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Abstract Imaging the Earth's thermochemical structure is crucial for understanding its dynamics and
evolution. Moreover, the increased demand for critical minerals and geothermal energy driven by the energy
transition has intensified the need for reliable subsurface models. Multi‐Observable Thermochemical
Tomography (MTT) is a simulation‐based, probabilistic inversion platform designed to harness the combined
sensitivities of multiple geophysical data sets and thermodynamic modeling. It produces internally consistent
estimates of the Earth's interior as probability distributions, offering a powerful means for uncertainty
quantification. Here, we present an updated MTT formalism and assess its benefits and limitations to image the
thermochemical structure of the lithosphere‐asthenosphere system. Individual and combined sensitivities of
different observables to parameters of interest (e.g., temperature, composition, crustal architecture) are explored
using challenging synthetic models. Our findings demonstrate that a judicious combination of observables can
retrieve complex thermochemical structures relevant to greenfields exploration. We then apply MTT to study
two cratonic regions of geological and economic significance. In the Superior Craton, we jointly invert receiver
functions, gravity anomalies, gravity gradients, geoid anomalies, Rayleigh‐wave dispersion curves, absolute
elevation and surface heat flow. In the North Australian Craton, we incorporate new data from the AusArray and
add teleseismic P‐ and S‐phase travel times to the data sets. The imaged lithospheric architectures provide new
insights into the tectonic evolution of these two regions and the physical meaning of geophysical signatures.
Additionally, these models offer unique proxies to guide exploration efforts for clean energy and critical
minerals and serve as reference models for future high‐resolution studies.

Plain Language Summary Imaging the Earth's interior is a fundamental goal of geophysics. As the
need for critical minerals and geothermal energy grows to support the shift to cleaner energy sources, accurate
information about the Earth's subsurface becomes even more important. In this context, Multi‐Observable
Thermochemical Tomography (MTT) is a powerful method that combines various types of land‐based and
satellite‐derived data to create detailed images of the Earth's interior. We improved and used this method to
study two regions of geological significance and with significant mineral endowment: the Superior Craton and
the North Australian Craton. Our results show that MTT can accurately map complex structures underground,
which is essential for finding resources. These models also help us understand the evolution of these regions and
provide valuable information for guiding future studies and exploration.

1. Introduction
Obtaining reliable estimates of the physical state of the Earth's interior (e.g., thermochemical structure, stress and
strain distributions) constitutes a central goal of solid Earth geophysics and underpins evolutionary models of the
Earth. The interest in this type of subsurface information, particularly at lithospheric scale, has recently grown
considerably as a result of its relevance for supporting and resourcing the energy transition and related green
technologies. For instance, exploring for deep, superhot rock geothermal energy, and critical minerals and
strategic materials such as copper, lithium and Rare Earth Elements (REEs), requires detailed knowledge of the
subsurface temperature structure and bulk lithologies across a range of scales (e.g., Haynes et al., 2020; Hoggard
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et al., 2020; Kirkby et al., 2022; Skirrow et al., 2018). National initiatives like Geoscience Australia's Exploring
for the Future program exemplify the significance of understanding a nation's subsurface in uncovering additional
mineral resources and facilitating the transition to greener technologies (Czarnota et al., 2020).

Given this context, much effort has been invested in the past four decades, by academia and industry alike, in the
development of sophisticated geophysical imaging techniques (e.g., Afonso, Moorkamp et al., 2016; Berkh-
out, 2014; Ismail‐Zadeh et al., 2023; Tromp, 2020; Zhang et al., 2023). Seismic and electromagnetic methods are
among the most powerful and widely used (e.g., Manassero et al., 2024; Moorkamp et al., 2016; Moor-
kamp, 2017; Rawlinson et al., 2014; Telford et al., 1990; Vozar et al., 2014; Zhang et al., 2023). However,
although seismic velocities and/or electrical conductivity anomalies are useful proxies, they alone cannot
constrain the thermochemical structure of the Earth's interior (e.g., Afonso, Moorkamp et al., 2016). Additionally,
modern exploration frameworks need access to reliable measures of the uncertainties associated with every
relevant model parameter (e.g., temperature, composition, density, seismic velocity) to reduce exploration risk,
assist decision‐making processes and guide future data acquisition programs. This type of global uncertainty
quantification is typically computationally expensive and therefore uncommon in traditional applications
dominated by deterministic inverse methods.

Multi‐observable Thermochemical Tomography (MTT) is a novel Earth modeling approach specifically designed
to image the physical state of the lithosphere and assess the full range of uncertainties (Afonso, Fullea, Griffin
et al., 2013, Afonso, Fullea, Yang et al., 2013; Afonso, Rawlinson et al., 2016). MTT adopts a thermodynamically
consistent approach to jointly invert multiple geophysical data sets with complementary sensitivities to the main
fields of interest. The inverse problem is (well‐) posed as a statistical inference problem and solved within a
probabilistic framework that requires long Markov Chain Monte Carlo (MCMC) simulations (cf., Kaipio &
Somersalo, 2005; Tarantola, 2005). Despite the many advantages of fully probabilistic approaches, as the
dimension of the parameter space grows, it becomes increasingly difficult to locate and sample the regions of high
probability to obtain representative estimates of the true posterior probability density function (i.e., the solution to
the inverse problem). This so‐called curse of dimensionality makes MTT computationally demanding. The
computational cost arises from the need to solve forward problems millions of times.

Previous work highlighted the main advantages of MTT and showed that it is feasible for high‐resolution regional
studies with up to 10‐20 × 103 free parameters with modest computational resources (e.g., Afonso, Rawlinson
et al., 2016; Afonso et al., 2022). However, the number of key parameters in a continental‐scale or global MTT
study can easily exceed 106 and the solution of forward problems in 3D becomes significantly more involved.
Here, we present a new conceptual and computational version of MTT in spherical coordinates based on a “multi‐
method” approach that combines (a) advanced MCMC algorithms to solve the ultra‐high dimensional sampling
problem, (b) efficient and scalable parallelization strategies for both the sampling problem and the forward
solvers, and (c) reduced‐order modeling techniques to accelerate the computation of difficult forward problems in
MTT. Specifically, highly optimized MPI/OpenMP drivers and new solvers for body wave tomography, gravity
potential and receiver functions allow for considerable speed up of the inversion compared to previous Cartesian
implementations. First, we demonstrate the benefits and feasibility of our approach with a complex synthetic
model designed to explore the reliability and applicability of the method for different geological settings. In
particular, we show that relatively large MTT problems (≈50,000–100,000 parameters) are now practical even
with limited computational resources. For even larger problems, the estimated computational cost remains well
within the capabilities of typical computer clusters in many institutions around the world. Second, we apply the
new approach to two different sets of data in the Superior Craton and the North Australian Craton. Both regions
are well endowed in mineral resources, but they offer critical complementary information. While the Superior
Craton has been extensively studied over decades of geophysical surveys, the North Australian Craton remains a
frontier exploration area and the focus of recent high‐quality data collection efforts. The Superior Craton then
provides a well‐documented baseline, while the North Australian Craton allows for the application of our
techniques in a less explored territory, demonstrating their performance across diverse geological settings.

2. MTT: General Considerations
Multi‐observable Thermochemical Tomography is a simulation‐driven, joint inversion approach where multiple
data sets with key complementary sensitivities are inverted to estimate the present‐day physical state of the Earth's
interior. MTT allows the space of valid solutions to be reduced and enhances our ability to obtain internally
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consistent, multi‐parameter models with greater explanatory power (i.e., they are consistent with a multitude of
constraints/observations, Afonso, Fullea, Griffin et al. (2013), Afonso, Rawlinson et al. (2016)). The use of
multiple observables with complementary sensitivities and resolutions is particularly important for distinguishing
compositional and thermal anomalies in the lithosphere, which requires independent constraints on the bulk
density and seismic velocity (mostly on S‐waves, but independent information on P‐wave speeds is also ad-
vantageous). This is best illustrated by the opposite effects that composition and temperature have on the density
to shear‐wave seismic velocity ratio (ρ/Vs) of peridotites (Afonso et al., 2010; Deschamps et al., 2002; Forte &
Perry, 2000; Godey et al., 2004; Perry et al., 2003). More specifically, the above arguments are true in cases where
information on seismic velocities comes from travel‐time measurements or related observations. These include
travel‐time tomography, surface‐wave tomography and finite‐frequency tomography (the most common methods
in seismic imaging). The use of full‐waveform techniques (e.g., Fichtner et al., 2013), based on accurate nu-
merical solutions of the wave equation, offer complementary sensitivity to both bulk density and seismic velocity
(particularly impedance formulations) exploiting only one type of data (the full seismogram within the bandwidth
of interest). This makes full‐waveform methods a particularly attractive option for future MTT applications,
especially those focusing on shallow structures.

The primary parameters inverted for in the MTT are the main thermodynamic variables, such as temperature,
pressure and bulk composition, from which all other secondary parameters (e.g., shear modulus, bulk density) are
consistently derived (Afonso, Fullea, Griffin et al., 2013, Afonso, Fullea, Yang et al., 2013). In MTT, all sec-
ondary physical parameters are linked to the primary thermodynamic parameters via a full thermodynamic model
and an internally consistent thermodynamic database (e.g., Connolly, 2009; Stixrude & Lithgow‐Bertel-
loni, 2011). Therefore, all secondary parameters are linked to each other in a thermodynamically consistent
manner and they cannot vary in isolation from each other, while the uncertainties arising from the accuracy of
thermodynamic parameters remain within 3%–4% for the seismic velocities and 2%–3% for the densities (e.g.,
Connolly & Khan, 2016), and fall within the standard deviations of recovered parameters, as we will demonstrate
in this manuscript. This also means that the forward problems are coupled in a self‐consistent manner (i.e.,
changing one parameter affects all other parameters and forward problems according to the thermodynamic
formalism), thus guaranteeing that the results do not violate fundamental laws of thermodynamics (e.g., Max-
well's relationships); something that cannot be assured with the more common approach of using parameterized or
empirical relations between density and seismic wave speed variations (see Afonso, Fullea, Griffin et al. (2013);
Khan & Connolly (2008) for detailed discussions on uncertainties arising from thermodynamic formalisms).
However, the price to pay for this attribute is that a large number of free‐energy minimizations (numerical op-
timizations themselves) need to be performed during an inversion; typically between 108 and 1010 times. In
practical applications, some of this computational burden can be alleviated by using semi‐empirical relationships,
surrogate/reduced order models or pre‐computed tables of thermodynamic properties (e.g., Afonso et al., 2015;
Kumar et al., 2020, 2022; Pilia et al., 2023; Zunino et al., 2011). In this work, we do not use such approximations
and solve the full energy minimization problem on the fly for the entirety of the simulation/inversion.

2.1. Forward Problems

To date, the main forward problems that have been used in MTT studies (either in its 3D or 1D form) include the
computation of (a) conductive lithospheric geotherms, (b) the system's Gibbs free‐energy (via numerical opti-
mization), (c) gravity potential, gravity anomalies and Marussi tensor, (d) surface‐wave dispersion curves, (e)
absolute elevation, (f) teleseismic travel‐times (body‐wave tomography), (g) synthetic seismograms for receiver
functions (RFs), (h) the Stokes problem for instantaneous flow, and (i) the magnetotelluric impedance tensor.
While the simultaneous solution of all these forward problems as part of a single inversion has not been attempted
yet (due to data availability issues rather than computational ones), examples of joint inversions using large
subsets can be found in Shan et al. (2014), Afonso, Rawlinson et al. (2016), Guo et al. (2016), Qashqai
et al. (2016, 2018), Jones et al. (2017), A. Zhang et al. (2019, 2020), Yang et al. (2021), Afonso et al. (2022) and
Manassero et al. (2024). In the present work, we will restrict ourselves to the first seven forward problems for both
synthetic and real world scenarios. Importantly, with the exception of Afonso et al. (2022), all previous MTT
studies were set up in Cartesian coordinates; a limitation that we remove in the current implementation in
spherical coordinates.
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2.2. The Inverse Problem

The inverse problem is posed as a statistical inference problem according to a Bayesian formulation (cf. Afonso,
Fullea, Griffin et al., 2013, Afonso, Fullea, Yang et al., 2013; Kaipio & Somersalo, 2005; Tarantola, 2005) and
solved by Markov chain Monte Carlo (MCMC) algorithms (see below). From the conceptual point of view, the
main question to be answered becomes what do we know about a certain parameter m? Rather than what is the
actual value of m? From a computational point of view, this approach does not require (at least in principle)
linearization of the physics involved and offers a natural and powerful platform for uncertainty quantification
(e.g., Afonso, Fullea, Griffin et al., 2013, Afonso, Fullea, Yang et al., 2013; Dosso & Wilmut, 2006; Kaipio &
Somersalo, 2005; Malinverno & Parker, 2006; Tarantola, 2005; Tarantola & Valette, 1981). Importantly, this
probabilistic formulation is also a more amenable and general platform for combining realistic forward problems
of diverse nature than matrix‐based deterministic methods.

The existing knowledge about parameter m before considering data is encoded into a probability density function
(PDF) known as the prior PDF. Bayes' theorem then provides the means to update our prior knowledge by making
use of the available data via a likelihood function (i.e., a measure of how well the proposed model explains the
data). The result of this update of our state of knowledge is another PDF over the parameter space referred to as
the posterior PDF, which represents the most general solution to the inverse problem. Formally, we can write

σ(m)∝L(m)ρ(m) (1)

where σ(m) is the posterior PDF, ρ(m) the prior PDF of the model parameters and L(m) the likelihood function.
For simplicity of presentation, we assume independent Gaussian error statistics for each data set i, which allows us
to write the likelihood function as

L(m)i =
1

2πσNi/2i
exp[−

(doi − d
p
i )
2

2σ2i
] (2)

for all data types i = (elevation, geoid height, RFs, etc.), where σi is the data set uncertainty, N is the number of
observations, do is the observed data and dp is the predicted data (Afonso, Fullea, Griffin et al., 2013; Sambridge
& Mosegaard, 2002; Tarantola, 2005; Wirth et al., 2016). If σi is considered known, we can write

L(m)i ∝ exp[− φ(m)i] (3)

where we introduce the misfit or error function

φ(m)i = −
(doi − d

p
i )
2

2σ2i
(4)

A delicate topic when inverting multiple data sets (i = 1,…, k) with different numbers of observations and/or
poorly known uncertainties is how to balance their contribution to the overall misfit function or likelihood,

L(m) = ∏
i=k

i=1
wiL(m)i (5)

where wi are weights that control the contribution of each partial likelihood to the overall likelihood. As
mentioned above, here we assume that we can have reliable information on the observational uncertainties for all
data sets and estimates of the weights assigned to each data set. In practice, we obtain “optimal” weights for each
partial likelihood through experimentation with synthetic tests (see next section). We note, however, that hier-
archical formulations (e.g., Bodin et al., 2012; Malinverno & Briggs, 2004) to allow for the automatic weighting
of the data sets are straightforward to implement at the modest cost of increasing the parameter space and
computational effort.
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Posterior distributions (Equation 1) arising from complex physical problems are typically non‐Gaussian and
analytically intractable. In these cases, stochastic sampling methods offer the only practical approach for
obtaining representative estimates of the posterior. Of these, MCMC methods are the most widely used and, to
date, the most general. These methods are designed to generate Markov chains that have σ(m) as their invariant or
equilibrium density (Brooks et al., 2011; Kaipio & Somersalo, 2005). To do so, the algorithm produces piece‐wise
samples of σ(m) in an iterative fashion by solving Equation 1 for a specific m at each iteration. When the al-
gorithm is iterated a large number of times, the distribution of generated samples approximates σ(m).

3. MTT in Practice: A Multi‐Algorithm Approach
The need for efficient sampling of increasingly more complex distributions (e.g., narrow, multiple local minima)
in high‐dimensional spaces is reflected in the large number of MCMC algorithms that have been proposed in the
past 15–20 years. However, as a rule of thumb, the more efficient an algorithm is, the more restricted its area of
applicability (cf. Wolpert & Macready, 1997). Considering the ultra‐high‐dimensional spaces that characterize
MTT of large‐scale models, the complexities of the prior and posterior PDFs, the large number of forward
problems that need to be solved, their strong nonlinearities and their overall computational complexity, there is no
single algorithm that can efficiently solve the sampling (i.e., inverse) problem. To tackle these issues, we
assemble multiple MCMC strategies in order to combine the strengths of different MCMC algorithms into a
single inversion strategy (i.e., a multi‐method approach in the sense of, e.g., Vrugt & Robinson (2007)). The
implementation relies on an efficient and scalable parallelization of both MCMC chains and the forward prob-
lems. In particular, we want to combine complementary algorithms that can create an efficient and general
computational environment to tackle MTT problems.

LitMod3D_4INV is the numerical platform of MTT and is developed around the Metropolis‐Hastings acceptance
criterion with a Cascade Rejection Rule (Mosegaard & Tarantola, 1995). When the data sets are independent,
Cascade Metropolis increases computational efficiency by avoiding the computation of the most expensive
forward problems if the proposed model is rejected based on inexpensive forward problems. We also adopt the
Adaptive Metropolis (AM) strategy of Haario et al. (2001) to improve sampling efficiency and avoid pre‐
simulation tuning of the proposal distributions and associated performance issues. AM improves mixing and
sampling efficiency by performing automatic and regular updates of the proposal covariance matrix during the
simulation based on the history of the chain (cf. Haario et al., 2001; Spencer, 2021).

We further improve the sampling strategy by implementing the Multiple‐Try Metropolis (MTM) and the
Multiple‐Try Metropolis Independent Sampler (MTMIS) (Liu, 1996; Liu et al., 2000). These allow us to utilize
multiple computational cores to simultaneously compute multiple proposals and thus increase the efficiency of
the sampling of the parameter space. We also make use of the Orthogonal MCMC (Martino et al., 2016) and
Parallel Tempering (PT; Sambridge, 2013) algorithms to obtain an efficient combination of global exploration
and local sampling of the most demanding problems. Importantly, the LitMod3D_4INV code allows the use of
these algorithms individually or in various combinations according to the nature of the inverted data sets and the
size of the numerical domain (see Section 6).

Besides accelerating the sampling itself, another way of improving the efficiency of MCMC simulations is by
making the forward solvers faster. In LitMod3D_4INV, we use multiple Reduced Order modeling (ROM)
techniques and individual parallelization to solve some of the most demanding forward problems. We refer the
reader to Ortega‐Gelabert et al. (2020) and Manassero et al. (2021) for details on these techniques. Other forward
problems, like the potential field solver and the body‐wave ray tracer, have been optimized using OpenMP and
vectorization techniques to speed up the computations by a factor of 3–10 from their original implementations
(Figures S3‐10–S3‐12 in Supporing Information S1). Furthermore, LitMod3D_4INV assigns individual chains
(e.g., during PT runs) to independent CPUs, and subsequently distributes the proposal generation streams (MTM,
MTMIS) between the available computational cores (using specific MPI libraries and data transfer optimizations
proposed by Martino & Louzada (1997) and Li et al. (2009); Figure S3‐12 in Supporing Information S1).

While Afonso, Rawlinson et al. (2016) adopted the Fast Marching Method of Rawlinson & Sambridge (2005) to
compute seismic wave travel times, here we use an improved version of the ray tracing algorithm of Gorbatov
et al. (2000, 2001), based on the pseudo‐bending method of Koketsu & Sekine (1998). The main reason for this
choice is increased efficiency in the computation of travel times in large models. Comparisons between pre-
dictions from the Fast Marching Method and our ray tracing approach are shown in Figures 7–9, in Text S3 of
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Supporting Information S1. The RF approach was adopted from Ligorria & Ammon (1999) and based on the
forward modeling developed by Randall (1994).

4. Model Discretization and Parameterization
The main parameterization and discretization scheme remains similar to that described in detail in Afonso, Fullea,
Yang et al. (2013), Afonso, Rawlinson et al. (2016). Therefore, we only provide a brief summary here.

A LitMod3D_4INV model includes a region of the Earth extending from the surface down to the depth of 410 km
(deeper domains are also straightforward to implement). The spatial discretization uses a set of spherical rect-
angular prisms (i.e., tesseroids) with typical lateral dimensions ranging from 0.25 to 2° in latitude/longitude.
Each column has flexibility to include an arbitrary number of crustal layers. When semi‐empirical relationships
(e.g., Birch's Law) are used, each crustal layer is characterized by its thickness, radioactive heat production
(RHP), Vp/Vs ratio, and bulk density (e.g., Afonso, Rawlinson et al., 2016). Other thermophysical parameters
(e.g., bulk modulus, thermal expansion) are assumed constant. In contrast, free‐energy minimization is always
used for the mantle component, and all its physical parameters are derived consistently from the computed
equilibrium assemblage (Afonso, Fullea, Yang et al., 2013; Connolly, 2009). Different mantle layers are allowed,
each defined by its thickness and its major‐element composition (e.g., SiO2, Al2O3, FeO, MgO, CaO; Afonso,
Fullea, Griffin et al., 2013, Afonso, Rawlinson et al., 2016). The depth to the lithosphere‐asthenosphere boundary
(LAB) is an important free parameter that separates the conduction‐dominated from the convection‐dominated
domains. Once sampled, temperatures within the lithosphere are given by the solution of the heat conduction
equation (Afonso, Fullea, Griffin et al., 2013, Afonso, Fullea, Yang et al., 2013). In the sublithospheric mantle,
multiple temperature nodes are defined; their depths and temperatures are considered free parameters during the
inversion (i.e., sampled at each iteration).

With these considerations, a typical realization of a model includes the following parameters for all columns:
LAB depth, crustal thickness, density, Vp/Vs and RHP of each crustal layer, thickness and major‐element
composition of each mantle layer, temperature and depth of all sublithospheric nodes. Additional parameters
associated with specific data sets can also be included. For instance, scaling factors for the amplitude of RFs and
for the velocity jump at the crust‐mantle interface can also be considered as unknowns and added to the vector of
model parameters (see Section 6.2.1).

Once a valid proposal is generated and the thermal and compositional structures are sampled, the free‐energy
minimization problem is solved for all the relevant parts of the model (Figure 1). Since pressure depends on
the density of the overlying material, which in turn depends on the P‐T‐C conditions, pressure is computed
iteratively, as explained in Afonso, Fullea, Yang et al. (2013). The equilibrium assemblage and its thermophysical
properties for all thermodynamic nodes at each iteration are computed with components of the software Perple_X
(Connolly, 2009).

5. Numerical Examples and Performance Analysis
In this section, we illustrate the general features and performance of our method using a challenging synthetic
model. The latter includes a number of geological/tectonic settings with abrupt horizontal and vertical discon-
tinuities (Figures 2 and 3; Table 1) and a complex thermochemical structure.

5.1. Synthetic Model Setup

The model includes a low‐topography continental background, a deep oceanic basin, and five high‐elevation
regions (e.g., mountain ranges) isostatically compensated by different contributions from the crust and litho-
spheric mantle (Table 1; Figures 2 and 3). The crust is made up of three layers (upper, middle and lower crust)
with distinct densities, thicknesses, and Vp/Vs ratios. The mantle includes the lithospheric and the sublithospheric
domains, each with a specific major‐element composition. Both the lithospheric and sublithospheric domains
have marked compositional anomalies. The sublithospheric mantle has additional temperature anomalies of
different sizes and amplitudes, extending over multiple tectonic settings (Figure 3). This model represents a
significant challenge to any inversion algorithm attempting to recover the physical state of the model.

The numerical domain extends for 50° longitude × 50° latitude, with its southern boundary located at 0° latitude.
To minimize the so‐called “inversion crime” (e.g., Kaipio & Somersalo, 2005), we compute all synthetic data sets
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for a model with a surface discretization of 0.5° × 0.5° (i.e., 10,000 tesseroids), while during the inversion we use
a surface discretization of 1° × 1° (i.e., 2,500 tesseroids; Figures 2 and 4). A total of 2,291 regularly spaced
synthetic seismic stations were placed on the surface above sea level (Figure 2). Gaussian noise within realistic
bounds was added to all synthetic observables.

Figure 2. Left: Plan view of the main domains of the synthetic model described in Section 5.1 (see also Table 1). The blue rim
around the model shows the regions that are omitted from the computation of misfits. Right: 3D rendering of the synthetic
model highlighting the complexity of vertical and horizontal structures. Mantle compositional and thermal anomalies are
indicated.

Figure 1. Computational workflow of LitMod3D_4INV . The sampler generates proposals for randomly chosen columns and the forward problems are solved. Multiple
algorithms are combined to improve the efficiency of the sampling.
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The total number of unknowns in the model is 2500 × (3 × 3 + 4 × 2 + 1) = 45,000. Although still
modest for a continental‐scale model, the dimensionality of our synthetic model is representative of regional‐scale
studies. It is also significantly higher than those in most probabilistic geophysical inversions, and yet, small
enough to permit us to run multiple inversions and tests with modest computational resources (see below).

5.2. Inversion Setup

We ran multiple independent inversions using different combinations of input data sets to assess the quality and
reliability of the retrieved structure as a function of the type of input data. All simulations were run using theMTM
algorithmononly 6 cores (with 6 independent proposals computed at eachMCMCstep).All simulations beginwith
a laterally homogeneous (i.e., layered) model and were run for no less than 17,000,000 iterations and no more than
25,000,000. We used uniform distributions as priors for all model parameters, except for mantle composition,
which follows the sampling strategy of Afonso, Fullea, Griffin et al. (2013), Afonso, Rawlinson et al. (2016), based
on correlations among oxides. In order to minimize prior biases in the parameter space, we used wide, yet realistic,
ranges for allmodel parameters (Table 1). Specifically, the ranges for crustal layer thicknesses andLABdepthwere
set to±50% of their original value.We allowed a±10% range for crustal density and 1.6–2.0 for the Vp/Vs ratio of
all crustal layers. Formantle composition,we allowedAl2O3, FeO,MgO andCaO contents to vary between 0.5 and
5.0 wt.%, 6.0 and 9.2 wt.%, 32.0 and 55.0 wt.% and 0.1 and 5.5 wt.%, respectively (SiO2 is constrained by the
content of the other oxides to satisfy SiO2= 100 – (Al2O3+FeO+MgO+CaO)). These ranges encompassmost of
the natural variability observed inmantle xenoliths (Afonso, Fullea, Griffin et al., 2013). The temperature range for
the sublithospheric thermal nodes was set to 1,300–1,650°C.

5.3. Results

Due to the difficulty in visualizing and interpreting ultra‐high dimensional posterior distributions, here we adopt a
common and pragmatic approach: we summarize the inversion results using the posterior means and standard
deviations for each parameter of interest. Despite its simplicity, this approach is justified in the majority of the
study region, as demonstrated in Text S6 of Supporting Information S1. Figure 5 shows the recovered structure by

Figure 3. Maps showing the main thermochemical structure and anomalies of the synthetic model of Section 5.1. The terms “Litho” and “Sublitho” refer to the
lithospheric and sublithospheric mantle, respectively. Thickness, Vp/Vs and density of the three crustal layers are shown in the third and fourth rows. The fourth row
also contains the thermal anomalies (“Tinterm” and “T410 km”) in the sublithospheric mantle.
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a joint inversion of absolute elevation, Rayleigh wave phase velocity (periods 6–190 s), geoid anomaly, gravity
gradients (diagonal components only), free‐air gravity anomalies and P‐wave and S‐wave travel times (for phases
S, Sn, P, Pn). Figure 4 shows a 3D rendering of the recovered thermal structure together with examples of
computed teleseismic P and local Pn ray paths. Corresponding fits for some of the observation data sets are
summarized in Figure 6. Despite the high complexity of the synthetic model, the inversion recovered all main
structures and anomalies with considerable accuracy. In particular, the LAB and Moho depths are recovered
within 2% of their true values for the majority of columns. The most uncertain features are the temperature
anomalies in the sublithospheric mantle. This is not surprising given the lower sensitivity of the data sets to deep
anomalies (Afonso, Fullea, Griffin et al., 2013). However, in real‐world scenarios, increasing the period range of
the dispersion data and/or including overtone information can increase the overall sensitivity to such anomalies.

Table 1
Properties of the Synthetic Model

Region Background Sea
Moho
Ridge LAB Ridge Foreland Tableland

Thermal
anomaly

Proposal
bounds

Initial
guess

Latitude (at centers of columns) 10°…59° 28°…45° 28°…45° 28°…45° 50°…57° 51°…56° 48°…55° – –

50°…57° 51°…56° 16°…31°

13°…21° 14°…20°

13°…21° 14°…20°

Longitude (at centers of columns) − 15°…34° 5°…14° − 8°…− 5° 19°…28° − 10°…− 3° − 9°…− 4° − 7°…0° – –

24°…31° 25°…30° 11°…30°

− 10°…− 3° − 9°…− 4°

24°…31° 25°…30°

Elevation, km 0.1 − 2.45 2 2 1 2 – – –

LAB depth, km 200 150 200 100 150 100 – ±50% 160

Crustal
layers

Density kg/
m3

1 2,600 3,000 2,600 2,600 2,450 2,450 2,600 ±20% –

2 2,700 3,000 2,700 2,700 2,650 2,650 2,700 ±20% –

3 2,950 3,200 2,950 2,950 2,950 2,950 2,800 ±20% –

Vp/Vs – 1 1.7 – – – – – – 1.6..2.0 1.75

2 1.75 – – – – – – 1.6..2.0 1.75

3 1.8 – – – – – – 1.6..2.0 1.75

Thickness km 1 2.6 0.5 2.6 1 1 1 – ±50% 2.0

2 9.63 1.47 13.06 17.91 5.97 3.17 – ±50% 10.0

3 25.50 4.03 33.80 21.65 36.35 45.0 – ±50% 25.0

Mantle,
wt.%

above
LAB

SiO2 45.60 45.15 45.60 45.60 45.60 45.60 – – 45.97

Al2O3 1.90 1.00 1.90 1.90 1.90 1.90 – – 3.00

FeO 8.13 7.50 8.13 8.13 8.13 8.13 – – 8.34

MgO 42.81 45.61 42.81 42.81 42.81 42.81 – – 40.14

CaO 1.56 0.74 1.56 1.56 1.56 1.56 – – 2.55

below
LAB

SiO2 45.72 45.67 45.72 45.72 45.72 45.72 – – 45.97

Al2O3 4.00 2.00 4.00 4.00 4.00 4.00 – – 3.00

FeO 8.39 8.36 8.39 8.39 8.39 8.39 – – 8.34

MgO 38.43 42.53 38.43 38.43 38.43 38.43 – – 40.14

CaO 3.46 1.65 3.46 3.46 3.46 3.46 – – 2.55

T, °C LAB + 40 km 1,410 1,410 1,410 1,410 1,410 1,410 1,410 1,300..1500 1,400

Intermediate 1,470 1,470 1,470 1,470 1,470 1,470 1,570 1,400..1650 1,525

410 km 1,510 1,510 1,510 1,510 1,510 1,510 1,560 1,430..1650 1,540

Note. If an anomaly overlaps with any other anomaly, the rightmost entry applies. SiO2 content is computed as 100 minus the sum of the other four oxides.
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Considering the many inherent difficulties in identifying deep compositional anomalies from geophysical data,
the accuracy of the retrieved results in Figure 5 is encouraging. However, there are clear biases in some fields. For
instance, the Vp/Vs ratios of the first and second crustal layers are not well constrained. This is to be expected
given the low sensitivity of the inverted data to this parameter. The inclusion of RFs results in more accurate
estimates, particularly for the second crustal layer (see below). There is also a clear trade‐off in some of the
oxides. The Al2O3 and CaO contents in the lithosphere are slightly overestimated, while those of FeO and MgO
are slightly underestimated. The reason for this trade‐off is multi‐fold, but the two main factors are (a) that Al2O3
and CaO contents control the amount of high‐density, seismically fast phases in the system (e.g., garnet, clino-
pyroxene) and (b) the fact that the average original content of Al2O3 is close to its lower bound. Regarding the
former factor, any excess in Al2O3 and/or CaO can be offset by a decrease in FeO content (and/or to a minor
extent MgO content) without considerably affecting the physical properties of the aggregate (see also Afonso,
Moorkamp et al. (2016) for further discussions on intrinsic trade‐offs in the compositional space). The latter factor
tends to result in asymmetric, long‐tailed posterior PDFs for Al2O3, which in turn shifts the average or mean to
slightly higher values.

Results from a systematic analysis of the effects of using different data sets in the inversion are shown in 1 and 2.
Some general conclusions can be drawn from these experiments. First, the largest discrepancy between predicted
and true values is observed in runs that invert: (a) elevation only, (b) elevation and P‐to‐S RFs and/or (c) elevation
and body‐wave travel times (Figures S1‐1–S1‐14 in Supporing Information S1). Second, the importance of the
combined role/sensitivity of surface waves, geoid and gravity gradients in retrieving acceptable estimates of the
full thermochemical structure is evident (models “k”, and “m” in Figures S1‐2–S1‐14 or S2‐1–S2‐7 of Supporing
Information S1). This observation is consistent with results from previous studies (Afonso et al., 2010; Afonso,

Figure 4. 3D rendering of the recovered synthetic model (plotted using Cartesian geometry) showing some of the body‐wave ray paths computed during the inversion.
Paths of P‐waves from a teleseismic event are shown in white; local Pn phases are shown in red. A total of 100,000 ray paths were used as data in the inversion.
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Figure 5. Summary of results from an inversion of synthetic data (elevation, geoid anomaly, free‐air anomaly, gravity gradients, Rayleigh wave phase velocities and P
and S body waves. (a) Absolute recovered values. Compare with “true” solution in Figure 3. (b) Absolute difference between recovered and “true” models (i.e.,
predicted minus “rue” values). As expected from the input data, the Vp/Vs values in the upper crust are poorly constrained; the recovered mean values cluster around the
center of the proposal bounds.
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Figure 6. A joint inversion for absolute elevation, Rayleigh‐wave phase velocity (periods 6–190 s), geoid anomaly, gravity gradients (diagonal components only), free‐
air gravity anomalies and P‐wave and S‐wave travel times (for S, Sn, P, Pn first arrivals) produced feasible fits for the supplied potential field data sets and Rayleigh‐
wave phase velocities (m/sec) at different periods. The predictions are compared against a synthetic data set with doubled spatial resolution.
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Figure 6. (Continued)
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Fullea, Yang et al., 2013; Afonso, Rawlinson et al., 2016) and illustrates the combined sensitivity of bulk density
and Vs in distinguishing temperature from compositional anomalies in the mantle (e.g., Afonso et al., 2010;
Deschamps et al., 2002; Forte & Mitrovica, 2001; Forte & Perry, 2000; Karato & Karki, 2001; Perry et al., 2003;
Simmons et al., 2009; Trampert et al., 2004). This is particularly important for deep compositional anomalies
(Figure S2‐S21 in Supporing Information S1). Third, the inclusion of P‐to‐S RFs improves the results in the crust
substantially (models “e” and “l” in Figures S1‐6 and S1‐13 of Supporing Information S1), which in turn con-
tributes to retrieving slightly better results in other model parameters (e.g., LAB depth, sublithospheric tem-
peratures). The reason for this is clear; by reducing the range of acceptable models in the crust, compensatory
trade‐offs between crustal structure and other model parameters are also reduced. Fourth, contrary to a com-
mon belief, absolute FeO content is a difficult compositional parameter to constrain independently, at least in the
upper mantle. However, the magnesium number Mg# and Al2O3 remain good and well‐recovered proxies (see
also Afonso, Fullea, Griffin et al. (2013), Afonso, Fullea, Yang et al. (2013)); lithospheric anomalies of the order
of 1% in Mg# are clearly identifiable.

6. Applications to Real Data
We now apply our inversion method to two different input data sets in two different regions: (a) the Superior
Craton and environs (Canada and the northern USA; Figures 7a) and (b) the North Australian Craton (Figure 7b).
The data vector in the Superior Craton region comprises gravity anomalies, diagonal components of the Marussi
tensor (gravity gradients), geoid anomalies, Rayleigh‐wave dispersion curves (20–220 s), P‐wave RFs, absolute

Figure 7. Left plot. Tectonic map of the eastern Canadian shield and its surroundings, modified from Hoffman (1988), Whitmeyer & Karlstrom (2007), St‐Onge
et al. (2009), Corrigan et al. (2009), Clowes (2010), Percival et al. (2012), Stein et al. (2014) and Rivers (2015). Abbreviations: THO, Trans‐Hudson Orogen; PE,YVP,
MZT, Penokean, Yavapai, Mazatzal belts; NQ, NewQuebec Orogen; CZ, Core Zone; TO, Torngat Orogen; NA, Nain craton; KC, Kapuskasing complex; AOR, Abitibi‐
Opatica region; NCS, North Caribou Superterrane; HBT, Bienville/Hudson Bay Terrane; RAT, Rivière Arnaud Terrane; JB, James Bay. White lines denote domain and
subprovince boundaries. Red triangles with alphanumeric codes denote seismograph stations for which RF analysis was carried out. Red stars mark locations of
kimberlites with mantle xenocrysts which were used for comparison with the inversion results. Abbreviations: VD, Victor (Smit et al., 2014; Stachel et al., 2017) and
Delta (Smit et al., 2014) areas; We, Wemindji (Zurevinski & Mitchell, 2011); Me, Menominee (Xu et al., 2020); RL, Renard (Hunt et al., 2012) and Lynx (Van
Rythoven et al., 2011); Wa, Wawa (Kaminsky et al., 2002; Stachel et al., 2006); Ch, Churchill (Zurevinski et al., 2008); KL, Kyle Lake (Attawapiskat area)
(Sage, 2000); Ab, Abitibi (Lawley et al., 2018). Right plot. The bedrock geology (without Cenozoic cover) of the Australian study area following data of Stewart
et al. (2020) and Korsch &Doublier (2015), including Northern Territory, western Queensland, easternWestern Australia and northern South Australia. The major units
include the Proterozoic Tanami block, the Tennant Creek inlier (TC), the Mount Isa inlier, the Arunta block (Ar), and the younger Aileron province. Major basins
include the Paleozoic Amadeus (Amad) and Ngalia basin, McArthur (McArt), Warburton (Wrb) basins and the Mesozoic Beetaloo (Btl) and Carrara (Car) sub‐basins.
The study area is surrounded by the Phanerozoic Numil tectonic province and Thomson orogen, and Proterozoic Musgrave province. The major tectonic features of the
area include the Redbank thrust zone and the Gideya suture zone, as well as the Willowra lineament and the Bloods Deformed Zone.
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elevation and surface heat flow. In the North Australian craton region, the data vector includes gravity anomalies,
diagonal components of the gravity gradient, geoid anomalies, shorter period Rayleigh‐wave dispersion curves
(2.5–60 s), P‐wave RFs, absolute elevation and teleseismic P‐ and S‐phase travel times. The combined sensitivity
of the data sets to deep vs shallow structure, the spatial distribution and frequency contents of seismic data, and the
overall noise contaminating the two different data vectors are substantially different. Consequently, they present
distinct yet complementary and illustrative challenges for our inversion scheme. Our focus will be on the im-
aging/detection of lithospheric structure rather than detailed tectonic/genetic interpretations.

6.1. Geological Background

6.1.1. The Superior Craton

The Superior Craton spans an area of 1.6 million km2 across central and eastern Canada and the north‐central
USA (e.g., Thurston, 1991). It was assembled from several terranes with ages from ∼3 to 2.6 Ga, including
metasedimentary belts, volcanic and plutonic belts and high‐grade metamorphic domains (e.g., Percival
et al., 2012). In the western and central Superior, terranes are oriented approximately east–west, whereas in the
northeast, terrane orientation shifts to north–south. While some terranes, notably in the core of the Western
Superior, have a continental provenance, others are considered to have oceanic, island‐arc or continental margin
characteristics, providing a unique record of tectonic evolution in the Archean. Assembly of the Superior Craton
was complete by ∼2.6 Ga ago (e.g., Percival et al., 2006).

Figure 8. (a, b) P‐wave (N = 7,664, blue lines) and S‐wave (N = 2,169, red lines) ray paths used in our inversion. The green
box indicates the extent of our numerical domain. (c) A 3D rendering of our North Australian Craton model embedded in a
larger domain showing seismic rays used in our study. Red circles mark earthquake locations (for both P and S body waves)
and green triangles denote the AusArray deployment. The grid shows the model discretization with the crust and mantle
shown in bluish and reddish colors, respectively. The change in vertical spacing in the mantle corresponds to the LAB (with
higher resolution in the lithospheric mantle). Note that the surface of the numerical box is placed on the surface of the map;
the depth extension is “inside” the map.
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To the north and west of the Superior Craton, the Archean Rae and Hearne domains make up the composite
Western Churchill Craton. The terminal collision between the two cratons in the Paleoproterozoic gave rise to the
Trans‐Hudson Orogen (THO), a structure that stretches across the central USA, central and northern Canada and
into southern Greenland (e.g., Hoffman, 1988; St‐Onge et al., 2006). In northern Canada, Phanerozoic sedi-
mentary cover, including the intracratonic Hudson Bay Basin, conceals much of the THO, though its boundaries
are visible in potential‐field maps (e.g., Eaton & Darbyshire, 2010). In the east, further Paleoproterozoic
orogenesis brought together the Archean Core Zone and North Atlantic craton, welded by the New Quebec and
Torngat orogens (e.g., Corrigan et al., 2018).

South of the Superior Craton, Paleo‐ and Mesoproterozoic orogenesis added material to the growing Laurentian
continent via a series of terrane accretions including the Penokean, Yavapai andMazatzal domains (Whitmeyer &
Karlstrom, 2007). The final stages in the assembly and evolution of the Precambrian Laurentian continent
included rifting and extensive magmatism∼1.1 Ga ago which created the (failed) KeweenawanMid‐continent rift
(e.g., Stein et al., 2015). Multi‐stage orogenesis on the southeast margin of the Superior Craton created the
Grenville province between ∼1.2 and ∼0.98 Ga ago (e.g., Rivers, 2015), associated with the assembly of the
Rodinia supercontinent.

The breakup of Rodinia led to the opening, and subsequent closure, of the Iapetus ocean in the Paleozoic, forming
the Appalachian mountain belt via a series of arc and continental collisions (e.g., Van Staal et al., 2012). This
event completed the assembly of the eastern side of what is now the North American continent. From ∼190 to
∼100 Ma, parts of the Rae domain, THO, central Superior, southern Grenville and northern Appalachians were
affected by magmatism that may be associated with interaction between the Great Meteor hotspot and the North
American lithosphere (e.g., Heaman & Kjarsgaard, 2000; Sleep, 1990).

6.1.2. The North Australian Craton

The poorly exposed North Australian Craton spans an area of 1.5 million km2 across central and northern
Australia (e.g., Myers et al., 1996). It is characterized by predominantly Paleoproterozoic (1,870–1,800 Ma)
metasedimentary and igneous rocks of several orogens and basins, including the Aileron (northern Arunta),
Tennant Creek, Tanami, Murphy, McArthur and Mount Isa regions shown in Figure 7. Sparse outcrops and
widespread isotopic evidence reveal that these Paleoproterozoic rocks are underlain by Neoarchean to Paleo-
proterozoic continental crust (e.g., Kumwenda et al., 2023). Most of the craton was assembled by 1.87–1.84 Ga,
marked by the presence of thick sedimentary packages deformed and intruded by magmatic rocks with similar
geochemical characteristics (Ahmad & Scrimgeour, 2013; Kumwenda et al., 2023).

The southern edge of the North Australian Craton is bounded by the east–west Central Australian Suture,
separating it from the younger Paleoproterozoic to Mesoproterozoic (1,690–1,600 Ma) metasedimentary and
metaigneous rocks of the Warumpi Province, accreted onto the craton around 1,640 Ma (Scrimgeour, 2015).
Further to the south lies the Mesoproterozoic Musgrave Province with long‐lived magmatism and sedimentation
(1,600–1,060 Ma).

Over 70% of the North Australian Craton and its margins are overlain by Neoproterozoic to Mesozoic sedi-
mentary basins. Neoproterozoic to Paleozoic basins of the Centralian Superbasin, such as the Amadeus, Ngalia
and Georgina (and the Paleozoic Wiso Basin in the west) can reach thicknesses of up to ∼8 km in local depo-
centers. These basins preserve flood basalts of the ∼510 Ma Kalkarindji large igneous province (Glass & Phil-
lips, 2006;Walter et al., 1995) and record intraplate deformation from the 600–530Ma Peterman Orogeny and the
400–300 Ma Alice Springs Orogeny (Hand & Sandiford, 1999). During the Mesozoic, widespread shallow seas
covered the east and north of the North Australian Craton, resulting in sedimentary sequences tens to hundreds of
meters thick. Mesozoic subsidence and uplift are attributed to dynamic topography, largely related to subduction
slab dynamics (Braz et al., 2021; Czarnota et al., 2014).

Geological mapping reveals notable differences in deformation styles, metamorphism, and structural trends
across the North Australian Craton, but major boundaries and the nature of underlying lithospheric blocks remain
hard to identify (Kumwenda et al., 2023). As a result, geophysical data are increasingly relied upon. Recent
geophysical studies revealed variations in observed crustal and lithospheric thickness across the North Australian
Craton of more than 30 and 150 km, respectively (Hoggard et al., 2020; Kennett et al., 2023). There is a growing
consensus that this imaged architecture has been stable for several hundred million years, and likely >1 billion
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years. In the southern portion of the craton (Figure 7), extreme gravity anomalies (∼150 mGal) are attributed to
displacements of the Moho developed during the Alice Springs Orogeny. Furthermore, regions of the thickest
lithosphere and crust, located near the Murphy Inlier, appear to have been stable for over a billion years, as they
control both the distribution of old sedimentary basins and continued mineral deposition (Czarnota et al., 2020a;
Hoggard et al., 2020; Kennett et al., 2023).

The North Australian Craton is known for its mineral endowment, hosting world‐class deposits of zinc, lead,
silver, copper, and various critical minerals (Huston et al., 2021). Recent studies have highlighted connections
between trans‐lithospheric features, geodynamic setting, lithospheric mantle composition and the distribution of
these deposits (e.g., Gibson et al., 2016; Hoggard et al., 2020; Huston et al., 2023). It is therefore crucial to the
future of exploration programs to be able to synthesize data with sensitivity to the thermochemical structure of the
lithosphere into reliable subsurface models.

6.2. Inversion Set Up: Initial Model, Parameterization and Prior Bounds

6.2.1. Superior Craton Region

The initial model for the inversion was taken from the results of a previous multi‐observable probabilistic
inversion using the LitMod1D_4INV software (Dave et al., 2024). This pseudo‐3Dmodel was based on a series of
1D inversions on a series of non‐overlapping columns in a 1° tessellated grid. It consists of three crustal layers and
three mantle layers. The latter include two subcontinental lithospheric mantle (SCLM) layers and the sublitho-
spheric mantle. The two SCLM layers are separated by a mid‐lithospheric discontinuity (MLD). The data sets
used in Dave et al. (2024) were chosen to provide sensitivity to the SCLM structure, but the crustal component and
structures in the uppermost 50 km were poorly constrained. Here we build on this initial model and focus on the
crustal structure and the shallowest portion of the upper mantle. To achieve this, we made two important im-
provements. First, we increased the horizontal resolution to 0.5° × 1° (61 × 41 cells, compared to 1° × 2° in
Dave et al. (2024)), which corresponds to column dimensions of ∼55.7 km × 54 km to ∼55.7 km × 84 km,
depending on latitude. Second, we added three new input data sets with additional sensitivity to the shallow
structure, namely gravity anomalies, gravity gradients and P‐wave RF data (see below and Figure 7).

To maximize the information content from the RFs and achieve better fits to the waveforms, we also introduce
three new features to our model with respect to that of Dave et al. (2024). The first one is an additional crustal
layer (i.e., to give a 4‐layer crustal model). The second is a gradual and non‐linear increase of Vp, Vs and density
with depth in the first (sedimentary) layer; this simulates sediment compaction and produces more realistic
amplitudes of the corresponding RF signals. The third one is a scaling factor δ for the velocity contrast at the
Moho. While the first two are straightforward additions, the third new parameter needs further clarification.

At any given iteration of the MCMC simulation, the seismic velocity contrast at the Moho is given by the dif-
ference between the sampled velocity for the bottom crustal layer (from its prior distribution) and the predicted
velocity for the peridotitic mantle assemblage (from the free‐energy minimization solver) at the given P‐T‐C
conditions. Predicted mantle velocities assume a pristine peridotite, with no alteration or hydrated minerals in
the assemblage (i.e., the Gibbs free‐energy minimization includes only the main nominally anhydrous mineral
phases). In reality, shallow mantle lithologies close to the Moho could contain variable amounts of hydrated
minerals (e.g., amphiboles, micas; Bucher‐Nurminen, 1990), which tend to decrease the velocity and density of
the mantle assemblage relative to the “dry” counterpart (e.g., Aizawa et al., 2008). This in turn decreases the
velocity contrast at the Moho and the amplitudes of the predicted RFs. Additionally, the model assumes that the
Moho contrast is sharp (i.e., a first‐order velocity discontinuity between the lower crust and upper mantle) and
flat. This neglects potential structural complexities of the Moho, like a transitional velocity gradient, which would
affect the observed scattered wave amplitudes (e.g., Eaton, 2006). We therefore allow for “scaled” or “corrected”
properties of the shallow, sub‐Moho mantle via a scaling factor δ that controls the magnitude of the correction or
deviation from predicted thermodynamic values. The factor δ is a free parameter of the inversion that can take
values between 0 and 1. A value of 1 means that the predicted thermodynamic properties do not require scaling;
values<1 imply a correction proportional to the sampled value of δ. The largest allowed correction corresponds to
a value δ= 0 and implies that, for instance, Vs is decreased by a maximum amount of 4%; density and Vp are also
consistently corrected.
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During the inversion, the thicknesses of all crustal layers were allowed to vary within±30% of their initial values.
Densities were explored within the following ranges: 1,400–2,600 kg/m3 in the first layer, 2,500–2,850 kg/m3 in
the second layer, 2,700–2,950 kg/m3 in the third layer and 2,750–3,150 kg/m3 in the fourth layer. Respective
ranges of Vp/Vs were 1.60–2.30, 1.60–1.87, 1.65–1.90 and 1.65–1.90. Since the mantle structure was thoroughly
explored in the previous study by Dave et al. (2024), we used their posterior distributions to inform our priors.
This resulted in relatively narrow bounds for mantle parameters (e.g., ±45°C for sublithospheric temperatures,
±14 km for the depth of the MLD,±25 km for the LAB depth, and±0.8, 1, 5, and 1.3 wt.% for Al2O3, FeO, MgO,
and CaO, respectively).

6.2.2. North Australian Craton

The numerical domain is bounded by the 127.5/143.0 meridians and the − 15.5/− 26.0 parallels, and is made up of
23 × 32 (0.5° × 0.5°) adjacent and non‐overlapping tesseroidal columns (Figure 8b). The starting model included
Moho depths from the most recent AusMoho model (Kennett et al., 2023) and estimates of mechanical litho-
spheric thickness from Hoggard et al. (2020), which is based on a Vs to temperature conversion from the to-
mography study of Fishwick & Rawlinson (2012) calibrated using geotherms derived from Australian xenoliths.
The initial Moho depths were allowed to vary between − 5% and +20% during the inversion. Due to the limited
range of periods in the dispersion data set (2.5–60 s), the initial LAB depth was allowed to vary within a relatively
narrow range of ±25 km and only the average composition of the lithospheric mantle was considered. For the
(unmodeled) volume outside our numerical domain, seismic rays were propagated through the 3D global seismic
velocity model of Lu et al. (2019). Summary plots depicting the rays are presented in Figure 8.

Initial crustal stratification is identical to that used for the Superior Craton model (three crystalline layers and one
sedimentary layer with depth‐dependent properties). Initial values for the total sedimentary thickness were ob-
tained from the OzSeeBase data set (FROGTECH, 2021). The thicknesses of the upper and middle crustal layers
were allowed to vary within 30% of the initial value (the thickness of the lower layer was then automatically
defined considering the Moho depth). The Vp/Vs ratio of the top (sedimentary) crustal layer was varied between
1.5 and 2.05, while that of the crystalline layers was limited to the range 1.6–1.9. Crustal densities at the top and
bottom of the sedimentary layer were allowed to vary in the range 1,400–2,550 kg/m3 and 2,400–2,860 kg/m3,
respectively. The sampling approach does not allow the bottom density to be smaller than the sampled density at
the top of the layer; the interpolation follows a universal compaction (non‐linear) profile. Densities at standard
conditions of pressure and temperature (i.e., surface conditions) in the upper, middle and lower crystalline layers
were varied in the range 2,500–3,000 kg/m3, 2,800–3,200 kg/m3 and 2,925–3,200 kg/m3, respectively. The
sampled values were converted into average layer values (used to solve the forward problems) according to the
current PT conditions within the layers.

Because of the limited availability of direct information on mantle composition (e.g., mantle xenoliths) and the
restricted period range in the dispersion data set, the compositional ranges were based on widely accepted models
for the subcratonic lithospheric mantle and bulk Earth geochemistry (Alemayehu et al., 2016; Boyd, 1989; Griffin
et al., 1999; Lyubetskaya & Korenaga, 2007; McDonough & Sun, 1995; Salters & Stracke, 2004): Al2O3–0.5 to
3.1 wt.%, FeO–6.0 to 8.5 wt.%, MgO–37.0 to 45.0 wt.%, CaO–0.1 to 3.1 wt.% for the lithospheric mantle and
Al2O3–2.5 to 4.5 wt.%, FeO–6.0 to 8.4 wt.%, MgO–37.0 to 41.0 wt.%, CaO–2.0 to 5.5 wt.% for the sublitho-
spheric mantle.

For clarity and space reasons, we leave the detailed description of all input data sets for the two regions to Text S7
in Supporting Information S1.

7. Results
7.1. Superior Craton

7.1.1. Data Fits

7.1.1.1. Seismic Data

Figure 9 shows four representative examples of fits to RFs and dispersion curves (see Figure 7 for the location of
the stations). Maps of phase velocity at periods of 20, 40, 80 and 120 s are shown in Figure 10. Additional plots
can be found in Text S4 of Supporting Information S1. The results in these figures clearly demonstrate that the
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Figure 9. Fits to RFs and dispersion curves for stations BULN, DORN, FRB, and ULM (see location in Figure 7) for the Superior Craton region. Mean RFs and
associated uncertainties are denoted by solid black lines and dashed black lines, respectively (same for dispersion curves). Posterior PDFs of predicted data are color‐
coded as orange (1σ), green (2σ) and gray (3σ). Posterior PDFs for the location of intra‐crustal interfaces, Moho and associated Vs, Vp and density profiles are also
shown.
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Figure 10. Observed and predicted Rayleigh phase velocities (in m/sec) in the study region; additional periods are shown in
Text S4 of Supporting Information S1. The last column shows the absolute difference (predicted‐observed) in m/sec.
Consider that representative data uncertainties (as 1σ) are ∼28, 41, 65 and 87 m/s for periods of 20, 40, 80 and 120 s,
respectively. Misfit values are within 1σ of the observed data in >98% of the model.
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inversion and employed parameterization can satisfactorily reproduce the main features of the seismic data,
including converted phases and reverberations associated with crustal discontinuities. Predicted phase velocities
(defined as the mean of their posterior PDFs) remain within 1σ of the data uncertainty in most of the domain. The
addition of more crustal layers would help improve the fit to the most complex RFs at the cost of increasing the
dimensionality of the parameter space. After numerous tests, we deem four layers (one sedimentary and three
crystalline) an acceptable compromise between overall data fit quality and parsimony of model parameters.

7.1.1.2. Non‐Seismic Data

The fits to elevation, geoid, free‐air anomalies and gravity gradients are shown in Figure 11 (additional figures in
Text S4 of Supporting Information S1). The maps labeled “prediction” depict the mean of the posterior distri-
butions of predicted data and are almost identical to the data predicted by the mean model (i.e., the 3Dmodel built
from the mean of all model parameters). The figure also shows the absolute difference between observed and
predicted fields. It is clear from these figures that all non‐seismic data sets are satisfactorily fitted, with all the
main spatial patterns being explained well by the model. In fact, all non‐seismic data sets are reproduced within 2σ
of the observed values in the entire numerical domain, and within 1σ in >90% of the studied region. An exception
is elevation, which is systematically predicted to be slightly higher than the observed values in the entire study
region. This is not surprising given the ongoing post‐glacial rebound occurring in this region (e.g., Koohzare
et al., 2008); dynamic topography due to sublithospheric flow can also be a factor (Davies et al., 2019). In other
words, the present‐day thermochemical structure of the lithosphere in this region (as imaged in this study) can
only be in partial (non‐steady) isostatic equilibrium. Pursuing or forcing better fits to elevation is therefore not
justified, as it requires compromising the fits to other observables less sensitive to post‐glacial lithospheric
rebound and/or dynamic topography.

7.1.2. Lithospheric Architecture

7.1.2.1. Main Crustal Elements

Figures 12 and 13 summarize the main structural features of the model. A more complete set of figures can be
found in Text S4 of Supporting Information S1. The first order variation pattern of Moho depth is consistent with
previous studies (see Dave et al., 2024, and references therein), although our model shows considerably more

Figure 11. Data fits for elevation (km), free‐air anomalies (mgal), geoid anomalies (m) and gravity gradients (Eotvos). Typical uncertainties (defined as 1σ) associated
with these data sets are±150 m for elevation, 5 mgal for free‐air anomalies, 0.6 m for geoid height, 0.1 EU for Uxx and Uyy and 0.2 EU for Uzz. The largest discrepancies
are found along or near the edges of the numerical domain.
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Figure 12. Different views of a 3D rendering of the study region showing crustal layers, mid‐lithosphere discontinuity (MLD), lithosphere‐asthenosphere boundary
(LAB) and sublithospheric temperatures (a, b), and cross‐sections of the thermal structure of the lithospheric mantle (c–f). A deepening of the MLD surface corresponds
to the location of the craton, while the LAB surface is controlled by the sublithospheric thermal structure and plume‐like structures. The crust clearly thickens toward the
center of the continent (SW corner), which agrees with geological observations. The red cones indicate locations of the seismic stations used for RF analysis. Depths and
topography are exaggerated and the model is plotted in Cartesian coordinates for illustration purposes.
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details and better correlations with major tectonic features than previous models (e.g., Cook et al., 2010; Tesauro
et al., 2014; Thompson et al., 2015). A comparison of predicted Moho depths from previous RF studies and from
our 3D model is shown in Figure 14.

Four anomalies dominate the amplitude variation in Figure 13a. The first one is the relatively thin crust associated
with the 3.0 Ga North Caribou Superterrane (Percival et al., 2006; Stott & Corfu, 1991). This terrane represents a
large remnant of continental crust thought to have acted as the core around which smaller terranes accreted during
the assembly of the Superior Craton (cf. Percival et al., 2006); it is also a prominent feature in almost all other
recovered fields (Figure 13; see also below). A gradual but continuous crustal thinning from Lake Superior to-
ward the North Caribou Superterrane was imaged along seismic line 2 of the Western Superior LITHOPROBE
transect (Musacchio et al., 2004), in agreement with our model.

Figure 13. Summary of key model parameters. (a) Moho depth. (b) Vp/Vs ratio in the lower crust. (c) Mg# of the upper lithospheric mantle. HRD, Hearne‐Rae domain;
THO, Trans‐Hudson Orogen;WSD,Western Superior Domain; ESD, Eastern Superior Domain. (d) Mg# of the lower lithospheric mantle. (e) AverageMg# of the entire
lithospheric mantle (weighted average of upper and lower layers). (f) LAB depth. RI, Rankin Inlet; At, Attawapiskat; CR, Coral Rapids; KL, Kirkland Lake; IB, Ile
Bizard; FL, Finger Lakes. Dashed white lines in (d, f) indicate the bounds of the region containing possible tracks of the Mesozoic Great Meteor hotspot and related
magmatism (Heaman et al., 2003; Heaman & Kjarsgaard, 2000). Long dashed lines in (c) indicate the estimated boundaries of the Trans‐Hudson Orogen; dotted line in
(c) indicates the estimated boundary of the Hearne‐Rae domain. White triangles in (a, b, e) denote the locations of seismic stations used for RF modeling.
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The second anomaly with relatively thin crust is in the Abitibi‐Opatica region, southeast of James Bay (Figure 7).
Coinciding with a structurally complex region that juxtaposes two Archean units (the granite‐greenstone Abitibi
and the plutonic Opatica subprovinces), this anomaly seems to be limited to a region bounded by the Kapuskasing
complex of dextral faults to the west and a series of major shear zones, reverse and strike‐slip faults separating the
Opatica and Opinaca domains to the northeast (Figure 7; Mints, 2017; Cleven et al., 2020); the latter also co-
incides with breaks in the long‐wave pattern of magnetic and Bouguer gravity anomalies (Text S4 in Supporting
Information S1; Miles & Oneschuk, 2016; Percival et al., 2012).

The remaining two anomalies correspond to regions of relatively thick crust: one within the Grenville province in
eastern Canada and along the New Quebec orogen and the other beneath Lake Superior (Figure 13a). While the
former coincides with the location (and intersection) of known orogens and high average topography, the latter is
located within the northern tip of the Mid‐Continent Rift, a region of low topographic relief. Although at first
glance these observations contradict a basic tenet of crustal isostasy, a number of previous studies have found
evidence of thick and dense crust in this region (e.g., Aleqabi et al., 2023; Behrendt et al., 1990; Grauch, 2023;
Hinze & Chandler, 2020; Hutchinson et al., 1990; Stein et al., 2015 and references therein). Our predicted Vp/Vs
ratios and densities for the lower section of the crust correspond to those of mafic (dense) materials, such as
gabbro and diabase (Figure 13b and Text S4 of Supporting Information S1). This is in agreement with the
generally accepted view that mantle‐derived melts intruded, underplated and thickened the crust in this region
during the rifting event (see references above). We discuss this further in the next section, in connection with our
results for mantle composition.

Lastly, we also note that the crust beneath Hudson Bay presents significant anomalies with respect to the sur-
rounding onshore domains. The overall high density of the crystalline crust (Figure S4‐1 in Supporing Infor-
mation S1) explains the low topography and points to a significant contribution of mafic lithologies in the lower
portions of the crust. In particular, the largest density anomaly in the western side coincides with large gravity and
magnetic anomalies (e.g., Eaton & Darbyshire, 2010). Toward the southeast of the Bay, the Precambrian crust
beneath the Belcher Islands is also relatively thick, but comparable to other regions of the Superior Craton. This
observation is consistent with previous RF estimates (e.g., Vervaet & Darbyshire, 2022), although we did not
model RFs in this location. The crust in this location is also relatively dense (Figure S4‐3 in Supporing Infor-
mation S1), which compensates the buoyancy given by its thickness; the combined effect resulting in shallow
bathymetry.

Figure 14. Comparison of Moho depths as estimated from previous seismological studies and from our joint inversion
beneath the 27 localities with RF data.
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7.1.2.2. Lithospheric Mantle

Regarding lithospheric thickness and mantle composition, the Grenville and Appalachian Provinces, as well as
the Core Zone and Torngat Orogen show the shallowest LAB depths (160–190 km). In fact, the location of the
Grenville Front correlates especially well with a transition region of steep gradient in the LAB depth. An even
sharper contrast across the Grenville Front is observed in the average composition of the lithospheric mantle
(Figure 13e), clearly pointing to identifiable lithospheric units of different nature. This tectonic boundary jux-
taposes a relatively fertile lithospheric domain beneath the Grenville and a highly depleted domain beneath the
eastern Superior (Figures 13c–13e). Note that while the crust is relatively thick beneath the Grenville, the present‐
day LAB is relatively shallow.

Another area where the lithosphere is relatively thin is along the Hudson Strait, a failed rift segment associated
with the opening of the Labrador Sea. Although this region experienced (trans) extensional tectonics in the initial
stages of rifting, crustal thinning seems to have been modest (Pinet et al., 2013). Indeed, while our compositional
maps reveal that this elongated tectonic feature correlates with a slight mantle anomaly with respect to the
surrounding provinces, there is no prominent shallowing of the Moho. Although deliberately speculative, this
“decoupling” between mantle and crustal thinning may be partially explained by the combination of a limited
original crustal thinning, post‐rift thermal thinning of the lithospheric mantle and a subsequent tectonic inversion
(and associated compression) during the Cenozoic (Pinet et al., 2013).

Figure 15. Upper plot: Probability Density Function estimate for the olivine magnesium number Mg# in mantle layers
beneath the Superior Craton. Lower plot: the yellowish bars show ranges of natural mantle olivine Mg# from the studied area
(Figure 7) with black lines marking the mean values, and predicted means and their standard deviations for the corresponding
columns of the inverted model. The sublithospheric olivine Mg# is shown as a dashed line, as it overlaps with the magmatic
olivine range composition (Bussweiler et al., 2017) and therefore cannot be reliably distinguished solely by Mg#.
Abbreviations: DI, inclusions in diamonds; Xc and Pc, xenocrysts and phenocrysts; Lh and Hz, lherzolite and harzburgite
xenoliths; respectively. Data sources: Victor (inclusions in diamonds) (Stachel et al., 2017), Menominee (Xu et al., 2020),
Renard (Hunt et al., 2012), Lynx (Van Rythoven et al., 2011), Kyle Lake (Sage, 2000), Abitibi (Lawley et al., 2018). “N”
stands for the number of individual grains (each grain could been analyzed several times in different zones).
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Most of the western Superior, the eastern Superior and the Hudson Bay region exhibit relatively thick and highly
depleted lithosphere (i.e., 240 km < LAB < 300 km; Mg# > 92–93); with the highest degrees of depletion in the
shallower portions of the lithospheric mantle. An anomaly to this general pattern is found in the southeast Su-
perior (south of James Bay), where the LAB is notably shallower than in the rest of the Superior. As pointed out by
previous authors, there is a conspicuous correlation between this region of relatively thin lithosphere and the
reconstructed track of the Great Meteor hotspot (Figure 13f; Clouzet et al., 2018; Eaton & Frederiksen, 2007),
including the location of Mesozoic kimberlite fields. When looking at the composition of the lithospheric mantle,
we acknowledge that the locations of known kimberlitic and kimberlite‐related volcanic rocks seem to roughly
correlate with regions of lower Mg# compared to the general cratonic/depleted nature of the rest of the Superior
Craton. However, we do not observe a clear continuous trend or anomaly that would indicate that large portions of
the lithospheric mantle were severely modified/metasomatized by the passage of the Great Meteor hotspot
(localized metasomatism is likely, but beyond the resolution of our study). Rather, the distinct compositional
domains seem to be reflecting deeper tectonic structures or domains. Interestingly, the separation of the western
and eastern blocks of the Superior Craton in terms of mantle composition correlates well with major SW‐NE
structures between the Kapuskasing complex and those aligned along the western shore of Lake Superior and
their continuation to the northwest (Figures 3, 13c and 13e in Harris et al. (2023)). Likewise, the general depletion
pattern in the eastern Superior coincides well with the location of three major tectonic terranes: the Rivière
Arnaud Terrane, the Bienville/Hudson Bay Terrane and the Opinaca‐Opatica‐Abitibi domain (Cleven et al., 2020;
Leclair, 2008; Mints, 2017).

The internal architecture of the Trans‐Hudson Orogen (THO) in the Hudson Bay region is poorly known due to
lack of exposure (Eaton & Darbyshire, 2010). Our compositional map of the upper lithosphere shows a clear
anomaly separating the highly depleted Hearne‐Rae and Superior domains (Figure 13c). This anomaly extends
inland into central Canada, following closely the location of major tectonic boundaries separating the north
Caribou block from the THO. Despite the relatively coarse resolution for mantle composition, our models clearly
show that there are significant portions of the Hearne‐Rae and western Superior domains that extend well into
Hudson Bay. Similarly, our compositional model can be used to approximate the locations of the boundaries of
the THO beneath Hudson Bay (Figure 13c), assuming that the most depleted domains belong to the Hearne‐Rae
and Superior cratons. Interestingly, our model shows a moderately depleted domain in the western half of Hudson
Bay that extends toward the center of the Bay; its composition being slightly less depleted than the surrounding
Hearne and Rae cratons. Without favoring any genetic hypothesis, we note that this domain coincides with the
proposed Archean fragment of Eaton & Darbyshire (2010), which may have been trapped between the Superior
and western Churchill cratons during the THO.

Our map of lithospheric Mg# shows a fertile anomaly beneath the Mid‐Continent Rift, especially beneath Lake
Superior. As we mentioned in the previous section, this region also exhibits clear evidence of anomalously thick
and mafic lower crust, including large accumulations of basaltic material in the lowermost 20 km (e.g.,
Grauch, 2023; Hinze & Chandler, 2020; Figure 13b). Our results thus suggest that asthenospheric melts not only
were produced in significant volumes during the active stage of rifting, but also percolated and reacted with the
overlying lithospheric mantle on their way up to crustal levels. This may have imparted the fertile signature (i.e.,
addition of Ca, Fe, Al) to the lithospheric mantle that we image today. Such mantle refertilization via percolation
and reaction of basaltic melts has been reported in other continental areas that experienced significant basaltic
magmatism (e.g., Afonso, Rawlinson et al., 2016; Zheng et al., 2015; A. Zhang et al., 2024).

7.2. Comparison With Mantle Xenoliths and Xenocrysts

Predicted magnesium numbers of olivine beneath the Superior Craton are shown in Figure 15. In each mantle
layer, Mg# values form a distinct unimodal distribution with the most depleted compositions in the upper lith-
osphere and the most fertile compositions in the sublithosphere. The overlap between these distributions is
minimum at the level of 1 STD, suggesting a distinct vertical stratification of the lithospheric mantle. A similar
compositional stratification of the lithospheric mantle has been observed in a number of localities across the
Archean cratons of North America (cf. Griffin et al., 2004a). In this context, it is important to emphasize that our
method does not use local xenolith information; our results are entirely driven by geophysical observables and
thermodynamic modeling.
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Comparing the present‐day chemical structure retrieved by our inversion with that inferred from mantle xenoliths
and xenocrysts can be illustrative, but not straightforward. The youngest kimberlitic volcanism in the region is
Jurassic in age (Attawapiskat cluster, 176–180 Ma; Kirkland Lake cluster, 146–160 Ma; Timiskaming cluster,
140–155 Ma; (Heaman & Kjarsgaard, 2000)). Southwest of Attawapiskat, the Kyle Lake kimberlite cluster dates
to 1.1 Ga (Sage, 2000). Some other clusters in the region predate the amalgamation of the Superior Craton.
Moreover, the highly localized sampling represented by these fields contrasts with the relatively coarse spatial
resolution of our inversion. Accordingly, any comparison needs to be taken with great caution.

With these caveats in mind, we note that a recent study of peridotitic xenoliths recovered from the Attawapiskat
cluster reported olivines with an average Mg# of 91.9 (Smit et al., 2014). A similar value was reported by Sage
(2000) for olivines recovered from the adjacent Kyle Lake cluster. These values are very close to those recovered
by our inversion (Figures 13c and 15). Moreover, olivine inclusions found in diamonds from the Victor mine
seemed to have been formed in a very narrow range of depths, between 159 and 167 km, with average Mg# of

Figure 16. Data fit characteristics of the North Australian Craton model for a representative subset of model outputs. Additional misfit maps can be found in Text S5 of
Supporting Information S1.
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∼91.3 (Stachel et al., 2017); these values are in perfect agreement with our estimates of olivine Mg# at those
depths. Further south, the Kirkland Lake field erupted mantle xenoliths around 150–160 Ma ago, which were
reported to have olivine Mg# of 91–94 (e.g., Griffin et al., 2004b; Lawley et al., 2018; Meyer et al., 1994), with a
clear vertical stratification (more depleted toward shallower depths) and average values around 92.4. Our results
are also in good agreement with these observations (Figures 13c and 15).

The age estimate for other kimberlite fields (e.g., Wawa, Lynx, and Renard locations) is around 2.7 Gyr (Stachel
et al., 2006), which complicates even further any comparison with our estimates. However, when considering the
different depths of equilibration of mantle samples in the Renard field, we observe a striking correlation with our
results: olivines from the shallower levels (130–150 km depth) are harzburgitic with average Mg# of ∼93,
whereas the deeper olivines become lherzolitic, with average Mg# of ∼91.5 (Hunt et al., 2012). These obser-
vations are reproduced well by our model.

7.3. North Australian Craton

7.3.1. Overall Data Fits

Our preliminary model of the North Australian Craton exhibits a similar level of explanatory power (i.e.,
simultaneously explains multiple data sets) to that observed in the Superior Craton. The model fits elevation and
potential fields (geoid height, free‐air anomaly and vertical gravity gradient) within 1σ for >95% of the columns,
with maximum misfits located at the edges of the model (Figure 16). The overall fit to phase velocities and
receiver functions is also excellent in most of the domain (Figures 16 and 17, Figures S5‐11–S5‐60 in Supporing
Information S1). In terms of body‐wave travel times and receiver functions, our final model resulted in an
improvement of 15% and 40%, respectively, compared to the starting model.

7.3.2. Lithospheric Architecture

7.3.2.1. Main Crustal Elements

The spatial distribution of modeled parameters broadly matches the major tectonic and geological boundaries
within the studied area (Figures 16 and 18). Within the upper crust, the model effectively recovers first‐order
variations in the distribution of sedimentary basins (Figure 18). The thickness of the first crustal layer in the
model maps the distribution of basins. It is 3–4 km thick over the McArthur Basin, mapping less consolidated
sediments, and reveals depocentres up to 6 km deep in the Beetaloo and Carrara sub‐basins and up to 8 km thick in
the Amadeus Basin. Despite the retrieved uncertainties of >1 km in deep basins (Text S6 in Supporting Infor-
mation S1), our results reveal considerably thinner basins than those mapped in the 2021 OZ SEEBASE data set
(FROGTECH, 2021) used as the prior in our inversions. We use multiple geophysical data sets to quantitatively
map physical rock properties; this contrasts with the interpretation of geological units adopted by OZ SEEBASE.

Within the mid to lower crust the model reveals considerable variations in density and Vp/Vs (Text S6 of
Supporting Information S1). As expected, the average bulk density and Vp/Vs ratio of the entire crystalline crust
follows a similar spatial pattern (Figures 18a and 18b), but with smaller amplitudes. High densities beneathMount
Isa and south of Tennant Creek together with high Vp/Vs ratios under Mt Isa support previously inferred
underplating in this region (e.g., Drummond & Collins, 1986; Dulfer et al., 2016; Finlayson, 1987). Despite the
coherent N–S‐trending structures mapped on the surface and in potential fields in the east of the domain (e.g.,
Gideya suture zone; Figure 7), the mid‐to‐lower crust in the region north ofMt Isa is noticeably different from that
between Mt Isa and the Cork fault, including a considerable jump in crustal thickness. A narrow band of high‐
density zone in the Arunta region, between the Amadeus and Ngalia basins, corresponds to the well‐known
crustal‐scale thrust structure of the Redbank Deformation Zone, where deep‐seated faulting has uplifted lower
crustal and possibly mantle material (Goleby et al., 1989). Low bulk crustal densities in the Amadeus Basin are a
function of the thick sediments and very low predicted densities of the second crustal layer (down to 2,650 kg/m3

compared to the average of 2,850 kg/m3), which likely reflect underlying Neoproterozoic basin stratigraphy. Low
crustal densities east of the Tanami coincide with the extent of shallow Moho and low Vp/Vs, likely mapping the
distribution of granites (e.g., Roshanravan et al., 2020).
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Figure 17. Some representative receiver functions and dispersion curves from the Tanami area (OA.BL26. HHR, OA. BM26.HHR), between the Tanami and Tennant
Creek regions (OA.BU27.0M.HHR), and on the southwestern flank of a Mesoproterozoic depocentre known as the Carrara sub‐basin in the Mt Isa region (OA.
CD24.0M.HHR, OA. CD27.0M.HHR). The red, green, and blue zones outline the 1, 2, and 3 sigma intervals, respectively.
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7.3.2.2. Lithospheric Mantle

Our model reveals a fundamental east to west variation in lithospheric mantle composition across the North
Australian Craton (Figure 18). In the east the Mg# shows values <89.5, rising to values ≳91 in the center of the
craton. Our Mg# values match analyses from the Webb Ultramafic Lamprophyre field which intrudes along the
western edge of the model and has an olivine Mg# of 88–91 where our model returns a bulk medium estimate of
90 (Sudholz et al., 2023). The pattern we observe is also roughly similar to that inferred by Tesauro et al. (2020),
who estimated the most depleted mantle (Mg# up to 90.7) in the central parts of the North Australian Craton,
surrounded by relatively more fertile compositions. In detail, the Mt Isa and McArthur regions show the most
juvenile lithospheric mantle signature, characterized by low Mg# and highest Al2O3 wt%. This is consistent with
modeled low degrees of partial melting in the formation of the extensive mafic volcanism which is commonly
considered to be the source of metals within this highly endowed mineral province (Champion et al., 2022;
Klocking et al., 2020). The most depleted mantle is found just east of the Tanami gold field corresponding with
high Mg# and low Al2O3 wt% values. This signature is consistent with an Archean lithospheric mantle and the
only known distribution of Archean rocks in the study area (Griffin et al., 2008). Interestingly, the extent of the
outcropping Tennant Creek region lies precisely between two contrasting lithospheric blocks. To the east, the
Murphy block is characterized by high Al2O3 and lowMg# and to the west the Tanami region is characterized by
the inverse, implying these two regions have experienced fundamentally different geological histories. We note
that the locations of knownmineral deposits tend to correlate with both marginal regions of highly depleted blocks
and regions with fertile mantle (also with high Vs in the lower crust, Text S6 in Supporting Information S1).When

Figure 18. (a) Average crustal density, (b) Average Vp/Vs ratio of the crystalline crust, (c) Moho depth, (d) depth to the LAB, (e) average Al2O3 content in the
lithospheric mantle, (f) average Mg# of the lithospheric mantle. Black markers indicate the locations of seismic stations. White dots denote mineral deposits. Red lines
show major faults. The average crustal density distribution correlates well with the available potential field data (Figure 16) and predicts low density anomalies in the
Amadeus and Ngalia basins, and in the Tanami block (See Figure 7 for location). Higher average densities are associated with deepMoho areas (Mount Isa) and upthrust
areas (Arunta block). The lithospheric mantle chemical composition defines two broad domains within the North Australian Craton. Depleted compositions occur in the
Tanami, close to the geometric center of the Kalkarindji Large Igneous Province, and relatively enriched compositions beneath Mt Isa and McArthur River, Tennant
Creek inlier, and Amadeus Basin, the areas with numerous world class deposits and mineral occurrences. The blue line indicates the present‐day border of the Great
Artesian Basin.
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combined with additional tectonic and geological proxies, these observations become informative in exploration
frameworks.

This preliminary application of MTT across the North Australian Craton demonstrates the potential of our
approach to resolve lithospheric architecture at a sub‐cratonic scale. The resolution of spatially coherent litho-
spheric blocks over a region where most basement rocks are concealed beneath younger sedimentary basins
demonstrates the power of multiparameter models in unraveling geological structure under cover and guiding
future exploration efforts.

8. Concluding Remarks
Ongoing progress in the quality, quantity, and global coverage of seismic and satellite data sets, coupled with
advances in thermodynamic databases and computational methodologies for tackling intricate forward problems,
present new opportunities for developing more comprehensive and reliable subsurface models through formal
data integration/fusion techniques. Such integrative models of the physical state of the subsurface (i.e., tem-
perature, composition, stress state, fluid fraction) provide fundamental insights into the constitution and evolution
of the Earth's interior. They are also becoming essential data‐fusion tools for advancing greenfields exploration of
critical minerals, deep geothermal energy exploration, and informing ice‐melting models, particularly regarding
basal heat flow beneath large ice caps (e.g., Antarctica, Greenland).

Multi‐observable Thermochemical Tomography (MTT) is a joint inversion platform designed to harness the
combined sensitivities of multiple data sets to image the physical state of the Earth's interior with thorough
uncertainty quantification. Since its introduction just over a decade ago (Afonso, Fullea, Griffin et al., 2013,
Afonso, Fullea, Yang et al., 2013), MTT has significantly advanced in both conceptualization and numerical
implementation. This paper presented an updated MTT framework and assessed its strengths and limitations in
the context of thermochemical imaging of the lithosphere. We used complex synthetic models to study the
sensitivities of both independent and combined data sets and the corresponding reliability of the retrieved
structure. Although our software (LitMod3D_4INV) can integrate additional data sets, we particularly focused on
joint inversions of gravity anomalies, the Marussi tensor (gravity gradients), geoid anomalies, Rayleigh‐wave
dispersion curves, P‐wave receiver functions, absolute elevation, surface heat flow and absolute travel times
from (local and teleseismic) P‐wave and S‐wave phases. We demonstrated that judicious combinations of these
data sets can constrain complex thermochemical structures in the lithosphere and sublithospheric upper mantle
with resolutions and reliability relevant to greenfields exploration programs for minerals and energy. Higher
resolution studies are also possible, but were not explored in this work.

With this information, we applied the method to two different groups of data sets in two different cratonic regions:
the Superior Craton (Canada) and the North Australian Craton. The resulting thermochemical models exhibit an
exceptional capacity to simultaneously fit all inverted data sets and showcase the potential of MTT to (a) serve as
an integration platform for inverting and interpreting multiple observables, (b) uncover structural and evolu-
tionary connections between the crust, lithospheric mantle, and asthenosphere, (c) provide reliable and inter-
pretable subsurface models in terms of their physical nature, and (d) provide valuable information for guiding
exploration efforts for clean energy and critical minerals.

Looking forward, we plan to expand the capability and improve the reliability of MTT by implementing (a) a
more comprehensive use of waveform information and (b) magnetic susceptibility/anomalies for Curie point
estimates; these are topics of forthcoming publications.
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et al., 2019). The software used to prepare the data is described in Martinec (2014), (Ligorria & Ammon, 1999).
Figures were prepared using Paraview (Ahrens et al., 2005), GMT 6 (Wessel et al., 2019), and Matplotlib
(Hunter, 2007).
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