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Abstract Antarctica's geothermal heat flow and its glacial isostatic adjustment response are critical to
understand ice sheet stability. These demand a knowledge of the temperature of the Antarctic lithosphere, but
challenges remain in resolving mantle thermomechanical properties. Here we use a two‐stage process to resolve
mantle temperature and composition. First, we derive an optimized relationship between shear‐wave velocity
and temperature, density, and composition, constrained by temperature, attenuation, and the average viscosity of
the oceanic upper mantle. Applying this conversion relationship to a seismic shear‐wave velocity model from
adjoint tomography (ANT‐20) yields an estimate of mantle density and temperature. In the second stage we
apply a 3D finite‐element‐method gravity inversion to correct density distribution for the Antarctic lithosphere.
The updated density structure further constrains the composition and so the temperature of the lithospheric
mantle. Factoring in changes in mantle composition, areas with depleted mantle require a higher temperature
than the initial estimate to fit the seismic velocity and density structure. Compared with a primitive mantle, the
temperature in the depleted mantle is increased by up to 200°C. From the updated temperature field, changes to
the lithosphere thickness, mantle viscosity, and geothermal heat flow are defined: in East Antarctica, the low
viscosity area is largely unchanged (<1023 Pa s), while the estimated lithosphere thickness must decrease by up
to 150 km, and heat flow must increase by 3–10 mW/m2. Collectively, the effects of an increased mantle
temperature estimate suggest that a more dynamic and climate‐responsive East Antarctic Ice Sheet is possible.

Plain Language Summary Temperature variations in the mantle provide differences in the heat
supplied to the Earth surface, and also control mantle flow, influencing the rate of land uplift caused by the loss
of ice mass. These two factors are crucial conditions for ice sheet flow, but they are poorly resolved in
Antarctica. Seismic‐wave speeds provide the capability to estimate the mantle temperature field but the velocity
to temperature relationship is not straightforward. In a two‐stage process we first resolve how seismic shear
wave speed varies with temperature, pressure and chemical composition. This relationship allows us to estimate
the temperature and density of the mantle, reflecting variations in iron and magnesium content. In a second stage
gravity measurements are used to correct the density distribution in the mantle and redefine the mantle
temperature and composition to satisfy both the seismic‐wave speed and the revised density. We find that the
mantle in East Antarctica is up to 200°C hotter than previously estimated, as variations in chemical composition
were not included in earlier models. The mantle temperature field is used to map variations of the lithosphere's
thickness, the mantle's viscosity, and the conduction of heat from the mantle to the Earth surface.

1. Introduction
The mantle thermal structure contributes up to 50 mW/m2 to Antarctic geothermal heat flow (GHF) and de-
termines mantle viscosity, which impacts the long‐term stability of the Antarctic ice sheet (Noble et al., 2020).
Geothermal heat warms the base of the ice sheet, influences ice rheology, including melting, and forms an
important basal boundary condition for ice sheet dynamics (Burton‐Johnson et al., 2020; Reading et al., 2022).
The inaccessibility of the ice sheet bed makes geothermal heat flow one of the least constrained basal boundary
conditions (Llubes et al., 2006). The thickness of lithosphere and viscosity of the upper mantle control how fast
the lithosphere responds to ice sheet mass changes through Glacial‐Isostatic‐Adjustment (GIA) related uplift of
bedrock. Rapid uplift could temporarily stabilize parts of the West Antarctic Ice Sheet after ice loss (Barletta
et al., 2018), but such rapid uplift is considered less likely in East Antarctica, where the mantle is modeled to be
much colder, thicker, and more viscous. Therefore, precise modeling of the mantle thermal structure is a key
requirement for predicting the dynamics of the Antarctic Ice Sheet and its impact on future sea level rise.
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The current understanding of the continental‐scale mantle thermal structure relies on linking geophysical data
with thermal parameters determined by the mantle chemical composition (Stixrude & Lithgow‐Bertelloni, 2005,
2011). Seismic velocity models are widely used to resolve the mantle thermal structure, possible because thermal
effects dominate seismic velocity changes. Converting a seismic velocity model into a temperature model re-
quires knowledge of the shear modulus and seismic attenuation. This can be achieved through a forward mineral
physics approach that uses mineral assembly of the mantle chemical composition. Such an approach requires
extrapolation of mineral physics parameters from laboratory measurements to mantle conditions (Cammarano
et al., 2003; Goes et al., 2000). Due to the limited geological knowledge beneath ice sheets, a homogeneous
mantle composition is commonly assumed to convert seismic velocity into temperature in Antarctica. For
example, An et al. (2015) utilized a non‐cratonic lithospheric composition to convert shear‐wave velocity into
temperature. Their results revealed the first‐order thermal condition in the lithospheric mantle, with a warm and
thin lithosphere in West Antarctica and a thick and cold lithosphere in East Antarctica. Although seismic velocity
alone can constrain large‐scale thermal variations, the uncertainties of the resolved temperature model may reach
several hundreds of degrees centigrade (Feng et al., 2010). Thus, additional information is necessary to fully
represent the thermal structure, including the ability to determine absolute mantle temperatures and to assess the
impact of compositional heterogeneity.

In most cases, mineral physical parameters are challenging to match with the applied seismic velocity model. This
discrepancy arises due to the difficulty in determining the amplitude of seismic velocity variations, which is
subjected to the choice of initial reference model, attenuation, and the applied regularization during the inversion
process (Foulger et al., 2013). In the meantime, the mineral physical parameters are required to extrapolate several
orders of magnitude from lab conditions to the mantle conditions. Consequently, only the relative temperature
change can be resolved, failing to constrain the absolute temperature, which then limits its capacity to model
geothermal heat flow (Haeger et al., 2022). One way to mitigate this challenge is by using areas with well‐
constrained seismic velocity‐temperature‐pressure relationships to re‐estimate parameters that impact shear
modulus and attenuation. In Antarctica, Hazzard et al. (2023) used temperatures in the oceanic lithosphere to
estimate the shear wave velocity and temperature conversion relationship. This approach can be seen as using an
average bulk composition of the oceanic lithosphere to represent the Antarctic continent and the Southern Ocean.
However, evidence from limited rock outcrops, seismic tomography models, and multivariable analyses indicates
that the composition of the Antarctic lithosphere is highly heterogeneous (Cox et al., 2023; Schaeffer & Leb-
edev, 2015; Stål et al., 2019), with a significant portion of East Antarctica displaying an Archean to Proterozoic
cratonic‐type lithosphere (Boger, 2011; Cox et al., 2023; Schaeffer & Lebedev, 2015). Therefore, to fully resolve
mantle temperature, we must consider mantle composition heterogeneity, although the current framework has
limited capacity to achieve this.

Based on mineral physical parameters, variations in both temperature and chemical composition can impact
seismic velocity and density. Thus, to address composition heterogeneity, gravity data, that resolves density
distribution, can be added to the workflow (Afonso et al., 2013, 2016, 2022; Fullea et al., 2009, 2021; Haeger
et al., 2019; Pappa et al., 2019). In Antarctica, Haeger et al. (2019) used an iterative approach to resolve variations
in both temperature and composition constrained by a seismic velocity model and gravity data. Their results
indicate that considering composition variation is necessary to constrain the thermal structure in East Antarctica.
However, because the composition impact on the shear‐wave velocity relationship is adapted using a mineral‐
physical approach, their results cannot determine the absolute temperature in the mantle (Haeger et al., 2022).
This limits a direct application for resolving geothermal heat flow and mantle viscosity.

To address the challenge to constrain the absolute mantle temperature while fully accounting for compositional
heterogeneity, we applied a two‐stage method. In the first stage, we modified the calibrated temperature‐density‐
shear‐wave velocity relationship from Hazzard et al. (2023) by introducing a composition term to account for
compositional variations; In the second stage, benefiting from the ability of gravity to resolve the compositional
signal of the lithosphere, we generated a high‐resolution model including 3D lithosphere density based on the
shear‐wave velocity model ANT‐20 (Lloyd et al., 2020) and detailed crustal structure (Li & Aitken, 2024). A 3D
gravity inversion utilized a novel preconditioned conjugate gradient method with an unstructured mesh to update
the crust and upper mantle density distribution (Codd et al., 2021). The density results are used to generate an
updated temperature and compositional structure of the mantle that satisfies both the seismic and gravity con-
straints. The updated temperature field is used to estimate lithosphere thickness, mantle viscosity, and geothermal
heat flow.
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2. Tectonic Setting
Antarctica is a geologically complex region, and its tectonic history is poorly understood due to its remote
location and the fact that much of the geological information is hidden beneath the ice sheet. Antarctica is
commonly divided into East Antarctica and West Antarctica along the Transantarctic Mountains (Dalziel &
Lawver, 2001), with different tectonic histories and physical properties. However, recent observations and
models suggest a more complex view of tectonic boundaries (Jordan et al., 2022; Stål et al., 2019; Tankersley
et al., 2022; Tinto et al., 2019).

East Antarctica is characterized by Archean to Proterozoic age lithosphere based on outcrops (Cox et al., 2019).
Seismic structure in this region generally exhibits faster velocities than the reference tomography model
(Figure 1b). Several regions exhibit extremely fast velocities, such as the center of EANT to theWilkes Subglacial
Basin region, and Princess Elizabeth Land (PEL), which are 4%–8% faster than the reference velocity model
(STW105, Kustowski et al. (2008)), indicating a cold and dense lithosphere with probably different composition
(Lloyd et al., 2020).

East Antarctica contains rift systems, large suture zones, and several cratonic blocks that link to the formation and
break of supercontinents (Aitken et al., 2014, 2016; Boger, 2011; Ferraccioli et al., 2011; Jordan et al., 2022). The
Lambert Rift system is marked as a Mesozoic failed rift system with two distinct phases (Lisker et al., 2003). The
early denudation phase in the late Paleozoic is linked to the formation of the graben, and the later denudation
phase in the early Cretaceous phase might be linked to the initial separation of the Indian and Antarctica (Lisker
et al., 2003). A large suture zone (Indo‐Australo‐Antarctic Suture) is suggested in the Aurora Subglacial Basin,
which collides Indo‐Antarctica and Australo‐Antarctica during the latest Mesoproterozoic and/or earliest
Cambrian (Aitken et al., 2014; Boger, 2011). The rifting in the East Antarctica Rift System may have contributed
to the rejuvenation of these regions from the Paleozoic to theMesozoic (Ferraccioli et al., 2011). In DroningMaud
Land, the Tonian Oceanic Arc Super Terrane (TOAST) is marked as a juvenile early Neoproterozoic province,
separating Indo‐Antarctic craton to the east (Jacobs et al., 2015; Ruppel et al., 2018). TOAST is thought to extend
to a minimum of 800 km south inland until it reaches a region marked by a border negative magnetic anomaly
(Ruppel et al., 2018).

West Antarctica is a younger region with two major rift systems, including the Jurassic Weddell Sea Rift (Jordan
et al., 2013) and Cretaceous to Cenozoic West Antarctic Rift System (Jordan et al., 2020; Siddoway, 2008). The
seismic model in this region shows a slow velocity structure which is impacted by hot and thin lithospheric mantle
(An et al., 2015; Lloyd et al., 2020; Shen et al., 2018). With increased resolution, ANT‐20 model also shows slow
shear‐wave speed anomalies along the Transantarctic Mountain front through the western Ross Ice Shelf, con-
necting with the Macquarie Triple Junction, which indicates a thermal effect of Cenozoic rifting (Lloyd
et al., 2020).

3. Method
3.1. Modeling Concept

The seismic velocity and density structure of the mantle reflect variations in temperature, pressure, and
composition (Stixrude & Lithgow‐Bertelloni, 2005, 2011). In areas with high temperatures, seismic velocity
drops dramatically, dominated by the attenuation effect. Thus, knowledge about the seismic attenuation model is a
prerequisite to precisely modeling mantle thermal structure. However, the parameter in the seismic attenuation
model is poorly defined, which requires extrapolating laboratory measurements to mantle conditions. In addition,
when constructing a seismic velocity model, the choice of seismic attenuation model often varies by model (Lloyd
et al., 2020).

Another important factor is mantle composition. Estimating temperature using seismic velocity alone, and so
neglecting compositional variations can lead to significant errors where the assumed composition does not match
the actual composition. Increasing velocities can be explained by either a colder lithosphere and/or a mantle that
has undergone compositional changes due to depletion in partial melting events (Figure 2a). While both thermal
and compositional changes can impact seismic velocity, they have different effects on the lithosphere's density
structure. Therefore, variations in mantle density can serve as an additional constraint to differentiate the con-
tributions of thermal and compositional effects (Kaban et al., 2014; Tesauro et al., 2014).
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Using a locally derived temperature‐pressure‐seismic velocity constraint in Antarctica and the Southern Ocean
(Hazzard et al., 2023), we estimated an optimized seismic velocity, temperature, and composition relationship.
Applying this seismic velocity to temperature relationship, we converted seismic velocity into an initial mantle
temperature and density, assuming a uniform initial composition (see Section 2.2). Gravity inversion was then
used to resolve a correction to the density distribution so as to fit the gravity data. The final composition was
selected based on the closest match between the density correction and synthetic density derived from various

Figure 1. (a) Bedrock topography (Morlighem et al., 2020); (b) shear wave velocity (Lloyd et al., 2020) in Antarctica at 150 km depth. The white color shows the
reference velocity speed (4.47 km s− 1) in the model STW105 (Kustowski et al., 2008); (c) combined airborne and satellite gravity model after removing the first 10
orders of the satellite gravity model GOCO06s (Kvas et al., 2019); (d) the first 10 orders of the satellite gravity model GOCO06s at 10 km ellipsoid height. Slow seismic
velocity dominant in West Antarctica, while fast velocity is observed in East Antarctica (Kustowski et al., 2008). ASB, Aurora Subglacial Basin; BI, Balleny Islands;
DML, Dronning Maud Land; EL, Enderby Land; FRIS, Filchner–Ronne Ice Shelf; GSM, Gamburtsev Subglacial Mountains; LG, Lambert Graben; PEL, Princess
Elizabeth Land; RIS, Ross Ice Shelf; RC, Ruker Craton; SC, Siple Coase; TAM, Transantarctic Mountains; TOAST, Tonian Oceanic Arc Super Terrane; WARS, West
Antarctic Rift System; WSB, Wilkes Subglacial Basin.
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mantle compositions. From this self‐consistent framework an updated temperature, composition, and density field
model is derived that aligns with the seismic velocity model.

3.2. Calibrate Seismic Velocity to Density and Temperature Conversion

One of the key foundations for assessing thermal chemical properties using geophysical models is estimating the
conversion of velocity to temperature and density. Priestley and McKenzie (2006) proposed an inversion
framework to mitigate the mismatch between mineral physical parameters and seismic observations. The un-
derlying philosophy is that mantle thermomechanical properties can be represented by well‐constrained oceanic
areas, allowing the use of a representative oceanic mantle composition to fit the relationship. However, petro-
logical evidence suggests strong compositional heterogeneity within the oceanic and continental lithosphere
(McDonough, 1990; Sun &McDonough, 1989). The lithospheric mantle undergoes melting, depletion associated
with melt, and fertilization, leading to compositional variation. Therefore, it is crucial to consider compositional
heterogeneity in the modeling framework.

Here we updated the conversion equation from (Hazzard et al., 2023; Richards et al., 2020) to include a term that
accounts for changes in density and shear modulus due to mantle depletion and fertilization (Text S1 in Sup-
porting Information S1). The posterior probability analysis from Hazzard et al. (2023) indicates that representing
the temperature and velocity relationship with a uniform lithosphere and asthenosphere composition is not
precise. The oceanic lithosphere requires variation in mantle composition to accurately represent areas with high
seismic velocity in oceanic lithosphere. Additionally, a more fertile mantle composition is necessary to capture
the adiabatic mantle temperature (Text S2 in Supporting Information S1). Thus, utilizing the same calibration data
from Hazzard et al. (2023), we introduced distinct mantle compositions for the oceanic lithospheric mantle and
the asthenosphere mantle. For the oceanic lithospheric mantle, we selected a lherzolite composition (Mg# 90.02,
Maaløe and Aoki (1977)) to represent oceanic lithosphere after melt depletion. In contrast, for the adiabatic
mantle, we employed an undepleted primitive mantle (PUM) composition (Mg# 89.27, McDonough and
Sun (1995)). We adopted a linear variation model for mantle composition as our solution space (Kaban
et al., 2014). In this model, the composition ranges between two endmembers: primitive mantle with an Mg# of
89.27 and depleted Archean mantle with an Mg# of 94. These compositions can be treated as peridotite consisting
of four mineral phases (olivine, clinopyroxene, orthopyroxene, garnet) with an ideal solid solution of Mg and Fe
end‐member species in varying proportions (Kaban et al., 2014). Thus, the Mg# in our model represents the

Figure 2. Modeling concept: seismic velocity and density vary with changing composition and temperature. (a) Variation in shear‐wave velocity corresponding to
changes in temperature and mantle composition; note the difference in resolved density changes. (b) Workflow for estimating composition, density, and temperature
changes in Antarctica. Step 1: Estimate a Vs‐temperature‐density‐composition relationship and generate an initial density and temperature field based on an initial
mantle composition. Step 2: Use gravity inversion to resolve the mantle density distribution and update the density field. Step 3: Use the updated density field and
seismic velocity to update the temperature and composition.
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degree of Fe‐Mg exchange (for both Fe and Mg end‐members) and the proportional variation of the four mineral
phases (Text S2 in Supporting Information S1).

3.3. Gravity Inversion

We used the open‐source python package esys‐escript to solve the 3D gravity inversion problem (Gross
et al., 2007, 2023; Schaa et al., 2016). In esys‐escript, the gravity inversion problem is constructed as a linear
partial differential equation. It uses the finite element method to discretize the model domain with an unstructured
tetrahedral mesh. To solve the large scale gravity inversion in parallel, a novel integral preconditioned conjugate
gradient method is used (Codd et al., 2021). During the inversion, we determine the density distribution of the
whole lithosphere based on a reference model. We then minimize the total cost function based on the gravity
misfit term Jd and the H1 regularization term J(1). The H1 regularization term is used to control the smoothness of
the density correction. The total cost function J is defined.

J(m) = Jd + μ1 J(1)(m)

With the factor μ1 controlling the tradeoff between gravity misfit and the regularization term. J(1) denotes the H1‐
regularization term

J(1)(m) =
1
2
∫(wE (

∂m
∂E

)

2

+ wN (
∂m
∂N

)

2

+wU (
∂m
∂U

)

2

) dΩ

where wE, wN and wU are directional weighting factors in East, North and Up coordinates, respectively. Property
functions m represents the target density correction term relative to initial density model. Ω is the computation
domain.

In order to calculate gravity using ENU coordinates, we applied a transformation matrix to account for the
changing direction of maximum gravity acceleration (Text S3 in Supporting Information S1). We used a partial
differential equation to solve the gravity potential, then calculate the gravity potential gradient along the vertical
direction.

We used the integral preconditioned conjugate gradient (I‐PCG) solver (Codd et al., 2021). I‐PCG can effectively
precondition with the Hessian of the regularization term and avoid inverting a large sensitivity matrix. I‐PCGwith
an unstructured mesh has similar accuracy to the Broyden–Fletcher–Goldfarb–Shanno (BFGS) solver on a
structured mesh. The strong scalability of I‐PCG ensures an efficient way to solve continental scale lithosphere
structures using multi‐cores. The detailed workflow for using I‐PCG can be found in Codd et al. (2021).

The gravity response of an initial density model is removed from observation to form an initial data misfit (Aitken
et al., 2015; Codd et al., 2021). The mean value of this initial data misfit is also removed. The cost function is then
iteratively solved to generate the density correction relative to the initial model. The iteration is terminated when
the gravity residual is sufficient small (12 mGal in the final model).

4. Model Setting
4.1. Domain Generation

We generated our gravity inversion domain using the unstructured tetrahedron mesh software Gmsh (Geuzaine &
Remacle, 2009). An unstructured mesh was chosen due to its ability to adjust cell size to accommodate model
resolution. The whole model domain includes the core gravity inversion domain, an air domain, and a coarse‐
resolution buffer zone (Codd et al., 2021). The core gravity inversion model domain extends to − 45° South
and 400 km depth with a 10 km resolution mesh. The extension of the core model domain covers the whole
Antarctic continent and surrounding oceans. Its vertical extension is also in accordance with ANT‐20, which
includes the whole lithosphere and part of the asthenosphere mantle (Figure S2 in Supporting Information S1).

Due to the large extent of the model domain, we need to account for the curvature of the earth to fit the gravity. On
a similar scale, previous continental‐scale studies used geodetic coordinates including latitude, longitude, and
height to construct the mesh (Aitken et al., 2015). However, geodetic coordinates with equiangular discretization
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in the polar region led to small mesh at the pole and large mesh in the low latitude region. The geodetic coordinate
also suffers from the singularity at the pole. We then seek to build our mesh domain at a local ENU (East, North
and Up) Cartesian coordinate.

We built the initial 2D mesh domain at the polar stereographic coordinate system. The topography and Moho
surface were deformed and re‐projected into an ENU coordinate system to restore its actual shape with a curved
2Dmesh. In this way, all topology and the shape of the Earth are preserved in our model domain. Finally, we built
a 3D mesh with tetrahedrons based on the curved 2D mesh in the ENU coordinate system.

4.2. Gravity Data

The unstructured mesh enables us to include topography information in the model domain and to use free‐air
gravity data. The gravity data is a combination of continental scale near surface gravity compilation (AntGG,
Scheinert et al. (2016)) with satellite gravity models (GOCO06s, Kvas et al. (2019)). As our model domain
extends to 400 km depth, the lower order gravity components reflecting the deep mantle source were removed
(Aitken et al., 2015). We subtracted the first 10 orders of the satellite gravity model at 10 km (Figure 1d).

4.3. Reference Model

Below the gravity observation layer, we included the bedrock topography from BedMachine Antarctica
(Figures 1a, Morlighem et al., 2020). We used a mean value of topography in each 10 km by 10 km area to match
the topography with gravity resolution. The total mass of water and ice from BedMachine was stored as a mass
boundary condition at the topography surface to preserve the ice and water signal in the free‐air gravity, avoiding
the need to include these thin layers in the FEM mesh.

Constrained by the seismic Moho measurement and petrophysics data, Li and Aitken (2024) used an ensemble
approach to generate a series of high‐resolution crust models, including sedimentary basin thickness, crust density
structure and Moho surface. These models fulfill the model constraints and highlight the lateral heterogeneity of
the Antarctic crust. Here, we used the mean crustal structures of these model‐ensembles as our initial crust
structure. The output density value was interpolated into the mesh domain between the topography and Moho.

We used the shear‐wave velocity model ANT‐20 (Lloyd et al., 2020) to define our initial mantle structure. ANT‐
20 was constructed with 15 years of broadband seismic data recorded at 323 seismic stations across the whole
continent. It has highlighted the small scale (horizontal <100 km) variability of mantle structures with a great
improvement in resolution over prior global and previous continental scale models. While ANT‐20 offers
improved resolution, we acknowledge potential challenges, such as the effects of crustal thickness uncertainties
on the mantle seismic velocities. These mixed signals can lead to discrepancies between seismic‐derived mantle
temperatures and conductive geotherms (Hazzard et al., 2023; Hoggard et al., 2020). The reliability of these
features remains difficult to constrain due to the lack of detailed spatial uncertainty estimates for ANT‐20. As a
result, we do not explicitly account for seismic tomography uncertainties in our framework. Similar to Haeger
et al. (2019), we treated seismic velocity as a ‘ground truth’ information to constrain mantle temperature and
composition (Figure S16 in Supporting Information S1).

We converted the ANT‐20 model mantle velocity into density and temperature. Although our method has the
capacity to include different types of mantle composition during the conversion process, we converted the ANT‐
20 model based on a uniform composition of Mg# 91.3 (Figures S3 and S4 in Supporting Information S1). The
reason for this is that the tectonic boundary for each domain is still poorly constrained. A predefined hard
boundary might include incorrect constraints in the gravity inversion process. A uniform mantle with Mg# 91.3 is
chosen due to its composition and density sitting in the middle zone between the upper and lower bounds of
composition variation (PUM mantle and depleted mantle). We limited the density and composition changes that
occur within the lithosphere. The asthenosphere is more uniform and less sensitive to composition change; thus,
we used a uniform primitive mantle in the asthenosphere. Among all types of mantle compositions, a PUM
composition (Mg# 89.27) has the lowest temperature based on the seismic velocity. Hence, we defined our initial
lithosphere and asthenosphere boundaries based on a converted mantle temperature using PUM composition at
the 1200°C isotherm. A 1200°C isotherm was chosen because it suggests a reasonable depth for continent‐scale
studies (Burgos et al., 2014; Richards et al., 2018).
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5. Result
5.1. Model Variability and Sensitivity

Our gravity inversion algorithm solves the density distribution with a tradeoff between the data misfit and H1
regularization. We tested the weight of the H1 regularization term μ1 ranging from 10− 14 to 10− 26, with a
decrement order of 10− 2. A decrease in μ1 value causes a smoother model with a larger gravity misfit. We selected
the μ1 value based on two criteria. The first criterion was the upper bound of the final gravity misfit. The initial
data misfit was 209 mGal. For any μ1 resulting in a final misfit larger than 10% of the initial misfit, we treated it as
insufficient to solve the gravity inversion problem, as the final misfit was higher than the data accuracy. The other
criterion was the lower bound of the regularization parameter, where further reduction of weighting shows no
significant improvement in data fitting. By reducing the regularization weighting, we see a decrease in the final
data misfit (Figure 3b). Until it reaches a point (10− 20), we observe a stable data misfit (12 mGal). There are no

Figure 3. Model sensitivity and variability. (a) Gravity misfit with μ1 = 10
− 20; (b) the RMSmisfit change with regularization weight μ1; (c) median value of the absolute

value of density change in each depth bin for 4 μ1 value. (d) median value of the standard deviation of cell to cell comparison for 4 different μ1 models. The Dash line
shows mean Moho and LAB depth.
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large‐scale features in the final misfit map, which means the subsurface density structure is well resolved by the
gravity inversion (Figure 3a). The remaining short wavelength misfit mainly reflects sharp topography infor-
mation that cannot be resolved under the current mesh resolution. The misfit reduction limitation is generally
controlled by the mesh size in particular how topography is represented in the mesh (Codd et al., 2021).

The variability of the four selected models is shown in Figure 3c. Here, we plot the median for absolute density
correction with depth and cell‐to‐cell density variability for all four selected models. We see a similar density
pattern with different regularization terms. The amplitude of the density correction decreases with an increase in
depth. The major change is located in the crust and uppermost mantle. A lower regularization weight generates a
localized shallow density structure to reduce the data misfit further. In all these cases, the density variations follow
a smooth depth‐dependent relationship characterized by increasing variability at mid‐to‐lower crustal depths and
decreasing variability within the deeper mantle. The vertical dipping and extension of the resolved density
structure tend to be similar regarding choosing the regularization term.

We selected 10− 20 as the regularization term for the final model. Under this regularization, the model possesses a
low data misfit. Further reduction in regularization weighting shows no major improvement in fitting gravity.

Gravity inversion has low depth sensitivity. In this continental‐scale application, the depth sensitivity is controlled
by the vertical extension of the gravity inversion domain and the gravity kernel. The total model domain includes
a horizontal extension of 6,600 × 6,600 km and a vertical extension of 400 km. With an average LAB change of
100–250 km in West and East Antarctica, the overall depth sensitivity varies in each domain.

It is worth mentioning that the smooth regularization constraint only applies to the correction term, not the
reference density model. Therefore, any sharp features in the starting model are likely to be present in the final
model unless they generate a large gravity misfit. This ensures we preserve boundaries between transition areas in
each model domain. The resolved density correction tends to concentrate in the top half of the gravity inversion
domain. The density in the upper lithospheric mantle changes within a range of±60 kg/m3. Within this range, the
vertical density variation provides a good constraint for the compositional changes in the upper mantle.

5.2. Density Distribution

Gravity inversion solves the gravity misfit, which re‐distributes the density distribution in the lithosphere. The
majority of density correction terms are within ±60 kg/m3, with a median absolute value of less than 12 kg/m3.
The thin West Antarctic lithosphere leads to a narrow gravity inversion space causing localized higher density
values. The negative density correction mainly occurs in East Antarctica, which corrects for compositional effects
and temperature accounting for the fast seismic velocity field. Density correction in West Antarctica is generally
positive but with localized negative density corrections. The overall trend leads to a more depleted type mantle in
East Antarctica and a more primitive mantle in West Antarctica, which fits the current understanding of continent
based surface geology and geophysical data (Boger, 2011; Jordan et al., 2020).

Combining the density correction with the initial density field, we show the total density distribution of the
Antarctic lithosphere (Figure 4). The initial density is shown in Figure S3. In the lithosphere, we see an overall
similar density distribution to the initial density distribution but with systematic changes. In East Antarctica, the
original dense lithosphere is modified by the gravity inversion, indicating that fast seismic velocities in this region
require a compositional adjustment. Below the Moho, around 100–150 km, East Antarctica is characterized by a
higher density compared with West Antarctica. This is attributed to the combined effects of lower temperatures
(increase density) with a more depleted mantle composition (decrease density). With a greater depth (200–
300 km), the density distribution is reversed, as the dense asthenosphere inWest Antarctica contrasts with the less
dense lithosphere mantle in East Antarctica. Within the asthenosphere, the density in East Antarctica remains
higher than in West Antarctica, primarily driven by the lower temperatures of the East Antarctic asthenospheric
mantle (Figures 4c, 4d and 5c, 5d).

5.3. Temperature Distribution

The initial temperature distribution closely reflects the input seismic velocity models, as temperature increases
with a decrease in seismic velocity. Here we show the representative depth slices for 100, 150, 200, and 250 km in
Figure 5. Clearly, the dominant difference is the cold East Antarctica lithosphere contrasted with the hot West
Antarctica lithosphere. At 100 km depth, East Antarctica is around 800°C, whileWest Antarctica is over 1,100°C,
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with a local temperature higher than 1,300°C. This pattern shows major West Antarctica is in the asthenosphere at
this depth, while the cratonic‐type lithosphere in East Antarctica is still cold. Local anomalies, including the
center of East Antarctica and the Princess Elizabeth Land region, are even colder, with temperatures less than
400°C. At 150 km depth, the coastal region in East Antarctica, including Wilkes Land, Wilkes Subglacial Basin,
and Dronning Maud Land, shows higher temperatures, which are already in the asthenosphere zone. In West
Antarctica, the predominant feature is the connection of the Transantarctic Mountains through the western front of
Ross Ice Shelf into Balleny Islands, and the elevated hot mantle in Marie Byrd Land is connected to the offshore
region. These features extend to at least 250 km of depth; this pattern suggests a deeper heat source for these
anomalies.

Compared with the initial temperature model, our result remains a similar pattern, but with changes in the local
areas. Considering compositional change, the resolved temperature is up to 200°C higher than the initial

Figure 4. Depth slice of the final density distribution at (a) 100 km, (b) 150 km, (c) 200 km, and (d) 250 km. The blue line marks the updated LAB (1,200°C isotherm; see
Section 5.2).
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temperature due to accounting for mantle depletion (Figure S5 in Supporting Information S1). Although the
depletion leads to a higher estimated temperature in East Antarctica, the low temperature anomaly remains in
central East Antarctica and Princess Elizabeth Land. The major change happens in the Dronning Maud Land
region and Wilkes Land near the grounding line, where the compositional variation leads to higher temperatures
distinguished from surrounding areas.

5.4. Composition Distribution

Based on the density correction result, we also updated changes in composition in terms of Mg#. The depletion
variations with representative depth slices are shown in Figure 6. The compositional variation largely occurred in
East Antarctica, with major areas showing Mg# higher than 91.3, which indicates a depleted lithospheric mantle.

Figure 5. Temperature depth slice at (a) 100 km; (b) 150 km; (c) 200 km; (d) 250 km after the gravity inversion. The blue line marks the updated LAB (1,200°C isotherm;
see Section 5.2).
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The highly depleted lithosphere (Mg#> 93) is shown at Princess Elizabeth Land and the center of East Antarctica,
extending to the south portion of the Gamburtsev Subglacial Mountains.

Coastal region shows lower Mg#. Areas including the Lambert Graben and Enderby Land exhibit relatively low
depletion. The Lambert Graben shows lower Mg# compare with surrounding Gamburtsev Subglacial Mountains
and Ruker Craton in Enderby Land. This area might have been reactivated during the formation of Gondwana
(Ferraccioli et al., 2011; Lisker et al., 2003). Our result generally shows a less depleted mantle in Australo‐
Antarctica sector separate from high depletion in Indo‐Antarctica by the Indo‐Australo‐Antarctic Suture
(Aitken et al., 2014). The area with less depleted mantle also shows large sedimentary basins, in contrast to areas
with more depleted mantle, which have a predominant basement structure. This suggests that the plate tectonics
has a profound impact on sedimentary basin formation in East Antarctica (Aitken et al., 2023).

Figure 6. Compositional change Mg# with depth slice at (a) 100 km; (b) 150 km; (c) 200 km; (d) 250 km after the inversion. The bedrock topography is shown in white
contour for reference. Depleted mantle composition is required to match velocity and density model in East Antarctica. West Antarctica shows primitive mantle. IAAS,
Indo‐Australo‐Antarctic Suture.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029677

LI ET AL. 12 of 22

 21699356, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029677 by C
siro L

ibrary Services, W
iley O

nline L
ibrary on [28/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A large area of central DronningMaud Land shows a less depleted mantle. In this region, the TOAST is suggested
to be formed by juvenile early Mesoproterozoic to Neoproterozoic terranes (Jacobs et al., 2015; Ruppel
et al., 2018). Our model suggests that low Mg# supports the early Neoproterozoic to Phanerozoic to age of this
region. The low Mg# region extends to 80°S, which might mark to southern extension of TOAST.

The resolved Mg# value in our model is higher than previous model estimations using geophysics data (e.g., max
Mg# = 92 in Haeger et al. (2019)). The highest Mg# = 94 is also higher than the global average Archean lith-
osphere composition record in the mantle xenolith, but within the range reported by literature (e.g., Mg# of olivine
range from 88 to 94 in Gaul et al. (2000)).

Our resolved high Mg# value could be explained by the choice of the initial lithospheric mantle composition.
Here, we ran an additional inversion with a PUM lithospheric mantle as the starting mantle composition,
following the approach of Haeger et al. (2019). In this case, we observed a lower Mg# number compared to the
model starting with a lithospheric mantle having Mg# = 91.3 (see Figure S10 in Supporting Information S1).
However, this model is not able to accommodate the resolved positive density change inWest Antarctica. Instead,
starting in the middle of the solution space is necessary to accommodate the density changes in both East andWest
Antarctica. Therefore, we prefer the model with a higher Mg# in East Antarctica as it provides a better model fit.

We should point out, the Mg# should not simply be treated as an indicator of geological age (unless it lies at the
endmember of the Mg#) but rather as a reflection of the degree of mantle depletion. In addition, in our framework,
Mg# is a simplified term representing both mantle depletion and mineral fractions (Kaban et al., 2014). The
variation of Mg# is used to explain the density variation observed from gravity inversion. However, other
minerals (e.g., spinel and chromium) could also complicate the mantle density and the relationship between shear‐
wave velocity and temperature (Kaban et al., 2014).

6. Discussion
6.1. Model Uncertainties

In our study, we utilized a two‐layer upper mantle composition model to calibrate variations in shear modulus and
density due to changes in temperature, pressure, and composition. Although this calibration process captures
large‐scale mantle variations, it's important to acknowledge the uncertainties that need to be considered to fully
account for the thermodynamic processes in the mantle.

Given the lack of precise observations of mantle composition, we use a spinel lherzolitic oceanic lithosphere
composition (Mg# 90.02) and a primitive asthenosphere mantle (Mg# 89.27) for calibration. This composition,
derived from the global average of spinel lherzolite xenoliths (Mg# 90.02, Maaløe and Aoki (1977)), fits well with
data constraints and aligns with parameterization for constructing a plate cooling model using decompression
melting of dry aluminous lherzolite (Katz et al., 2003; Shorttle et al., 2014). However, evidence from mid‐ocean
ridges surrounding the Antarctic continent suggests a highly variable mantle potential temperature (Dalton
et al., 2014), possibly indicating a spatial variable melt fraction with heterogeneous mantle composition. Thus, a
compositional constraint in the continental lithosphere is required to further refine the temperature–shear wave
velocity relationship. For example, paleogeotherms derived from mantle xenolith could be a useful constraint
(Hoggard et al., 2020); however, their availability in Antarctica is limited (Martin, 2023).

Our parameterization is simplistic in assuming that the bulk shear modulus and density vary linearly with mantle
mineral fractions and chemical changes, reflecting mantle depletion (Mg#). We recognize that the thermody-
namic process is more complex than this framework assumes, where factors such as water variation and partial
melt also contribute to shear wave velocity changes (Karato & Jung, 1998). In addition, the presence of other
minerals could cause the non‐linear behavior of density and seismic velocity to the mantle composition. For
example, the inclusion of Al in garnet significantly influences the formation of high‐density, high‐Vs phases, thus
changing how Vs varies due to composition change (Afonso & Schutt, 2012). In addition, processes including
metasomatic alternation, mantle fertilization due to basaltic melt would further complicate this relationship.

We would like to point out that a simplistic parameterization is necessary to quantify the contributions of thermal
and compositional variations to mantle seismic velocity, as the calibration process is inherently underdetermined.
However, our simplistic parameterization introduces apparent uncertainties. We identify and discuss four primary
uncertainties in interpreting our model: (a) the sensitivity of Vs to melt fraction, (b) the trade‐off between thermal
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and compositional structures in our parameterization, (c) the impact of crustal density on resolved mantle
properties, (d) the impact of uncertainties in seismic tomography model.

Shear modulus variations with mantle composition strongly govern how compositional changes affect seismic
velocity in our model. While there are different views on the role of composition, recent experimental data suggest
a maximum 2% increase in Vs due to melt depletion (Afonso & Schutt, 2012; Schutt & Lesher, 2006). Our
parameterization, based on Kaban et al. (2014) and Haeger et al. (2019), supports this conclusion, indicating that
considering mantle composition can refine resolved temperatures by up to 200°C, but thermal effects act as the
primary control on Vs.

A simple example can be made by following the 900°C isotherm at 100 km depth (Figure 2a), a change in mantle
composition from Mg# 89 to 94 increases Vs from 4.65 km/s to 4.72 km/s, representing a 1.5% velocity change.
This is consistent with the maximum of 2% Vs increase due to melt depletion by experimental data. Expanding the
Mg# space or using a larger value for shear modulus varies with composition could exaggerate the compositional
effect, but this would deviate from experimental findings and observations from natural xenolith samples.

As some parameters exhibit strong trade‐offs with each other (Figure S11 in Supporting Information S1), there is
potential for a trade‐off between the modeled thermal and compositional structures. Among these, two key
parameters—shear modulus sensitivity to temperature and composition—primarily control the resolved tem-
perature and compositional structure.

A sensitivity test (Text S2 in Supporting Information S1) demonstrates that the impact of variations in these
internal parameters on the trade‐off between temperature and composition is minimal. The resulting uncertainties
are less than 20°C for temperature and 0.2 for composition, highlighting the robustness of our framework despite
the presence of parameter trade‐offs.

The resolved mantle density structure has a direct influence on the modeled thermal and compositional structure,
and it is strongly linked to the initial crustal density model (Haeger et al., 2019). To assess the impact of crustal
structure on the resolved mantle properties, we conducted additional sensitivity tests (Text S4 in Supporting
Information S1).

We perturbed the initial crustal structure within the range defined by the model ensemble from Li and
Aitken (2024) and reran the gravity inversion to compute new temperature and composition distributions. The
results showed that changes in the crustal density caused small‐scale change in the gravity misfit, which, in turn,
led to variations in the resolved mantle thermal and compositional structures. Despite these changes, the over-
arching patterns remained consistent. Resolved temperature variations due to crustal density changes were within
±20°C, and Mg# variations were less than 0.4 (Text S4 in Supporting Information S1).

We acknowledge that our framework does not account for uncertainties inherent in seismic tomography models.
These models are influenced by factors such as input data, initial model assumptions, and regularization choices,
which fall outside the constraints of our workflow. Given that a 1% change in seismic velocity can result in
temperature variations exceeding 100°C, the uncertainties associated with the first three aspects—sensitivity of Vs
to melt fraction, trade‐offs between thermal and compositional structures, and the impact of crustal density on
resolved mantle properties—remain small in comparison to the uncertainties inherent in the seismic tomography
model (Text S4 in Supporting Information S1). In the case that input seismic constraints significantly deviate
from the true structure, gravity data has limited power to correct these inaccuracies.

Despite these limitations and uncertainties, our work offers a self‐consistent framework for quantifying the
thermal and compositional structure of the Antarctic mantle. A qualitative representation of mantle conditions
may be achieved by combining the resolved thermal and compositional characteristics. For example, fertile
mantle and metasomatically altered regions may exhibit similar seismic signatures but have different density
signature. In addition, a fertile mantle and a “refertilized” mantle might display similar densities but can differ in
seismic velocity signatures. This underscores the importance of integrating multiple geophysical datasets to better
constrain mantle conditions.

However, caution should be made when attempting to make a quantitative interpretation of mantle conditions
(e.g., percentage of melt extraction, metasomatism), as the current resolution of seismic tomography models and
the nonlinear nature of thermal dynamics present challenges in fully resolving mantle conditions quantitatively.
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Nevertheless, there is potential for incorporating other geophysical data, such as magnetotellurics (MT), to ac-
count for these complex mantle conditions (Manassero et al., 2024; Ramirez et al., 2022).

We highlight the complex nature to resolve mantle thermal and composition conditions. Despite these challenges,
our results show that by considering compositional heterogeneity, the resolved lithospheric mantle temperature
can vary significantly. Utilizing this newly resolved mantle thermal structure, we explore how a warmer East
Antarctica lithospheric mantle aids in determining lithosphere thickness, geothermal heat flow, and mantle
viscosity, and its implication of the stability of East Antarctic Ice sheet.

6.2. Implication for Lithosphere Thickness

From the updated 3D temperature field, we calculate the thermal LAB based on the 1,200°C isotherm (Burgos
et al., 2014; Hazzard et al., 2023; Richards et al., 2018). The resolved LAB shows a predominant difference
between East Antarctica and West Antarctica. In West Antarctica, the LAB ranges from 60 to 100 km. In a few
regions, the lithosphere is thinner than 80 km, such as Marie Byrd Land and the Ross Sea front of the Trans-
antarctic Mountains. The extension of the thin lithosphere starts from the western flank of Victoria Land and,
through TAM, extends to the Ronne Ice Shelf. Interestingly, the adjacent Filchner Ice Shelf shows a thicker
lithosphere. The LAB in East Antarctica is deeper, with an average depth of over 250 km and large spatial
heterogeneity. The central East Antarctica shows an extremely deep LAB, with a depth of over 360 km. LAB at
the coast region is generally shallower; Wilkes Land and Dronning Maud Land have LAB of less than 150 km.

When comparing the updated 3D temperature field with the uniform PUM mantle, we observe that mantle
depletion can lead to estimated temperature differences of up to 200°C. When this temperature change is factored
in, the LAB becomes thinner in localized areas. According to our updated thermal model, the LAB could be up to
150 km thinner than a uniform PUM composition, as illustrated in Figure 7b. We also note that the resolved LAB
exceeds the uncertainty range of the model resolved using the Bayesian framework, which only considers the
variability of all thermomechanical properties with a consistent composition (Hazzard et al., 2023). This
observation leads us to suggest that it is necessary to take compositional variation into account when determining
the thickness of the continental lithosphere from seismic velocity.

We noticed that the resolved LAB is anomalously thick in East Antarctica near the Recovery Glacier region. A
similarly thick LAB is also suggested by Hazzard et al. (2023) using the same seismic tomography model (ANT‐
20). However, this thick LAB is not resolved using other seismic tomography models (Hazzard et al., 2023). The
nature of this anomalously thick LAB is difficult to constrain, but it appears to be an inherent structure indicated
by ANT‐20.We also observed that the seismic station coverage in this region is sparse; therefore, a denser seismic
deployment in the future could help constrain the reliability of this anomalously thick LAB.

6.3. Implications for Geothermal Heat Flow

In addition to estimating the LAB from the 3D temperature field, we use the resolved mantle temperature to
estimate a steady‐state geotherm. We focus on how the resolved mantle thermal structure impacts GHF. Here, we
adapt the method outlined by McKenzie et al. (2005) to fit a steady‐state heat flow to match the resolved mantle
thermal profile and LAB. The steady‐state heat flow was chosen to reduce the potential impact of crustal structure
signals bleeding into the mantle, which could result in anomalously high temperatures (Figure S16 in Supporting
Information S1). The thermal parameters, including thermal conductivity and radiogenic heat production in the
crust, are constant and their variation is not constrained in our model. We use a constant crust thermal con-
ductivity of 2.5 W m− 1 K− 1, radiogenic heat production for the upper crust of 1 μW/m3, and 0.3 μW/m3 in the
lower crust (Hazzard et al., 2023).

Our estimation of GHF averages 76 mW/m2 in West Antarctica and 40 mW/m2 in East Antarctica. Our new heat
flow map shows large parts of West Antarctica have heat flow larger than 70 mW/m2, with local hot spots at
Amundsen Sea Embayment, Marie Byrd Land, and south of the Ross Ice Shelf. This estimation is in a similar
range with previous continental scale estimations based on seismic tomography (An et al., 2015; Shen
et al., 2020), magnetic (Martos et al., 2017), and statistical methods (Lösing & Ebbing, 2021; Stål et al., 2021), but
our model is not able to resolve high GHF at the upper stream of Pine Island Glacier (>90 mW/m2), as derived by
satellite magnetic data (Purucker, 2013) (Figure S9 in Supporting Information S1).
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Due to the fact that, we do not consider the variation of crust heat production contribution to the GHF (Hazzard &
Richards, 2024; Li &Aitken, 2024), our resolved GHF is not able to reproduce the extreme high GHF (>100 mW/
m2) estimated based on radar echo strength (Schroeder et al., 2014) and magnetic data (Dziadek et al., 2021)
beneath Thwaites Glacier. In addition, these high GHF values are potentially linked with the basal hydrological
processes (Gooch et al., 2016; Li et al., 2022), which cannot be resolve using only the mantle temperature field.
Nonetheless, our result highlights a significant mantle contribution to surface heat flow in West Antarctica linked
to the shallow LAB in the region.

In East Antarctica, we observe locally elevated GHF compared to estimates that do not factor in compositional
variations. In areas resolved with a depleted mantle composition, earlier estimates underestimate heat flow by

Figure 7. Implications of considering mantle composition variation for LAB and GHF. (a) LAB from the updated temperature model; (b) LAB difference between using
the updated temperature and the initial temperature using PUM composition (c) GHF from the updated mantle temperature field; (d) GHF difference between using the
updated temperature and the initial temperate using PUM composition. The updated temperate model indicates a thinner LAB and higher GHF. The black outline in
(d) show ice drainage basin boundaries (Rignot et al., 2019).
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approximately 3–10 mW/m2. These findings highlight the significance of compositional heterogeneity when
assessing mantle heat flow anomalies in future estimations of geothermal heat flow. Although GHF relevant to ice
sheet dynamics operates on a smaller scale (McCormack et al., 2022), accurately representing GHF contribution
from the mantle is a prerequisite to fully resolving the GHF and understanding its contribution to ice sheet
instability.

6.4. Implication for Mantle Viscosity

Based on the newly defined temperature structure, we calculate diffusion creep viscosity based on the temperature
anomaly related to the solid state. The viscosity estimation is shown in Figure 8. At 100 km depth, a sharp
boundary follows the Victoria Land through the Transantarctic Mountains divide, which divides the high vis-
cosity East Antarctica lithosphere with the relatively low‐viscosity asthenosphere mantle in West Antarctica.
Within large region in West Antarctica, viscosity varies within the range 1019− 23 Pa s. The lowest viscosity
(5 × 1019 Pa s) is shown in Marie Byrd Land. A major region in East Antarctica shows viscosity >1023 Pa s with

Figure 8. Depth slice for mantle viscosity at (a) 100 km, (b) 150 km, (c) 200 km, (d) 250 km depth. The mantle viscosity is calculated based on the updated temperature
field. The upper limit is set at 1023 Pa s. Areas with a viscosity higher than 1023 Pa s predominate in elastic response.
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an elastic response. With the increase in depth, the viscosity is generally constant within West Antarctica. From
200 km depth, the coastal region in Enderly Land, Wilkes Land, shows a relative low viscosity of 6 × 1019–
1020 Pa s.

Our viscosity estimation generally has a similar pattern but with a higher value than that based on GNSS esti-
mation. In the Amundsen Sea Embayment, GPS estimation suggests near 4 × 1018 Pa for the first 200 km mantle
(Barletta et al., 2018). Our estimation is higher with a viscosity around 8 × 1019–1020 Pa s. The high viscosity on
the Siple coast is also captured by our model, where it has a viscosity of 2 × 1020–1021 Pa s (Nield et al., 2016).
The Filchner–Ronne Ice Shelf also has a higher viscosity compare with the Siple Coast. The extremely low
viscosity in the Antarctic Peninsula (1018 Pa s, Nield et al. (2014)) is not resolved by our estimation. The viscosity
of the Antarctic Peninsula shows (7 × 1019–1020 Pa s) in our model.

The reason for this discrepancy can be related to using different ice loading timescales in a steady‐state (our
seismic‐inferred) estimation and time‐dependent (geodetic) apparent viscosity (see Hazzard et al. (2023)). For a
geodetic viscosity estimation, using a short ice loading history led to the activated deformation focused on the
shallow upper mantle, and it was expected to see a lower mantle viscosity compared with the estimation using a
longer ice loading history. Hazzard et al. (2023) showed that the low mantle viscosity estimated by geodetic
estimation can be reproduced by calculating a time‐dependent viscosity using seismically informed parameters
with a short ice loading history.

In addition to comparing with the geodetic observation, we also compare the resolved mantle viscosity with and
without considering mantle composition variation. Although our model predicts higher mantle temperatures
compared to a model with uniform composition, we find that the estimated mantle viscosity is not necessarily low
enough to impact ice sheet stability in the near term. An area with a large temperature change is located further
inland, where the mantle viscosity is high (>1023 Pa). The relaxation times of a Maxwell fluid can be approxi-
mated by dividing viscosity by shear modulus (∼7.5 × 1010 Pa in our model), thus a higher viscosity (>1023 Pa)
has a millennial timescale relaxation time (>40k years). Even when the composition variation is factored into the
estimated temperature, the increase in the estimated temperature leads to a five to ten order magnitude change in
mantle viscosity (see Figures S6–S8 in Supporting Information S1). However, this value is still higher than
1023 Pa, which results in a more elastic response to external loading and has a limited impact on the viscous
response of GIA. Nevertheless, the composition variation significantly impacts the resolved lithosphere thick-
ness, which is an important factor in constraining the elastic response of GIA effects.

7. Conclusion
In this study, we applied a new two stage modeling framework to model the mantle thermal and composition
structures of Antarctica. We have shown that the compositional variation is required to fully characterize the
lithospheric mantle in East Antarctica.

Differences in density, composition, and temperature are modeled between East Antarctica and West Antarctica.
In West Antarctica, the lithosphere is less than 100 km thick with a high temperature. The low seismic velocity in
these regions is mainly influenced by the temperature. In contrast, the East Antarctic lithosphere is cold and thick.
The high depletion in iron content and higher olivine proportion are required to match the extremely fast seismic
velocity.

Central East Antarctica and Princess Elizabeth Land characterize high depletion and low temperatures. Based on
the Mg#, a depleted Archean‐type lithosphere best fits the modeled temperature and composition in these areas.
The less depleted lithosphere is located in the Lambert Graben and in the Droning Maud Land. The less depletion
in Lambert Graben might link to the rifting process in the Cretaceous (Lisker et al., 2003). In Dronning Maud
Land, TOAST might extend from the coast region to 80°S with a uniformly less depleted mantle (Jacobs
et al., 2015; Ruppel et al., 2018). The low Mg# in the TOAST region suggests a Phanerozoic to early Neo-
proterozoic juvenile crust in this region.

Incorporating compositional changes into the temperature calculations raised the final temperatures by up to
200°C in East Antarctica with a depleted mantle. The updated temperature field is used to calculate lithosphere
thickness, heat flow, and mantle viscosity. Our result shows the Amundsen embayment, characterized by low
mantle viscosity. Several relatively low‐viscosity regions are also modeled in East Antarctica, including the coast
region in Wilkes Land. Our model also resolves GHF variation in East Antarctica, showing that considering
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compositional variation in the mantle is a necessary step forward to fully characterize fine‐scale GHF for ice sheet
modeling input. These spatial variables of mantle viscosity and heat flow suggest a complex distribution of
bedrock uplift rate and basal boundary conditions for the East Antarctic Ice Sheet.

Data Availability Statement
The model of Antarctic lithosphere is available in Zenodo repository (Li et al., 2024a) and code for generate
Antarctic lithosphere is available in Li et al. (2024b).

The seismic velocity model ANT‐20 (Lloyd et al., 2020) can be found in https://ds.iris.edu/ds/products/emc‐ant‐
20/; Input crust model can be found in Li and Aitken (2023). BedMachine Antarctica V3 can be found by
Morlighem (2022). The original data and code of BANCAL22 can be access from Hazzard (2023). Gravity
inversion software esys‐escript v6.0 can be access from Gross et al. (2023). Figures use Perceptually Uniform
Color Maps from ColorCET (Kovesi, 2015).
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