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Abstract 18 

Crustal structure controls geothermal heat flux which is a key basal boundary conditions for ice-19 
sheet flow in Antarctica. The crustal thickness of Antarctica is well resolved at large-scale, but 20 
the smaller-scale structures and density variations in the crust remain poorly constrained. Using 21 
3D gravity inversion constrained by seismic Moho estimates, we model crustal structure in 22 
Antarctica, resolving sedimentary basin thickness and density, crustal density and internal 23 
layering, and the Moho. Spatial variations in upper crustal density are mapped to radiogenic heat 24 
production using a petrophysically-defined mapping approach. Significant variations are 25 
observed averaging 1.2 to 1.6 µW/m3, and as high as 2 µW/m3 in West Antarctica. The crustal 26 
contribution to geothermal heat flow is similarly variable averaging 18 to 27 mW/m2 and could 27 
be up to 60 mW/m2. The mapped variations are significant for correctly representing heat flow in 28 
Antarctica. 29 

Plain Language Summary 30 

The structure of Antarctica's crust—including sedimentary basins, the density of igneous and 31 
metamorphic crust, and the interface between the crust and mantle—drives the delivery of heat 32 
to the ice sheet's base with capacity to influence ice sheet flow. However, these structures are not 33 
well-understood due to the extensive and thick ice cover combined with limited geophysical 34 
observations. By examining anomalies in the Earth's gravity field and using independent depth 35 
constraints from seismic studies, we investigate the variations in crustal geometry and density. 36 
Our findings indicate that the heterogeneous crustal structure results in variable heat production 37 
within the crust, influencing the heating of the ice sheet's base to a significant degree, including 38 
several areas with more heat than previously estimated. 39 

1. Introduction 40 

To make accurate predictions of the future behaviour of the Antarctic Ice Sheet demands 41 
understanding the subglacial boundary conditions, in particular geothermal heat flow (GHF), 42 
variations in which may be important drivers of variable ice sheet dynamics (McCormack et al., 43 
2022). Elevated GHF may promote enhanced basal melting and influence the rheology of the ice 44 
sheet, thus directly controlling its overall flow (Noble et al., 2020).   45 

The inaccessibility of the ice sheet bed has limited direct observations of GHF and large-46 
scale understanding relies heavily on models derived from geophysical data (e.g., An et al. 47 
(2015b)). Spatially variable heat flow for Antarctica has been estimated in the past using 48 
magnetic and seismic methods (An et al., 2015b; Martos et al., 2017). These methods 49 
characterize the thermal structure of the lithosphere by the geometry of a single inferred 50 
boundary either the Curie isotherm (580°C) or lithosphere-asthenosphere boundary isotherm 51 
(1300°C). GHF is calculated from the thermal gradient between the isotherm and the ice sheet 52 
bed using typical lithospheric thermal properties. 53 

A limitation of these approaches is the neglecting the effects of radiogenic heat 54 
production, which locally can account for up to 70% of heat flow (Burton‐Johnson et al., 2017), 55 
and may vary significantly on small length-scales. Averages derived from large-scale 56 
geophysical models will fail to represent more local variations well and yet these are critical for 57 
controlling ice sheet dynamics (McCormack et al., 2022). 58 
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More recent geothermal heat flow models have started to incorporate heterogeneity using 59 
statistical methods and multi-geophysical data (Lösing & Ebbing, 2021; Lösing et al., 2020; 60 
Shen et al., 2020; Stål et al., 2020; Stål et al., 2021). Different models are converging (Reading et 61 
al., 2022), however, the uncertainties in input variables are known to significantly impact the 62 
results of statistical models. This is likely the case in Antarctica, where first-order solid-earth 63 
structures are constrained by sparse seismic estimates. In addition, there is generally a large 64 
uncertainty in areas without constraints, as well as a lack of understanding of the internal 65 
variability of the crust. 66 

In Antarctica, both seismic and gravity applications resolve substantial regional 67 
variations in crust and mantle structure (Abrehdary & Sjöberg, 2021; Haeger & Kaban, 2019; 68 
Haeger et al., 2019; Lloyd et al., 2020; Pappa et al., 2019a; Pappa et al., 2019b). Studies of 69 
Antarctic crustal structure have mainly focused on the interface between crust and mantle 70 
(marked by Moho discontinuity). This interface is primarily constrained by receiver function 71 
analysis (Baranov & Morelli, 2013; Chaput et al., 2014; Dunham et al., 2020; Hansen et al., 72 
2009) and tomography models (An et al., 2015a; Shen et al., 2018). Recent applications have 73 
also begun to resolve structure within the crust (Zhou et al., 2022). However, due to the 74 
challenging fieldwork environment, seismic observations are sparse and have uneven spatial 75 
coverage, which limits their ability to resolve crustal structures in detail. 76 

Benefiting from the broader spatial coverage of gravity measurement, gravity inversion is 77 
an alternative approach to estimate the Moho undulations, variably constrained by seismic 78 
information (Chisenga et al., 2019; Llubes et al., 2018; Pappa et al., 2019a; Zhang et al., 2020). 79 
These studies assume that long-wavelength Bouguer gravity reflects Moho undulations and use 80 
geometry inversion techniques with a single density contrast to recover the Moho. However, this 81 
assumption is problematic in continental-scale applications due to lateral variations in crust and 82 
mantle density structure that can generate gravity anomalies of comparable magnitude to the 83 
Moho as well as affecting density contrast across the interface (Aitken, 2010; Aitken et al., 84 
2013). 85 

An alternative approach involves incorporating all critical surfaces and density structures 86 
as updatable features within a single model domain. A 3D gravity inversion is then utilized to 87 
determine the optimal density and geometry (Aitken, 2010; Aitken et al., 2013; Alghamdi et al., 88 
2018). This approach accounts for a laterally heterogeneous crust and mantle with the capability 89 
to generate seismic-constrained Moho and density structure in a continental-scale application 90 
(Aitken, 2010; Aitken et al., 2013). 91 

Here, we build a 3D model domain including sedimentary basin, upper and lower crust 92 
layers and mantle. During the inversion, the density and thickness of each layer are modified 93 
within seismic constraints and density bounds, and with differing constraints applied to the 94 
solution. An ensemble of results is assembled that fits both the gravity observations and the prior 95 
seismic constraints. The ensemble result presents the most representative model of Antarctic 96 
crustal structure possible within the capacity of the method and current data constraints. From 97 
the ensemble result, we explore the implications of heterogeneity in crustal structure for 98 
radiogenic heat production and GHF in Antarctica. 99 
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2. Data and methods 100 

2.1 Free-air gravity data 101 

In our inversion, we invert free-air gravity data. For the dataset, airborne gravity datasets 102 
(the AntGG compilation (Scheinert et al., 2016) and regional-scale free-air gravity data, 103 
Supporting Information Text S1) are combined with the GOCO06s satellite gravity model (Kvas 104 
et al., 2019) calculated at 5 km ellipsoid height (Figure 1a). After merging, the long-wavelength 105 
gravity information predominantly caused by the mantle convection or sub-lithospheric mantle 106 
density variations was removed using the spherical harmonics 0 to 10 degree (approximately > 107 
2000 km half-wavelength) from GOCO06s model. 108 

 109 

 110 

Figure 1. a) Free-air gravity data from airborne gravity measurements and satellite gravity model 111 
GOCO6S. The long-wavelength gravity is removed. b) Initial Moho surface generated from 112 
seismic Moho and isostatic Moho using Kriging. Coloured dots show the seismic Moho 113 
constraints, and black dots show arbitrarily located control points. 114 

2.2 Initial model 115 

The initial model incorporates the current understanding of Antarctic crustal structure by 116 
including the results of recent seismic studies (see An et al. (2015a) and Supporting Information 117 
Table S2). The model domain has a horizontal grid resolution of 20 km and extends to a depth of 118 
75 km. It is divided into nine layers, including ice, lake water, seawater, sedimentary basins 119 
(with three layers accounting for sediment compaction with depth), crystalline crust (upper and 120 
lower crust), and mantle. The initial and permitted density ranges for each layer are shown in 121 
Supporting Information Table S1. We use the BedMachine Antarctica (Morlighem et al., 2020) 122 
to represent the topographic components of the model (ice surface and bed topography and lake 123 
and ocean bathymetry). The mean value of topography values in the 20 km cell size is used to 124 
conserve the mass of topography components and avoid misrepresentation of localised 125 
topography. 126 
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Sedimentary basins have a significant impact on gravity due to their high density contrast 127 
and proximity to observation locations. To represent offshore sedimentary cover and thickness, 128 
we use the GlobSed dataset (Straume et al., 2019) with the exception of major ice shelf regions 129 
(Ross Ice Shelf and Filchner-Ronne Ice Shelf), where sedimentary basin thickness is estimated 130 
from depth to magnetic basement (Golynsky et al., 2006; Tankersley et al., 2022). Onshore, 131 
sedimentary basin distribution and thickness are not well-constrained. Li et al. (2022) utilized a 132 
machine learning method to map sedimentary basin distribution as a likelihood, which for the 133 
initial model was scaled into a sedimentary basin thickness map (Supporting Information Text 134 
S2) using a relationship between sedimentary basin thickness and likelihood derived from four 135 
sedimentary basin estimations in Ross Ice Shelf (Tankersley et al., 2022), the Wilkes Subglacial 136 
Basin (Frederick et al., 2016) and Wilkes Land (Aitken et al., 2016; Maritati et al., 2016). 137 

We define the initial Moho surface and its uncertainty based on the kriging prediction and 138 
error using individual Moho estimates from receiver function analyses (see Figure 2). For areas 139 
more than 200 km distant from seismic observation, we use a local Airy isostatic model based on 140 
the rock equivalent topography from BedMachine Antarctica (Morlighem et al., 2020). For these 141 
estimates, a reference 35 km Moho depth and 0.625 kg/m3 density contrast were used, as these 142 
values are suggested to best fit the seismic measurements in East Antarctica (Pappa et al., 143 
2019a). In the offshore region without seismic estimation across continental shelf, we use a 144 
uniform 7 km thick oceanic crust. We use the prediction error from kriging to represent the upper 145 
and lower bound of permissible Moho surface elevation (± 2 Standard Deviation (STD)). The 146 
unconstrained area has a uniform uncertainty of ± 5 km. In the crust, a two-layer crust with upper 147 
and lower crust layers of equal thickness is used in the continental crust and a single-layer dense 148 
crust is used in the oceanic crust. 149 

2.3 Gravity inversion 150 

3D gravity inversions were undertaken using VPMG software (Fullagar et al., 2008), 151 
which divides the model domain with prism-elements of pre-defined area with arbitrary 152 
thickness. VPMG has two main gravity inversion styles: density-style, where the densities of 153 
prism-elements are varied, and geometry-style, where the elevations of the prism-element 154 
boundaries are modified. Each style works independently, and the other property cannot change. 155 
VPMG has the capacity to locally allow change or set constraints on geometry and density 156 
during the inversion process. Due to their relatively high confidence, the geometries of the 157 
surfaces defining the ice surface, Lake Vostok, bed topography/bathymetry and the base of the 158 
offshore sedimentary basins were completely fixed during the inversion. The sedimentary basin 159 
thickness is permitted to change in areas with sedimentary basin likelihood higher than 0.4, while 160 
areas with sedimentary basin likelihood less than 0.4 indicate a crystalline basement dominant 161 
region and are fixed with 0 thickness in the inversion. The Moho surface is allowed to change 162 
within the upper and lower bounds as described in Section 2.2. 163 

This study followed the alternating inversion method used by (Aitken et al., 2013; 164 
Alghamdi et al., 2018). In this approach, a density-style inversion and a geometry-style inversion 165 
are alternated and repeated for a number of cycles. In each inversion cycle, we apply four 166 
inversions. First, we solve one iteration for mantle density, then one iteration each for the density 167 
within the crust layers, the geometry of the Moho, and the sedimentary basin thickness. The 168 
inversion cycle is run three times for a total of 12 iterations. The inversion process is regulated 169 
by the maximum permitted change in each style: for a density style inversion, the permitted 170 
change is the absolute density allowance in the current iteration; for a geometry style inversion, 171 
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the permitted change is set as the percentage of the interface elevation change compared with the 172 
initial elevation. Increasing permitted changes allows more change to be accommodated in that 173 
phase, which increases the capacity to resolve misfit. Setting the range of permitted changes 174 
allows us to control how the inversion is solved. 175 

In total 35 inversions were run to generate a model-ensemble each containing results 176 
constrained by different permitted density or geometry changes. The permitted density change in 177 
each iteration ranged from 5 kg/m3 to 40 kg/m3 by 5 kg/m3 intervals while geometry change 178 
ranged from 5% to 13% by 2% intervals, respectively (Supporting Information Figure S5). After 179 
the model selection, we use the mean of the model-ensemble and its standard deviation to show a 180 
representative crustal structure (Supporting Information Text S3). 181 

3. Results 182 

Our model-ensemble results indicate spatial variations in sedimentary layer thickness 183 
beneath the ice sheet and ice shelf (Figure 2a). We have resolved a sedimentary layer with 184 
average 1 km thickness in onshore West Antarctica where sedimentary basin is present. These 185 
results are consistent with passive seismic estimations (Chaput et al., 2014; Dunham et al., 2020; 186 
Zhou et al., 2022). In contrast, the East Antarctica section preserves thicker sedimentary 187 
packages, with an average thickness of 2 km. Major and thick sedimentary basins (3-4 km) are 188 
preserved in the Aurora Subglacial Basin and Pensacola Pole Basin. The Wilkes Subglacial 189 
Basin is thinner (1-2 km) in the north, with a thicker basin in the south (3-4 km). Thick 190 
sedimentary basins are identified beneath major ice shelves, with a thickness of 8-12 km 191 
resolved in the Filchner-Ronne Ice Shelf (FRIS). The basin is thickest closest to the edge of the 192 
ice shelf and becomes thinner towards the western side of the inner ice shelf. For the Ross Ice 193 
Shelf (RIS), we have resolved near 1-3 km of sediment that is thicker from the grounding line to 194 
the edge of the ice shelf into the Ross Sea. The western side of the RIS is generally thicker than 195 
the eastern side, separated by a mid-shelf high (Tankersley et al., 2022). The sedimentary basin 196 
beneath the Amery Ice Shelf is narrower, with a thickness of 3 km. 197 

The thinner crust in West Antarctica (25 km) and thicker crust in East Antarctica (35 km) 198 
are captured by the mean Moho as shown in Figure 2b and Supporting Information Figure S5b. 199 
The thinnest crust occurs in the Ross Sea, Byrd Subglacial Basin, and Byrd Subglacial Trench as 200 
part of the West Antarctic Rift System (WARS), while the thickest crust occurs beneath the 201 
Gamburtsev Subglacial Mountains (GSM). The STD of the Moho surface shows variability 202 
within the model-ensemble, as seen in Supporting Information Figure S6. This variability reflects 203 
both the consistency of the initial model with the gravity field and the influence of the applied 204 
constraints. High STD occurs where constraints are weak, and the initial model does not explain 205 
gravity observations. Conversely, low STD occurs where either constraint is strong or the initial 206 
model is already explaining gravity observations. For instance, in the GSM region, we see that 207 
the deep Moho, constrained by seismic data (Hansen et al., 2010) shows a large variance after 208 
inversion. This large Moho variation indicates that the initial Moho does not match gravity 209 
observation, which requires either reducing the crust thickness (Pappa et al., 2019a) or including 210 
a dense mafic underplate structure (Ferraccioli et al., 2011). In the Wilkes Land region, the 211 
Moho shows low variance despite low seismic data constraints. This indicates that the initial 212 
isostatic assumption is close to matching the gravity observation. 213 

 214 
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 215 

Figure 2. The model-ensemble mean result. a) sedimentary basin thickness; b) Moho depth; c) 216 
crystalline crust density; d) mantle density 217 

4. Discussion 218 

4.1 Model limitations and value 219 

At continental-scale, gravity inversion has low sensitivity to the depth of anomaly 220 
sources. Residual gravity anomalies longer than 400 km in wavelength (5 times model vertical 221 
extension) are effectively indistinguishable from a 1D response, meaning that the depth of the 222 
sources of these anomalies is undefined. The low vertical sensitivity might account for the 223 
similar structure observed for both the mantle and crustal density. Our model sensitivity test 224 
indicates that, given the current constraints, changing the mantle density alone is insufficient to 225 
account for the residual gravity anomaly (Supporting Information Figure S4a). On the other 226 
hand, crustal density has the power necessary to explain all onshore residual gravity anomalies 227 
(Supporting Information Figure S4c). In this situation, the crustal anomaly could be up to 50% 228 
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greater than the model-ensemble mean. However, a homogenous mantle is unlikely where 229 
seismic tomography models reveal large lateral variations in the upper mantle (An et al., 2015a; 230 
Lloyd et al., 2020; Shen et al., 2018). 231 

The most robust constraint in our model is the Moho measurement. The model-ensemble 232 
mean Moho depth is close to the seismic Moho estimations with an RMS misfit of 3.8 km. This 233 
misfit falls within the uncertainty range of 3-5 km from receiver function studies (Supporting 234 
Information Figure S7), which is lower than the RMS misfit of other continental-scale models 235 
(e.g. 6.9 km in Pappa et al. (2019b), 6.2 km in Zhang et al. (2020)). Although constraints do not 236 
exist for the density distribution in the crust and mantle, the mantle density derived from model-237 
ensemble mean exhibits a similar structure to the average mantle Vs (50 km beneath Moho) 238 
obtained from Bayesian inversion of Rayleigh wave and receiver functions (Shen et al., 2018). 239 

4.2 Geothermal heat flow due to variable heat production 240 

4.2.1 Crustal heat production estimation 241 

 242 
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Figure 3. a) 2D histogram of density and heat production in log10 space; b) linear regression of 243 
density and heat production, with the shaded area showing the fitted heat production values using 244 
the 25th and 75th percentile of heat production value for each density bin; the cross and circle 245 
show the median and mode of heat production values for each density bin, respectively, and the 246 
density extension is set with the dashed-line range in panel (a) ; c) Modelled heat production map 247 
based on the mode fitting; d) PetroChron Antarctica dataset (Sanchez et al., 2021). El, Enderby 248 
Land; LD, Lawn Dome; VH, Vostok Highland. Colormap is truncated at 3 µW/m3.  249 

Using the global whole-rock geochemical database (Gard et al., 2019) (Figure 3a-b, 250 
Supporting Information Test S4), we estimated the statistical relationship between rock density 251 
and heat production. Applying this relationship to our modelled upper crust density, we 252 
generated an upper crust heat production map (Figure 3c). The map shows that West Antarctica 253 
generally has higher heat production than East Antarctica, with major areas exhibiting heat 254 
production higher than 1.8 µW/m3, except for the ridge of the WARS and the Haag block with 255 
heat production less than 1.4 µW/m3. East Antarctica shows lower heat production, with an 256 
average of 1.2 µW/m3, while local areas such as Law Dome, Enderby Land, Vostok highland, 257 
and the DML region have elevated heat production higher than 2 µW/m3. On the other hand, 258 
GSM and the southern Wilkes Subglacial Basin exhibit low heat production, less than 1 µW/m3. 259 

4.2.2 Heat production model validation 260 

To date, there is no continental scale heat production map available in Antarctica. In 261 
order to validate our model, we compared our heat production map with the PetroChron 262 
Antarctica dataset (Sanchez et al. (2021), Figure 3d). Our model shows a good match with the 263 
long wavelength information from the database, with elevated heat production in areas such as 264 
Antarctica Peninsula, TAM, Enderby Land, and Lambert Rift well captured by our model. Our 265 
model also indicates low heat production values in the coastal region of East Antarctica. For a 266 
quantitative analysis, the misfit between the modeled heat production, with both the mean and 267 
STD, is presented in the Supporting Information Figure S9. A consistent result is shown in the 268 
statistical analysis (mean value = 0.61 µW/m3, STD = 0.86 µW/m3) for both models. 269 

4.2.3 Implication for radiogenic crust contribution for geothermal heat flow 270 

We calculated the contribution of radiogenic heat production from the crust to the total 271 
heat flow by using the estimated heat production value (Figure 4c) and the upper crust thickness 272 
(Figure 4b). Our findings suggest that radiogenic heat production could contribute up to 50 273 
mW/m2 to heat flow. Areas with thick crust and high heat production show a greater crustal 274 
contribution. In specific regions such as Lambert, DML, and Vostok, the crustal heat production 275 
could contribute to heat flows exceeding 40 mW/m2 (Figure 4c). Our map also highlights higher 276 
heat production values in West Antarctica. However, due to the thin crust in West Antarctica, the 277 
crustal contribution from this region averages 20 mW/m2. In some localized areas like AP, MBL, 278 
and Ellsworth Mountain, the contribution from crustal heat production can be as high as 50 279 
mW/m2. 280 

In Antarctica, continental scale heat flow estimation usually assumes a laterally uniform 281 
crustal heat production value (e.g. 1 µW/m3 at the upper crust (An et al., 2015b), or 2.5 µW/m3 at 282 
the surface and exponentially decreasing to 8 km (Martos et al., 2017)). To illustrate the 283 
contribution of the spatially variable heat production to the total geothermal heat flow, we use a 284 
uniform 1 µW/m3 as a reference heat flow model for comparison. We calculate the radiogenic 285 
crust heat flow contribution with a minimum (25th percentile), best fitting (mode, Figure 4c), 286 
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and maximum heat production case (75th percentile). We then compare our model results with 287 
the reference model (1 uW/m3). All models are calculated with the same upper crust thickness 288 
(Figure 4b). 289 

 290 
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Figure 4. a) upper crust density; b) upper crust thickness; c) heat flow contribution due to crust 291 
heat production (based on mode fitting, 18 to 27 mW/m2 from 25th to 75th percentile); d) heat 292 
flow variation (based on mode fitting) compared to uniform upper crust heat production at 293 
reference value (1µW/m3); e) heat flow variation (based on 75th percentile fitting) compared to 294 
uniform upper crust heat production; f) heat flow variation (based on 25th percentile fitting) 295 
compared to uniform upper crust heat production. 296 

The heat flow variation compared to the reference model is within 10 mW/m2 for the 297 
most conservative heat production estimation (25th percentile fitting), with EANT showing 298 
negative variation and WANT a positive heat flow variation (Figure 4f). For mode case, the heat 299 
flow change is mostly positive, with an increase of 3.4 mW/m2 at the 25th percentile and 9.5 300 
mW/m2 at the 75th percentile. For the maximum heat production case (75th percentile fitting, 301 
Figure 4e), areas including Antarctica Peninsula, Marie Byrd Land, TA, and the DML area show 302 
a positive heat flow variation up to 50 mW/m2 above the reference. 303 

Although our model exhibits significant variability depending on the chosen scenario, it 304 
is evident that, in all cases, highly variable heat flux is derived from radiogenic crust heat 305 
production variation. Further testing using different inversion densities (mean±STD) produces a 306 
similar pattern for elevated heat flow (Supporting Information Figure S10). 307 

4.2.4 Implication for ice sheet system 308 

GHF is a key boundary condition of the ice sheet flow as elevated heat flow warms the 309 
ice sheet bed, affecting ice rheology and potentially increasing basal melt rate (McCormack et 310 
al., 2022). Regions with higher GHF also lead to the formation of temperate ice, which in turn 311 
results in faster surface flow (Pittard et al., 2016). GHF also impacts ice sheet dynamic related 312 
subglacial hydrology. In areas where the basal temperature exceeds the pressure melting point, 313 
subglacial meltwater is generated, forming an input to the hydrological system. Based on 314 
numerical ice sheet modeling, the basal melting rate increases linearly with geothermal heat flow 315 
at a rate of approximately 0.1-0.4 mm/yr/(mW/m2) (Joughin et al., 2009; Seroussi et al., 2017). 316 

When considering the contribution of heat production to GHF, the model suggests a 317 
strong spatial variation in heat flow (ranging from 6-60 mW/m2) due to the incorporation of 318 
variations in crustal heat production. Considering that mantle heat flow contributes to a long-319 
wavelength heat source beneath the ice sheet, the short-wavelength heat source resulting from 320 
crustal heat production would result in a spatially heterogeneous basal melt (0.6-24 mm/yr). This 321 
spatial variability in basal conditions could be a crucial factor for the subglacial hydrology 322 
system and impact ice sheet dynamics. 323 

5 Conclusions 324 

We developed a crustal model for Antarctica using gravity inversion, constrained by 325 
seismic information. By analyzing the resulting crustal density and thickness, we generated a 326 
continental-scale crustal radiogenic heat production estimate and its contribution to spatially 327 
variable GHF (ranging from 6 to 60 mW/m2). Our work provides critical information to capture 328 
the heterogeneity of the heat source beneath the ice sheet. This heterogeneity also provides new 329 
constraints for understanding the subglacial hydrology system and ice sheet dynamics. 330 
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