land, and the Ross Ice Shelf. The area, recognized as one of the world’s 
largest zones of episodic crustal extension (cf. Behrendt, 1999) with a 
broadly distributed Meso-Cenozoic magmatic activity, is interpreted 
either as the West Antarctica Rift System (cf. Behrendt, 1999), or as a 
system of back-arc basins formed along the paleo-Pacific active margin 
(Artemieva and Thybo, 2020). The origin of the Trans-Antarctic 
Mountains, the largest non-compressional belt of high topography that 
makes the tectonic boundary between East and West Antarctica, is 
debated, and existing models include combinations of thermally and/or 
mechanically driven uplift (van Wijk et al., 2008). 

A fundamental difference between the present (Fig. 4) and previous 
Antarctica’s heat flux models (Fig. 2) is that the locations of young 
volcanoes along the entire western margin of Antarctica correspond to 
areas with inferred very thin (<50 km) lithosphere and very high flux 
(100–120 mW/m2 or higher) (Figs. 3-4). While a heat flux model based 
on similarity between the upper mantle thermal and velocity structures 
in Antarctica and USA (Fig. 2c) also has a belt of increased heat flux in 
the volcanic provinces (Shen et al., 2020), the maximum predicted 
values of 85 mW/m2 are inconsistent with the very recent volcanic ac
tivity. Heat flux models based on magnetic data (Fox Maule et al., 2005; 
Martos et al., 2017) have the worst correlation with the young volcanic 
provinces (Fig. 2de), possibly because model assumptions on steady- 
state conductive heat flux are clearly invalid there. 

The results show a principal difference between the gross lithosphere 
thermal structure of West and East Antarctica with mean heat flux of 97 
± 21 mW/m2 and 67 ± 22 mW/m2, respectively, and corresponding 
mean lithosphere thicknesses of 70 ± 38 km and 124 ± 46 km (Sup
plementary Tables S1bc; regionalization used to calculate the regional 
averages is shown in Supplementary Fig. S4). Unlike East Antarctica, 
West Antarctica exhibits little heterogeneity in lithosphere thermal 
structure. Most of the area has an extremely thin lithosphere (50–70 km) 
with a high heat flux (>100 mW/m2), as conventionally expected 
(Shapiro and Ritzwoller, 2004; Fox Maule et al., 2005; An et al., 2015; 
Martos et al., 2017; Haeger et al., 2019; Lösing et al., 2020; Shen et al., 
2020). The major deviation from the regional pattern is in Marie Byrd 
Land, which preserves a terrane with a LAB depth of ca. 80 km and heat 
flux of 70–80 mW/m2 typical of tectonically active Phanerozoic regions. 
A similar feature has been identified in several previous geophysical 
models, but at different locations (Fig. 2b-d). Extremely high heat flux 
values over all of West Antarctica, consistent with its back-arc geo
dynamic origin (Artemieva and Thybo, 2020), are in excellent agree
ment with local heat flux estimates based on radar and temperature 
measurements in ice drill-holes, subglacial sediments and bedrock 
boreholes (Fig. 4; Table 1). 

3.3. Trans-Antarctic Mountains 

The Trans-Antarctic Mountains are not resolved as a stand-alone 
lithosphere-scale anomaly (Figs. 3, 4). High heat flux (>100 mW/m2) 
with a thin lithosphere are atypical of collisional orogens and support 
geological interpretations of non-orogenic origin. While the topographic 
escarpment along the western rim of the mountains suggests the pres
ence of a major tectonic boundary, it is absent in the lithosphere 
structure. Instead, the eastern, cratonic rim of the mountains is marked 
by a sharp change in the lithosphere thickness. This pattern, consistent 
with edge-driven small-scale convection along cratonic margins (King 
and Anderson, 1998), supports models of thermo-mechanical uplift 
along the cratonic margin of East Antarctica (van Wijk et al., 2008). 

4. Geodynamic origin of large-scale lithosphere heterogeneity 

The new model for the thermal structure of the Antarctica litho
sphere is consistent with the distribution of young volcanism, with local 
glaciological and local bedrock heat flux models, and is not based on the 
critical assumption of steady-state conduction assumed in most 
continent-scale models, despite being incorrect in many parts of the 
continent. The results identify several, previously unknown, large-scale 
lithosphere anomalies and allow for speculations on their geodynamic 
origin.  

(1) Significant parts of the East Antarctica craton have lost the 
cratonic lithosphere signature.  

(2) Lithosphere thinning below the Dronning Maud Land Mountains 
suggests a non-orogenic origin of the high topography.  

(3) Extreme lithosphere thinning at the Lambert Rift is possibly 
caused by reactivation of a rheologically weak lithosphere of the 
Gondwanan rift by the Kerguelen hotspot.  

(4) Extreme lithosphere thinning in the Lake Vostok region and the 
presence of a deep, wide sedimentary basin (Studinger et al., 
2003) suggest strong lithosphere modification of the craton, such 
as associated with upper mantle thermo-mechanical instabilities 
(Fourel et al., 2013). Together with biogeochemical evidence for 
a high water temperature in the subglacial lake (Bulat et al., 
2012), the results suggest magmatic activity below the ice-sheet, 
although the extent of the anomaly is unresolved.  

(5) Thick lithosphere of South Victoria Land in East Antarctica may 
represent an unmodified Precambrian terrane, although its areal 
extent is unresolved.  

(6) Thin lithosphere of the Trans-Antarctic Mountains, extending to 
the South Pole, supports a non-orogenic origin of the high 
topography and suggests that the mountain uplift is, at least in 
part, associated with mantle thermal instabilities and lithosphere 
flexure at the edge of the East Antarctica craton.  

(7) Thin (<50–70 km) lithosphere of the entire West Antarctica is 
consistent with extreme extension, such as expected in back-arc 
basins (Artemieva and Thybo, 2020), and with young volcanism.  

(8) A block with a 70–80 km thick, Phanerozoic-type continental 
lithosphere in Marie Byrd Land of West Antarctica may represent 
a separate terrane.  

5. Implications for deep-Earth and ice-sheet dynamics 

A fundamental new finding in the present model is a significantly 
higher mean flux in Antarctica (81 ± 26 mW/m2) than in all previous 
continent-scale models (Fig. 2, Supplementary Table S1). For West 
Antarctica, the modelled values are at least 10–30 mW/m2 higher than 
predicted by most other geophysical models, despite the present 
modeling method cannot constrain heat flux values larger than 120 
mW/m2 (Supplementary Fig. S3b). All existing Antarctica-scale models 
significantly underestimate geothermal heat flux by 30–60 mW/m2 in 
large regions of East Antarctica around the South Pole, Lake Vostok and 
the Lambert Rift. As a result, the present model provides average heat 
flux for the entire Antarctica which is ~30% higher than the global 
continental average (Pollack et al., 1993), in part because large parts of 
West Antarctica may not be continental (this is indicated by the patterns 
of gravity anomalies and seismicity typical of back-arc systems, as well 
as by an anomalously deep bathymetry, an anomalously thin crust, and 
an anomalously low lithospheric density, not observed anywhere on 
continents (Artemieva and Thybo, 2020)). The estimated high heat flux 
values imply that meltwater production from the entire Antarctic ice- 
sheet may be up to 30% higher than the inferred value of ~65 Gt/y 
based on the global continental average heat flux (Pattyn, 2010). 

The identified heat flux anomalies, with possible magmatic activity 
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below the ice-sheet, should have strong implications for the ice basal 
conditions. The results provide strong constrains on the source of 
meltwater in ice streams and the production rate. Basal melting controls 
ice stability and may lead to fast melt-water sliding of the ice-sheet into 
the ocean (Blankenship et al., 1993; MacAyeal, 1992; Marcott et al., 
2011). It opens the possibility of a dramatically fast recycling of huge ice 
volumes (Heinrich, 1988) which may have critical consequences for sea 
level changes (Mitrovica et al., 2009) and ocean currents through 
changes in water salinity (Golledge et al., 2019). The results indicate 
that presently major planetary challenge does not originate from the 
Greenland ice-sheet, where a high heat flux anomaly is local and is 
located mostly beneath the ice-free coastal zone (Artemieva, 2019b) 
(Fig. 5), but from Antarctica where at least 1/3 of the ice-sheet may be 
subject to intensive basal melting and at rates significantly higher than 
the existing ice dynamics models consider. 
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Appendix A. Methods 

The results are based on the thermal isostasy method (Artemieva, 
2019a, 2019b; Artemieva and Shulgin, 2019), where it has been 
described in detail, including the uncertainty analysis, and used to 
constrain geothermal heat flux in several continental and oceanic re
gions. The method was tested in continental and off-shore Europe with 
dense coverage by high quality heat flow measurements where it pre
dicts heat flux values in agreement with conventional borehole data, 
within a <20 mW/m2 range of high-quality borehole measurements in 
regions with a well-constrained seismic Moho depth (Artemieva, 
2019a). 

Input parameters. The thermal isostasy method constrains regional 
geotherms and heat flux based on two parameters only: Moho depth and 
hypsometry, and therefore it is well suited for regions with sparse 
geophysical and geological data, like ice-covered Greenland (Artemieva, 
2019b) and Antarctica. In this study, hypsometry is replaced by equiv
alent topography, since substantial parts of Antarctica are submerged 
below sea level and/or are covered by the ice-sheet. The ETOPO1 global 
hypsometry model is converted to equivalent topography by reducing 
thicknesses of ice (Fretwell et al., 2013) and water with densities of 920 
kg/m3 and 1020 kg/m3, respectively, to bedrock density of 2670 kg/m3. 
Equivalent topography (Fig. 1) is positive in most of East Antarctica with 
0–1 km in most of the region and increasing to ca. 2–3.5 km at the 
Gamburtsev Mountains and Dronning Maud Land. West Antarctica is 
dominated by negative equivalent topography, − 580 m on average with 
local depressions down to − 1.6 km (Artemieva and Thybo, 2020). The 
Moho depth, constrained by seismic reflection/refraction profiles, 
seismic receiver functions, and surface wave tomography compiled from 
various sources (cf. Artemieva and Thybo, 2020), has typical continental 
values of 35–45 km in East Antarctica, increasing to 50–58 km below the 
Gamburtsev Mountains, and anomalously thin crust (20–30 km) in 
substantial parts of West Antarctica (Supplementary Fig. S1). 

Method in brief. The method assumes regional isostasy with isostatic 
compensation at the base of thermal lithosphere (LAB); this assumption 
is satisfied for most of Antarctica, which is close to isostatic equilibrium 
with near-zero free air gravity anomalies (Artemieva and Thybo, 2020). 
The validity of other model assumptions is discussed below. Local de
viations of equivalent topography from isostatic predictions (termed 
anomalous equivalent topography, Supplementary Fig. S2) are assumed 
to be caused by thermal anomalies in the lithosphere. These, in turn, 
depend on the lithosphere thermal thickness and geothermal heat flux. 
The equations linking the anomalous equivalent topography to varia
tions in lithosphere thermal thickness, lithospheric temperature varia
tions, and geothermal heat flux are derived in (Artemieva, 2019a, 
2019b) and are presented here graphically (Supplementary Fig. S3). 
Therefore, the method allows for assessing the lithosphere thermal 
thickness and geothermal heat flux in regions where the Moho depth is 
constrained by seismic methods (cf. Artemieva and Thybo, 2020). 

Regional isostasy. The assumption of regional isostasy is supported by 
near-zero (− 20 to +20 mGal) free-air anomalies over most of Antarctica 
(Supplementary Fig. S1). Weakly positive anomalies (+50 +70 mGal) at 
the Gamburtsev Mountains and weakly negative anomalies (around − 50 
mGal) at Southern Victoria Land indicate some deviation from the 
isostatic equilibrium, possibly caused by lithosphere flexure (van Wijk 
et al., 2008; Ferraccioli et al., 2011). This effect cannot be accounted for 

Fig. 5. Predicted geothermal heat flux in Greenland and local heat flux esti
mates (based on Artemieva, 2019b). Color code the same as in Fig. 4. Black line 
– outline of the ice sheet. In contrast to Antarctica, the area with the anoma
lously high heat flux is in the ice-free coastal zone. 

I.M. Artemieva                                                                                                                                                                                                                                   



Earth-Science Reviews 226 (2022) 103954

9

by the method (Artemieva, 2019a), but it is expected to be small due to 
small gravity anomalies. 

Isostatic compensation is achieved at the lithosphere base (LAB), so 
that isostatic variations in equivalent topography are caused by varia
tions in the thickness and density of both the crust and the lithospheric 
mantle. Crustal thickness in Antarctica is known from seismic models 
(cf. Artemieva and Thybo, 2020), and densities of the crust and the 
lithospheric mantle are both affected by temperatures and composition. 
Crustal density heterogeneity (including both thermal and composi
tional components) is compensated by the Moho depth versus topog
raphy variations in Airy-type crustal isostasy. The first step is the 
calculation of the anomalous equivalent topography, AET (Supplemen
tary Fig. S2), which is the deviation of the equivalent topography from 
the crustal isostasy predictions for a global continental crustal model 
with an average in situ crustal density of 2800 kg/m3 atop the litho
spheric mantle with in situ density of 3260 kg/m3, which corresponds to 
SPT (standard, P = 1 atm, T = 20 ◦C) densities of 2830 and 3370 kg/m3, 
respectively. Density value for the mantle corresponds to fertile 
composition (Griffin et al., 1999). For other choices of the density 
values, see the sensitivity analysis below. 

Lithosphere geotherms. The AET variations are caused by density 
anomalies in the lithospheric mantle of thermal and/or compositional 
origin. In case the AET is caused only by temperature anomalies (due to 
density heterogeneity caused by thermal expansion with the coefficient 
of 3.5 × 10− 5 1/K), these temperature anomalies can be calculated with 
respect to a reference location, where AET =0 km. Lithosphere geo
therms control lithosphere thermal thickness (the LAB depth). There
fore, the AET anomalies are also directly related to lithosphere thermal 
thickness (Supplementary Fig. S3a) and can be converted to the LAB 
depth, if the lithosphere thickness is known from independent data at a 
location where AET = 0 km. As a reference location I chose the area at 
ca. 170 ◦W, 73 ◦S in Dronning Maud Land in East Antarctica (Supple
mentary Fig. S2) with a good coverage by seismic profiles and reliable 
constraints on the Moho depth. For this location I adopt a lithosphere 
thickness of 150 km based on seismic tomography models (Shapiro and 
Ritzwoller, 2004; An et al., 2015). Due to a strongly nonlinear relation 
between the AET and the lithosphere thickness (Supplementary 
Fig. S3a), a change in the reference lithosphere thickness will system
atically shift the results without principal changes of the pattern (see 
below and Supplementary Fig. S5). Neglecting the compositional den
sity heterogeneity of the lithospheric mantle is justified by its small 
variation (<30 kg/m3) at 100 km depth in most of Antarctica (Haeger 
et al., 2019). Sensitivity analysis (Artemieva, 2019a) demonstrates that 
this variation has little effect on the calculated lithosphere temperature 
anomalies and therefore on the modelled heat flux values (see below and 
Supplementary Fig. S7). 

Heat flux. Lithosphere geotherms are controlled by geothermal heat 
flux and heat production (Rudnick et al., 1998; Artemieva and Mooney, 
2001; Mareschal and Jaupart, 2013). Global and regional studies 
(Pollack et al., 1993; Rudnick et al., 1998; Artemieva and Mooney, 2001; 
Artemieva, 2006; Mareschal and Jaupart, 2013) demonstrate that 
reference continental geotherms based on simple global assumptions on 
crustal heat production (Pollack et al., 1993; Rudnick et al., 1998) 
provide reliable constraints for continental lithosphere through corre
lation between heat flux and geotherms (Supplementary Fig. S3b). 
Strong local anomalies in heat production are reflected in heat flux 
anomalies through a linear relationship between the two parameters as 
observed in numerous regional studies worldwide (cf. Artemieva and 
Mooney, 2001; Mareschal and Jaupart, 2013); these crustal heat pro
duction anomalies contribute to local crustal isostasy, and are therefore 
reflected in the AET anomalies (Supplementary Fig. S2). Therefore, 
anomalies in crustal heat production are essentially accounted for by the 
method. The method cannot resolve a LAB depth less than 50 km; 
therefore the maximum predicted heat flux is limited to 120 mW/m2 

(Fig. S3b), typical of continental regions with a highly extended, very 
thin lithosphere (Pollack et al., 1993; Artemieva, 2006). Consequently, 

the results underestimate heat flux in regions of young tectono- 
magmatic activity, such as in parts of West Antarctica (Blankenship 
et al., 1993; Behrendt, 1999; Artemieva and Thybo, 2020). 

Model resolution. Lateral resolution of the model depends on the 
coverage by seismic data on the Moho depth (Supplementary Fig. S1). 
Data coverage is poor for the inner northern and eastern parts of East 
Antarctica. However, in many places the seismic station distance is very 
large, and several isolated seismic stations constrain “bull’s eye” 
anomalies with an unknown areal extent. Many seismic stations are 
located on local topographic ice-free highs; to avoid bias of local 
topography variations on the modeling results, the Moho depth and the 
equivalent topography are averaged over a radius of 50 km around the 
stations. The maps are produced by kriging interpolation of all data, 
smoothed by Gaussian filtering. 

Model uncertainty. Uncertainty of the modelled LAB depth and pre
dicted heat flux depends on uncertainty of the seismic Moho depth and 
the assumptions on the LAB depth at a reference location, and average in 
situ densities of the crust and the lithospheric mantle. Uncertainty 
analysis is presented in detail in Supplementary Material (Supplemen
tary Figs. S5-S7 and Supplementary Tables S1abc). For the choice of 
parameters specified above (reference LAB (for AET = 0 km) at 150 km 
depth and in situ densities of 2800 kg/m3 and 3260 kg/m3 for the crust 
and the lithospheric mantle), the modelled Antarctica-averaged values 
are 98 ± 50 km for LAB depth and 81 ± 26 mW/m2 for heat flux. 

Changes in the Moho depth and reference LAB depth values preserve 
the general pattern of the calculated LAB depth and heat flux anomalies 
and produce a systematic shift in the modeling results (Supplementary 
Fig. S5). If the Moho depth is 2 km deeper, the modelled average values 
are 110 ± 54 km and 75 ± 26 mW/m2, that is 12% higher for the LAB 
depth and 7% lower for the predicted heat flux. For the LAB depth of 
200 km at a reference location with AET = 0 km, the modelled average 
values are 130 ± 70 km and 72 ± 30 mW/m2, that is 33% higher for the 
LAB depth and 11% lower for the predicted heat flux (Supplementary 
Fig. S5). Separate analysis for East and West Antarctica (see Supple
mentary Fig. S4 for the adopted regionalization) is given in Supple
mentary Table S1. 

Changes in crustal and mantle densities slightly affect the general 
pattern of the calculated LAB depth and heat flux anomalies (Supple
mentary Figs. S6–7). If in situ crustal density is increased to 2850 kg/m3 

(an oceanic-type crust with SPT density of 2900 kg/m3) or mantle 
density is reduced to 3230 kg/m3 (a strongly depleted cratonic litho
spheric mantle with SPT density of 3325 kg/m3), while keeping other 
parameters unchanged, the average calculated values for Antarctica do 
not change, while local values change by − 18/+21 km for the LAB depth 
(deeper LAB in West Antarctica and shallower in East Antarctica) and 
− 7/+14 mW/m2 for heat flux (smaller in West Antarctica and higher in 
East Antarctica). The largest changes are for local anomalies at the 
Gamburtsev Mountains (around 80◦E, 80 ◦S) and in Marie Byrd Land 
(around 10–40 ◦W, 82–85 ◦S). Note that the sensitivity test for various 
values of the lithospheric mantle density (Supplementary Table S1, 
Supplementary Fig. S7) provides a test for the effect of compositional 
heterogeneity of the lithospheric mantle on the modeling results, since 
the calculations are presented for two end-member scenarios of mantle 
composition: fertile mantle typical of Phanerozoic terranes and highly 
depleted mantle typical of Archean cratons (Griffin et al., 1999). 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.earscirev.2022.103954. 
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