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ABSTRACT

Antarctica is host to the world’s largest terrestrial ice sheets. Due to concerns about
changing global climate and resultant sea level change, the thermal stability of the
ice sheets is important, yet poorly understood. Geothermal heat flow in Antarctica
is a vital geophysical parameter in understanding the stability and movement of
the overlying ice sheets. Conventional heat flow methods have not been reliable as
the ice sheets have hindered the accessibility of surface rocks. This, coupled with
the cost associated with the remoteness and hostility of the environment, means
little data has been collected. Thus, geothermal heat flow is estimated with geo-
physical proxies. In this study, the principles of compositional and thermal isostasy
are utilised to estimate the geothermal heat flow of Antarctica. Elevation, seismic
velocity and geochemical data have been used to construct isostatic models of the
Antarctic ice sheets and crust; this allows for isolation of the thermal component
of isostatic elevation. Modelled geothermal gradients, incorporating geochemical,
magnetic and seismic data, are then used to calculate a modelled thermal elevation.
The two thermal elevations are then compared and the heat flow from the thermal
model is taken as the geothermal heat flow. The first pass of this model computes
moderate discrepancies between modelled thermal elevations and calculates very
high geothermal heat flow, with a continental average of 92 mW/m2. Despite this,
broad geological trends are observed in this model agree with existing geological and
tectonic knowledge. The errors present are likely due to issues in the modelling of
geothermal proxies and isostatic assumptions. Though these results are not ideal,
this model was successful in execution and serves as a proof of concept for further
thermal isostatic modelling. With further refinement of the geophysical proxies and
integration of more data types, this model may serve as a starting point for more
integrated remote geophysical modelling of the thermal properties of the Antarctic
lithosphere.
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INTRODUCTION

Antarctica is host to the world’s largest ice sheets. In Antarctica, surface heat flow

is an important geophysical parameter due to its impact on the stability and move-

ment of the overlying ice sheets (Shapiro & Ritzwoller 2004). With concerns about

changing global climate and how warming may impact sea levels, an understanding

of the thermal stability of global ice sheets is becoming increasingly pertinent (Shep-

herd et al., 2012). Despite its importance in glacial modelling, it remains poorly

constrained due to the hostility and remoteness of the continent. Existing measure-

ments around the Antarctic coast give insight into the heat flux, but observations

are sparse and yield unreliable estimates of conductive heat flux due to ice dynam-

ics (Blackman et al., 1987; Bücker et al., 2000; Bücker et al., 2001; Dziadek et al.,

2019).

Due to the logistical challenges associated with Antarctic research, it is necessary to

resort to modelling geothermal heat flow using remote geophysical data. Existing

work to estimate geothermal heat flux based on magnetic surveys (Martos et al.,

2017; Maule et al., 2005), seismic data (O’Donnell et al., 2019; Shapiro & Ritzwoller

2004) and gravity surveys (Block et al., 2009) produces reasonable results, with some

studies considering multiple parameters in their models (Haeger et al., 2019; Pappa

et al., 2019).

Isostasy is a geological phenomenon that occurs due to hydrostatic equilibrium be-

tween lateral differing densities of crustal material floating on a plastically deforming

mantle (Watts 2011). Much of Antarctica’s bedrock is below sea level due to iso-

static compensation from ice loading (Figure 1; Fretwell et al., 2013). Differing

densities arise from variations in compositional and thermal properties, giving rise

to elevation changes (Chapman & Hasterok 2011). Thermal isostasy has also been

successfully applied to continental settings and shown to account for significant el-
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Figure 1: Bedmap2 (Fretwell et al., 2013) dataset for bedrock elevation. Coastline
is shown in bold black, while identified geological provinces are outlined in red.
These are listed in accordance with Table 1.

evation changes once correcting for compositional density variation (Hasterok &

Chapman 2007a; Hasterok & Chapman 2007b; Chapman & Hasterok 2011).

Based on the existing work on heat flow modelling and thermal isostasy (An et

al., 2015; Hasterok & Chapman 2007a; Hasterok & Chapman 2007b; Hasterok &

Chapman 2011; Martos et al., 2017), two hypotheses are drawn. Firstly, the thermal

state of the lithosphere is the main control on elevation on a continental scale resolu-

tion after compositional density corrections. Secondly, Curie depth estimates from

magnetic studies provide an accurate constraint on internal crustal temperatures.
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Furthermore, testing of these hypotheses will show that geothermal heat flow can

be modelled using compositionally corrected elevation and Curie depth estimates.

This study aims to constrain geothermal gradients using existing magnetic and shear

velocity models in order to construct thermal isostatic models that match observed

elevations. Corrections are made for mass loading by ice sheets and lithospheric

composition using seismic velocity models as a proxy for density. This shear ve-

locity model is also used to estimate thermal conductivity and heat production.

Broad scale geographic variations in thermal properties are identified throughout

the Antarctic crust.

BACKGROUND

Heat Flow

Geothermal heat flow in the Antarctic context is poorly constrained by physical

measurements. Work exists utilising seismic and magnetic data as proxies to fur-

ther constrain geothermal heat flow, but results disagree. Furthermore, tectonic

reconstructions may yield reasonable estimates of geothermal heat flow around the

periphery from observations on conjugate margins.

HEAT FLOW OBSERVATIONS

Much work exists on geothermal heat flow of Antarctica, but is often constrained

to the coastline or the Trans Antarctic Mountains. Additionally, the data is often

unreliable due to the logistical hurdles associated with hostile conditions. An early

project undertaken in the Ross Sea indicated heat flow of between 66 to 73 mW/m2

which was associated with an extensional regime in the area (Blackman et al., 1987).

Further offshore drilling on ice sheets in the Ross Sea has yielded average estimates of

60 mW/m2 (Bücker et al., 2001) as well as constructing local geotherms (Bücker et

al., 2000), again agreeing with high heat flow in the area. Sediment probes deployed
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on the continental shelf in the Amundsen Sea Embayment found elevated heat flux

of between 65 to 95 mW/m2 (Dziadek et al., 2019). Ice penetrating radar studies

of subglacial lakes, utilised in tandem with knowledge of ice sheet velocities, have

been used near the South Pole to estimate anomalously large geothermal heat flows

of up to 120 mW/m2 (Jordan et al., 2018). However, much of this data is riddled

with various experimental issues (Blackman et al., 1987, Bücker et al., 2000, Bücker

et al., 2001) as well as being limited to predominantly offshore locales.

HEAT FLOW PROXIES

Poor comparisons between proxies such as magnetic and seismic datasets and con-

jugate data points suggests these methods suffer from various experimental issues

(Figure 2), increasing the need for better heat production and heat flow models.
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Figure 2: Plate reconstructions at 200 Ma with present day geothermal heat flow
(a, b) and heat production (c) superimposed. Note the difference between modelled
heat flow estimates from seismic (a) and magnetic (b) methods and heat flow on
conjugate margins. Correlation along continental margins is not observed with either
model. However, heat production from Gard et al., (2019) does seem to generally
match along the margins (c). Modified from Hasterok et al., (2019).
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SEISMIC

Seismic velocities are dependent on temperature, pressure and composition. Pres-

sure and shear waves are sensitive to these parameters differently, with shear waves

being the most susceptible to temperature. Within the mantle, compositional vari-

ations are relatively small, and therefore temperature is the largest contributor to

lateral variations in shear velocity (Hansen et al., 2014, An et al., 2015). This tem-

perature dependence permits the use of seismic data to infer the thermal state of the

lithosphere. An et al., (2015) applied this method to compute temperature in the

upper mantle within Antarctica and calculate a 1-D steady-state heat conduction

model. The equation defining steady-state thermal conduction is:

∇.k∇T = −A (1)

where A and k are heat production (µWm−3) and thermal conductivity (Wm−1K−1)

respectively. While Equation 1 is the governing differential equation, it is usually

applied to a layered model defined by:

Ti = Ti−1 +
qi−1

ki
(zi − zi−1)−

Ai

2ki
(zi − zi−1)

2 (2)

qi = qi−1 − Ai(zi − zi−1) (3)

where i is the ith layer, T is temperature (◦C), q is heat flow (mW/m2), k is

thermal conductivity (Wm−1K−1), z is the depth to the base of the layer (m) and

A is heat production (µWm−3). It is important to note that T and q are calculated

at the interface between layers at z, while k and A are properties of the whole

layer. In this model, boundary conditions for this steady state are the mantle

temperatures computed with seismic velocities and a surface temperature (T0) of
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0◦C. Applying these conditions allows for the construction of thermal models. These

thermal models identify heat flow estimates above the global continental average of

65 mW/m2 (Figure 2) in Western Antarctica yet below the average in Eastern

Antarctica. The discrete velocity change at the Mohorovičić discontinuity (Moho)

is also easily detectable, making seismic data useful for mapping the Moho depth

(Baranov & Morelli 2013; Haeger et al., 2019).

MAGNETICS

The maximum depth of magnetisation of Earth materials provides a temperature

constraint in the lithosphere (Martos et al., 2017). Assuming the main source of

magnetism in the crust is magnetite, which has a Curie temperature of 580◦C, a

steady state geothermal model can be constructed and heat flow through the area

can be determined. This method is often utilised for geothermal energy (Elbarbary

et al., 2018; Quintero et al., 2019). 1-D steady-state conductive heat flow models

(mathematically similar to Equations (1), (2) and (3)) utilising Curie depth models

from airborne magnetic data have produced heat flow estimates agreeing with known

regional geology (Martos et al., 2017). These models found a regional average of 68

mW/m2 with values ranging from 42 to 180 mW/m2. While regional trends seem

consistent with known geological features, areas of anomalously high heat flow exist.

CONSTRAINTS FROM RECONSTRUCTIONS

It may be feasible to estimate geothermal heat flow along some coastal provinces

by analysing conjugate margins. By measuring geothermal heat flow in accessible

areas that were once spatially adjacent to Antarctica as well as utilising current

tectonic reconstructions of Gondwana, reasonable estimates of geothermal heat flow

(50 to 75 mW/m2) in Antarctica can be attained (Pollett et al., 2019). However,

such methods are useful for the edges of the continent but are currently limited

throughout Antarctica due to the relative lack of knowledge of regional geology

(Pollett et al., 2019). These methods also require that neither side of the conjugate

7



Matthew Lawrence Linke
Thermal Isostasy and Antarctic Heat Flow

margin involved in the comparison has been affected by thermal disturbances during

or post separation.

Contributions to Elevation

Observed elevation is a combination of buoyancy, strength and dynamic forces that

act on the lithosphere. Hasterok and Chapman (2007a) suggest observed elevation

can be separated into individual components as:

εobserved = ∆εcompositional + ∆εthermal + ∆εH2O + ∆εgeodynamic + ∆εflexural (4)

where ε denotes elevation and the terms on the right hand side are each of its

appropriate components. Equation (4) suggests the thermal component of elevation

can be isolated. For the scope of this study, flexural and geodynamic elevations are

assumed to be negligible; however, these assumptions may lead to errors. Gvirtzman

et al., (2016) investigated mid-ocean ridges and hotspots in order to constrain a

maximal sub-lithospheric geodynamic elevation of approximately 1 km.

COMPOSITION

Compositional buoyancy accounts for approximately 3 km of elevation variations in

the continental crust (Hasterok & Chapman, 2007b) and arises from a large variety

of minerals present. Thus, the isostatic effect of elevation in continental settings

tends to be dominated by compositional variations in density (Hasterok & Chapman

2007a). Hasterok & Chapman (2007b) utilise a correction for compositional effects

on elevation using Vp models and an empirical velocity to density conversion.

Compositional variations within the mantle are far less extreme than in the crust and

have not been considered in the present study. However, compositional variations

may still occur and could lead to noticeable errors. Goes (2002) found a 1% decrease
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in iron content (Mg number 89 to 90 where Mg number is defined by Mg+Fe
Mg

) from

the Moho to 250 km depth beneath the Canadian Shield could contribute to 1 km

of elevation, indicating significant mantle variations beneath Antarctica could cause

considerable changes in elevation.

THERMAL

Most of the Earth’s materials expand when heated, reducing density and increasing

buoyancy. This resultant density change can be significant enough to account for up

to 3 kilometres of elevation, most notably observed in ocean bathymetry (Chapman

& Hasterok 2011). A similar magnitude of elevation change, due to variations in the

lithospheric thermal state, can also be seen in continental crust once adjustments

for compositional density variations are applied. In North America, compositionally

adjusted elevations reveal a clear trend of up to 3 km difference between cold and hot

regions (Hasterok & Chapman 2007b). However, a different application of the same

technique in Australia to quantify basal heat flow showed sensitivities to elevated

heat production in Eastern Australia as well as buoyancy from chemically depleted

Archean mantle beneath Western Australia (Hasterok & Gard, 2016). This study

showed that heat production anomalies approximately 2.5 times the North Amer-

ican reference model could be identified. However, the same methods failed when

lithospheric mantle chemical buoyancy was also a significant source of elevation.

OTHERS

The most apparent mass loading process affecting Antarctica is the ice sheets, which

are up to 4 kilometres thick in some areas (Fretwell et al., 2013). While data exists

for the extant ice sheets, glacial mass-balance (the flux of ice) is something that has

been studied by many for a better understanding of climatic processes (Hanna et al.,

2013, Rignot et al., 2019, Sasgen et al., 2019). Ice loss occurs over a time scale far

smaller than that of isostatic correction, so the ice flux may need to be considered

to find an out-of-equilibrium effect.
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Flexural contributions to elevation can be on the order of ±1 km (Rubey 2015).

Isostatic compensations are calculated as local processes in lithospheric columns

(Watts 2011). Strength of the lithosphere prevents local adjustment of these columns

to buoyancy, resulting in regional flexure (Watts 2011, Watts 2015) and subsequent

isostatic elevation anomalies. The material properties responsible for flexure can

be impacted by many variables including composition and thermal state (Wickert

2016, Paxman et al., 2019).

Lastly, mantle convection may cause external forcing on elevation, resulting in a

geodynamic contribution to elevation. An ascending convection cell in the aestheno-

spheric mantle due to thermal perturbation will physically exert an upward force on

the overlying lithosphere and raise lithospheric temperature, further contributing

to the thermal state. Conversely, a descending convection cell will create subsi-

dence and allow the lithosphere to sink. However, the thermal effect is expressed

in thermal isostasy, leaving only the physical pressure effect as an external force

in thermal isostatic modelling. Significant heterogeneities in the mantle beneath

Western Antarctica have been found via the use of P-wave tomography modelling

(Hansen et al., 2014). P-wave velocity perturbations are ± 1% at depths between

150 and 1200 km. Anomalies characterised by slow velocities are interpreted to

be significant thermal anomalies, while faster anomalies are present more in East

Antarctica and are interpreted as cooler areas.

METHODS

Model Structure

Estimating the thermal contribution to elevation is accomplished in several distinct

calculations and making several simplifying assumptions. The broad structure of

this model encompasses two lines of computations and is demonstrated in Figure

3. Firstly, a compositional isostatic correction is computed, encompassing ice sheet
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mass loading and crustal density. Rearranging Equation (4), assuming flexure and

geodynamic effects are negligible in this model (the implications of which are dis-

cussed later), thermal elevation can be computed as:

∆εthermal = εobserved −∆εcompositional −∆εH2O (5)

where ε denotes elevation. Secondly, thermal conditions of the Antarctic crust are

approximated using seismic velocity data and utilising gravity and seismically de-

rived Moho depths and Curie depths to calculate geothermal gradients. These gra-

dients can then be used to calculate thermal elevations as:

εthermal = α

∫ zmax

0

[T (z)− TRef (z)]dz (6)

where ε denotes elevation, α denotes thermal expansivity, zmax is the maximum

depth of the computed geotherms and T(z) are calculated and reference geotherms

as labelled. These two thermal elevations are then compared. Pending agreement of

the two models via calculation of RMS misfit and comparison of randomly perturbed

probability distributions, the geothermal heat flow calculated in the geothermal

gradients can then be accepted as a possible geothermal heat flow model. However,

in this first pass of the model, probability distributions have not yet been calculated

and the baseline model is presented.
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Figure 3: A flow chart illustrating a broad end-goal structure of the model. This
flow chart demonstrates the overall structure of the intended model. At this stage,
probability distributions from error propagations have not been calculated but are
necessary for a more rigorous testing of the model.

Crustal Composition Correction

ICE AND WATER LOADING

Utilising Bedmap2 datasets (Fretwell et al., 2013) for ice thickness and bed rock

elevation (Figure 1), an empirical relationship between ice density and depth from

data collected by Kuivinen and Koci (1982), coupled with the Mean Value Theorem,

is utilised and is given as follows:

ρice =
1

hice

∫ hice

0

3742 + 5624(1− e−0.01525z)dz (7)
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where ρ is density (kg/m3) and h is ice thickness. This density combined with the

thickness provides corrected elevation (8).

∆εice = hice
ρmantle − ρice

ρmantle

(8)

where ∆ε is the difference in elevation defined from the top of the ice sheet to the

corrected bedrock surface while density and thickness are labelled as above. Mantle

density ρmantle is assumed to be 3350 kg/m3, consistent with densities chosen by

Haeger et al., (2019). Water loading on the continental shelf is calculated similarly,

but with an assumed density of 1030 kg/m3 for salt water and depth being calculated

from the bedrock elevation.

CRUSTAL DENSITY

Shear wave seismic velocity (VS) data from An et al., (2015) is utilised to approx-

imate the density of the Antarctic crust. Combined with the seismic and gravity

derived Moho model from Baranov et al., (2018), this VS data is utilised to cor-

rect compositional variations of density within the crust and compute an isostatic

correction as given by:

εcrust = hMohoaverage(1−
ρcorrectedcrust
ρmantle

)− hMoho(1−
ρcrust
ρmantle

) (9)

where ρcorrectedcrust is arbitrarily set as 2800 kg m3, similar to Chapman and Hasterok

(2011).

VS vs Density Modelling

Hasterok and Chapman (2007b) utilise a correction for compositional density varia-

tions with an empirical pressure wave (VP ) to density relationship. However, limited
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shallow VP data exists for Antarctica, so a relationship between VS and density has

been developed instead.

Behn and Kelemen (2003) utilised thermodynamic modelling to estimate seismic

velocities of igneous rocks from geochemical composition data. Hasterok and Webb

(2017), and Hasterok et al., (2018) then tested their thermodynamic models with

density, producing a relationship between VP and density. Since both VP and

density produce reliable calibrations to composition, it is reasonable to assume the

same can be done for VS since calculation of both VS and VP require the shear

modulus and density.

As there are limited data available to calibrate a VS to density relationship, a similar

relationship for VS is developed utilising the thermodynamically derived estimates

for density and VS from Behn and Kelemen (2003). A relationship utilising a global

geochemical database (Gard et al., 2019) to reproduce the same methodology was

then produced. The global geochemical database was used to bias the relationship

to a more accurate range of rock types to represent the crust than the original data

used by Behn and Kelemen (2003). The crust is assumed to be igneous in origin.

Models are shown below and the relationship is given in (10).

ρcrust = −23424/VS − 669VS + 11459 (10)
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Figure 4: VS Density modelling. A shows thermodynamic data from Behn and
Kelemen (2003), while B is the same sample set but with a synthetic VS calculated
from geochemistry data provided in the same study. C shows the two relationships
with RMS misfit, while D is the same synthetic geochemical calculations from the
geochemical database. These computations produce (10).

Thermal Modelling

VS VS HEAT PRODUCTION MODELLING

Seismic velocity can be used to estimate the average heat production in the crust.

The global geochemical database is utilised to find an empirical relationship between

VS and heat production (Figure 5). The crust is assumed to be igneous in origin.

Modelled geological provinces (Figure 1) of Antarctica are utilised to constrain heat

production of different regions. Large natural variability in heat production means

that a log-linear relationship was fitted. The computed relationships are listed below

in Table 1, with the plot of the regional relationship shown. Where insufficient data

15



Matthew Lawrence Linke
Thermal Isostasy and Antarctic Heat Flow

exists to produce an accurate relationship, an Antarctic continent-wide relationship

is utilised instead. Provincial relationships with positive slopes were not used as this

slope was produced by outliers in data - these provinces instead being reverted to

the continental average. It is worth noting that this data is taken from the surface

and, as a result, the associated models assume the same seismic velocity to heat

production ratio for rocks at depth. This implication is discussed further in the

present study.

Figure 5: The log-linear model used for the Antarctic continent-wide VS Heat
Production model. The model (given as the Continental Average in Table 1) is
represented by the blue line, with the orange dashed lines being the 95% confidence
interval.
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VS VS THERMAL CONDUCTIVITY MODELLING

Thermal conductivity can be estimated from seismic velocity. A model based on

synthetic VP estimates from geochemistry has been utilised successfully (Jennings

2017). Similarly, the global geochemical database is also used to compute an em-

pirical relationship between VS and thermal conductivity. Thermal conductivity is

fitted to VS data with a cubic polynomial for VS between 3.5 and 5 km/s given as:

k0 = −3.158V 3
S + 42.339V 2

S − 187.522VS + 277.025 (11)

where k0 is thermal conductivity measured at room temperature. This model is

shown in Figure 6.
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Figure 6: The VS Thermal Conductivity model. Seismic velocity and thermal
conductivity were estimated using the empirical third order polynomial Equation
(11). Conductivity estimates below 1.5 W/mK have been excluded because it is
rare to find such low values without significant porosity. The centre blue line is the
model while the red lines are ± 2 standard deviations.

COMPUTING GEOTHERMS AND THERMAL ELEVATION

Geothermal gradients are modelled using a layered 1-D steady state conductive

model. The gradients can be modelled with Equations (2) and (3). Geotherms are

calculated to 250 km depth with 1km thick layers.

In all geotherms calculated, mantle heat production is assumed to be 0.02 µWm−3,

mantle thermal conductivity is assumed to be 3 Wm−1K−1 (consistent with Hasterok

and Chapman (2011)), surface temperature is assumed to be 0◦C and the mantle

adiabat is assumed to occur at 1300◦C.
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In order to calculate a thermal elevation using Equation (6), a reference geothermal

gradient is computed. This reference utilises a mean of the Antarctic Moho depths

from Baranov et al., (2018) at 34 km depth. Thermal values assumed for this

reference are heat productions of 1 µWm−3 for the upper crust (defined as the top

20 km) and 0.2 µWm−3 for the lower crust, thermal conductivities of 3.5 Wm−1K−1

and 2.5 Wm−1K−1 for upper and lower crust respectively and a mantle heat flow of

25 mW/m2.

With thermal properties estimated with VS data, preliminary geotherms are calcu-

lated. However, as thermal conductivities are measured at room temperatures in

the VS model, the actual thermal conductivity is calculated at the same time as the

interface temperature using Newton’s Method. These preliminary geotherms are

calculated with a mantle heat flow of 20 mW/m2. A Curie depth model (Martos et

al., 2017) is then used to further constrain the geothermal gradients in an iterative

process by adjusting the mantle heat flow accordingly, as well as the heat produc-

tion estimate if geothermal heat flow is above an arbitrarily defined threshold (¿ 90

mW/m2). This threshold is chosen due to its use as an upper constraint in the model

by An et al., (2015). However, as the heat production is constrained by the seismic

model, this is adjusted less than the mantle heat flow. The Curie temperature of

crustal rock is assumed to be between 550 and 600◦C.

RESULTS

Isostatic Corrections

In the VS density model (Figure 7), some apparent anomalies are present at over

3100 kg/m3. While higher than expected, these values are not physically unreason-

able. Outside of these highs, most values are reasonable with a continental average

density of around 2900 kg/m3.
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Figure 7: Crustal thickness model on left (Moho depth) and computed average
crustal density on right. The Moho depth is modelled by Baranov et al., (2018) while
the average crustal density is computed with the relationship given in Equation (10).

As shown in Figure 8, the ice loading correction yields a reasonable magnitude of

up to 3 km, while the compositional correction shows anomalously high magnitudes

than expected in places, spanning an 8 km difference between its most extreme

points. It is noted the density correction shows elevation change in both directions

due to both positive and negative density anomalies, while ice loading only removes

mass, so the only compensation from ice and water is unidirectional. Additionally,

this elevation is defined as the difference between the top of the ice sheet and the

resulting surface elevation of corrected bedrock, meaning this correction is applied

downward. Positive values in the crustal density isostatic correction indicate low

elevation, while negative values indicate high elevation due to the nature of the

isostatic calculations.
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Figure 8: Computed isostatic correction for mass loading of ice sheets and water.
Ocean water was considered for continental shelf.

Due to the anomalously high values present in the crustal density isostatic correc-

tion, similar high magnitudes are observed in the expected thermal elevation plot.

However, regional trends can be observed in Figure 9, with an overall higher eleva-

tion noticed in the West and generally lower elevation observed in the East.

Figure 9: A is the observed bedrock elevation. B is the thermal elevation once
correcting for compositional and water effects, as aforementioned in Equation (5).
Data for bedrock elevation, ice thickness and water depth was utilised from the
Bedmap2 dataset.
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Figure 10: The computed uncertainty in the isostatically derived thermal elevation.
A shows the spatial distribution of uncertainty with a compressed colour scale to
effectively observe lower uncertainties. B shows the distribution where the true
values of the large blocky uncertainties can be seen at over 700m.

The uncertainty present in the isostatic model has large blocky anomalies inherited

directly from uncertainties in the Bedmap2 dataset of over 700 m. Outside of these

spikes, uncertainty is low at between 30 to 300 m.
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Thermal Property Modelling and Geothermal Gradients

Thermal modelling of seismic data produces reasonable results except for a few

caveats. The thermal conductivity model in the top 10 km slice shows high ther-

mal conductivities, while provinces 16 and 22 (refer to Table 1) show high heat

production values in the top 10 km slice.

Figure 11: Results from crustal VS modelling of thermal properties. The in-
put shear velocity data along with thermal conductivity and heat production as
described previously. Models are shown for 10 km depth slices.
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The preliminary thermal modelling (Figure 12) is notable in its distinct lack of

geographical distinctions outside of two particular provinces showing abnormally

high heat flow estimates. These anomalies have unrealistic peaks of about 250

mW/m2. The initial thermal elevation model shows reasonable magnitudes with

only negative anomalies on the peninsula and off the coast of the Trans Antarctic

Mountains.

Figure 12: Modelled geothermal heat flow (A) and resulting thermal elevation
(B), both before adjusting for Curie depth data. Thermal properties were estimated
using models described in Figure 6 and Table 1 before using a steady state geotherm
described in Equations (2) and (3) to iteratively produce geotherms. Elevation is
then calculated using Equation (6).

After adjusting for Curie depth to produce Figure 13, the average magnitude of the

thermal elevation model remains similar. However, the difference between West and

East is much more pronounced, with West Antarctica showing more thermal uplift

than the East. A direct comparison of the isostatically and thermally modelled

elevations is presented in Figure 14.

Figure 14, the thermally calculated elevation model subtracted from the isostatically

derived thermal elevation model, shows a Gaussian disstribution with a mean of 196

m and standard deviation of 911 m. The largest positive differences along the

Transantarctic Mountains and on the shelf above (in the sense of presented figures)

the Antarctic Peninsula, while the largest negative anomaly is present in the West
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Figure 13: Modelled thermal elevation. This is computed as in Figure 12 B,
except with mantle heat flow and heat production constrained by a Curie depth
model. Elevation is also computed using Equation (6).

Antarctic Rift adjacent to the Antarctic Peninsula. Aside from these maxima and

minima, the differences between the models show no geographical trend.
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Figure 14: Comparison of the isostatically corrected thermal elevation and the
thermally modelled elevation, defined as the difference between the thermal models.
A shows the geographical comparison of the two datasets while B shows the distri-
bution of the difference between the datasets. Observe the Gaussian distribution.

After adjusting for Curie depth, the geothermal heat flow model is more reasonable,

but still abnormally high. Most of Western Antarctica is above 100 mW/m2 while

East Antarctica averages around 80 mW/m2. Heat flow sometimes drops as low as

30 mW/m2 in some areas.
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Figure 15: Modelled geothermal heat flow. This is computed as in Figure 12 A,
except with mantle heat flow and heat production constrained by a Curie depth
model.

DISCUSSION

Model Results

ISOSTATIC MODELLING

While the isostatic correction from ice/water mass loading seems reasonable (Figure

8), the density isostatic correction seems to be unreasonable in places. Investigation

of the average density yielded from VS modelling (Figure 7) shows unnaturally high

densities in thin areas of crust - specifically on the Antarctic Peninsula and in the

Ross Sea. The Ross Sea, where the West Antarctic Rift system is, may have a higher

density due to presence of rift-related basalts (Behrendt et al., 1991). However, due
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to the persistence of the anomaly within the starting seismic model, it is unlikely

to be caused by rift related basalts. As mentioned, large density anomalies are

associated with thinner crust and the top layer of the seismic model. The observed

anomaly may be due to the presence of sedimentary/metasedimentary units in the

top layer, violating one of the major assumptions of the VS density model - the

assumption of an igneous crust. However, the average density found by the present

model used is 2799 kg/m3 which is a reasonable continental average. Still, this result

leaves room for future research in the development of models that incorporate lower

velocities for sedimentary units. It is also possible the anomalies are associated with

the original VS model rather than underlying assumptions.

Due to the large magnitudes present in the individual corrections (Figure 8), the

resultant isostatically modelled thermal elevation also shows unnaturally large mag-

nitudes that have greater magnitude of thermal elevation difference than previous

studies (3 km; Hasterok & Chapman 2007b). While geographical trends seem to be

consistent with existent work, some areas in East Antarctica have a lower elevation

than expected (up to 1 km) and West Antarctica show magnitudes of up to 5 km

(though usually between 3 to 4 km).

The uncertainties in the isostatic model (Figure 10) are too low (maximum 800 m)

to explain the difference between the isostatically computed thermal elevation and

the thermally computed elevation (Figure 14 - standard deviation of 911 m). While

uncertainty on the thermally modelled elevation has not been calculated on this first

run, it is essential in making a statistically valid comparison. It is worth noting that,

while the uncertainties in the elevation datasets were straightforward, uncertainties

present in the VS density model may have been correlated. As covariance was not

taken into account in error propagation, if correlation between coefficients does exist,

the overall uncertainty may be underestimated.
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THERMAL MODELLING

A clear difference in geothermal heat flow is noticed between East and West, with

West Antarctica showing much higher heat flows. The heat flow result consistent

with current tectonic knowledge of the area; West Antarctica is known to be much

younger with active rifts as opposed to the far older and cratonic East Antarctica.

However, the heat flow model produced by this first pass is likely unrealistic. Yield-

ing a continental average geothermal heat flow of 96 mW/m2 (with the accepted

average continental heat flow being 65 mW/m2; Pollack et al., 1993) indicates ther-

mal properties are likely being drastically overestimated.

Areas of substantially high heat flow include the two geological provinces obersv-

able in Figures 12 and 15 are the Erebus Volcanic Province and the East African

Orogen (Figure 1 and Table 1). Considering the models for geological provincial

heat production are based on surface samples and the scarcity of samples across

Antarctica, it appears that these provinces are heavily affected by spatial bias of

collected geochemical data. This implication is discussed further under the section

Sources of Error in Heat Production Modelling.

As shown in Figure 14, the two thermal elevation models are mostly within the

range of 2 to 3 km in elevation. While this level of elevation is significant, this

deiscrepancy may be accounted for by additional unconsidered elevation sources,

discussed further in the section Sources of Error in External Elevation. Overall, this

result is not entirely unreasonable and with further work could likely be reduced to

a much more reasonable margin of error.

Haeger et al., (2019) utilised seismic models to estimate temperature in the Antarctic

lithospheric mantle. These models found temperatures as low as 700◦C the East

Antarctic lithospheric mantle to depths of 200 km, as shown in Figure 16. While

this data has not been used within the model, noting similar geographic trends at
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depth supports the differing trends observed between East and West Antarctica in

the thermal isostatic model.

Figure 16: A model for mantle lithosphere temperature at various depths by Haeger
et al., (2019). Notice the cold East Antarctic cratonic lithosphere at depth. This
may be associated with chemical depletion and thus a negative buoyancy.

Sources of Error

As is typical with most geophysical modelling, certain assumptions have been made

for various reasons including availability of data, feasible levels of complexity and

to allow for properties to be used as proxies.
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EXTERNAL ELEVATION

As previously discussed, flexure and geodynamic mantle processes may account for

a significant portion of elevation. Lithospheric mantle variations in density were

also not considered and may also account for a significant portion of elevation.

Haeger et al., (2019) utilise seismic models of between 50 and 300 km depth to infer

the thermal state of the Antarctic mantle lithosphere. Results show a dense and

cold East Antarctic mantle lithosphere, interpreted to be of an Archean age. This

interpretation may imply chemical buoyancy in East Antarctic mantle lithosphere is

affecting elevation, similar to findings in Western Australia by Hasterok and Gard

(2016). Conversely, West Antarctica is shown to have low density and high tem-

perature in its deep lithosphere and is associated with active rifting (Behrendt et

al., 1991). The density and temperature data were not considered in the developed

model and should be considered in future iterations of this model. The use of this

dataset is discussed further below.

Flexure is usually a local feature and is defined as resistance to elevation change due

to lateral lithospheric strength (Watts, 2011). Thus, it is likely the total effect may

average out over a continental scale. Differences in lithospheric thickness and age,

however, will create differences in flexural properties. Flexure can be responsible for

elevation differences of ±1 km (Rubey 2015). If flexure is contributing significantly

to elevation in Antarctica, one of the fundamental assumptions made in the present

model is violated.

Mechanical mantle processes associated with convection and hot spots may cause a

similar ±1 km elevation change (Gvirtzman et al., 2016, Goes, 2002). This magni-

tude, considered with the flexural elevation discussed previously, could well produce

the amount of discrepancy in thermal elevation models observed in Figure 14.

P-wave tomography has shown significant anomalies in West Antarctica (Hansen

et al., 2014) and are thought to be related to the West Antarctic rift system as
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well as hotspot volcanism. While the thermal impact of rifting is accounted for in

this model, proposed hotspots and their pressure effects have not been considered.

Expansion of the model with mantle models of both VP and VS tomography could

help reduce this error.

Another observation from the results in Figure 15 is that the geothermal heat flow

model is very high on a continental scale yet its associated elevation model generally

around 2 km less than that of the isostatically corrected value. This lower elevation

strongly suggests external sources of elevation are present in the isostatic thermal

model. Further work to constrain the nature of this elevation is necessary.

VS AND TEMPERATURE

Shear wave velocity is dependent on the shear modulus, which is sensitive to changes

in temperature. VS is often used in tomography to talk about mantle temperature

changes (Priestley & McKenzie, 2013). As a result, using VS to infer properties

such as density and heat flow is likely to incorporate thermally induced noise in the

data. In future work, seismic inferral of properties would be best done with pressure

wave velocities (VP ) as these velocities are less susceptible to thermal effects. As

a result, VP models are likely to produce less thermally biased density estimates.

Outside of solely using VP data, a possible direction could involve a density model

that utilises both VS and VP in order to simultaneously solve for compositional

and thermal properties of the crust. However, as limited shallow VP data currently

exists, incorporation of this data type is likely a long term future direction for this

model.

HEAT PRODUCTION MODELLING

Heat production modelling has proven to be challenging in this study. The Erebus

Volcanic Province and East African Orogen both drastically overestimate heat flow

(Figures 15, 1 and Table 1). As the provincial relationships are based on datapoints

from the global geochemical database and Antarctic data is scarce, it appears in
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these cases (especially within the Erebus Volcanic Province) the data points within

these provinces suffer from spatial bias of a singular geological feature. Expansion of

geochemical data from these provinces would be the ideal solution, but may not be

feasible. Future models may incorporate these data weighted against the continental

average in an attempt to remove the bias from the sampled feature.

Another assumption present in the methodology of this study is the depth of heat

production from the VS to heat production model. Samples in the geochemical

database are collected from the surface. Brady et al., (2006) utilise geochemical

and geobarometric analyses to produce a relationship between heat production and

depth for the Sierra Nevada Batholith and find, despite a lower surface heat pro-

duction due to a volcanic pile, the upper crust beneath the volcanics has the highest

heat production of around 3.5 µW/m3, dropping drastically to around 1 µW/m3 at

around 15 km depth. Thus, it is likely the seismic model of heat production given

in Figure 5 may overestimate heat production at the depths of mid to lower crust.

Figure 17: Plots demonstrating the reference geothermal gradient and heat flow
with depth and their sensitivities to change in heat production. A shows the per-
turbed geotherm to ± 50% upper crustal heat production, while B demonstrates
the perturbed geotherm to ± 50% lower crustal heat production. Figures C and D
demonstrate the same perturbations respectively, but demonstrate the impact on
heat flow.
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However, in the estimation of geothermal heat flow from geothermal gradients, it

is important to consider the sensitivities of geotherms and geothermal heat flux to

change in heat production at depth. The reference geotherm utilised in producing

the thermal elevation in Figure 13 has been taken and had heat productions in the

upper and lower crust perturbed to demonstrate the impact (Figure 17) While the

lower crustal heat production still impacts heat flow, the greater effect comes from

shallow crustal values.

IGNEOUS MODELLING

Igneous and metaigneous rocks make up a majority of continental crust by volume -

up to 95% by some estimates, so models are based on the assumption of an igneous

crust. However, not all crustal rocks are igneous. Investigation in the geochemi-

cal database indicated metaigneous rocks tend to behave similarly to igneous rocks

with regards to physical properties such as density, seismic velocities and thermal

properties, but sedimentary and metasedimentary rocks do not. This discrepancy is

especially true with thermal properties such as heat production and thermal conduc-

tivity. Thus, provinces with a significant fraction of sedimentary-derived material

may result in significant errors in isostatic calculations resulting from VS to property

conversions.

Baranov et al., (2018) present a seismic model of sediment thickness across Antarc-

tica, utilising data from multiple previous local scale studies. This model shows a

major basin associated with the West Antarctic Rift underneath the Filchner-Ronne

Ice Shelf of up to 14 km depth. This basin is consistent with an anomaly charac-

terised by a slow velocity in the 10 km slice of the dataset (Figure 11), implying

a violation of the igneous composition assumption present in this modelling. Sed-

imentary basins of up to 6 km depth are present throughout the rest of the West

Antarctic Rift system (Baranov et al., 2018) but do not appear to correlate with

other anomalies in the present model.
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GEOTHERMAL GRADIENT CONSTRAINTS

Geothermal gradients may be restrained at depth with the use of geophysical proxies

(Figure 18). These restraints include Curie depth modelling from magnetic data,

electrical conductivity, seismic tomography and sub-Moho normalised VP (VPn)

(Hasterok et al., 2019). Non geophysical methods to constrain geotherms include

measurement of surface heat flow and heat production (not viable in this model

as discussed previously) and thermobarometric analysis of xenoliths (Hasterok and

Chapman 2011, Hasterok et al., 2019).

Mantle tomography has been the subject of extensive research in the Antarctic con-

text but still suffers from uncertainties due to compositional variations. Hansen

et al., (2014) utilise VP tomography to identify fast anomalies in East Antarctica

and slow anomalies in West Antarctica. Depths determined depend heavily on the

modelling method but are at least as deep as 300 km and up to 800 km. These

anomalies could be utilised in future research to further constrain geotherms at

depth. Though xenolith thermobarometry has been utilised successfully in mod-

elling geothermal gradients (Hasterok and Chapman, 2011), it requires physical

access to said xenoliths, limiting its use in Antarctica. However, xenolith ther-

mobarometry may indicate palaeo-geotherms that are not representative of current

day ones. Electrical conductivity data is rare in Antarctica (Hasterok et al., 2019).

Aside from its rarity, it also has difficulty in distinguishing temperature effects from

hydration and melt effects.

The shallowest subsurface thermal feature is the Curie depth, which often comes

with high uncertainties. The Curie depth model utilised for this study (Martos et

al., 2017) has a maximum uncertainty of 8.9 km with a mean of approximately 3

km. The importance of the Curie depth in this model’s estimation of surface heat

flow is demonstrated directly by Figures 12, 13 & 15.
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Figure 18: A plot showing geophysical proxies for various depths in constraining
geothermal gradients. Proxies are labelled numerically — 1. geothermal heat flux,
2. magnetics (Curie Depth), 3. Sub-Moho Pn velocity, 4. Seismic tomography, 5.
Receiver functions (seismic lithosphere - aesthenosphere boundary), 6. Electrical
conductivity and 7. Xenolith thermobarometry.

37



Matthew Lawrence Linke
Thermal Isostasy and Antarctic Heat Flow

Future Directions

Future directions for this model can be divided into (a) short term improvements

with existent datasets and (b) long term improvements pending collection of new

data. One of the proposed advantages of utilising thermal isostasy to model surface

heat flow is the variety of data types that can be utilised to constrain thermal

properties of the lithosphere, so as more data becomes available, thermal isostatic

modelling will improve.

Existing geophysical data not directly utilised in this model include mantle tomog-

raphy (VS and VP ; Hansen et al., 2014; An et al., 2015; Haeger et al., 2019) and

gravity surveys (Pappa et al., 2019; Scheinert et al., 2016; Haeger et al., 2019). Util-

ising mantle tomography to correct for thermal and compositional variations would

allow for further constraining of the crustal thermal elevation, permitting further

improvement of the isostatic model and thus the surface heat flow model. Grav-

ity surveys may also prove useful in conjunction with seismic velocity to density

conversions to create a more robust density model that is less susceptible to errors

associated with either method (thermal perturbations for seismic velocities, while

the seismic to density conversion may help with inverse modelling of gravity data).

Haeger et al., (2019) in particular present in depth study of the Antarctic lithosphere

at depth, including models of compositional variations and temperature derived from

gravity data and seismic models. Integration of Haeger et al., (2019) data into this

model is one of the short term future directions of the present model, as the only

current constraint on the geothermal gradient after modelling thermal features is

the Curie depth model. This mantle temperature model will also help account for

mantle features currently not accounted for in the current geothermal model.

VS models utilised in this study were based on igneous rocks with velocities rarely

dropping below 3.6 km/s. However, shear velocities in the utilised seismic model

often drop below 3.6 km/s, especially closer to the surface. Another short term di-
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rection in this model involves developing sedimentary based models for low velocities

and shallow depths, incorporating porosity and depth estimates. These parameters

would likely offset anomalies noticed in the shallow components of VS models used

in this study (Figure 11). Incorporating the seismic model of sediment thickness

from Baranov et al., (2018) would aid this process greatly.

Additionally, as more Antarctic geophysical surveys are undertaken and more data

becomes available, more data can be integrated to create a diversely restrained

geothermal gradient to help improve the surface heat flow model, including data

shown in Figure 18.

CONCLUSION

Thermal isostasy is used to produce a surface heat flow model for Antarctica. A

series of isostatic corrections utilising geophysical proxies are used to isolate the

thermal component of elevation which is then used to verify a thermal model formed

from remote geophysical data.

Isostatic corrections for ice sheets performed well due to the inherent simplicity of

the system. Ice sheets and seawater were found to be responsible for up to 3 km

of elevation difference. The crustal density isostatic correction performed relatively

well with a few issues - likely due to non-igneous rocks in the top layer of the crust,

anomalies within the starting velocity model or both. This correction calculated an

average crustal density of 2799 kg/m3, very close to the continental average, and

was responsible for ±4 kilometres of isostatic compensation. The magnitude of this

correction is much larger than most seen in previous work, which is indicates that

refinement is needed.

The VS to thermal conductivity conversion model developed performed well when

combined with iterative methods to calculate thermal conductivity at depth, only

showing issues with surface VS values. With the exception of insufficient data in
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areas and some provinces producing anomalously high heat production values, the

VS to heat production also performed reasonably, though it is suspected this model

overestimates heat production. The geothermal heat flow model produced suggests

this overestimation, with a regional average of 92 mW/m2. This result is far higher

than the accepted continental average (around 65 mW/m2). However, even with

elevated heat flow estimates, the thermal elevation estimate from this method seems

reasonable with a magnitude of ±2 km excluding some extreme anomalies. With

further work to restrain the geothermal gradients and isostatic corrections further,

this method will produce far more reasonable results.
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