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Theo Häußler et al.: The Coupling of Mechanical Anisotropy to Post Glacial Rebound . . . . . . . . . . 37
Pejvak Javaheri et al.: Implementing PlateRecipy: an open-access tool utilizing graph theory for detect-

ing tectonic plate boundaries in geophysical datasets and model output . . . . . . . . . . . . . . . . 39
Gabriel Johnston et al.: A Global Voxel-Based Analysis of Residence Time and Flux from Backward in

Time Mantle Convection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Buchanan Kerswell et al.: Beyond Equilibrium: Kinetic Thresholds and Rheological Feedbacks Create

a Potentially Complex 410 in Slab Regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Hyunseong Kim et al.: Investigating the roles of laterally variable surface temperature and tidal heating

in Europa’s ice shell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
Inyup Kim et al.: Assessment of the Applicability of Smoothed Particle Hydrodynamics to Geodynamic

Thermal Convection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
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Laëtitia Lebec et al.: Cracking Europa: Dilational bands formation . . . . . . . . . . . . . . . . . . . . . . 52
Artem Lebedev et al.: Estimation of Gravity Field Parameters by thermal evolution modelling of Uranus’s

icy satellites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Jieun Chang et al.: Effects of the balance between grain-size reduction and growth on lithosphere–basin

evolution and mantle upwelling during continental rifting . . . . . . . . . . . . . . . . . . . . . . . 55
Kyeong-Min Lee et al.: The Effect of Multiple Impact Scenarios on the Thermo-Hydrodynamic Evolu-

tionary Path and Core Formation Timing in Terrestrial Planets . . . . . . . . . . . . . . . . . . . . . 56
Victor Lherm et al.: Subduction dynamics in colloidal suspension convection experiments . . . . . . . . 57
Zhong-Hai Li et al.: Contrasting slab decarbonation patterns control deep carbon cycling efficiency in

hot vs. cold subduction zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Ranpeng Li et al.: Modeling Thermodynamically Consistent Phase Transitions in a Heterogeneous Man-

tle: A Multi-Component Entropy Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Xinnuo Li et al.: Crust–Mantle Separation at the Top of the Lower Mantle: Insights From Numerical

Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Yingying Li et al.: Mantle plume formation and dynamics under Central Europe . . . . . . . . . . . . . . 61
Yida Li et al.: From Slab Dynamics to Seismicity: A Global Perspective . . . . . . . . . . . . . . . . . . . 63
Mohit Lohani et al.: Geodynamic models of the Hellenic slab: implications for seismicity and stress . . 65
Julian P. Lowman et al.: Impact of numerical model dimensionality on stagnant-lid convection in ex-

treme curvatures and the influence of dynamically-varying thermal conductivity . . . . . . . . . . . 66
Tianyang Lyu et al.: Mantle flow acceleration drives episodic mobile-lid tectonics in Earth-like planets . 67
Ziqi Ma: Revisiting Plume-Induced Oceanic Hotspot Swells and Global Plume Buoyancy Fluxes . . . . . 68
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Vojtěch Patočka et al.: Layered bubble-rich structures on icy worlds: near-vacuum experiments with

large volumes of low-salinity water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
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Felipe Sáez Leiva et al.: Two-phase flow modelling with FEniCSx: benchmarking and first steps into

studying deformation and fluid flow feedback in simple shear . . . . . . . . . . . . . . . . . . . . . . 103
Minji Seong et al.: Thermal structure modeling of subduction zones incorporating two-phase fluid flow 104
Kun Shang et al.: Did supracrustal materials build Archean continents? Evidence from coupled S-Si

isotopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Brandon Lopez et al.: Volatile distribution in a Crystallizing Venusian Magma Ocean with hydrody-

namic escape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
Henry W. Sitte et al.: Investigating the Stability of Thermochemical Piles for Different Origins . . . . . . 107
Stephanie A. Sparks et al.: From Thermochronology to Geodynamics - Adapting Uncertainty Analysis

for Lithosphere and Mantle Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
Dave Stegman et al.: Revisiting Thermal Evolution Models of Rocky Planets using Asymmetric Thermal

Boundary Layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Bernhard Steinberger and Shipboard Party SO319: A new approach to estimate oceanic upper mantle

viscosity structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
Simran Suresh et al.: Using ASPECT to construct a fully coupled 3D geodynamic landscape evolution

model - Preliminary results and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Shona A. Swan et al.: Tracking the Geochemical Evolution of the Oceanic Crust Using a Multi-Component

Geodynamic Model of Mid-Ocean Ridge Magmatism . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
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A discussion of rifted continental margins in a plate tectonic
context

Susanne Buiter*1,2
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Rifted plate margins form as continental stretching evolves into continental breakup. Since Wegener’s de-
piction of an abrupt boundary between ocean and continent, we have come to appreciate the intrinsic dynamics
of continental rifting as part of the interactions between Earth’s mantle and lithosphere. This is reflected in
rifted margin processes and architectures that share common features, but also seem to point to a certain level of
uniqueness among rift systems.

In this overview presentation, I aim to examine curiosity-driven questions regarding rifting, such as: Which
factors and processes determine the localisation of rifting in a Wilson Cycle perspective, where rifts open at or
near former sites of ocean closure? What is the role of mantle plumes? How can active ocean spreading centres
jump, leading to the formation of microcontinents? Why do some rifts fail?
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Interpretable Physics-Based Machine Learning for
Geodynamic Modeling

Denise Degen*1,2

1TU Darmstadt
2GFZ Helmholtz Centre for Geosciences

*degen@geo.tu-darmstadt.de

Characterizing the influence of geodynamical models is important to improve our understanding of the devel-
opment and current state of subsurface properties. Which are, in turn, of great societal relevance, for questions
such as renewable energy. However, enabling a quantifiable characterization is a major challenge in Geodynamics,
due to the high computational cost associated with both the model and the analysis for characterizing the influ-
ential parameters. The high cost of the model is caused by a high dimensionality in space, and time and a large
number of input parameters. The cost of the probabilistic analyses is related to the large number of individual
model solves required for performing the characterization.

To address the computational demand, we introduce the usage of surrogate models. Surrogate models com-
prise data-driven and physics-based approaches. While data-driven techniques, such as neural-networks, well
capture complex system responses, they typically lack interpretability, hindering the degree of reliability of the
model outcomes. This, in turn, poses challenges for the integration into digital twins especially in applications
where risks need to be assessed. In contrast, physics-based approaches are fully interpretable, but often limited
to elliptic and parabolic partial differential equations. Hence, they cannot capture the full complexity of the
systems dynamics. To overcome the limitations of both data-driven and physics-based techniques, we introduce
a hybrid approach namely the non-intrusive reduced basis method within the class of projection-based model
order reduction techniques.

In this contribution we illustrate the benefits of these interpretable AI-assisted surrogate models to charac-
terize the variability of geodynamic processes. To demonstrate the opportunities and challenges across multiple
applications, we present the approach for examples from the field of mantle convection and lithospheric dynam-
ics.
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Lithospheric Dripping Across Tectonic Regimes: From Earth’s
Orogens to Venusian Tectonics

Oğuz Hakan Göğüş*1

1Eurasia Institute of Earth Sciences, Istanbul Technical University (ITU)
*goguso@itu.edu.tr
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This presentation explores the dynamics of viscous lithospheric dripping and its profound impact on surface
topography and crustal deformation. Drawing on thermo-mechanical and analogue modeling across diverse
settings, we will examine how these gravitational instabilities trigger rapid topographic uplift and crustal flow in
active orogens like the Central Andes and the Anatolian Plateau. We will also review the mechanisms behind these
drips, including eclogitization in magmatic arcs, and outline their diagnostic thermal and structural signatures.
Finally, the talk will extend these geodynamic concepts beyond Earth, highlighting how similar drip mechanisms
may drive crustal evolution and topographic features on Venus as well as their crucial role in biogeodynamic
cycle.

3

 goguso@itu.edu.tr


Coupling long-term geodynamics and dynamic rupture:
Deformation of the lithosphere across scales

Anthony Jourdon*1

1Université Côte d’Azur, Nice, France
*

Tectonic deformation plays a crucial role in shaping Earth’s surface. Strain localization leads to the forma-
tion of shear zones at depth and faults at the surface, accommodating a significant portion of plate displacement
within plate boundaries. Over millions of years, deformation can be considered as a spatially and temporally con-
tinuous process of visco-plastic strain localization. At shorter timescales, strain localization involves the alterna-
tion of continuous visco-elastic deformation and discontinuous, almost instantaneous elasto-plastic deformation
events rapidly releasing strain energy: earthquakes. Linking long-term plate boundary formation and short-term
earthquake mechanics is a challenging active field of research. In this presentation I will provide an overview of
concepts, methods and advances in linking long-term geodynamics and short-term earthquake dynamics.
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Numerical modelling of multi-phase flows in magmatic
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Magmatic systems in the Earth’s mantle and crust exert important controls on planetary differentiation and
long-term evolution, crust formation tied to tectonic regimes, and both hazards and resources associated with
volcanism. These systems range from melt-poor partially molten rock, to mush bodies at intermediate melt frac-
tions, and lenses of melt-rich, eruptible magma suspensions. Previous process-based models tended to represent
magmatic systems as either porous flows (melt fraction < 20 %) or suspension flows (melt fraction > 60%). A lack
of theoretical basis to represent mush flows at intermediate phase fractions has thus far hindered investigations
into the dynamics of cumulate layers during magma ocean solidification as well as crustal mush bodies mediating
magma ascent and petrogenesis in diverse tectonic settings. Moreover, previous theories were formulated specif-
ically for two-phase flows of melt-solid mixtures and did not account for additional, volatile or other fluid phases
despite their crucial role in driving volcanic activity and magmatic ore genesis.

My contribution addresses these gaps in theoretical understanding and modelling capacity by presenting a
comprehensive theory [1] of magmatic multi-phase flows across all phase fractions at the system scale, rooted
in mixture theory. I demonstrate its applicability with a numerical implementation using a finite-difference
staggered-grid approach [2].

Numerical experiments replicate expected behaviours for two-phase flows including rank-ordered porosity
wave trains in 1D, and porosity wave breakup in 2D in the porous flow regime, as well as particle concentration
waves in 1D, and mixture convection in 2D in the suspension flow regime. In the mush regime, numerical ex-
periments show strong melt localisation into lenses and stress-aligned melt-shear bands. A further application
to a three-phase flow problem of immiscible melt segregation from a crystallising magma body demonstrates the
versatility of the theoretical model and its numerical implementation.
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Among the many observed differences between the surfaces of Earth and Venus, the apparent lack of present-
day plate tectonics as well as the abundance of volcano-tectonic features called coronae on Venus are among the
starkest. These observations may be connected. The surface expression of both large-scale mantle upwellings
(plumes from the core-mantle boundary) and downwellings, as well as smaller scale upwellings and down-
wellings (which manifest as coronae) can be understood within the framework of a terrestrial mantle undergoing
a complex array of mineral phase transitions beneath a wholly connected lithosphere [1]. The mineral phase
transition from wadsleyite to majorite and ferropericlase (WMF), which occurs at ∼600 km depth in Venus, is
relevant for planetary mantles with potential temperatures greater than 1700 K [1,2,3]. Two-dimensional man-
tle convection models that incorporate multiple phase transitions in pyrolite under Venus-like temperatures and
pressures are explored using the geodynamic code ASPECT [4,5,6] and by employing the projected density ap-
proximation [7] and the entropy formulation of the energy equation [8]. The equation of state for the pyrolite
composition is generated from the thermodynamic modelling software HeFESTo [9,10,11]. This talk will discuss
the role that the WMF transition may play in explaining the complex surface expression of multi-scale mantle
plumes on Venus in the present-day [1] as well as discuss the role that changing mineral phase transitions play
in affecting how heat flows through the mantles of stagnant lid planets [12]. We will show how the WMF phase
transition creates a regime of partially layered convection in a 2D stagnant lid model and how this state of layered
convection creates upwellings and downwellings of multiple scales. We will also show that the WMF transition
enhances the magnitude and variability of surface heat flow compared to an expected Rayleigh-Nusselt scaling
relation. Finally, the dynamic topography from our modeling results for Venus are consistent with observations
of a mid-wavelength (≈ 600 km) spatial frequency in the recent surface deformation history along the 7,000 km
long Baltis Vallis lava channel [13]. The dynamical effect of the WMF phase transition may work in concert with
melt-induced heat flow and lithospheric thinning (in the case of a “squishier” lithosphere [14]) to explain Venus’s
present-day surface.
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The geologically young surface of Jupiter’s icy moon Europa exhibits multiple lines of evidence for both di-
vergent and convergent tectonic activity: dilation bands, where fresh ice has been emplaced, and regions inter-
preted as “subduction” zones, where ice appears to have descended under the surface [1]. Although these features
were initially compared to terrestrial mid-ocean ridges and subduction zones, Europa’s tectonic motions are likely
driven by a fundamentally different mechanism: by cyclic global expansion and contraction of the ice shell [2,3,4].

These volumetric changes are thought to result from long-term variations of Europa’s orbital eccentricity, as
periods of enhanced tidal heating promote melting of the ice shell, whereas reduced tidal heating leads to freezing
of the subsurface ocean [4]. Through this process, Europa’s tectonics may enable vertical transport of chemical
compounds across the ice shell, possibly allowing for transient habitable conditions within the subsurface ocean.
The efficiency of this exchange depends on the amplitude and frequency of eccentricity variations [3].

Our estimate based on the difference in surface area between fully liquid and fully solid hydrosphere reveals
that the present-day area of Europa’s dilation bands (900,000 km2) can only be explained by multiple episodes
of ice shell thinning and thickening [5]. However, given that the age of Europa’s surface is only ∼ 180 Myr,
this interpretation is inconsistent with thermo-orbital models, which predict the eccentricity variation cycles on
time scales of hundreds of millions of years [4,6]. One possible explanation is that the thermo-orbital evolution
of the Jovian satellites, particularly that of Io, operates on much shorter time scales than previously assumed
[5]. Consequently, investigation of Europa’s dilation bands might provide insight not only into Europa’s internal
dynamics, but also into Io’s orbital evolution, heat transfer and volcanic activity.

Figure: The link between Io’s thermo-orbital evolution and Europa’s tectonic deformation. Periods of rising eccen-
tricity trigger a subduction-like process on Europa, while periods of decreasing eccentricity give rise to ”rifting”
(band formation).
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All crystals exhibit symmetry, which often leads to direction-dependent (i.e., anisotropic) intrinsic properties
at the grain scale. Here, we focus on the viscous anisotropy of two prevalent Earth-forming crystals: ice and
olivine. Olivine has orthorhombic symmetry, with three main slip systems that accommodate creep deformation.
In particular, dislocation creep occurs more than an order of magnitude more easily along the [100](001) and
[100](010) slip systems than along the [001](010) slip system. Similar to olivine, ice is highly anisotropic when
deforming via dislocation creep; however, due to its hexagonal symmetry, deformation generally activates only
the basal slip system.

During large-scale deformation, rock-forming crystals may rotate, deform, or recrystallise, leading to a sys-
tematic alignment of crystallographic axes. This is referred to as crystallographic preferred orientation (CPO),
and can be inferred from seismic or radar observations in different regions of the Earth, including ice sheets at
the surface and the upper mantle at depth. When CPO is well developed, the intrinsic anisotropy of individual
crystals averages in such a way that the macroscopic properties of the aggregate also become direction-dependent.
Consequently, anisotropic viscosity and texture evolution are tightly coupled and should be modelled in a fully
coupled framework.

To incorporate texture-related viscous anisotropy into large-scale geodynamic models, one requires: i) a mi-
cromechanical model that describes how a single crystal responds to different loading conditions, ii) a texture evo-
lution model that describes how the orientations (and grain sizes) of individual grains evolve during large-scale
deformation, and iii) a homogenisation method that averages the micromechanical behaviour of the grains based
on their orientations.

These components must then be used to incorporate the direction-dependent rheology into the constitutive
equations.

In this presentation, I will introduce a statistical method that simplifies steps (i) and (iii) by inferring the
parameters describing anisotropic viscosity directly from the CPO. This method has been applied to olivine and
has the potential to be extended to ice. Accounting for anisotropic viscosity in both the mantle and ice can
significantly affect modelled ice-sheet dynamics, for example, through modified post-glacial rebound rates and
through time- and space-dependent internal ice dynamics.
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Rocky planets function as heat engines, with internal heat driving mantle convection, tectonics, and magma-
tism. In this talk, I will examine how these processes are coupled and how their feedbacks control the long-term
thermal and chemical evolution of rocky planets. Variations in heat production, rheology, crustal buoyancy,
volatile content, surface conditions, and melt generation can lead to distinct global tectonomagmatic regimes,
including plate tectonics, stagnant-lid, episodic-lid, and plutonic–squishy-lid behavior. These regimes regulate
planetary heat loss, crustal recycling, volcanic outgassing, and the generation and longevity of magnetic fields,
ultimately shaping the evolution of planetary surface and atmospheric conditions. Placing Earth within a broader
comparative planetary framework, I will show how interior dynamics shape the present-day states of rocky plan-
ets in the Solar System and beyond.
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Efforts to understand the generation of plate-like surface behaviour from a vigorously convecting mantle have
included studies focused on both investigating the feedback between the plates and the deep mantle, and the
ability of the mantle to generate plates, regardless of their influence on the planet’s interior. As computational
power has increased, and spherical 3D models have become commonplace, the problem of investigating the con-
trol parameters affecting plate generation first necessitates determining a way to identify the contiguous surface
segments that may comprise distinct plates. Confirmation that plates have indeed been generated then requires
verifying that each candidate plate’s motion on the spherical surface is equivalent to rotation about an associ-
ated Euler pole. Plate generation is profoundly impacted by mantle viscosity structure, which includes a strong
temperature-dependence that results in feedback between the lowermost mantle and the surface. Accordingly,
LLVPs and the formation of plates may be intertwined, such that the surface motion impacts the distribution of
the LLVPs but the properties of the provinces may affect the mantle’s overall viscosity structure and therefore
plate formation itself. Here, we shall discuss some of the progress in modelling and verifying plate generation in
mantle convection calculations, as well as feedback between the deep mantle and surface.

Figure: Plate identification, surface deformation and plate interior temperature from a mantle convection calcu-
lation
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Magmatism plays a key role in the operation of plate tectonics, yet the details of magma generation in the
mantle and transport to the surface remain unclear. In this talk, I will give a brief introduction to the grow-
ing evidence that melt is more widely distributed in the asthenosphere-lithosphere system, which questions our
classical models of mid-ocean ridges and the lithosphere-asthenosphere boundary. Then, I will talk about re-
cent progress in understanding how melts may be extracted across the ductile–brittle lithosphere to the surface.
Magma transport changes from porous flow in the hot, ductile mantle to fluid-filled fractures, known as dikes and
sills, in the cold, brittle crust. Accurate representation of these processes in geodynamic models is crucial for un-
derstanding lithospheric deformation and planetary dynamics, as magma transports heat and alters lithospheric
stresses.
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Thermomechanical models of subduction zones have contributed significantly to understanding a large range
of geodynamic processes. Many of the observations that link these models to plate tectonic reality come from
seismology, which as all geophysical methods is restricted to the observation of the “now” state, and comes with
sometimes considerable uncertainties. In this talk, we will present some recent seismological results related to
intermediate-depth earthquakes in the uppermost ∼200 km of subduction zones, and their possible implications
for ongoing geodynamic processes.

Intermediate-depth seismicity in subduction zones often forms double seismic zones, two parallel layers of
earthquake hypocenters parallel to the slab dip. Moment tensors from these earthquakes thus allow a glimpse
at the intraslab stress field at two different depth levels inside the downgoing plate. A global compilation of
moment tensor observations shows that while the lower plane seismicity consistently shows downdip extension
everywhere, upper plane seismicity shows either uniform compression or uniform extension along the slab dip,
depending on the subduction zone segment. This likely hints at a complex interplay between bending and un-
bending stresses and “in-plane stresses” (mostly slab pull), leading to a dominance of one over the other depend-
ing on current local conditions.

Secondly, intermediate-depth earthquakes are intimately linked to the hydration of the downgoing oceanic
lithosphere in the Outer Rise region, and its dehydration at depth. While many modeling attempts assume a fixed
hydration for oceanic crust and uppermost mantle, we observe that initial hydration of the downgoing plate likely
varies considerably along strike, dependent on bathymetric features being subducted. We will present evidence
from recent high-resolution studies along the South American subduction zone that highlight the variability of
oceanic plate hydration as well as its likely concentration near subducted bend-faults.
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Deformation of ice has been studied in laboratory since the pioneering work of Glen et al. [1]. These exper-
iments were carried out to better understand the deformation of terrestrial glaciers. More recent experiments
(e.g. Goldsby & Kohlstedt [2], McCarthy & Cooper [3]) were carried out to better understand the dynamics of icy
worlds. Merging these different data sets is important to define the deformation laws relevant to processes such
as subsolidus convection and tidal dissipation which play a critical role in shaping the geological evolution of icy
worlds. These two processes involve different frequencies. While convection processes are best described by the
secondary creep of ice (or even tertiary creep), primary creep should be used to describe tidal dissipation. The
different creep laws will be described and discussed. Then application to icy worlds such as Europa, Ganymede,
Enceladus, and Titan will be described.

One ingredient of icy moons is organic molecule. As the interior temperature increases, these organic molecules
degrade, releasing soluble organics and more volatiles compounds such as CO2, CH4, and N2. Thermochemical
evolution models will be described. They suggest that clathrate hydrates may form. Their influence on interior
processes and global evolution is reviewed.

Among these icy worlds, the Galilean icy moons and Titan will be explored by the upcoming space missions
JUICE, Europa Clipper, and Dragonfly. Information on the thickness of their ice crust, depth of their oceans, and
deformation should provide key measurements to constrain models of their present interior structure.
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Ductile deformation is usually associated with slow and uniform deformation such as mantle convection. Yet,
it is also sensitive to temperature and strain rate and therefore prone to the development of instabilities which can
result in strain localization and faster deformation. Examples of ductile localization include mylonites, slow-slip
events and deep earthquakes. The latter are detected in depths of up to 700 km and exhibit slip velocities in the
range of 10−3 to 101 m s−1. Such rapid deformation is usually associated with brittle failure, but the conditions
under which deep earthquakes occur suggest that it is predominantly ductile.

Reaching slip velocities on the order of mm s−1 requires a specific localization mechanism. One such mecha-
nism is thermal runaway, a feedback loop of shear heating (the conversion of elastic energy to thermal energy dur-
ing irreversible deformation), temperature-dependent viscosity and localization. Several one-dimensional (1D)
thermomechanical studies support the viability of thermal runaway to cause rapid ductile slip. Two-dimensional
(2D) studies have also demonstrated the ability of thermal runaway to propagate through a previously intact host
rock, weakening it locally, and resulting in narrow shear zones.

Here, we present new 2D thermomechanical models of thermal runaway in olivine under simple and pure
shear conditions in line with the cold cores of subducting slabs. The models employ a composite visco-elastic
rheology including diffusion creep, dislocation creep, and low-temperature plasticity. Adaptive time stepping
and local grid refinement allow us cover length scales from centimeters to kilometers and time scales from mil-
liseconds to thousands of years in one model.

Our models capture the nucleation and transient propagation of ductile ruptures through a previously intact
host rock. The ruptures initiate in zones of reduced strength and under plate tectonics deformation rates (∼ 10 cm
yr−1). During propagation, they self-localize and accelerate to reach slip velocities in the range of earthquakes (>
1 mm s−1). The magnitude of maximum slip velocity depends on a nondimensional ratio between elastic energy
and thermal energy in the host rock prior to rupture nucleation. This is in line with the location of deep-focus
earthquakes at the bottom of the mantle transition zone where phase transitions and slab deformation due to
the resistance of the lower mantle can cause stress increases. Considering the latent heat of melting reveals that
the local temperature surge due to thermal runaway is fast enough to completely melt a thin layer of peridotite
during rupture propagation.

The ruptures nucleate in the cold slab core and self-consistently run out in its high-temperature/low-stress
edges. Our models suggest that thermal runaway provides a plausible explanation for the location, propagation,
and arrest of deep-focus earthquake ruptures.
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Figure: Ductile rupture propagation by thermal runaway under mantle transition zone conditions. Upper left
shows deviatoric stress field, upper right shows melt fraction, lower left shows temperature field, and lower right
shows velocity field. Insets zoom into the area around the ruptures.
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Topography on Earth results from the couplings and feedbacks that exist between tectonic deformation and
climate-fueled surface processes. In this coupled system, fluvial and glacial erosion are not merely a decoration
on top, but have the potential to modify and even fully counteract tectonic deformation. This raises the question
of how different tectonic and erosional settings are expressed on Earth. This talk will provide an overview of how
the interaction between tectonic deformation and surface processes can be quantified with the help of coupled
geodynamic-landscape-evolution models, with a focus on mountain belts on Earth. To this end, we will first
introduce the underlying physics of mountain building and fluvial erosion. Second, we will show how to couple
2D and 3D geodynamic models with landscape evolution models, and where the main challenges lie. Third, we
will use these coupled models and non-dimensional analysis to quantify the interaction between surface processes
and tectonics during mountain building. Finally, the modelling results are compared to several orogenic systems
on Earth, highlighting how tectonics and climate determine mountain belt shape, size, and height.
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Although Venus lacks Earth-like plate tectonics, trench-outer rise systems identified at coronae and other fea-
tures have been interpreted as evidence for localized lithospheric recycling [1,2]. These sites exhibit substantial
geometric variability, including the large quasi-circular trench system at Artemis Corona, the smaller dual-trench
morphology of Latona Corona, and the elongated trench at Derceto Plateau. Flexural topography associated with
these features has been used to estimate elastic thickness (Te), providing constraints on lithospheric mechani-
cal strength and thickness. In particular, the large flexural amplitude and high inferred Te at Artemis Corona
suggests a thicker and mechanically stronger lithosphere than at other proposed recycling sites. While previous
models of plume-induced subduction primarily focused on thin, weak lithosphere, the observed flexural signa-
tures at Artemis suggest that rollback-style lithospheric recycling may also occur in thicker, stronger lithosphere.
Previous 2D models have shown that peel-back delamination (PBD) may be a viable mechanism for recycling
thicker lithosphere on Venus [3,4], but it remains unclear whether PBD is viable in 3D and whether it can repro-
duce the range of observed trench geometries and flexural signatures at proposed recycling sites.

Here, we present a suite of three-dimensional numerical models of PBD induced by plume-rift interactions
under Venus-like conditions to investigate the evolution of its surface expression in 3D. Models are computed
using the finite-volume mantle convection code, StagYY [5]. Simulations are performed in a spherical-patch ge-
ometry using a viscoplastic rheology with diffusion creep and temperature- and depth-dependent viscosity. A
low-density sticky-air upper boundary condition allows the development of realistic topography. Crustal den-
sities are calculated using Perple X [6] phase equilibria calculated for Venusian basalt compositions. The initial
condition includes a hot mantle plume head placed 700 km below a finite-length rift zone. We vary lithospheric
thickness, rift length, mantle temperature, and lithospheric strength to evaluate the conditions under which PBD
occurs and whether it can reproduce the observed trench geometries and flexural signatures of Artemis Corona,
Latona Corona, and Derceto Plateau.

Results show that lithospheric thickness exerts the primary control on whether PBD occurs. Models with
thin lithosphere remain stable while thicker lithosphere (TL ≥ 150 km) undergoes sustained PBD driven by the
negative buoyancy of the lithospheric mantle and eclogitized lower crust. Rift geometry strongly influences the
resulting trench morphology where short rifts (L = 600 km) produce quasi-circular trench systems like Artemis
and Latona Corona, and longer rifts (L = 1800 km) produce elongated arcuate geometries like Derceto Plateau.
Although the weak flexural signature at Derceto Plateau suggests that PBD is unlikely to be the dominant recy-
cling mechanism in that region, PBD successfully reproduces the observed elastic thickness and trench outer rise
structure at Artemis Corona (Figure) and the dual-trench morphology of Latona Corona.
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Figure: Comparison between observed Artemis Corona topography and the best-fit 3D PBD model at 7.4 Myr.
The model reproduces the large quasi-circular geometry, flexural topography, and inferred elastic thickness of
Artemis Corona.
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Understanding the present-day internal dynamics of Mars requires bridging the gap between sparse observa-
tional constraints and the vast, poorly constrained, parameter space of mantle plume physics. The Tharsis rise,
host to the largest volcano in the solar system, Olympus Mons, is characterized by a free-air gravity anomaly
reaching up to 3,540 mGal that cannot be explained by lithospheric flexure alone, requiring a substantial mantle
mass anomaly [1,2]. Additionally, a long-term acceleration in Mars’ rotation rate detected by InSight’s RISE exper-
iment points to a possible ongoing redistribution of mass in the Martian interior [3]. Together, these constraints
motivate a systematic modeling effort to characterize the state of a possible mantle plume beneath Tharsis.

Therefore, we simulate the long-term geophysical evolution of the Martian mantle using the ASPECT code,
introducing a deep thermal anomaly beneath the Tharsis region to drive plume development from initiation to
the present day. The computations are performed in a 2D geometry (chunk and spherical annulus), assuming an
incompressible flow under Boussinesq approximation. We investigate depth and temperature dependent viscosity
profiles drawn from the literature, spanning from 1020 to 1023 Pa·s. We explore how these profiles control plume
longevity and the amplitude of the resulting time-variable gravity observations. For each scenario, we forward-
model the gravity-rate signature and compare outputs against existing InSight and orbital gravity constraints.

Predicted gravity-rate signals in the most favorable configurations reach approximately 20 nGal/year [4],
sitting at the detection threshold of current satellite tracking. We evaluate how detectability varies across the
parameter space, to identify which plume configurations would be resolvable with existing missions and which
would require improved instrumentation or longer observation baselines, such as the proposed MaQuIS concept
mission [5].

By systematically narrowing the plausible parameter space, our results provide refined constraints on the
viscosity structure and thermal state of the Martian mantle, and assess the extent to which a present-day plume
or its remnant is consistent with available observations.
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The seafloor fabric is a vast geologic feature of Earth, yet the underlying controls remain debated. Studies
have proposed Milankovitch glacial cycles with periods of 23, 41, and 100 kyr as a control on hydrostatic pres-
sure at the ridge-axis, thus controlling melt flux, crustal thickness, and topography. However, bathymetric and
crustal thickness observations have produced a wide range of periods, including those longer than 100 kyr that
fall outside the range explainable by Milankovitch forcing alone [1]. This discrepancy suggests that additional
mechanisms must be at work in producing these longer-period signals.

At mid-ocean ridges (MORs), new oceanic crust is created and physically transformed through mainly a com-
bination of magmatic emplacement and faulting. Recent observations suggest that seafloor relief contains periodic
components from 10s to 100s of kyrs, not easily explained by standard models of oceanic lithosphere formation.
Furthermore, two-phase flow models have shown that at slow to intermediate spreading rates, MOR magma sup-
ply varies significantly with time in the form of wave-like instabilities.

To understand if fluctuating MOR melt supply can explain the wide range of seafloor topography and crustal
thickness periodicities, we simulate seafloor spreading in a visco-elasto-plastic lithosphere subject to magma
injection rates derived from two-phase flow model data. We use a Fast Lagrangian Analysis of Continua (FLAC)
model of magma emplacement and faulting at slow to intermediate spreading rates subjected to inputs of magma
flux from two-phase flow models with different mantle permeabilities [2, 3]. From comparing the spectra of
the crustal thickness produced by two-phase models alone to FLAC models including two-phase model data, we
observe that brittle deformation processes systematically dampen nearly all periodicities shorter than 100 kyr
while promoting longer ones across spreading rates. Future work will involve an exploration of the parameter
space to determine which periods of magmatic fluctuation are best expressed at various MOR settings.

Figure: Top: Crustal thickness over time of two-phase model and FLAC with two-phase model data as inputs for
a half spreading rate of 2 cm/yr. Bottom: Power spectra of crustal thickness for two-phase and FLAC models with
spectral peaks marked.
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Europa is a primary candidate for habitability due to the presence of a liquid subsurface ocean in direct
contact with its rocky mantle [1]. Chemical exchanges favored by hydrothermal activity associated to magmatic
phenomena could bring compounds suitable for the ocean’s habitability [2]. The occurrence and timescale of
magmatic activity at the seafloor of Europa, however remains debated. Some studies suggested a hot scenario,
where partial melting in Europa’s mantle occur during most of the moon’s history, with melt generation triggered
and sustained by radioactive heating and tidal dissipation alongside limited heat removal by thermal convection
[3]. Other studies proposed that Europa had a colder thermal evolution [4], implying delayed magmatism and
much more modest amounts of melt. Even if magmatism is significant at depth, it might not result in seafloor
volcanism [5]. However, the feedback of melting on mantle rheology as well as the different modes of extraction
or retention of the melt were not entirely investigated. Such effects might have considerable implications on the
dynamics of convection and thermal evolution of Europa’s mantle.

In this study, the thermal evolution and melt production in Europa’s silicate mantle is investigated using
a three-dimensional (3D) numerical model that solves for thermal convection considering radiogenic and tidal
heating [6, 7]. The timescale and location of melt production in the mantle is analyzed by considering several
melt treatments as well as the feedback of melting on mantle rheology and solidus temperatures [8]. Melt treat-
ments involve (1) instantaneous melt extraction once the temperature is above the solidus with removal of excess
thermal energy; (2) melt retention where melt is advected with the solid matrix and can crystallise once the
temperature drops below the solidus; (3) an intermediate melt extraction where melt migrates upward and can
heat its surroundings. Our results show that melt generation and production rates in Europa’s mantle strongly
depend on the considered melt treatment and the subsequent effect on mantle rheology. In the instantaneous
melt extraction case, melting predominantly occurs at great depths below a thick lithosphere with relatively low
melting rates. If melt remains with the solid matrix, the average melting rate can be ten times higher, with local
partial melting up to 20% under favorable conditions. The retention of melt impacts the vigor of convection as
local buoyancy and viscosity are respectively increased and decreased. As such, upwelling plumes develop more
quickly and can significantly affect the thermal structure of the stagnant lid (Figure). These hot plumes could
be able to erode the cold lithosphere, thus reducing the local thickness of the stagnant lid and allowing melt to
be generated closer to the seafloor. This effect is even more prominent in the reactive melt extraction treatment,
which may suggest that melt could be generated at shallower depths than previously anticipated. Tidal dissipa-
tion, amplified in partially molten regions, could further enhance this effect. The weakening of the stagnant lid
rheology due to the penetrating plumes could potentially favor dyke development and the transport of melt at
Europa’s seafloor.

References

[1] W. B. Moore, H. Hussmann (2009). Thermal evolution of Europa’s silicate interior, in: R. T. Pappalardo, W. B.
McKinnon, K. K. Khurana (Eds.). Europa, University of Arizona Press, Tucson,, pp. 369–380. doi: https://doi.org/10.2307/j.ctt1xp3wdw.21
[2] Vance, S. D. et al. (2016). Geophysical controls of chemical disequilibria in Europa. Geophysical Research Let-
ters 43 4871–4879. doi: https://doi.org/10.1002/2016GL068547
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Figure: Vertical cross-sections of Europa’s mantle viscosity. a) Initial state. b) Instantaneous melt extraction case.
c) Case where melt remains and is advected with the solid matrix. d) Melt percolation case.
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Recent high-resolution seismic tomography and receiver function studies have revealed a variety of mantle
plume morphologies [1]. Lateral ponding between 1000 km and 660 km depths can be seen below Réunion and
Comores [2] and tree-like plume morphologies can be found beneath major hotspots such as La Réunion [3],
Afar [4, 5] or Azores [6], characterized by multiple secondary plume branches (plumelets) with varying sizes
and temperatures. The physical mechanisms controlling the generation of these structures and their temporal
variability are not well understood. Previous studies suggested that plume morphology is sensitive to the viscosity
structure near the mantle transition zone (between 410 km and 660 km depth) and/or to the Clapeyron slope of
the ringwoodite/perovskite 660-km phase change [7, 8, 9], or to the thermochemical nature of plumes [10, 11].
However, most related numerical studies rely on setups with a circular plume imposed via a thermal and/or
thermochemical anomaly and without self-consistent plate tectonics.

Here, we use 3D compressible spherical-cap convection models (StagYY, [12]) with pseudo-plastic rheology
producing self-consistent plate-like tectonics to investigate how viscosity structure and phase transitions control
the morphology and dynamics of purely thermal plumes arising from self-consistent convection. We consider
an Arrhenius-type viscosity law with an optional 10 to 100-fold viscosity jump at 660 km [13] or 900 km [14],
combined with up to three olivine phase transitions at 410, 520 and 660 km depth [15]. The surface yield stress
is tuned independently for each viscosity profile to ensure plate-like behavior. We also developed an automated
algorithm to detect and track plumes through depth and time, defining them as the ∼96th-highest percentile
of upward vertical advective heat transport, and computing plume diagnostics (buoyancy flux, section, mean
temperature) using Gaussian-weighted averages to reduce sensitivity to detection thresholds.

We identify four distinct plume morphology types. Type 1 exhibits conduit necking driven by the viscosity
jump and/or the exothermic phase transitions at 410 and 520 km, which enhance upward buoyancy via a sucking
effect. Type 2 shows mild bulging at the endothermic 660-km transition with a broad penetration of the plume
into the transition zone. Types 3 and 4 consist of tree-like plumes showing respectively mild or large lateral
ponding at 660 km, from which 2–6 or more than 10 secondary plumelets emerge respectively. The transition
between these types is primarily controlled by the viscosity at the 660-km depth: sufficiently high viscosity
enables plume penetration, while a larger density jump strengthens the barrier. Remarkably, including all three
transition zone phase changes completely suppresses the tree-like types within the parameter range explored.
For these types, detected plumelets are shorter-lived (∼10–50 Myr) than the parent plume (∼1 Gyr) and exhibit
temporal variability uncorrelated with it. They display distinct mean temperatures, which may result in different
degrees of partial melting and distinct geochemical signatures at the surface.
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The past decade has seen the consolidation of open access practices in scientific publishing, with funding
bodies, international agencies and academic institutions requiring free access to not only scientific papers but
also other output such as datasets and computer codes. The transition to open access practices has led multiple
academic publishers to offer Gold Open Access (GOA) schemes, under which scientific papers are free-to-read.
Compared to the traditional publication models, GOA comes at a much higher cost for authors. These practices
have had a documented negative impact on the scientific publishing landscape, from the rise of predatory journals
to the broadening of the economic divide between academic institutions.

Partly in response, different fields of Earth Sciences have seen the rise of several community-led Diamond
Open Access journals (DOAJ). These journals are free-to-publish and free-to-read. The aim is to remove financial
barriers to scientific publishing by making peer-reviewed articles available at no cost to both authors and readers,
thus offering a platform for true open science. DOAJs are created and maintained by the very same scientific
community they aim to serve, thus removing economical and business considerations that drive a large fraction
of the modern publishing landscape. These community-led journals offer a high-quality alternative to classical
for-profit scientific journals.

We are pleased to announce a new DOAJ initiative called Geodynamica. Coordinated by a core committee
of seven scientists, Geodynamica aims at promoting academic discourse and disseminating research pertaining
to the quantitative study of Earth and (exo-)planetary internal structure, dynamics, and evolution from observa-
tional to modelling perspectives.

Geodynamica, which has launched in July 2025 and now successfully published its first articles, enjoys the
support of eScholarship (University of California), and hugely benefits from the experience of existing community-
led journals within the geoscience field, such as Volcanica, Tektonika and Seismica, as well as the help of an
editorial team composed of established volunteer scientists.

In this contribution, we will provide the vision behind this initiative, report on the structure of this journal,
its scope, and the remarkable community effort that made this new DOAJ a reality, as an inclusive alternative to
traditional paywall scientific publishing journals.
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The Lunar crustal dichotomy, which is composed of the farside and nearside differences in crustal thickness,
volcanism and surface composition, does not have a clear origin so far. Multiple mechanisms can be found in
literature that attempt to explain aspects of the dichotomy, but none have managed to fully explain the entirety
of the dichotomy. Our work starts from the hypothesis that all aspects of the dichotomy must be related and
should originate from the solidification of the Lunar Magma Ocean (LMO). Given that the dichotomy is aligned
in reference to Earth, we investigate if Earth’s influence can explain this, through its tidal effect on the LMO when
the Moon was in proximity to the Roche limit.

Using a version of StagYY [1] modified with a 3-dimensional gravity that accounts for tidal effects, we model
the LMO solidification starting from a fully molten Moon.

Our models show that an asymmetric degree two convection pattern can emerge during the beginning of
solidification. This tide-drive magma ocean convection is characterized by two massive plumes on the nearside
and farside and subduction in the perpendicular plane at the poles. The nearside plume is faster than the farside
one given the asymmetries in the tidal forces between each side. This convection pattern inhibits the solidification
of the LMO as well as any sort of compaction its solid fraction towards the bottom. As the Moon’s orbit recedes,
the asymmetries between each plume become more pronounced, resulting in significant differences in degree of
crystallization, chemical differentiation and crust formation rates. All of these differences eventually become all
of the aspects we know today that form the lunar crustal dichotomy.

Figure: Concentration of incompatible trace elements in an average of 400,000 years at 5-6 Earth radii distance.

References

[1] Tackley, P. J. (2008). Modelling compressible mantle convection with large viscosity contrasts in a three-
dimensional spherical shell using the yin-yang grid. Physics of the Earth and Planetary Interiors, 171(1–4), 7–18.

11

daniel.astudillo@eaps.ethz.ch


Why is Enceladus so stressed?
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Enceladus, a small moon of Saturn, is considered one of the most geologically active bodies in the Solar system.
Its numerous surface features, anomalously high heat flux, and large variations in ice-shell thickness are the result
of both internal and external processes over a wide range of temporal scales.

Here, we investigate the contribution of eccentricity-driven diurnal tides, non-synchronous rotation, and vis-
cous flow to the stress state of Enceladus’ ice shell.

At short timescales (orbital period, i.e., 1.37 d), we examine stresses induced by tidal forcing, considering
elastic rheology and the influence of frictionless faults. At much longer timescales (10 kyr –10 Myr), we assess
the effect of non-synchronous rotation assuming viscoelastic behaviour, a process proposed to occur in Enceladus
[1]. Additionally, we investigate the long-term effect of viscous flow induced by the lateral variations in ice-shell
thickness.

We model the response of Enceladus’ ice shell to tidal forcing and non-synchronous rotation, as well as the
viscous flow, using a three-dimensional finite-element approach [2–4]. The ice shell thickness model is based
on [4], assuming a mean ice shell thickness of 20 km. The geometry of faults, which represent Tiger Stripes in
the southern polar region, is parametrised following [5]. Temperature and viscosity profiles are described using
a simplified one-dimensional conductive model with an Arrhenius-type temperature dependence of viscosity.
We consider reference viscosities at the melting point in the range of 1013−15 Pa s and activation energy of E∗ =
60kJ/mol.

Diurnal tides induce the lowest stress among the investigated mechanisms. In the absence of faults, the maxi-
mum surface stress, reaching up to 100 kPa, occurs within the south polar terrain, where the ice shell is thinnest.
When frictionless faults are included, the combined effects of mechanical decoupling associated with the faults
and shell thinning further amplify the stresses. This combination also produces a depth-dependent change in the
stress regime, particularly in the direction parallel to the faults, due to the bending stresses.

If present, non-synchronous rotation is the dominant source of surface stress, generating stresses of up to
ten MPa. These surface stresses are approximately two orders of magnitude higher than those induced by diurnal
tides when assuming an elastic ice shell, and even higher when viscoelastic rheology is used.

Finally, the viscous flow generates surface stresses up to ∼500 kPa within the southern polar region, largely
independent of the viscosity considered at the bottom of the ice shell. The resulting stress field includes both
compressional and extensional stresses, with compression associated with locally thinned ice. Moreover, the flow
pattern depends on the imposed maximum viscosity contrast, transitioning from predominantly radial flow at
low viscosity contrasts to low-velocity tangential flow at high viscosity contrasts.

This work was supported by the Ministry of Education, Youth, and Sports of the Czech Republic through
e-INFRA CZ (ID:90254), and by the Czech Science Foundation (project No. 26-21877S).
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Many processes involved in the formation of plutonic bodies are currently unresolved or poorly constrained,
due to the inherent complexity of igneous systems. In particular, only limited quantitative tools are available
to address the extent to which the settling of crystals within magma affects the microstructure of igneous rocks.
Building upon [1], we present a new parameterized model of a convecting and solidifying magma reservoir, based
on experimentally supported kinetics of crystal nucleation and growth [2], in which crystals nucleate in the upper
thermal boundary layer, undergo growth while suspended in the convecting magma, before deposition on the
floor. The presented framework accounts for coupling with the host rock, enabling a self-consistent calculation of
the extracted heat flux that controls the convective vigor and thermal evolution of the reservoir. Incorporating the
results of 3D simulations of particle-laden convection [3], we introduce a probabilistic framework for the settling
of size-evolving particles to quantify the crystal size distributions in the cumulate pile and in the convecting
bulk interior. The vigor of the convection controls the crystal size distributions in the cumulate: weak convection
results in rapid sinking and a narrowing of the resultant size distribution, whereas vigorous convection results in
a broadening of the size distribution. In contrast, the mean crystal size is relatively unaffected by variation in the
settling regime. Additionally, the stratigraphic (temporal) evolution of the mean crystal size within the cumulate
is reported and we show that it is controlled primarily by the temperature dependence of magma viscosity, by the
initial composition of the magma, and by magma cooling history.
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Several icy worlds show surface features interpreted as products of effusive cryovolcanism (e.g., [1–3]), yet
the behaviour of saline liquids exposed to low-pressure environments remains poorly constrained. The coupled
effects of boiling, evaporative cooling, freezing, and salt precipitation are difficult to observe under planetary
conditions. This study presents sixteen experiments investigating how large volumes of water and saline solutions
behave during depressurisation.

Experiments were conducted in the Large Dirty Mars Chamber (“George”) at the Open University, UK, build-
ing on previous work [4]. Each run used a 40 × 40 × 40 cm glass tank containing 40 kg of liquid placed inside a
cylindrical vacuum chamber capable of reaching pressures of about 1 mbar. Deionised water was used as a ref-
erence, alongside NaCl, MgSO4, and mixed NaCl–MgSO4 solutions. Salinities ranged from 0.5 wt% to 5.0 wt%,
with near-eutectic solutions of approximately 23.3 wt% NaCl and 17.4 wt% MgSO4. Each salt–salinity combi-
nation was repeated twice for consistency. The study focuses on static or weakly mixed systems; turbulent flow
experiments are presented separately [5].

The experiments evolved through three stages: initial boiling-driven cooling, a transition marked by ice nu-
cleation and ice-lid formation, and later progressive porous ice growth. During early depressurisation, vigorous
boiling dominated heat loss through latent heat of vaporisation. Despite intense surface activity, vertical temper-
ature gradients initially remained small. Ice crystals appeared after sufficient cooling lowered surface tempera-
tures below each solution’s freezing point. Freezing onset was delayed with increasing salinity, and near-eutectic
NaCl solutions did not freeze even after six hours. However, near-eutectic NaCl and MgSO4 experiments showed
salt crystal nucleation at the surface and later within the liquid.

Ice initially formed as thin translucent patches that nucleated locally, expanded, merged, and were repeatedly
disrupted by vapour escaping from below. With continued cooling, these patches developed into a mechanically
coherent ice lid. At higher salinities, this lid retained vents and did not fully seal the surface, altering heat and
mass transfer by limiting direct liquid exposure to the chamber atmosphere.

Unlike previous studies focused mainly on end-member compositions [6,7], this dataset reveals systematic
effects of salinity and salt composition on ice morphology and mechanics. Low-salinity solutions produced brittle,
highly porous, multilayered ice crusts [4,6], whereas higher-salinity solutions formed more ductile, compact ice
with reduced porosity and more stable vapour vents. At high salinity, MgSO4 and NaCl systems diverged: 17.4
wt% MgSO4 produced ductile salty ice containing trapped salt and ice crystals, while 23.3 wt% NaCl formed a
disrupted pseudo-lid of precipitated salt crystals that partially suppressed evaporation and cooling [7].

Increasing salinity delayed freezing, extended the boiling-dominated stage, increased evaporative mass loss
before freezing, and reduced cooling rates. These measurements provide constraints for numerical models, in-
cluding preliminary results showing that evaporative cooling during the pure evaporation stage can be calculated
from measured mass loss.

Overall, the experiments show that salinity controls the morphology, porosity, and mechanical stability of ice
crusts forming during effusive cryovolcanism on icy worlds such as Europa, Enceladus, Titan, and possibly Pluto.
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Figure: Progression of boiling and freezing in solution with 0.5% NaCl, when exposed to a low pressure environ-
ment. Exp6
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Quantifying the spatial arrangement, connectivity, and temporal evolution of faults or plate boundaries is
fundamental for understanding strain distribution in active tectonic settings. Yet the density and complexity of
deformation—in field data and numerical models alike—pose major challenges for automated analysis, and fault
interpretation often remains a time-intensive manual process. Here we present Fatbox, the Fault Analysis Toolbox
[1], an open-source python library that integrates semi-automated fault extraction with systematic geometric and
kinematic characterisation of fault networks. As a post-processing tool independent of any particular modelling
software, Fatbox uses 2D fields such as topography, strain, strain rate, or velocity to derive discrete fault locations
and properties such as slip rate, displacement, and length, facilitating direct comparison between model outputs
and geological observations. We demonstrate the capabilities of the toolbox through two rift-related case studies
and an outlook on its extension to global spherical geometries: (1) We use satellite-based elevation data from the
Afar rift (East Africa), mapping ∼4,000 individual faults [2]. Combined with rock dating and geodetic data, our
results reveal that strain has progressively migrated toward the rift axis since ∼4.5 Ma, potentially enhanced by
magmatic weakening of the crust. (2) We analyse normal fault network evolution in 3D numerical rift models
of oblique extension using ASPECT [3]. Tracking fault geometry and kinematics from surface strain rates, we
document a characteristic sequence of rapid fault growth and linkage, inter-fault competition and network sta-
bilisation, and ultimately strain migration toward the rift axis accompanied by border fault disintegration and
intra-basin fault nucleation. (3) We present a spherical adaptation of Fatbox for global-scale models, deriving
plate boundary networks from surface strain rate fields and tracking plate boundary initiation and relative plate
velocities through time. These three applications highlight Fatbox as a versatile framework for analysis of fault
system and plate boundary networks across spatial scales and data types.
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Mantle melting is a critical process governing the thickness and composition of crust, the stability of cratonic
lithosphere, and the broader thermochemical evolution of the mantle. It is also a key control on the sources of
critical minerals and metals. These melting processes are governed by complex phase equilibria, which determine
proportions and compositions of mineral assemblages, depending on pressure, temperature, and bulk composi-
tion. Gibbs Free Energy Minimization (GFEM) provides a robust framework for predicting these equilibria, but
integrating it into large-scale geodynamic simulations remains a significant computational challenge.

We investigate computational strategies for coupling mantle convection codes such as ASPECT with thermo-
dynamic equilibrium calculations tools like MAGEMin. While a direct coupling would provide accurate phase
equilibria predictions, it comes at a significant computational cost for large-scale geodynamic models. Our re-
search explores developing surrogate models using machine learning and neural network techniques to approxi-
mate these thermodynamic calculations more efficiently.

We present our preliminary research involving methodological approaches and discuss the computational
trade-offs involved in different coupling strategies. A simplified geodynamic model demonstrates potential work-
flows for this approach. This research is a step towards a more integrated computational framework for thermo-
chemical geodynamic modelling, with implications for a range of applications, including melt generation, litho-
spheric evolution, and modelling critical mineral formation in complex geodynamic settings.

17

 arijit.chakraborty@durham.ac.uk


Efficient GPU Uzawa algorithms with projection strategies for
geodynamic Stokes flow

Byung-Dal So*1,2, Deok-Kyu Jang3, Kyeong-Min Lee1, Cedric Thieulot4, and Whan-Hyuk Choi3,5

1Interdisciplinary Program in Earth Environmental System Science & Engineering, Kangwon National
University, Chuncheon, Republic of Korea

2Department of Geophysics, Kangwon National University, Chuncheon, Republic of Korea
3KNU Research Institute of Mathematical Sciences, Kangwon National University, Chuncheon, Republic of

Korea
4Department of Earth Sciences, Utrecht University, Princetonlaan 8A, The Netherlands

5Department of Mathematics, Kangwon National University, Chuncheon, Republic of Korea
*bdso@kangwon.ac.kr

Keywords: Stokes solvers, numerical methods, GPU, geodynamics

Stokes equations are often difficult to handle in geodynamic modelling because they form a saddle-point
system and involve strong variations in viscosity. Uzawa-type solvers are straightforward to implement, but their
convergence may become slow if a suitable preconditioner is not used. Although these are no more considered to
be the state-of-the-art in computational geodynamics we have revisited and improved them and show that they
are robust and still competitive with other approaches.

In a first article [1] we introduce two adjustments that improve stability and efficiency. Residuals are evaluated
in weak form, giving an effect similar to that of a mass-matrix preconditioner. We also add a projection step so
that the velocity field remains nearly divergence-free. These updates made the solver converge faster and behave
more stably than the standard Uzawa method. The modified approach was tested in several cases, including
ABC flow, SolCx, mantle convection, block sinking, and compressible convection under the Anelastic Liquid
Approximation.

In a second article [2] we implement this solver on GPUs by coupling CUDA-enabled PETSc with FEniCS. The
algorithm is dominated by sparse matrix-vector products, vector inner products, vector updates, and repeated
velocity subproblem solves, all of which map onto GPU architectures. PETSc AIJCUSPARSE matrices with CUDA
vectors keep operators and field vectors resident in VRAM, which limits CPU-GPU transfers during iterations.
The P1 mass matrix, the gradient operator, and the divergence operator are reused in the pressure-correction L2-
projection step. HYPRE BoomerAMG was adopted for preconditioning the velocity-only subproblem. Accuracy
and performance are evaluated on manufactured solutions, the SolCx benchmark, the sticky-air benchmark, 2D
and 3D Rayleigh-Taylor instabilities, 3D thermal convection, and a 2D subduction model with nonlinear viscosity.

We confirm that the GPU-based implementation reproduces CPU solutions. We distinguish between the ex-
ecution time, which includes only the pressure correction step, and the wall time, which includes the workflow
from mesh generation to Stokes solves. A single-GPU environment achieves a 5–11× reduction in execution time
relative to a 32-core CPU. For nonlinear viscosity cases with per-step matrix updates, the wall time is reduced by
1.14–3.46× on a single GPU relative to a 32-core CPU. Using Multi-Process Service to coordinate two-GPU with a
16-core CPU reduces the wall time by 5.83× compared to a 32-core CPU.

Figure: Time evolution of the temperature field from the single-GPU (HMIS) with 1-core CPU. Snapshots of 3D
temperature isosurfaces at nondimensional times t = 0.019, 0.063, and 0.248 (from left to right).
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Archean oceanic crust is one of the least directly constrained components of the early Earth, since virtually
none of it is preserved. Its composition nevertheless governs a process central to early Earth evolution: the
delivery of water to the deep mantle. Where subduction operated in the Archean, the volume and timing of water
cycled through these early convergent margins would bear on mantle rheology, melt generation, felsic (TTG) crust
formation, and the long-term evolution of the surface ocean. Because the capacity of subducting crust to deliver
water depends on which hydrous phases are stable along a given pressure-temperature path, composition and
water delivery cannot be evaluated independently.

Here we estimate plausible Archean oceanic crust compositions using a Bayesian framework calibrated against
komatiitic basalt from the Yilgarn craton. Since no direct sample of Archean oceanic crust exists, candidate
compositions are drawn from this prior and propagated through a thermodynamic model (Perple X) to test how
water budget responds to compositional variability. We consider two end-member scenarios: a homogeneous
crust and a vertically layered crust with distinct upper and lower compositions. For each sampled composition, we
compute equilibrium phase assemblages across Archean subduction P-T conditions and extract the distribution
of structurally bound water. These P-T-H2O results are then used as inputs to a numerical subduction zone model
to track water transport and release through the slab. Preliminary results show lower bound water contents in
candidate Archean oceanic crust compositions than in modern oceanic crust. While preliminary, it suggests that
early subduction delivered less water than its modern counterpart, with consequences for the deep water cycle
and the conditions under which felsic crust formed.
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Seismic imaging of magmatically robust mid-ocean ridges (MORs) reveals the presence of mush zones located
a few kilometres below the seafloor, capped by and interspersed with sill-shaped melt lenses (AMLs). These are
increasingly seen as dynamic features which must undergo rapid melt replenishment to provide the heat that fuels
high-temperature hydrothermal convection. Furthermore, ocean-bottom pressure sensors have documented up to
tens of centimetres per year of seafloor uplift above AMLs. This rapid uplift is sustained over decadal timescales,
is partially or completely reversed during MOR eruptions, and has thus been interpreted as a direct manifestation
of AML replenishment. Previous studies of such phenomena have typically modelled seafloor displacements by
imposing overpressurisation rates in a tensile deformation source embedded within a (visco-)elastic half-space.
However, few have focused on the physical mechanisms that drive AML inflation / overpressurisation.

To address this gap, we test the hypothesis that mush buoyancy, regulated by melt influx, drives uplift. We
model the displacement of an elastic sheet over a viscous half-space due to buoyant loading applied along a finite
cross-axis width. By systematically varying the instantaneous loading, steady loading rates, and viscosity, and
comparing the results with data from the East Pacific Rise at 9◦50′N, we constrain the range of melt fluxes capable
of driving such uplift. Our findings suggest that the observed deformation is likely driven by periodic bursts of
melt into the mush zone. Such a process could be explained by porosity waves forming at the Mohorovičić
discontinuity. Future work will investigate the effect of mush rheology on the development of these melt supply
bursts.
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Describing mantle plume geometry and dynamics is important in order to calculate the plume heat/buoyancy
flux, their effects on surface topography, their magmatic flux and potential effects on climate (e.g. via their
volcanic outgassing). However, precise detection of 3D plume shapes from 3D mantle convection models and
high-resolution tomography remains a challenge. Previous studies dealing with plume flux mostly focused on
the detection of regions of anomalously high temperature and/or radial advection at one specific depth (2D
cross-section of plumes) and are highly dependent on preassigned thresholds.

Here, we present an automated method for detecting and characterizing mantle plumes in 3D spherical con-
vection models with plate-like behaviour [1] using topological data analysis. The workflow, using Python and
Topology Toolkit [2], processes the temperature field from simulation outputs. 3D iso-volumes of anomalously
hot regions are first defined. The resulting geometries are then simplified based on a threshold on the persistence
of the critical points (local maxima, minima and saddle points of the iso-volume) in order to remove topological
noise. Finally, using Reeb Graphs (shape descriptor for objects defined by functions), central skeletal structures
of the iso-volumes are retrieved, allowing efficient tracking of complex plume geometries such as branching.
This method robustly detects thick/thin, purely thermal/thermochemical and juvenile/mature plume structures,
consistently depicting tilts, branches and merging events, and was successfully tested both on 3D portions of
spheres and fully-spherical models of incompressible/compressible convection. We extend this method using a
Hungarian/Munkres Algorithm [3] to track the temporal evolution of all the plumes in one spherical model of in-
compressible mantle convection with plate-like tectonics [1]. In this model, plume characteristics (sectional area,
excess temperature, rising speed, volume, buoyancy and heat fluxes) are systematically tracked throughout their
lifetime, by applying a Gaussian-weighted average on anomalously hot and upwelling areas in order to precisely
describe plume contours.

At any time, the total buoyancy flux for all the model plumes falls within the reported ranges of Earth’s mantle
plumes estimated from their dynamic topographic swells [4]. However, the buoyancy flux of plumes shows some
variations through depth and time in our models. We identified that the entrainment of surrounding mantle
material into the plume conduits plays a pivotal role on the increase of buoyancy flux of individual plumes
towards the surface. As expected, temporal variations are controlled by the stage of the plume (juvenile/mature),
as juvenile plume heads tend to show higher buoyancy flux compared to mature plume conduits [5]. Furthermore,
we test the role of “plume clustering” on the buoyancy flux using a nearest-neighbor formulation.

The proposed methodology is simple, robust, and computationally inexpensive, while producing precise
plume geometry detection in any geometry (cartesian/spherical). It currently works for plume geometries con-
nected to the Core-Mantle Boundary (CMB). In the future, we plan to extend its versatility to address more
complex shapes, such as the detection of disjoint plume/melt structures and slabs in both seismic tomography
and 3D mantle convection models.
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Based on Earth’s dynamics, water is often considered as a key-ingredient to allow subduction, Plate Tecton-
ics and the continuous resurfacing of a planet, because it softens rocks rheology and lubricates faults and the
subduction interface. However, there is another way to strongly localize deformation: two-phase flow.

Subduction and Plate Tectonics require the strong localization of deformation. Based on Earth’s dynamics,
water is often considered as a key-ingredient since it softens rocks rheology and lubricates faults and the subduc-
tion interface. Bands of small-size grains such as mylonites have also been proposed. But melt is also ubiquitous
around Earth’s plate boundaries. So we studied if and how deformation was localizing in a diphasic fluid using
laboratory experiments and DEM (Discrete Element Methods) modeling.

As a model system, we used convection-evaporation in Ludox colloidal dispersions. These fluids are consti-
tuted of water, ions and nanoparticles of silica. As the solute (water) is removed, a skeleton of nanoparticles
aggregates develops (Gerardi et al, 2026). Therefore as water content decreases, the fluid density increases and
its rheology changes from newtonian to visco-elasto-plastic to brittle (Di Giuseppe et al, 2012). Under evapora-
tion, such a system develops solutal convection under a denser and more viscous skin, analogous to the denser
and more viscous lithosphere on a planet undergoing thermal convection. The experimental lithosphere is het-
erogeneous at the meso-scale, with the presence of particle aggregates and free water channels. This results
in a highly non-linear rheology at the large scale, capable of producing sufficient shear localization to generate
self-consistently asymmetric subduction and rifting.

This suggests that a liquid-solid mixture such as melt-rock could allow subduction on a rocky planet. That
could explain why Venus offers evidences of subduction around some large coronae despite the absence of a
water ocean on its surface: pervasive melt could do the trick. Indeed, the surface of Venus is littered by volcanoes,
suggesting the presence of melt almost everywhere, and lava flows are observed in the trenches of the subduction
candidates. Not only water, but melt could also serve as a lubricant of plates interfaces.
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The Variscan orogeny in the French Massif Central has historically been compared to the Himalayan orogeny,
and the geological record has been essentially attributed to a Devonian–Carboniferous continental collision fol-
lowing Silurian oceanic subduction. Mantle peridotite boudins embedded in crustal migmatite and magmatic
rocks derived from a mantle reservoir contaminated by continental crust point, however, to a scenario involving
continental subduction to mantle depths.

We studied the mineral sequences of mafic eclogite and granulite samples from the exhumed lower plate crust.
We used thermodynamic models and petrochronological tools to decipher their pressure–temperature–time (P–T–t)
evolutions. Combined, their evolution involve: (1) peak pressure at 20–25 kbar and 850–900 °C at 362 ± 7.7 Ma
(U–Pb in zircon), (2) decompression and heating to 12–13 kbar and 900–1000 °C, (3) limited decompression and
strong cooling to 10–13 kbar and 700–800 °C at 354.6±8.5 Ma (U–Pb in titanite), and (4) final decompression
below 9 kbar. The temperature increase during decompression in stage 2 is not easily explained by exhumation
in a subduction channel. To explain such heating event, we consider the exhumation of crustal diapirs through
the mantle. Regional evidence of crust–mantle interaction further supports this scenario. Importantly, Devo-
nian–Carboniferous marine sediments deposited on the upper plate suggest attenuated crustal thickness, which
implies a Moho pressure < 9 kbar. Thus, both heating during stage 2 and cooling during stage 3 potentially
occurred in the mantle.

A simplified physical description of the P–T evolution of crustal diapirs rising through the mantle wedge
and lithosphere is used to evaluate this interpretation. The diapir ascent is approximated as the motion of a
spherical buoyant, viscous body through a viscous fluid with a non-linear temperature-dependent rheology. Its
rising velocity and thermal equilibration with the surrounding mantle are evaluated as two coupled ordinary
differential equations. We tested wet and dry mantle rheologies, varied the initial temperature of the diapir
between 750 and 950 °C and its initial diameter between 2 and 20 km. Modelled diapirs with diameters of
10–15 km and an initial temperature of 875 °C rising through a wet mantle undergo decompression and heating
between 900–950 °C until they cross the modelled mantle geotherm between 45–50 km depth (∼ 12–14 kbar),
and then decelerate and cool to below 800 °C along with limited decompression. The modelled initial heating
and decompression stages are extremely fast (< 1 Myr) while the later stages of near-isobaric cooling occur in
2–20 Myr. The good agreement of the thermal model with the P–T–t data suggests that it captures the main
characteristics of the natural process.

Our study presents a new conceptual framework for the exhumation of high-pressure rocks of the French
Massif Central. In a broader perspective, contrary to the prevailing consensus, near-isobaric cooling of crustal
rocks may not always document the long-term relaxation of a thick orogenic crust but could also be due to swift
thermal equilibration of small bodies of crustal rocks directly in the mantle.
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Figure: Geodynamic and thermal evolution of a crustal diapir. (a) Conceptual geodynamic model for the Devo-
nian to Carboniferous transition in the French Massif Central. (b) P–T evolution of a diapir, with a geotherm for
reference. The stages (1) to (4) of the figure refer to the metamorphic stages mentioned in the text.
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Much of the challenges in simulating geoscientific processes stems from the (often) non-linear nature and
complexity of the constitutive equations. Rheological behavior is often modeled as combinations of individ-
ual elements (such as linear elastic springs, viscous dashpots, and plastic sliders), each representing a simple
(nonlinear) constitutive relation. These elements are assembled in series and/or parallel to form more complex
rheological systems. Solving the resulting constitutive equations typically requires iterative methods, such as
Newton-type schemes, which rely on the assembly of local Jacobian matrices.

In most existing codes, constitutive relationships and their corresponding Jacobians are hard-coded, making
the implementation of new rheologies a challenging task, as it requires deep modifications to the codebase. Here,
we present RheologyCalculator.jl, a Julia package designed to solve constitutive relationships constructed from
arbitrary combinations of rheological elements. The package statically determines the computational graph of
the constitutive model at compile time, enabling efficient assembly of local Jacobian matrices and the use of local
direct solvers without heap allocations, which is crucial for maintaining high performance when employed in
large-scale simulations, as the system of equations must be solved in a large number of grid points. Rheology-
Calculator.jl is also fully differentiable, allowing it to, for example, compute consistent tangent operators or to
be differentiated through entire forward simulations for gradient-based analyses. The package is designed for
seamless integration into existing geoscientific modeling frameworks, providing a flexible and efficient approach
for implementing and experimenting with complex rheological models without extensive code modifications.
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Present-day Venus has a very hot, dry and uninhabitable surface with a dense, toxic atmosphere. However,
the extent and longevity of water presence at its surface, interior and atmosphere is a highly debated topic [1].
Depending on the evolutionary scenario, the mantle could still represent the largest remaining reservoir of water.
Here, we investigate how the potential presence of water might influence the formation of Venus’ hotspots, pre-
sumably manifested at the surface as large topographic rises with a positive gravity signature. To understand the
role of water in the plume-lithosphere interaction and the formation of the surface features, we have developed a
3D numerical model in ASPECT [2], incorporating both hydrous and anhydrous melting [3]. The model includes
the melting-induced decrease of viscosity associated with dehydration [4] and the density change related to iron
depletion of the mantle [5]. We present a qualitative comparison of wet and dry cases illustrating the significance
of water in Venus’ mantle dynamics, show the resulting thermal structure, viscosity profiles and mantle depletion
patterns, and confront our results with the gravity and topography observed in selected regions of Venus. The
figure below shows the mantle depletion patterns obtained for plumes with similar width and temperature in the
case of a dry (a) and wet (b) mantle, suggesting a significant impact of water on the style of hotspot volcanism.
The research was supported by the Grant Agency of Charles University (project no. 252126).

Figure: Mantle depletion patterns obtained for plumes with similar width and temperature in the case of a dry
(a) and wet (b) mantle.
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Understanding how the Earth evolves as a dynamic, integrated system across vast spatial and temporal scales
remains a key goal in the geosciences. Until relatively recently, most numerical modeling studies have treated
solid Earth processes separately from surface evolution. Pioneering studies coupling landscape evolution models
(LEMs) with geodynamic models have shown that nonlinear feedbacks can strongly influence the evolution of
Earth’s surface and Earth’s interior in settings such as continental breakup, normal faulting, and orogeny. How-
ever, these coupled models have largely been limited to 2D “T-models” or small regional 3D simulations due to
computational expense.

Two major limitations restrict scalability to larger problems in existing coupling frameworks: (1) requiring the
geodynamic and LEM meshes to be identical along the interface, and (2) the lack of parallelization in most LEMs,
preventing scaling to the hundreds or thousands of processes required to run large geodynamic simulations. To
address these issues, we couple two open-source, modular, community-driven codes: ASPECT and LandLab.
While this work is still preliminary, the coupling already demonstrates key advantages over existing coupling
frameworks. Critically, the interface between ASPECT and LandLab supports independent meshes, enabling
support for adaptive remeshing in ASPECT and diverse grid types in LandLab (raster, hexagonal, unstructured
voronoi). This framework also includes support for spherical geometries. ASPECT and LandLab’s flexibility and
extensibility is also beneficial, enabling the community to easily incorporate new processes based on individual
need. While parallelizing LandLab is ongoing work, significant progress has been made through partitioning
structured grids for distribution across multiple processes and testing crucial components such as flow routing,
stream power, and hillslope diffusion.

We present three use cases that highlight advantages in our framework over existing approaches: (1) the
dynamic growth of a volcano on a visco-elasto-plastic plate, (2) an extensional normal fault model with adaptive
mesh refinement in ASPECT, and (3) a coupled global mantle convection model. Future work will focus on
benchmarking the coupling in serial and in parallel and developing cookbooks to facilitate easy adoption of this
framework in the broader community.
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Subduction Zone Initiation (SZI) at passive margins is a fundamental yet still debated process in plate tec-
tonics, representing the closing phase of the Wilson cycle [1]. The structural and rheological characteristics of
passive margins strongly depend on their rifting history and magmatic budget, allowing their classification into
magma-poor and magma-rich end-members. These two margin types are characterized by distinct crustal archi-
tectures, thermal structures, and sedimentation patterns [2], which may lead to different rheological responses
during lithospheric shortening.

Previous studies have shown that several parameters, including margin geometry as well as lithological and
rheological inheritance, strongly influence strain localization. therefore magma-rich and magma-poor passive
margins respond differently to compression and develop subduction zone initiation through distinct deformation
styles and mechanisms [3]. However, the tectonic and mechanical evolution of the transition zone between these
two end-members remains poorly constrained.

In this work, we investigate the behavior of the transition zone between magma-poor and magma-rich passive
margins through 3D thermo-mechanical numerical modelling performed with the LaMEM code [4]. The model
domain includes a fully magma-rich segment, a fully magma-poor segment, and a transitional zone connect-
ing the two end-members. The different lithospheric layers are described using visco-elasto-plastic rheologies.
Subduction zone initiation is induced by imposing 50 Myr of convergence at a shortening rate of 2 cm/yr.

Preliminary results highlight how variations in margin geometry influence stress and strain-rate localization
during the early stages of convergence, as well as the subsequent evolution of slab geometry over time.
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Continental rifting often induces decompression melting and the ascent of magma that intrudes into the brittle
crust in the form of dikes and sills and that extrudes along volcanic fields. At the same time, continental rifts
experience stress from topographic loading due to rift flank uplift. It is clear that these two processes interact in
magmatic rifts such as the Kenya Rift, the Main Ethiopian Rift, the Afar triple junction, and at the Icelandic plate
boundary. However, separating the interplay between tectonic and magmatic processes, the evolving topography
and the rift-related stress field, as well as the impact of these processes on dike-fault interactions from field
observations alone remains difficult.

Previous modeling studies of time-dependent magma-tectonic interactions in extensional tectonic settings
generally fall into two categories: (1) Simple models (e.g. [1]) represent diking by a prescribed fixed rectangular
zone of horizontal divergence. While this approach can be applied to model tens of millions of years of dike
injection along spreading ridges, its simplicity prevents applications to continental rifts where magmatism mani-
fests over broad areas. (2) More complex setups simulate magma ascent via porous flow and fluid-driven fracture
(e.g., [2]). This approach allows to study the evolution of individual dikes, but its computational costs prevent
application to lithosphere-scale rifts over geological time scales.

Here, we present a numerical workflow that can be categorized as a model of intermediate complexity. We
assume that dikes are nucleated at the brittle-ductile transition above zones of partial melt. They are then prop-
agated perpendicular to the minimum compressive stress, similar to the approach of [3], until they reach their
freezing depth or the surface. In this presentation, we show how we approach this problem and how we imple-
ment it in the open-source community geodynamics model ASPECT [4,5]. We demonstrate that the generated
dikes are being focused in specific regions and we show how the directional dilation and heat injection during
dike intrusion influence the long-term rift evolution.
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1Géosciences Montpellier, Université de Montpellier, France
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Deep earthquakes in the mantle transition zone occur within or around cold slab anomalies. Although such
seismicity has been explained as the result of a metastable olivine wedge in cold slabs, it may occur in slab of
intermediate φ – the thermal parameter describing the advection of a cold plate within the hot asthenosphere –
product of slab velocity and age [2,3]. We investigate here how deformation, and in particular folding, influence
both the mean temperature and strain rate within the subducted slab.

First, we analyze with the SubMap tool the occurrence of deep-focus earthquakes as a function ofφ and of “Kr”
– kinematic ratio estimating slab folding at depth [1]. Second, we calculate diagnostics for a variety of subduction
simulations exhibiting a large range of morphologies and dynamics – e.g. vertical or horizontal folding, strong
rollback, deflected slabs, etc. These diagnostics reveal (i) the temporal variation of slab core temperature and
deformation rate during subduction history, (ii) the temporal delay and sometimes large discrepancy between the
deep thermal structures and the ones predicted using a φ calculation from (surface) velocity and age.

We show that intraslab low-temperature and high-strain rates can be found in a variety of morphology, e.g.
vertical folding or inclined slabs. We discuss how present-day morphology and seismicity may reveal past slab
folding for a number of subduction zones.

This work is part of ANR project RheoBreak (ANR-21-CE49-0009).
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Large Low Velocity Provinces (LLVPs) above the core-mantle boundary are the largest seismically imaged
structures in the Earth’s mantle and may play a dominant role in mantle convection. However, their origin, com-
position, and long-term stability remain debated. In particular, it is unclear whether the African and Pacific
LLVPs are compositionally distinct. While they are often assumed to have similar properties, the African LLVP
rises significantly higher above the core-mantle boundary, suggesting it may be more buoyant and less dense, per-
haps due to lower contributions of recycled crust. Such differences could reflect divergent evolutionary histories
and provide insight into past mantle flow and the thermochemical evolution of Earth’s interior.

Recent studies have explored the impact of differing evolutionary scenarios for the LLVPs on seismic con-
straints but have not fully investigated whether these models are consistent with other present-day geophysical
observations. Here, we investigate mantle density structure and test for systematic compositional differences
between the African and Pacific LLVPs using instantaneous flow modelling within a hierarchical Bayesian in-
version framework. We invert for mantle density parameters, including chemically induced density anomalies,
constrained by multiple independent geophysical observables: the geoid, dynamic topography, and core-mantle
boundary ellipticity. This framework also allows us to quantify parameter uncertainties and covariances, which is
particularly important given the trade-off between thermal and compositional effects. We assess whether present-
day observations require significant compositional asymmetry between the LLVPs across a range of tomographic
and mantle viscosity models.

Preliminary results do not favour strong compositional asymmetry between the African and Pacific LLVPs,
suggesting that any chemical differences are insufficient to require fundamentally distinct evolutionary histories.
Present-day geophysical observations can be explained using broadly similar chemical density structures for both
LLVPs, consistent across numerous tomographic models. If robust, these findings would suggest that subduction
history plays a limited role in shaping present-day LLVP density structure, and may point towards a primordial
origin, such as early-formed crust or basal magma ocean residue. Ongoing work will further investigate the
influence of viscosity structure and prior assumptions on the inferred density contrasts.
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The Gulf of California oblique rift (GOCOR) has experienced rapid rifting at ∼6-8 Ma, yet the mechanism
behind this acceleration remains debated. During a similar time period, the western Pacific subduction system
transitioned from a single- to a double-subduction configuration. We propose that this is no mere temporal
coincidence but that the rifting in California during this time was strongly affected by far-field tectonic forces
generated from the initiation of Pacific double-subduction. We use 3-D, spherical geodynamic models to com-
pare single- and double-subduction configurations and quantify the resulting stress perturbations transmitted
across the Pacific plate. Our results show that while the largest asthenospheric pressure changes are local to the
subduction system, the initiation of Pacific double-subduction can generate ∼5-15 MPa of horizontal extensional
stress in the GOCOR and southern San Andreas Fault system. Sensitivity tests indicate that the magnitude of
the stress perturbation depends on lithospheric rheology, in particular the yield stress in visco-plastic formula-
tions and the GOCOR plate boundary strength. However, the extensional stress increment pattern in the GOCOR
is robust across these model choices. These results suggest that western Pacific subduction regorganization may
have contributed to the rapid rift of GOCOR, highlighting the potential of subduction reorganization as a far-field
tectonic driver for continental rifting.
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The origin of the lower seismic layer (LSL) in double seismic zones (DSZs) remains debated [1-4]. Recent geo-
physical observations show that oceanic mid-lithospheric discontinuities (MLDs) systematically occur beneath
the LSL [1-4], suggesting a possible genetic relationship between them. Here, we investigate whether eclogiti-
zation of granulites within the oceanic MLD can generate the stress conditions required for LSL formation [7,
8].

We use two-dimensional thermo-mechanical numerical models of oceanic subduction incorporating melt-
related MLD structures composed of residual-melt-derived and intrusive-melt-derived granulites [5, 7, 9]. During
subduction, eclogitization of granulites within the MLD promotes grain-size reduction and a transition from
dislocation creep to diffusion creep and grain-boundary sliding, producing significant rheological weakening
[10-13].

Our models show that weakening of the MLD generates a spatially continuous extensional stress-concentration
band in the slab mantle immediately above the MLD. This band reproduces several first-order characteristics of
the observed LSL, including its geometry [10-13], depth range [1, 3, 15, 16], extensional stress state [8], and
the observed decrease in seismicity with depth [1, 17]. In contrast, models without an MLD fail to develop a
comparable shallow and continuous lower stress band.

The predicted position of the modeled lower band is also consistent with geophysical observations showing
that the LSL generally overlies the oceanic MLD across slabs of varying ages [5, 6, 18]. Furthermore, MLD-bearing
models reproduce a lower brittle seismic band under dry mantle conditions, consistent with the normal Vp/Vs
values observed in many LSL regions [19, 20] and previous studies suggesting that the LSL commonly occurs
within relatively dry slab mantle domains [2, 21, 22].

These results suggest that eclogitization-driven weakening of the oceanic MLD may provide a key mechanical
control on stress concentration and earthquake generation in the lower seismic layer of double seismic zones.

Fig. 1. Schematic illustration of the mechanism for LSL formation. The green dashed line represents the eclogiti-
zation boundary. The continuous band represents the MLD derived from residual melts, while scattered ellipsoids
represent intrusive MLD bodies. The transition from purple to cyan regions illustrates the progressive eclogitiza-
tion of metastable granulites within the MLD. Orange circles represent seismicity. The red zone above the MLD
indicates LSL, whereas the blue zone indicates USL.
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The lateral extrusion of fault-bounded blocks, known as tectonic escape, is a fundamental process accommo-
dating deformation during continental convergence. Tectonic escape may take the form of lateral flow [1,2] or
the extrusion of large, strike-slip fault-bounded blocks of the lithosphere [3,4]. Despite significant efforts over
the past decades, the dynamics of tectonic escape remain poorly constrained. Here we identify a new class of
conjugate strike-slip faults, called trumpet-shaped strike-slip faults (TSFs), that can divert crustal material into
adjacent regions and facilitate tectonic escape. In the Western Himalayan Syntaxis, asymmetric TSFs transfer
deformation from the Indian indenter into and around the Tajik and Tarim Basins. To investigate the controls
on this process, we develop a thin-sheet model incorporating visco-elasto-plastic rheology with basin and belt
lithospheric heterogeneities. We systematically explore five key parameters: power-law creep exponent, Argand
number, basin- and belt-strength ratios, elastic shear modulus, and yield stress. Our models show that the Ar-
gand number (Ar) primarily controls crustal thickening and strain localization in models without basins or belts,
with lower Ar values producing thicker crust and more localized deformation adjacent to the indenter. In models
containing only a basin, the indenter-basin-strength ratio (λbasin) strongly modulates regional deformation, while
in models with both a basin and a belt, the indenter-belt-strength ratio (λbelt) controls the partitioning of defor-
mation and λbasin has a secondary effect. A weak basin (λbasin < 1) localizes strain and experiences thickening,
whereas a strong basin (λbasin > 1) resists deformation, and may rotate or translate laterally. We will also show
preliminary 3-D models accounting for depth-dependent rheology to investigate development of shear zones
around lithospheric-scale strong basins. Our models demonstrate that basin-belt rheological heterogeneity exerts
a fundamental control on the development of TSFs, crustal flow, and strain redistribution during tectonic escape
in the Western Himalayan Syntaxis.

References

[1] Dewey, J. F. (1988). Extensional collapse of orogens. Tectonics, 7(6), 1123–1139.
[2] England, P., & McKenzie, D. (1982). A thin viscous sheet model for continental deformation. Geophysical
Journal International, 70(2), 295–321.
[3] Tapponnier, P., Peltzer, G., Le Dain, A. Y., Armijo, R., & Cobbold, P. (1982). Propagating extrusion tectonics in
Asia: New insights from simple experiments with plasticine. Geology, 10(12), 611–616.
[4] Whitney, D. L., Bezada, M., Hansen, L. N., Teyssier, C., Wada, I., & Zhou, X. (2026). Escape tectonics. Tectono-
physics, 920, 231029.

36

 yangfan.huang@stx.ox.ac.uk


The Coupling of Mechanical Anisotropy to Post Glacial
Rebound
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With the increasing melt of polar ice sheets, their weight is continuously redistributed over the surface of the
Earth. The resulting post-glacial rebound and gravity perturbations, also known as glacial isostatic adjustment
(GIA), can lead to significant changes in relative sea level [1,2] Hypothetically, rock textures in the upper mantle,
and in particular a favored crystallographic preferred orientation (CPO), may alter patterns of GIA deformation
[3,4]. This may occur due to a preexisting CPO from long time scale geodynamic processes, or if post glacial
rebound itself induces or alters a CPO. To model the coupling between CPO and flow, anisotropic viscosity (AV)
must be incorporated into the Stokes equations that describe upper mantle deformation. To gauge the importance
of CPO-induced AV for GIA processes, we present preliminary modeling results for 3 idealized geodynamic
processes: an extreme case of post-glacial rebound, a rising plume sheared by an overriding plate, and a unit
convection box.

In general, the speed and magnitude of GIA is sensitive to the vertical and lateral [5] viscosity structure as
well as the extent and size of the ice load [6,7]. For East Greenland, Weerdesteijn et. al. [8] have demonstrated
that a fast viscous response can be expected where deglaciation happens above a low viscosity region, explaining
rapid uplift on decadal time scales. One possible explanation for this low viscosity is that heat from the Iceland
plume weakened this area more than ∼50 million years ago [9–11]. Under such deformation, polycrystalline sam-
ples can also develop a CPO that generates a strong directional dependence in viscosity [12,13]. New rheological
models with a realistic treatment of olivine symmetry have been able to model the effect of CPO on flow [14–16].
In addition to GIA, deformation due to a rising plume or plate shear may also generate CPO in the asthenosphere,
leading to AV. By tracking the accumulated strain, we probe whether a significantly strong CPO and associated
material weakening can emerge from loading and unloading of an ice mass in a series of glacial cycles. Our
results show that while the rate of postglacial rebound strongly depends on the viscosity structure and ice load
size, even extreme GIA deformations do not lead to a significant CPO. This is because GIA deformation is not
sustained for sufficiently long periods of time. By contrast, rising plumes and plate shear may impart astheno-
spheric deformation over long time periods, inducing CPO. We investigated CPO from a rising plume that is
sheared by an overriding plate, in analogy to Greenland passing over the Iceland plume. In our simplistic model,
a strong AV contrast emerges above the plume stem. To couple this AV back to post glacial rebound, we aim to
develop a benchmark for CPO-induced anisotropic flow. To this extent, we are working to reproduce the results
of Rathmann et. al. [16] for coupled flow in an ideal convection box using a new method to compute mechanical
anisotropy parameters directly from CPO statistics in situ (Király et al., 2026, in press.)

Figure: Graphical Abstract and schematic of Glacial Isostatic Adjustment (GIA). Dotted lines: Previous topogra-
phy with an ice sheet. Full lines: Adjustment after thousands of years
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The emergence of plate-like surface motion in self-consistent mantle convection models is a key behaviour re-
quiring detection in numerical experiment results featuring terrestrial characteristics. However, the identification
and verification of candidate plates is a challenging task, in practice. On Earth, narrow divergent, convergent,
and strike-slip plate boundaries as well as regions exhibiting widespread diffuse deformation, comprise roughly
10 to 20% of the lithosphere that does not adhere to rigid body motion. Accordingly, the detection of candidate
plates must be performed in light of the existence of diffuse deformation occurring regularly as a tectonic char-
acteristic. To address this challenge, we have recently developed a new plate detection tool, ‘platerecipy‘[1], that
utilizes the Random Walker (RW) segmentation algorithm to identify candidate plates in both mantle convection
model output as well as global geophysical data sets and terrestrial measurements. We describe how the discrete
probability solution arising from RW can be used to both assess confidence in the association of each location
with a distinct rigid plate, and to identify diffuse surface regions. Furthermore, we show how utilizing the RW
probabilities can significantly improve Euler vector inversion for fitting the plate motion as a probability field
allows for a systematic means of incorporating uncertainties inherent to the plate detection process. We demon-
strate the effectiveness of our method by applying it to the surface of a mantle convection model and a terrestrial
strain-rate dataset. We show how our findings can be used for an Euler vector inversion that allows plate rigidity
analysis.
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How well mixed is Earth’s mantle? Are there primordial reservoirs that have remained isolated from whole
mantle convection? What fraction of the mantle feeds present day surface volcanism? We address these ques-
tions using large-scale Lagrangian particle tracking flow in time-reversed convection models. We track particles
backward in time using a Back-and-Forth Nudging (BFN) method applied to time-reversed thermal convection,
initialized with a present-day seismic geodynamic mineral physics model [1]. We use a mantle viscosity structure
that has been independently constrained and verified against a wide suite of present-day geodynamic observ-
ables, including free-air gravity anomalies, dynamic surface topography, horizontal divergence of plate velocities,
excess core–mantle boundary ellipticity, and glacial isostatic adjustment data. We develop a voxel-based analy-
sis framework that quantifies residence time, particle count, and flux density throughout the mantle to identify
candidate reservoirs. We use different particle starting conditions, each designed to address a specific aspect of
mantle mixing; uniformly distributed particles tracked backward to identify long-lived isolated regions, particles
initialized in the D′′ layer to assess lower-mantle sampling of the upper mantle, particles placed beneath present-
day hotspots to identify plume source regions, particle uniformly spread in the LLSVPs and particles initialized
in the upper mantle to quantify upper-to-lower mantle exchange. By combining these approaches, we can find
regions of low flux and high residence time, candidates for reservoirs. We identify the core of the African large-
low-shear velocity province as being a candidate reservoir having a much larger residence time than the Pacific
LLSVP and on the whole is characterized by a dynamical behaviour distinct from the Pacific LLSVP.
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The seismic expression of Earth’s 410 km discontinuity varies across tectonic settings, from sharp, high-
amplitude interfaces to broad transitions-patterns that cannot be explained by equilibrium thermodynamics
without invoking large-scale thermal or compositional heterogeneities. Laboratory experiments show the olivine
⇔ wadsleyite phase transition responsible for the 410 is rate-limited, yet previous numerical studies have not
directly evaluated the sensitivity of 410 structure to kinetic and rheological factors. Here we investigate these
relationships by coupling a grain-scale, interface-controlled olivine⇔ wadsleyite growth model to compressible
simulations of mantle plumes and subducting slabs. We vary kinetic parameters across seven orders of magni-
tude and quantify the resulting 410 displacements and widths. Our results reveal an asymmetry between hot and
cold environments. In plumes, high temperatures produce sharp 410s (2-3 km wide) regardless of kinetics. In
slabs, kinetics exert first-order control on 410 structure through three regimes: (1) quasi-equilibrium conditions
producing narrow, uplifted 410s and continuous slab descent; (2) intermediate reaction rates generating broader,
deeper 410s with metastable olivine wedges resisting downward slab motion; and (3) ultra-sluggish reaction
rates causing slab stagnation with re-sharpened, deeply displaced 410s (< 100 km). Rheological contrasts mod-
ulate these kinetic effects by controlling slab geometry and residence time in the phase transition zone. These
findings demonstrate that reaction rates strongly influence 410 structure in subduction zones, establishing the
410 as a potential seismological constraint on upper mantle kinetic processes, particularly in cold environments
where disequilibrium effects are amplified.

Figure: Simulation snapshots, corresponding to ultra-sluggish (left), intermediate (middle), and fast (right)
olivine ⇔ wadsleyite reaction rates in subduction zone settings. The shapshots show the temperature anomaly
relative to the background mantle. The white contours mark the 10% and 90% wadsleyite volume fraction, which
outline the 410 structure. The numerical setup and boundary conditions are identical in each case, but different
kinetic conditions produce distinct seismic structures and slab dynamics.
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Observations from past missions, including NASA’s Galileo, have revealed a geologically young surface, active
ice tectonics and a subsurface ocean on Europa. These imply material recycling within the ice shell, possible
compositional exchange with the underlying ocean, and thus the potential conditions for habitability. Therefore,
constraining the surface and near-surface properties of Europa’s ice shell, such as surface topography, thermal
profile and thicknesses of conductive and convective layers, is a key objective of NASA’s Europa Clipper mission
since they reflect the strength of material recycling. However, the controllers of material recycling remain uncer-
tain. These are likely influenced by the spatial distributions of heat sources on Europa. Insolation raises surface
temperatures near the equator, while tidal heating is strongest toward the poles. Because insolation and tidal
heating produce opposing latitudinal thermal patterns, their combined effects may either suppress or enhance
lateral variations within the ice shell. To investigate the combined effects of insolation and tidal heating, we
present numerical models of Europa’s ice shell that include laterally variable tidal heating and surface temper-
ature, coupled with visco-elasto-plastic deformation and composite ice rheology. We investigate how these heat
sources influence convection within the possible range of ice shell thickness and explore their effects on the global
distribution of heat flow, stress accumulation, and topography at the ice surface of Europa. Our results provide
new insights into lateral variations in interior properties and the evolution of surface deformation in Europa’s ice
shell, with implications for surface–interior exchange processes and surface expressions to be observed through
future space missions.
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Thermal convection forms through the interaction between buoyancy driven by temperature differences and
viscous resistance. In planetary interiors, thermal convection transports internal heat and develops circulation
patterns between hot and cold materials. The flow patterns of thermal convection depend on thermal bound-
ary conditions and fluid properties such as density and viscosity, so models of planetary interior dynamics fre-
quently examine thermal convection. Simplified thermal convection benchmark models provide comparison of
flow structure, heat flux, and domain-averaged velocity among different numerical methods. Smoothed Parti-
cle Hydrodynamics (SPH) is a Lagrangian numerical method that approximates continuum fields using particles
and kernel functions. The method calculates physical quantities such as density, velocity, pressure, and temper-
ature from particle positions and neighboring particle distributions. Particle-based representation of flow and
temperature fields provides a mesh-free structure, which enables flexible construction of thermo-fluid models
with complex geometries or moving boundaries. We construct an SPH-based Blankenbach benchmark model to
quantitatively compare convective vigor and heat transport efficiency using root-mean-square velocity (Vrms) and
Nusselt number (Nu). A Rayleigh–Bénard natural convection benchmark model then tests the development of
convection induced by a temperature difference. Particle resolution is also considered when evaluating the sen-
sitivity of convective structures and quantitative diagnostics reproduced by the SPH-based thermal convection
model. The two benchmark models serve as a validation step for applying SPH to geodynamic thermal convection
models. The model configurations, particle resolutions, and quantitative diagnostics established through the vali-
dation process provide a basis for extending the particle-based approach to planetary interior dynamics. Potential
applications include mantle convection, magma oceans, and other systems involving coupled heat transport and
flow structures.

Figure: Temperature and velocity magnitude fields for Blankenbach convection at Ra = 104, Pr = 1, and t = 0.35.
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Missions Galileo and Juno significantly improved our understanding of the Jovian moons, unveiling the pres-
ence of possible subsurface oceans. Building on these discoveries, JUICE and Europa Clipper missions are ex-
pected to further constrain internal structures by delivering data, including tidal deformation and magnetic in-
duction measurements ([1–3]).

This study focuses on characterising Europa’s internal structure. We combined known material properties
([4–7]) with observational constraints to evaluate plausible structural models. Observational data includes total
mass (M), surface radius (Rsurf), moment of inertia (MOI) [8], magnetic induction amplitude at the synodic period
(Asyn) measured by Galileo [9], the new ice shell thickness measurement (DIh) from Juno [10], and the anticipated
tidal Love number k2.

To determine the interior structures that are consistent with measured data, along with their uncertainties, we
apply a statistical approach by coupling our model with the emcee sampler [11], which uses the Markov chain
Monte Carlo method, which samples posterior distributions of internal structure parameters. We test several
combinations of measured data and analyse how used dataset impacts statistical distribution of the parameters.

We assumed models, where Europa is either fully differentiated into the hydrosphere, mantle, and core, or a
model with only the hydrosphere and a silicate-iron inner layer, to assess the structure. We analysed the internal
structure for two different salts present in the ocean: MgSO4 and NaCl.

We compared the resulting internal structures as additional data information was gradually incorporated.
The most significant change was the variation in surface ice shell thickness among tested dataset configurations.
Models that incorporated information about Asyn preferred very thin ice shell thicknesses, compared to other
models.

We then studied resulting structures for models, where the inner layer was not fully differentiated. Our
results showed that their structures preferred thicker hydrospheres, when compared with models where we had
differentiated mantle and core.

We then plotted the resulting structures as functions of DIh with respect to Asyn, marking the regions where
both the measured values of DIh and Asyn fall within one-sigma standard deviation range. The results for MgSO4
are depicted in Figure.

Our results showed that across all plausible models, most of the resulting structures fail to satisfy the one-
sigma constraints on DIh and Asyn simultaneously. For the models where 0-10 wt% MgSO4 was present, to be
consistent with both measured data, Europa must have at least a partially differentiated core and mantle. In the
case of 0.2-4.2 wt% NaCl, we found only a limited number of models that fall within the one-sigma range of both
measurements, with or without differentiated mantle and core, due to the higher conductivity of NaCl compared
to MgSO4.

This research was supported by Charles University through project No. 142125 and by the Czech Science
Foundation (project No. 26-21877S).
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Figure: Scatter plot for amplitude of magnetic induction Asyn, ice shell thickness Dice with ocean thickness Docean
depicted in colour, for MgSO4 for concentrations 0-10 wt%, for fully differentiated inner layer models (a) and
models where inner layer is composed of silicate-iron mixture (b). In a vertical line, we plot one standard devi-
ation interval for Dice: ± 10 km [10]. In a horizontal line, we depict one standard deviation interval for Asyn:±
0.06. It is important to note that the formal uncertainty reported in [9] for Asyn is ± 0.02, however this value may
be optimistic because it assumes that measurement errors are negligible. Therefore, we used uncertainty that is
three times higher, consistent with [12].
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Strasbourg Cedex, France

*kryza@ig.cas.cz

Partially molten lower-crustal domains are key features not only of ancient large hot orogens such as the Altai
tract of the CAOB or the Variscan Bohemian Massif, but also of currently active systems such as Tibet or the
Altiplano–Puna, where seismic imaging reveals extensive low-velocity, high-temperature regions interpreted as
crustal mush zones. They form and evolve through the combined action of crustal thickening, mantle-lithosphere
removal, and thermally driven weakening. Despite their first-order role in orogenic evolution, the feedback
between melt migration, deformation, and the mechanically anisotropic, layered nature of mush systems remains
insufficiently understood.

We address this with a multi-method comparison combining semi-scaled thermal paraffin-wax analogue ex-
periments with visco-plastic finite-element numerical models developed in ASPECT, which respect the laboratory
scale and adopt analogue material properties; the numerical approach is then extended to orogen-scale control
models tuned to natural prototypes. The setup explicitly targets crustal strength, shortening, and basal heating,
and how these parameters govern internal deformation, melt coalescence, and plumbing-system architecture.

The analogue experiments reproduced melt migration and coalescence within buckled layers, suggesting that
mechanically layered mush domains can localise melt along fold hinges, shear zones, and evolving permeability
pathways, with potential transitions from dominantly lateral to buoyancy-driven transfer as deformation pro-
ceeds. The corresponding numerical runs successfully reproduce the development of melt-rich regions at both
laboratory and orogen scales within a realistic parameter range, but do not fully capture the degree of melt coales-
cence seen in the analogue experiments, and the two methods differ systematically in the locus of fold initiation
— backstop side in the analogue, indenter side in the numerical models. Together with the more homogeneously
thickened lower crust produced numerically on orogenic scale, this points to genuinely different effective rheo-
logical coupling between deforming and partially molten layers across the two approaches, with the absence of
porous melt flow in the numerics as a likely contributor.

A key emerging result is that scaling analysis places our models in a near-transition regime, where the Ram-
berg number, the ratio of lithostatic to viscous forces, sits close to the threshold separating buoyancy-driven
doming and vertical melt extrusion from buckling-driven amplification of partially molten domains. This sensi-
tivity is partly visible at the laboratory scale and clearly expressed at the orogen scale, where melt-rich domains
either undergo strong, near-symmetric thickening that drives internal convection within the molten layer, or de-
velop large-amplitude buckling that may trigger Rayleigh–Taylor instability of the buoyant crust. The system
thus appears to occupy a regime in which small changes in viscosity, layering, or buoyancy contrast can switch
the dominant style of melt transfer — offering a physical explanation for the contrasting deformation styles seen
across the two modelling approaches. This motivates us to refine dynamical and thermal scaling, enable porous
melt flow, and assume anisotropic permeability in future work. These preliminary results further suggest that
natural orogenic systems may undergo spatio-temporal switches in the dominant melt-transfer regime, modu-
lated by crustal chemical stratification, shortening rate, mantle and internal heat input, and the evolving position
of melt-rich domains within the system.
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How the very early Earth lost its internal heat remains a subject of debate. Early Earth may have been char-
acterized by extensive magmatism due to a hot mantle, which then acted as the primary heat loss mechanism,
or been more volcanically quiescent, where heat conduction through the lithosphere served as the primary heat
loss mechanism. The primary mode of early Earth heat loss would then strongly influence tectonics and crust
formation, the long-term thermal evolution of the interior, and surface environments where life could originate
in the Hadean or Eoarchean.

Our recent crustal evolution model suggests that mantle melt production and mafic extrusive volcanism must
have been limited prior to 3.6 Ga to remain consistent with Hf isotope data. We hypothesized that these geo-
chemical constraints require a ’quiescent Earth’ with a low melt production rate (< 0.6 mm/yr). However, the
actual magma supply is governed by complex geodynamic factors: specifically, the mechanics of melt generation,
ascent, and accumulation at the mantle-crust boundary. Understanding these physical mechanisms is critical,
particularly when evaluating high-flux regimes such as heat-pipe tectonics, which may be incompatible with the
low rates inferred from the geochemical record.

A critical phenomenon affecting this supply is the formation of a decompaction layer beneath the mantle-
crust interface [1]. Since the crust acts as a rigid thermal boundary, temperatures drop rapidly near this interface.
Consequently, ascending melt encounters a freezing horizon that acts as a permeability barrier, causing it to
accumulate. Within this zone, the decompaction layer and accumulated magma generate significant melt over-
pressure relative to the solid matrix, driving magma into the plumbing system and initiating ascent. Therefore,
characterizing the dynamics of the decompaction layer is crucial for understanding the physical controls on melt
supply.

Recent numerical modeling of Io, an active heat-pipe body [2], demonstrates that crustal thermal structure is
controlled by the physics of two-phase melt transport [3]. This model suggests that magma transport is driven
by mantle overpressure at the decompaction layer but limited by solidification within the plumbing system.
Applying this physical framework to the Hadean, we tested which mantle dynamics and temperature ranges are
compatible with the restricted melt fluxes required by the geochemical record. Preliminary results demonstrate
the existence of a decompaction layer, where both effective pressure and extraction rates increase significantly
with porosity. By systematically exploring the parameter space, we identify the specific mantle geodynamic
conditions required to align plateau melting tectonics with the Hf isotope constraints.
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Mantle plumes can promote continental breakup by thermally weakening the lithosphere and facilitating
rifting under relatively low stresses [1-3]. In addition to vertical upwelling beneath plume centres, plume material
may also propagate laterally beneath the lithosphere through sublithospheric channels over distances of hundreds
to thousands of kilometres [4,5]. However, the controls governing the direction and persistence of these lateral
plume channels remain poorly understood.

The Afro-Arabian Rift System provides a unique natural laboratory for investigating plume-lithosphere inter-
action because of its exceptional tectonic setting, rich observational constraints, and several unresolved geody-
namic features. Plume melt typically propagates along thinned lithosphere confined between regions of thicker
lithosphere [5,6]. However, geological and geophysical observations suggest that plume material associated with
the Afar plume propagates northward beneath the relatively thick Arabian Shield rather than remaining confined
to the Red Sea rift axis. Evidence for this shifted lateral plume flow includes volcanic fields within the Arabian
Shield, asymmetric uplift around the southern Red Sea, seismic tomography, and lithospheric structure [7-9]. De-
spite increasing observational evidence, the mechanisms responsible for this anomalous plume pathway remain
unresolved.

Several potential controls have been proposed for the development of the Arabian plume channel, including
background mantle flow, interaction with adjacent plume systems, lithospheric thickness variations, and inher-
ited lithospheric structures such as the Ha’il Arch. Beyond these regional elements, sublithospheric transport
may be further influenced by plume geometry, inflow position, thermal anomalies, and mantle viscosity struc-
tures [10]. However, these competing mechanisms have not yet been systematically evaluated within a unified
geodynamic framework.

This project aims to investigate the controls on northward lateral plume flow beneath Arabia using numer-
ical geodynamic modelling with the finite-element code ASPECT [11,12]. Simulations will systematically test
the influence of lithospheric structure, plume properties, and mantle flow conditions on sublithospheric plume
transport within a regional Afro-Arabian framework. The broader objective is to evaluate whether lithospheric
pressure gradients alone can redirect plume material, or whether additional forcing mechanisms—such as re-
gional mantle flow, inherited lithospheric structures, or interaction with another plume system—are required.
The modelling strategy builds directly upon established plume-flow and plume-ridge interaction studies [13,14].
Understanding these plume pathways may also provide insight into how sublithospheric plume transport influ-
ences regional lithospheric weakening and the localisation of future tectonic activity.

Preliminary, simplified 2D experiments indicate that lithospheric thickness variations exert a major control
on plume-head propagation, with thicker-to-thinner lithospheric gradients promoting asymmetric lateral flow.
These initial tests also suggest that plume location and interaction with nearby, higher-buoyancy plumes can
significantly influence the direction and efficiency of sublithospheric transport. These idealized configurations
are currently being scaled into realistic, 3D regional models.
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Figure: (a) Schematic illustration of sublithospheric lateral plume transport beneath the lithosphere. (b) Tec-
tonic framework of the Afro-Arabian Rift System showing the Afar Triple Junction, Red Sea, Gulf of Aden, Main
Ethiopian Rift, Arabian Shield region, and proposed lateral plume-flow pathways. (c) Inferred lateral transport
of the Afar mantle plume based on seismic anisotropy and mantle-flow interpretations modified from [10].

Geosyst., vol. 24, no. 7, e2023GC010911, 2023.
[9] K. S. Sreenidhi, P. G. Betts, M. Radhakrishna, and R. Armit, “Influence of Lateral Plume Channel on the Evo-
lution of Rift Arms of the Afar Triple Junction: Constraints From 3D Gravity Interpretation,” J. Geophys. Res.:
Solid Earth, vol. 128, no. 8, e2023JB026425, 2023.
[10] S.-J. Chang and S. Van der Lee, “Mantle plumes and associated flow beneath Arabia and East Africa,” Earth
Planet. Sci. Lett., vol. 302, no. 3-4, pp. 448-454, 2011.
[11] M. Kronbichler, T. Heister, and W. Bangerth, “High accuracy mantle convection simulation through modern
numerical methods,” Geophys. J. Int., vol. 191, no. 1, pp. 12-29, 2012.
[12] W. Bangerth et al., ASPECT: Advanced Solver for Problems in Earth’s Convection, User Manual, 2018.
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Small oceanic plates trapped between larger converging plates are short-lived but important for arc collision,
subduction transfer and plate reconstructions. Their evolution is difficult to model because triangular oceanic do-
mains close obliquely, producing along-strike variations in terrane accretion, slab curvature and plate-boundary
localisation. We use 3D thermo-mechanical simulations with pTatin3D [1] to test the conditions for double out-
dip subduction initiation during closure of a confined triangular oceanic basin.

The model includes an upper oceanic plate and a lower plate carrying a triangular oceanic domain adjacent
to a buoyant terrane. One subduction zone is prescribed along one side of the oceanic domain, while the opposite
terrane margin is left free to localise deformation and potentially nucleate a second subduction. The domain is
1600 km × 800 km × 670 km, with 12.5 km horizontal resolution and vertical resolution refined to 2.5 km in the
crust. We compare two end-member lower-crustal rheologies for the terrane: weak continental-type crust and
strong arc-type crust.

In both cases, obliquity drives diachronous terrane entry into the trench and bends the slab parallel to the
terrane margin. With weak continental-type crust, the terrane accretes, builds a wide orogenic wedge and in-
creases the trench-parallel bending moment. By conservation of bending moment [2], this strengthens the slab
against the perpendicular bending required for second subduction initiation, leading to margin inversion and
lithospheric delamination. With strong arc-type crust, accretion remains limited, the slab can bend across the
terrane margin, and a transient double out-dip subduction system forms.

The successful double out-dip case individualises a triangular microplate and folds the inherited slab at depth,
producing a transient flat-slab segment at ∼150–250 km. These results show that double out-dip subduction
initiation in confined basins is not controlled by geometry alone, but by the coupling between lower-crustal
rheology, topographic loading and 3D slab bending.

This work was supported by supported by ANR COLLISEA

Figure: 3D pTatin3D models of triangular oceanic basin closure. Weak continental-type crust accretes and sup-
presses double out-dip subduction initiation, whereas strong arc-type crust permits transient double out-dip
subduction, microplate formation and deep slab folding.
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Europa is characterized by a geologically young surface shaped by intense tectonic activity, including lin-
ear features such as dilational bands. Observations from the Galileo spacecraft and the Hubble Space Telescope
suggest the presence of MgSO4 and/or NaCl on the surface, with their association to specific geological features
inferring an internal origin [1,2]. Europa undergoes long-term eccentricity variations driving cycles of global
compression and extension over several tens of millions of years, likely promoting the transport of subsurface
material to the surface [3–5]. Dilational bands are major tectonic features that record Europa’s geological evolu-
tion. These structures extend for hundreds of kilometers and are interpreted as extensional features linked to ice
shell thickening [6,7]. Bands also commonly expose subsurface material through complete surface opening [6,7].
They are classified according to brightness (dark or bright) and texture (smooth or lineated) [7]. Dark bands, the
most common type, appear enriched in non-ice material (NIM) and have a lower albedo than the surrounding
terrain [7]. An unresolved stratigraphic correlation between bands’ brightness and age has also been inferred
[6,8]. Regarding morphology, smooth bands exhibit a hummocky texture, whereas lineated bands are composed
of regularly spaced ridges and faults symmetrically distributed around a central depression [6,7,9].

We explore the formation of dilational bands under various extensional tectonic regimes to evaluate the effect
of key parameters on their morphology and composition. We also investigate the transport and distribution of
NIM and oceanic material at the surface, and seek to explain the origin of the four main band categories based on
their formation conditions.

Dilational bands formation is strongly dependent on several key parameters. In particular, high strain rates
promotes a more efficient opening of the surface, while a thinner shell limits the amplitude of the topography
and the strength of the lithosphere strongly affects the symmetry of the structure. Overall, tectonic extension
commonly drives local upwelling within the ice shell, enhancing mass exchanges with the surface. We suggest that
various types of bands were formed during distinct extensional events, explaining their brightness and texture
differences. In particular, bright bands may form at an early stage of ice shell thickening when a thinner shell
promotes the exposure of oceanic material within the fault zone. In contrast, dark bands may form later, when
the ice shell is thicker, limiting the exposure of oceanic material and resulting in a higher fraction of NIM within
the fault zone. We show that we can constrain the initial vertical profile in the ice shell from the horizontal
distribution of material across the band. Finally, we are able to predict the morphology and composition of
dilational bands based on the rheological and physical properties of the ice shell at the time of extension.
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Europa’s ice shell triggered by enhanced eccentricity periods. Science Advances, 11 (23). doi: 10.1126/sci-
adv.adq8719
[6] Prockter, L. M. & Head, J. W. & Pappalardo, R. T. & Sullivan, R. J. & Clifton, A. E. & Giese, B. & Wagner, R. &
Neukum, G. (2002). Morphology of Europan bands at high resolution: A mid-ocean ridge-type rift mechanism.
Journal of Geophysical Research: Planets, 107 (E5). doi: 10.1029/2000JE001458
[7] Prockter, L., & Patterson, G. (2009). Morphology and evolution of Europa’s ridges and bands. In Europa (eds.
Pappalardo, R. T., McKinnon, W. B. and Khurana, K. K.) (pp. 237–258). Univ. Arizona Press.
[8] Nimmo, F. & Pappalardo, R. & Giese, B. (2003). On the origins of band topography, Europa. Icarus, 166 (1),
21–32. doi: 10.1016/j.icarus.2003.08.002
[9] Tufts, B. (2000). Lithospheric dilation on Europa. Icarus, 146 (1), 75–97. doi: 10.1006/icar.2000.6369

52

 lebec@karel.troja.mff.cuni.cz


Estimation of Gravity Field Parameters by thermal evolution
modelling of Uranus’s icy satellites

Artem Lebedev*1,2,3, Giuseppe Mitri2,3, Camilla Cioria2,3, and Anastasia Consorzi2,3

1Department of Physics, University of Trento, Trento, Italy
2Department of Engineering and Geology, G. d’Annunzio University of Chieti–Pescara, Italy

3International Research School of Planetary Sciences
*artem.lebedev@unitn.it

Keywords: thermal evolution modeling, gravity studies, icy satellites

Uranus’s largest five satellites, Miranda, Ariel, Umbriel, Titania and Oberon, are covered by thick ice shells
that surround their rocky interiors. In preparation for potential future space missions such as the Uranus Orbiter
and Probe (UOP), it is important to determine the gravitational parameters of the satellites, computed from the
internal structure. Different evolutionary scenarios show the possibilities of ocean formation and deep interior
dehydration caused by internal radiogenic heating described in previous studies [1]. In our work, to better con-
strain the satellites’ gravity parameters, we present a thermal model coupled with mineral assemblage evolution,
focusing on the dehydration of the deep interior.

We develop one dimensional radial evolutionary model solving heat diffusion equation from satellite forma-
tion time to present days. Assuming local thermodynamic equilibrium at the evolving pressure-temperature
conditions, we estimate mineral assemblages and physical properties of rocky layers using PerpleX [2] as de-
scribed in [3]. Orgueil (CI) was selected for the mineral assemblages precursor material. Radiogenic heating is
computed for the rocky layers from estimated isotope parameters, while tidal heating is applied to ice shell layers
and calculated from the tidal Love number k2 using the ALMA3 code [4].

Figure presents the model results for the largest Uranus’ satellite, Titania. Panel A shows the time evolution
of the thermal profile, while panel B illustrates the corresponding density profile. We use white lines to separate
ocean, ice shell, and rock interior. Thermal evolution results show a peak in maximum temperature within
satellite body at 1.7 Ga of about 950 K. From the density profile we can observe a permanent dehydration of the
deep interior starting at about 0.7 Ga inducing an increase of density of innermost layers (within 250 km from
the center).

By running Monte Carlo simulations we propagate the uncertainties of input parameters and obtain an en-
semble of models to estimate the gravity parameter values and their uncertainties. We found that Titania and
Oberon are likely to still possess subsurface oceans, and also exhibit the largest interior dehydration among other
satellites.
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Figure: Titania thermal evolution model results. Panel A shows the temperature profile over time, while Panel B
illustrates the evolution of the density profile. The white line marks the boundary between ice shell, subsurface
ocean and rocky interior.
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Rifting accompanied by lithospheric thinning and mantle upwelling forms structural pathways for deep-
sourced fluid migration and rock–fluid interaction. Rift-fault and shear-zone geometries regulate structural path-
ways favorable for geological resource formation in rift basins. Previous studies identified grain-size evolution
associated with grain-size-dependent diffusion creep as a microstructural mechanism for lithospheric weakening,
strain localization, and shear-zone development. However, the balance between grain-size reduction and grain
growth in controlling mantle upwelling, shear-zone development, and basin formation during rifting remains
poorly constrained. Quantifying the reduction–growth balance can connect microstructural evolution with rift-
scale architecture and resource-favorable structures.

We performed 2D thermo-mechanical rifting simulations using ASPECT, varying λ (work partitioning fac-
tor) and Kg (grain growth rate constant). Larger λ enhanced grain-size reduction and the contribution of diffu-
sion creep in the upper mantle, advancing the onset of mantle upwelling and promoting lithospheric thinning.
Larger Kg suppressed sustained shear-zone development and reduced mantle upwelling velocity. The λ- and Kg-
dependent variations in mantle upwelling and shear-zone development modified basin geometry and sediment-
thickness distribution in the rift center.

The reduction–growth balance couples grain-size evolution with lithospheric deformation and basin–sediment
structure during rifting. Grain-size-evolution models provide a rheological basis for interpreting observable rift
structures, including basin geometry, sediment distribution, and pathways favorable for natural resource forma-
tion.

Figure: Model evolution for three grain-size treatments: no grain-size evolution, grain-size reduction only, and
coupled grain-size reduction–growth. The upper row shows material composition with strain overlain as a trans-
parent field, where near-zero strain is shown with higher transparency. The lower row shows the logarithm of
viscosity. Grain-size reduction enhances focused mantle upwelling along the rift axis, whereas grain growth coun-
teracts the reduction-driven weakening.
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Impact heating from planetary collisions partially melts the interior of proto-terrestrial planets, producing
a multiphase system in which metal and silicate coexist. With a lower melting point and higher density than
silicate, metal segregates as a liquid phase from the solid silicate-metal mixture shortly after heating. The seg-
regated liquid metal then descends toward the planetary center to form the core. Realistically constraining the
core-formation timescale is essential for understanding the early evolution of planets and for reproducing the
mantle abundances of siderophile elements. However, previous numerical studies of planetary differentiation
have often treated impacts merely as an initial heat source, and quantitative assessments of how the spatial
distribution of the heat source-dictated by the impact configuration-affects the differentiation timescale remain
scarce. In the present study, we employ a multiphase flow model to directly compare the thermo-hydrodynamic
evolution paths of single-impactor (one giant impact) and multi-impact (multiple smaller impacts) scenarios un-
der an identical total melt area. In the single giant-impact case, a single metallic diapir forms. Although the
diapir descends rapidly, the descent drives a large-scale overturn of the overlying silicate layer that delays the
completion of global metal-silicate separation. In contrast, under the multi-impact scenario the melt regions are
spatially distributed, so that multiple small diapirs sink independently and suppress large-scale mixing. Conse-
quently, despite the slower descent of each individual diapir, planetary-scale differentiation is completed earlier
in the multi-impact case. The results indicate that the impact configuration must be explicitly considered when
investigating the early evolution of terrestrial planets.

Figure: Comparison of core-formation evolution between the single-and multi-impactor scenarios.
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Convection controls heat and mass transfers in the mantle, shaping the thermal, compositional, and magnetic
evolution of terrestrial planets, as well as their surface geomorphology. Convective patterns critically depend
on a temperature-dependent heterogeneous mantle rheology, which leads to complex asymmetric convective dy-
namics, with a relatively viscous lithosphere acting as an upper boundary layer. This produces a rich diversity of
planetary convection regimes, from the Earth’s present-day plate tectonics to the stagnant lids of Mercury, Mars,
and the Moon. In this context, we aim to better constrain the interplay between mantle rheology, convective dy-
namics, and surface geomorphology, providing in particular new insights into uncertain convective regimes such
as those of the early Earth and Venus.

In this context, we focus on the dynamics of subducting plates using an analogous laboratory convection
experiment. We use aqueous colloidal suspensions of silica nanoparticles, named Ludox, which exhibit a wide
range of rheological properties, including viscous, elastic, plastic, and brittle behaviors, depending mainly on
their water content. Its tunable rheology, rheological transitions, and two-phase nature makes Ludox a powerful
analogue system to model planetary interiors. The water content serves as a proxy for temperature in silicate
mantles. Convection in Ludox successfully reproduces mesoscale features of mantle convection such as one-sided
subduction, and captures the long-term planetary evolution from a vigorously convective magma ocean to solid-
state mantle convection.

Here, we investigate subduction-like events by heating colloidal suspensions from below in a quasi-2D tank,
while simultaneously allowing the surface to dry through evaporation. We analyze the formation, deformation,
and eventual sinking of dense, silica-rich surface layers using a combination of visible and infrared imaging
acquired from the side and the top of the tank. We also examine convective patterns using synthetic schlieren
to visualize thermocompositional heterogeneities and use optical flow velocimetry to quantify the associated
velocity field. By varying temperature gradients, evaporation rates, initial water content, and colloidal suspension
type, we identify various kinematic pathways governing the formation and destabilization of stagnant lids, which
in turn control the onset and dynamics of subduction-like events. These observations provide new insights on the
conditions under which transitions from stagnant lid convection to plate tectonics and asymmetric subduction
may occur in planetary mantles.

Figure: Side view of a convection experiment during a subduction-like event, with a one-sided subducting slab.
The colormap shows the optical displacement field resulting from variations in the refractive index induced by
thermocompositional heterogeneities, obtained using synthetic schlieren imaging, and highlights buoyant struc-
tures within the flow. The vector field shows the velocity field derived from optical flow velocimetry, capturing
the dynamics of convection cells.
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Subducting slabs play a crucial role in deep Earth carbon cycling[1, 2], yet the carbon-cycling efficiency of dif-
ferent subduction zones remains debated [3, 4]. Here, we systematically compare decarbonation characteristics in
the extremely cold Tonga and hot Colombia subduction zones using observation-constrained thermo-petrological
modeling, integrated with volcanic degassing and arc geochemistry. Two contrasting slab decarbonation patterns
are identified: efficient “focused” decarbonation in hot subduction zones versus sluggish “diffuse” decarbonation
in cold subduction zones. Hot Colombia exhibits a high decarbonation efficiency >15%, dominated by metamor-
phic carbon release within a narrow depth range of ∼75–115 km and supplemented by partial melting-induced
decarbonation. In contrast, cold Tonga shows a much lower decarbonation efficiency of ∼1% by dissolution-
dominant carbon removal over a broad depth range of ∼75–310 km. These surprisingly contrasting decarbonation
patterns play critical roles in deep carbon cycling and arc degassing in both present-day and ancient subduction-
zone systems, and could further control variations of the global carbon cycle and climate evolution.

Figure: Contrasting decarbonation characteristics in hot versus cold subduction zones. (A) Efficient “focused”
decarbonation in hot subduction zone and (B) sluggish “diffuse” decarbonation in cold subduction zone. Colored
areas represent the decarbonation regions via different mechanisms. Colored arrows represent CO2 outfluxes via
different mechanisms, with arrow size representing the flux magnitude.
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Accurately incorporating realistic phase transitions in geodynamic models is crucial but challenging. Phase
transitions strongly influence mantle convection, as their effects on buoyancy can hinder or accelerate slabs and
plumes. In a heterogeneous mantle, different mineral assemblages undergo phase transitions at different depths,
leading to lateral buoyancy variations that can cause specific compositions to stagnate or accumulate within char-
acteristic depth ranges. However, complex phase relations, abrupt changes in material properties, and the release
or absorption of latent heat pose significant challenges for modeling phase transitions. Dannberg et al. (2022)
addressed these challenges by solving the energy equation in terms of entropy rather than temperature, allowing
it to capture realistic phase changes in geodynamic models. However, this method was limited to chemically
homogeneous systems.

Building on our earlier work, we now present a new multi-component formulation that extends the entropy
method to systems with compositional heterogeneities (Li et al., 2026, in review). Our formulation assumes
thermal equilibrium below the scales resolved by our mesh, i.e., all components share a single temperature at
each point represented in the model. Pressure changes during advection produce an isentropic temperature
change. As different chemical components may have different isentropic temperature gradients, which would
imply different temperatures for each component at the same location, our multicomponent formulation involves
a thermal equilibration step. Using a series of benchmarks and test cases, we show that our implementation in the
geodynamic modeling software ASPECT satisfies the conservation of total energy and captures phase transitions
self-consistently, regardless of their sharpness, during advection of chemical heterogeneities.

We show the applicability of our new formulation in a series of global convection models. We compare: (1) a
single-component pyrolite model, and (2) a two-component mechanical mixture of basalt and harzburgite with
the same pyrolitic bulk composition. Our results reveal that small differences in the ringwoodite to bridgmanite
+ ferropericlase transition between these assemblages with the same composition can significantly affect slab and
plume stagnation. Our results highlight the importance of accurately capturing the full effects of phase transitions
in a chemically heterogeneous mantle, and our approach enables new investigations into how planetary mantles
evolve.
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Previous geophysical and geochemical studies suggest the accumulation of basaltic materials near the bottom
of the mantle transition zone [3, 5]. Recent seismic observations further indicate that oceanic crust may separate
from the underlying slab mantle near the 660-km discontinuity, potentially contributing to weak P660P reflec-
tions, low-velocity anomalies, and seismic scatterers in the uppermost lower mantle [1, 2]. However, the physical
feasibility and controlling mechanisms of this crust–mantle separation process remains debated.

Here we present two-dimensional thermo-mechanical geodynamic models investigating the roles of rheo-
logical weakening, plate age, and the Clapeyron slope of the ringwoodite–bridgmanite transition in controlling
crust–mantle decoupling during deep slab subduction. Our models incorporate realistic density crossovers be-
tween eclogitic crust and surrounding mantle materials near 660–720 km depth, together with viscosity variations
associated with hydration and weakening within the slab and surrounding mantle.

The results show that density inversion alone is generally insufficient to produce large-scale crust–mantle
separation. Instead, strong rheological weakening is required to mechanically decouple the oceanic crust from
the downgoing slab. In particular, two weak zones play critical roles: (1) a hydrated slab mantle layer and (2) a
low-viscosity “lower mantle wedge” formed above the penetrating slab tip [4]. When both regions are strongly
weakened, the eclogitic crust peels off from the slab and accumulates near the top of the lower mantle, whereas
stronger mantle viscosities suppress separation and maintain slab coherence.

By linking numerical modeling with seismic observations, our study suggests that crust–mantle separation
may provide a viable mechanism for generating weak P660P phases and localized low-velocity anomalies ob-
served beneath subduction zones. The results further imply that deep water transport and hydration-related
weakening may exert a first-order control on basalt recycling pathways and compositional heterogeneity in the
mantle transition zone and uppermost lower mantle.
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Mantle plumes have been imaged under the Massif Central and Eifel volcanic field, part of the Central Euro-
pean Volcanic Province (CEVP), by seismic tomography models [1,2], and are used to explain the volcanism at
the surface. However, how these two plumes formed dynamically remains enigmatic. The plumes exhibit limited
horizontal extents in the upper mantle [1,2] and are possibly supported by a broader root in the lower mantle [3].
Notably, both plumes are located near the tips of the slabs stagnating within the mantle transition zone (MTZ)
[4]. Based on these observations, we propose that the subducted slab destabilizes the thermal boundary layer cre-
ated by the lower-mantle plume stagnant at the MTZ, inducing small-scale upper mantle plumes beneath Eifel
and Massif Central. To test our hypothesis, we perform 2D upper-mantle geodynamic models with a thermal
boundary layer imposed at 670 km depth interacting with a subducting slab. Our models show that slabs of all
geometries can destabilize the boundary layer, initiating small-scale plumes ahead of and behind the slab from
the bottom of the MTZ [5]. Applying the model to our natural cases, the plumes under Eifel and Massif Central
may have been triggered from the MTZ by the subducted Eurasian slab and Calabrian slab, respectively.

The CEVP also includes the volcanic field in the Vosges-Black Forest Dome (VBF), Bohemian Massif (BM) as
well as the Pannonian Basin (PB) despite its back-arc setting. However, plume-like upwellings have only been
imaged beneath the Eifel and Massif Central, whereas the volcanism in the other regions lacks such focused man-
tle upwelling [6] and merely exhibits geochemical signatures indicative of plume involvement [7,8]. Moreover,
the Canary plume was also proposed to extend a ”finger” to Central Europe [9], potentially contributing to the
CEVP. A better understanding of plume dynamics beneath Central Europe helps to clarify the spatial relationship
between mantle plumes and surface volcanism. To this end, we perform 3D upper-mantle geodynamic models to
investigate how the Eifel, Massif Central and Canary plumes are advected at the bottom of the lithosphere under
the influence of the mantle flow over the past 70 Myr. Present-day lithosphere thickness variations are derived
from freely available tomography models and reconstructed to their past positions. Model results suggest that
(1) the Canary plume propagates laterally along a sub-lithospheric corridor beneath the northwest African plate
but is stopped by the thick lithosphere beneath the western Mediterranean and cannot reach Central Europe; (2)
materials from the Eifel and Massif Central plumes propagate eastward and pass through VBF, BM, PB along
the sub-lithospheric corridor beneath Central Europe (Figure), which indicates that the Eifel and Massif Central
plumes, assisted by the background mantle flow, are capable of reaching other regions of CEVP, providing heat
and material for the surface volcanism there. This also explains why only the geochemical footprint of a mantle
plume can be detected in the BM and PB [7,8].
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Figure: The distribution of plume materials at the end of the 3D model. Abbreviation: VBF, Vosges-Black Forest
Dome; BM, Bohemian Massif; PB, Pannonian Basin.
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Subduction zones host the majority of global earthquakes, including shallow megathrust events, outer-rise
earthquakes, and deep intraplate seismicity within subducting slabs. Although subduction-zone earthquakes are
concentrated along narrow plate-boundary belts in map view, their three-dimensional distributions and focal
mechanisms reveal much more complex, case-dependent patterns. A key question is whether long-term slab
deformation can provide a geodynamic framework for explaining where, why, and how earthquakes occur in
subduction zones.

Here we develop realistic three-dimensional spherical geodynamic models with ASPECT for subduction zones
worldwide, constrained by a range of geophysical observations, including slab geometry, plate reconstructions,
and global geodynamic models. By comparing model-predicted slab deformation and stress states with global
earthquake catalogs and focal mechanisms, we investigate how long-term slab dynamics controls both the spatial
distribution and deformation style of subduction-zone earthquakes.

The models reproduce the first-order distribution of seismicity within subducting slabs: earthquakes occur
predominantly within the cold slab core, broadly bounded by T<900◦C, and zones of strong long-term defor-
mation systematically coincide with active seismicity. In addition, the modeled stress states reproduce several
major classes of observed focal mechanisms, including shallow megathrust and outer-rise events, earthquakes
associated with shallow slab bending, and deep intraslab events linked to large-scale slab deformation. However,
intermediate-depth earthquakes are poorly reproduced and show large misfits.

These results suggest that large-scale slab dynamics exert a first-order control on where, why, and how subduction-
zone earthquakes occur, providing a global geodynamic perspective on the link between long-term deformation
and seismicity.

Figure: Izu-Bonin-Mariana model linking slab long-term deformation with seismicity and earthquake focal mech-
anisms. [1] (a-c) 3D spherical geodynamic model domain, slab geometry, and the correlation between slab energy
disspation rate and seismicity distribution. (d-g) Observed vs. modeled earthquake focal mechanisms for shallow
(0-70km) and deep (300-700km) events. Colors represent the misfits of focal mechanisms between model and
observation, quantified by Kagan angle (◦). Blue: small misfit; red: large misfit.
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The Hellenic subduction zone is characterized by slow convergence (∼2 cm/yr), trench rollback (∼1–3 cm/yr),
and a slab that extends into the lower mantle to depths of ∼1200 km, while seismicity is confined to the upper
∼200 km. Seismic source analysis further indicates that the stress orientation in the slab transitions from trench-
parallel compression at shallow depths to down-dip compression near ∼100 km. The aim of this work is to explain
such seismicity pattern and stress distribution in the slab in terms of a long-term geodynamic evolution of the
Hellenic subduction.

It has been suggested that the cessation of seismicity at∼200 km depth may be attributed to the presence of dry
continental material within the subducting slab below this depth. To investigate this, we used 2-D geodynamic
models designed in StagYY, where the incoming African plate consists of alternating oceanic and continental
stripes proposed by geological reconstructions for Early Cretaceous. Intermediate-depth seismicity is typically
linked to dehydration embrittlement. Therefore, only the oceanic crustal and sub-crustal material can host inter-
mediate depth seismicity. Our model slabs show a completely dry slab below ∼200 km, precluding dehydration
related seismicity at these depths in agreement with the observed cutoff in seismicity.

While 2D models can provide a first order estimate of slab hydration and related seismicity with depth, 3D
models are necessary to provide insight into the inherently 3D distribution of stress. We therefore extended
our analysis to 3D regional spherical models in StagYY to explore the effects of sphericity, slab heterogeneity
and differential rollback due to the presence of a weak zone in the overriding plate. The models show that the
trench curvature is largely controlled by spherical geometry and along-strike variations in slab rollback, where
the latter is mostly responsible for the transition from along-trench compression at shallow depths to down-dip
compression below ∼100 km, as indicated by the seismic source models.
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Terrestrial bodies differ significantly in the curvature of their comprising interior layers (e.g., the mantle of
Earth’s moon vs. Mercury’s mantle), many of which either currently, or sometime in their past, have been sus-
pected to feature stagnant-lid convection. In this study, we investigate the effects of relative core size on the nature
of stagnant-lid convection in both 2D annulus and 3D spherical shell geometries. We examine numerical models
with a wide range of curvature factors (i.e., ratio of inner-to-outer bounding radii) ranging from 0.2 to 0.9, spec-
ifying an Arrhenius thermal viscosity dependence while evaluating the influence of geometry on the convective
regime and stagnant lid thickness. We consider rheological parameters representative of both silicate mantles and
icy shells. For calculations involving thin shells, we also model a temperature-dependent thermal conductivity
to investigate a dynamic conductivity’s feedback on the evolution of the convective system. Our results confirm
previous speculations in the literature (e.g., [1], [2]) that 2D calculations exaggerate characteristic interior temper-
atures and stagnant lid thicknesses compared to their 3D counterparts. In addition, a lower surface temperature
creates a thicker stagnant lid because it keeps a larger portion of the upper mantle cold and highly viscous, caus-
ing the depth where material becomes low enough in viscosity to convect, to occur deeper in the mantle. The
inclusion of temperature-dependent thermal conductivity further enhances lid growth by introducing feedback
that suppresses basal heat flux. The results demonstrate that both core size and variable material properties exert
strong controls on stagnant-lid convection and lithospheric thickness by impacting available energy input into
the system.
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The transition between stagnant-lid and mobile-lid tectonics is central to understanding the thermal and
geological evolution of Earth and other terrestrial planets. While stagnant-lid and continuous plate-tectonic
regimes represent two end-member modes of planetary convection, geodynamic studies have long suggested that
an intermediate episodic-lid regime may occur under certain planetary conditions [1,2]. However, the physical
mechanisms that allow planets to alternate between stagnant and mobile surface states remain incompletely un-
derstood. Here we investigate the generation of episodic mobile-lid tectonics using numerical models of mantle
convection with realistic rheological and yielding behavior. By systematically exploring lithospheric strength,
mantle viscosity structure, and thermal conditions, we identify the parameter range in which long-lived alterna-
tions between stagnant-lid and mobile-lid states can occur. Our results show that episodic mobile-lid behavior
can arise as a self-consistent tectonic regime within Earth-like planetary conditions, rather than as a short-lived
or purely transient phenomenon. The models further indicate that episodic mobility is controlled by the evolving
balance between mantle convective stress and lithospheric yielding strength, a mechanical framework consistent
with previous approaches for diagnosing plate-like surface behavior in mantle convection models [3,4]. Mobile-
lid phases occur when convective stresses become large enough to overcome lithospheric resistance, whereas
stagnant-lid phases develop when the lithosphere remains too strong to yield globally. These results highlight
episodic mobile-lid tectonics as a natural transitional regime between permanent stagnant-lid convection and
sustained plate tectonics, providing a framework for interpreting the tectonic evolution of Earth, Venus, Mars,
and rocky exoplanets.
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Hotspot swells, the surface topographic expression of plumes, provide key constraints for understanding
plume-lithosphere interaction and inform us about the buoyancy flux carried by hot mantle upwellings. Because
swell height and cross-section area reflect how plume material spreads beneath moving plates, their geometry can
be used to infer the dynamics and physical properties of the underlying plumes. However, previous numerical
models studying plume-lithosphere interaction mostly adopt a simplified depth- and/or temperature-dependent
rheology and free-slip boundary conditions, and assume that the plume moves at the same speed as the plate.
These assumptions may lead to inaccurate estimates of global plume buoyancy flux.

Here, we use 3D regional geodynamic models with composite diffusion-dislocation creep rheology and a
free surface to investigate plume-lithosphere interaction for intraplate oceanic hotspots. Model results show
that plume material spreads laterally and forms a pancake beneath the lithosphere that is modulated by non-
Newtonian rheology in the asthenosphere. In most cases, plume material spreads downstream substantially
faster than plate motion, deflating the swell. This behavior indicates that plume spreading is dominated by
plume-driven Poiseuille-type flow rather than plate-driven Couette-type flow.

Based on the modelled swell geometry, we derive two sets of empirical scaling laws linking surface topogra-
phy to mantle plume properties. A simplified set relates swell height, width, and cross-sectional area to plume
buoyancy flux and plate velocity, while a second, more comprehensive set links swell geometrical metrics to
plume radius, excess temperature, and plate velocity. Applying the first scaling to observations for the Hawai’ian
swell yields plume surface buoyancy fluxes well exceeding 4.2 Mg/s. The latter scaling yields either a narrower
and hotter (259 km wide, potential excess temperature of 350 K) or a wider and cooler plume (389 km, 164 K),
corresponding to plume surface buoyancy fluxes of 5.9 ∼ 6.5 Mg/s.

Finally, we invert these predictive fittings and apply them to intraplate hotspot swells in other ocean basins
to quantify the heat and material fluxes carried by plumes on Earth. This approach provides an independent
constraint on the contribution of mantle upwellings to Earth’s surface heat budget and, by implication, on heat
flux from the deep mantle and core-mantle boundary.
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The beginning of mantle convection conditions the thermo-compositional evolution of rocky planets. Due to
the large size and hot temperatures of rocky terrestrial-like planets, solid-state convection begins at the magma
ocean (MO) stage, when the mantle growths interacting with a MO. In a previous work [1], we argued that remelt-
ing during mantle growth under a MO could buffer the magma ocean composition, limiting the iron enrichment
and the density increase, and therefore precluding the formation of a basal layer. That work, based on scaling,
cannot deal with chemical heterogeity at the very beginning of convection, which requires a more complex nu-
merical approach, and the question of whether chemical heterogeneities can coalesce to form a secondary MO
remains unsolved. We present a new approximation specifically designed to model chemical heterogeneity de-
velopment for a mantle under a MO. Lagrangian tracers are used to track melt composition and topography of
the mantle, and the MO system and the mantle are solved as a P-T continuum to identify the melting relations,
which are solved explicitly. We apply these approximations to the mantle convection code StagYY [2]. Prelimi-
nary runs show that thermodynamic properties of melts and minerals are the controlling factor of the behavior
of the system. In particular, the viscosity and excess density of melts are crucial to understanding the evolution
of the newly formed mantle. For low mobility melts, crystallisation happens in a ”freezing” style, which moves
the Magma Ocean composition towards a low-Fe buffered scenario, resulting in a homogeneous mantle. For high
mobility melts, crystallisation is close to fractional, which moves the Magma Ocean towards a differentiated dense
state, resulting in stratified mantles. The potential of overturn is equally affected, if separation of melts and crys-
tals during crystallization is not enough to differentiate the MO, excess topography of the solid mantle results in
excess melting, again buffering MO enrichment with the potential to keeping this enrichment below that needed
for the overturn.
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Thermal conductivity, Λ (W m−1 K−1), is the physical parameter controlling heat diffusion, the dominant heat
transport mechanism within thermal boundary layers and thermal anomalies in the mantle (cold descending
slabs and hot ascending plumes).

In silicate minerals, diffusive heat transport is the sum of phonon and photon contributions, which are quan-
tified by the lattice (Λlat) and radiative (Λrad) conductivities. The effects of pressure (P ) and (T ) on the thermal
conductivity of mantle minerals were investigated by Hofmeister 1999 [1]: pressure increases Λlat by increasing
phonon velocity, whereas temperature reduces Λlat by increasing phonon scattering. In contrast, Λrad increases
rapidly with temperature, but decreases with increasing opacity of minerals.

Prior to Hofmeister 1999 [1], pressure and temperature dependent thermal conductivity, Λ(P ,T ) = Λlat +
Λrad , was rarely incorporated into mantle convection models. Hofmeister’s work motivated several researchers to
investigate the effects of Λ(P ,T ) on mantle convection (e.g., van den Berg [2]). After the initial interest in the early
2000s, however, this line of research remained marginal for almost two decades. In recent years, nonetheless, a
growing number of studies have reported the dramatic effects of Λlat(P ,T ) on subduction dynamics [3]. Moreover,
experimental measurements suggest that Λrad may account for ∼ 40 % of total diffusive heat transport in the
upper mantle [4].

The aim of this study is to quantify the effects of Λ(P ,T ) on mantle convection, with a focus on enhanced
Λrad in the upper mantle. For this purpose, we developed a new formulation to compute Λ(P ,T ) = Λlat + Λrad
for aggregate rocks based on mineral physics constraints. This formulation was implemented in the geodynamic
community software ASPECT [5], which was used to run a series of mantle convection simulations. The model
domain consisted of a 3000×6000 km Cartesian box, discretised into a 481×961 mesh of square cells. We em-
ployed the Boussinesq approximation and a basal-heated set-up, with isothermal top (273 K) and bottom (3773
K) boundaries. The velocity boundary conditions were free-slip on all four sides of the domain. We tested several
convection setups by varying constant viscosity (1024,1023,1022,1021 Pa s) or by imposing T-dependent viscosity.
We computed three sets of models: 1) Λ = 6 W m−1 K−1; 2) Λ(P ,T ) = Λlat ; 3) Λ(P ,T ) = Λlat +Λrad .

Our results show that the average mantle temperature of the Λ(P ,T ) models is systematically higher than
those computed with constant conductivity for all tested viscosities (∆T > 300 K for 1022). This large ∆T is
primarily induced by the formation of low conductivity zones (LCZs) at both thermal boundary layers, which
arise from the P–T-dependent formulation of Λ. Such insulating boundaries would modulate the heat extraction
from the core (with implications for the geodynamo) and the mantle (slowing down secular cooling). Potentially,
the upper LCZ, coupled with the high opacity of silicate melts, might promote partial melting and the formation
of the sub-lithospheric low velocity zone (LVZ) layer.
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Figure: (A) Radial profile of thermal conductivity. Each profile was computed using the Λ(P ,T ) = Λlat + Λrad
formulation based on mineral physics constraints. Five different lithologies are reported here: ambient mantle,
lithospheric slab, hydrous slab, oceanic crust, and meta-sediment layer. The Λ profile from [1] is also shown
for reference. (B) Median mantle temperature. The markers represent the median temperature of the convec-
tion models, computed over 5 Gyr of thermal evolution. Yellow–green triangles represent models with constant
thermal conductivity, blue squares represent Λlat-only models, and red circles represent Λlat +Λrad models. (C)
Mantle convection. This panel shows the thermal conductivity field extracted from a Λ(P ,T ) = Λlat+Λrad convec-
tion model. Bright colours indicate regions of high Λ (e.g., cold descending slabs), whereas dim colours indicate
regions of low Λ (e.g., hot ascending plumes).
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Subduction zones drive global plate tectonics [1]. However, their large-scale evolution depends heavily on
the narrow, highly sheared plate interface [2]. Numerical models frequently simplify this boundary as a constant-
viscosity weak layer [3]. This approach ignores non-linear interactions between strain rate, temperature, and rock
strength. Here, we systematically increase interface formulation complexity. By moving from fixed-viscosity to
variable Newtonian and power-law rheologies, we isolate how these descriptions change both large-scale geody-
namics and fine-scale subduction channel dynamics.

Building upon previous configurations [3], we run two suites of 2D ASPECT subduction models (5120 ×
2048 km) [4]. The rheology suite varies oceanic crust formulations across Low-viscosity (LV) and High-viscosity
(HV) series by scaling the pre-exponential factor, A, such that the strain-averaged viscosity approaches 1019 Pa·s
and 1020 Pa·s, respectively. These two series act as lower and upper mechanical end-members to bound the uncer-
tainty in subduction channel strength. We compare constant fixed viscosity against two temperature-dependent
formulations: Newtonian (n = 1) and power-law rheologies. The weak-layer suite embeds a 500 × 5 km weak
layer (Low-viscosity rheology) into a High-viscosity power-law rheology oceanic crust, introduced either before
(pre-660) or after (post-660) the slab tip hits the 660 km discontinuity.

The rheology suite shows a clear scale-dependence. Large-scale features like slab dip, morphology, maxi-
mum velocity, and 660 km arrival time evolve similarly within a given viscosity series. This means bulk kine-
matics depend primarily on average channel viscosity. Furthermore, the close alignment between Newtonian and
power-law outcomes indicates that thermal effects, rather than strain-rate dependence, cause the minor variations
between these models. At the channel scale, however, rheology controls the flow. Interaction with the 660 km
bottleneck induces a mass-conservative backflow. This backflow peaks at 8 cm/yr in High-viscosity Newtonian
models but remains low in power-law settings. While simplified interfaces work well for broad plate kinematics,
complex rheologies are required to capture channel-scale deformation and material transport.

The weak-layer suite demonstrates that trench entry timing dictates whether the system undergoes a kine-
matic or stress-based response. Early entry (pre-660 km) directly accelerates plate kinematics, increasing con-
vergence speeds by a factor of approximately 2 to 6, depending on the chosen rheology. Conversely, late entry
(post-660 km) has little effect on plate speeds but subdues the overriding plate’s horizontal stress. As a direct
consequence of these differing regimes, the forearc high in pre-660 km cases is only briefly submerged upon
weak-layer entry before recovering, whereas the reduced stress transmission in post-660 km cases triggers a sus-
tained submergence of the forearc high that persists until the end of the 50 Myr simulation.

In summary, our findings demonstrate how specific interface variations control geodynamic evolution across
distinct physical regimes. The rheology suite indicates that broad kinematic differences are fundamentally driven
by the average channel viscosity. The weak-layer suite reveals that transitioning from a high-viscosity to a low-
viscosity formulation yields system-wide impacts, where the exact timing of this rheological shift dictates the
duration of both kinematic and overriding plate stress effects.
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Earth’s interior processes are co-responsible for shaping the planet’s surface environment, the climate system,
and habitability over geological timescales. Despite its importance, the history of mantle evolution remains poorly
understood because direct imaging methods only capture the present-day mantle. Plate tectonic reconstructions
coupled with convection models could provide constraints on the evolution of mantle structure. In this study,
we employ both fully self-consistent and plate-driven mantle convection models [1]. The mantle rheology is
temperature-, pressure-, phase-, and stress-dependent, with the latter represented through pseudo-plasticity. The
novelty of this work lies in employing a composite rheology with “realistic” rheological parameters [2] in a fully
three-dimensional geometry and with high Rayleigh number (108). By using both fully self-consistent models and
plate-driven models, we aim to address the discrepancies in terms of long-term convective and tectonic behaviour
that arise when forcing plate velocities onto the surface. The latter is done by imposing time-dependent surface
velocity boundary conditions provided by a plate tectonic reconstruction [3].

The reference model with prescribed plate velocities (Figure, right column) shows a wider range of topography
than the self-consistent equivalent (Figure, left column). Prescribing velocities at the surface also means stresses
are introduced, which leads to the emergence of sharp plate boundaries and a large topographic variation (−13 to
+5 km), compared to the topography for self-consistent cases (−7 to +2 km, Figure c,d). However, the magnitude
of surface velocity for self-consistent cases does approximate that of imposed plate velocities, or sometimes even
exceeds it. Consequently, forcing velocities from a plate tectonic reconstruction can then have a decelerating effect
regionally. Hence, we observe more mantle-driven drag (negative drag in Figure h) for the plate-driven cases, as
opposed to predominantly surface-driven drag for self-consistent equivalents. Furthermore, plate-driven models
produce a systematically thicker lithosphere relative to self-consistent models, as these portions of the oceanic
lithosphere resist recycling as per the tectonic reconstruction.

To evaluate the extent to which the models reproduce plate-like tectonics, we explore several sources of con-
straints. Slab sinking rates are computed to compare to estimates inferred from seismic tomography [4]. Sinking
rates in self-consistent models provide insight into the mantle’s rheology, as they are highly sensitive to vis-
cosity. Furthermore, a tessellation algorithm [5] is applied to the surface of the models to detect plates in the
self-consistent models with plate-like behaviour. Based on these results, a plate-size frequency distribution can
be calculated and compared to that of the plate-driven models. A low surface yield stress (i.e. a weak lid) gener-
ates too many small plates and underestimates the largest plate’s size. On the other hand, a high yield stress may
result in a stagnant lid without any active plate-like activity. So, to generate Earth-like plate tectonics, yield stress
needs to be sufficiently high to reproduce realistic slab sinking rates and yield an adequate plate-size frequency
distribution, but also sufficiently low to facilitate a long-term mobile lid regime.
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Figure: Cross-sections showing viscosity, downwellings (blue) and upwellings (red) for an Africa-centred view (a-
b, left) and a Pacific-centred view (a-b, right), surface fields of topography (c-d), lithospheric thickness (e-f), and
drag coefficient (g-h, calculated after [6]). Plotted are the self-consistent case (left column) and the plate-driven
case (right column) for surface yield stress 30 MPa and η0 = 1021 Pa s.
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Using Gibbs free energy solvers combined with published experimental data, we assess the structurally bound
water capacity of nominally anhydrous minerals, as well as low- and high-pressure hydrous phases. These maps
are incorporated into a global mantle convection model [1] to investigate the long-term evolution of mantle water
content. A parameter study spanning a range of yield stresses is performed, with particular emphasis on the
role of surface mobility in controlling volatile exchange fluxes between the mantle and the atmosphere. Across
multiple simulation ensembles, surface mobility emerges as the primary control on the intensity of ingassing
between the two reservoirs.

Time-series autocorrelation analysis of reservoir H2O mass indicates that the mantle transition zone (MTZ)
behaves as a transient, high-capacity layer that is unable to sustain long-lived hydrated states in the absence of
frequent water-rich slabs penetrating beyond 410 km depth. This highlights the tendency of overturn-dominated
regimes to sequester water at greater mantle depths relative to continuously active tectonics.

Bottom-up integration of our models suggests a total stored mantle H2O on the order of 1–1.5 ocean masses,
an amount significantly lower than previous estimates [2, 3]. This reduction results from the rapid decrease in
water storage capacity beyond 660 km depth and the subsequent ease of outgassing. Because supercriticality-
enhanced extraction processes are not accounted for, vertical water transport is limited to percolation speeds,
which decrease sharply as hydrous material progresses deeper into the mantle, suggesting this estimate to be an
upper bound.

In addition, recent advances in high-pressure thermodynamic databases enable the assessment of oxygen
fugacity profiles down to core–mantle boundary depths. Building on this, we present a conceptual redox tracking
framework for an upcoming suite of simulations that integrate carbon into the system both as an independent
component and as a feedback pathway to water through the production of C-O-H fluids.
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The topography on d410 and d660 [e.g. 1] is potentially a useful constraint on geodynamic models, sensi-
tive to both the dynamics in the mid-mantle and the dynamics of the upper and lower thermal boundary layers
that control the positions and geometries of upwellings (warm anomalies) and downwellings (cool anomalies) in
the mid-mantle. Recently, using tables of seismic properties calculated from mineral physics models, workers
[2, 3] have calculated synthetic discontinuity topographies from previously published Mantle Circulation Mod-
els (MCMs). Interestingly, neither of these studies reproduced the positive correlation between d410 and d660
recovered by recent global seismology studies [e.g. 4, 5, 6].

In order to evaluate the discriminating power of the predicted topographies on mantle dynamics, a suite
of mantle circulation models are presented where CMB temperature, initial compositional condition and radial
viscosity structure are varied. The MCMs are then evaluated with reference to the d410 and d660 structure of
the Waszek et al model [6]. None of the MCM-predicted topographies provide a good match with all aspects
of observed seismic discontinuity structure, but an improved match is observed on d660 with models where the
viscosity is reduced near 670 km depth. Various putative explanations (including the overall vigour of convection,
enrichment of the lower MTZ in basalt affecting d660, metastable olivine affecting d410, and some complications
arising from the sensitivity of the SS-precursor) for the correlation of d410 and d660 are evaluated, although none
of the simple implementations reproduce the positive correlation recovered by modern seismology for this set of
simulations, initially presented in [7].
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During continental rifting, strain is accommodated both by the viscous flow and plastic deformation localised
on faults in the crust. Initially distributed over a broad region, strain progressively localises as extension increases
and the mantle lithosphere necks. Slip along these faults forms basins that are subsequently filled with sediments.

Additionally, erosion and deposition of sediments deform the Earth’s surface, modifying the loading of the
crust-lithosphere system. This can influence dynamics of normal faulting (e.g. [1]), and Wolf et al. [2] showed
that, at the scale of continental rifts, increased sediment supply can promote fault localisation.

In this work we explore the factors that control the role surface processes play in effecting fault localisation by
systematically varying extension rate, crustal strength, and surface erodibility in a suite of 2D thermo-mechanical
tectonic models (Fantom; [3]) coupled to the landscape evolution model FastScape [4,5]. We also vary the mode of
marine sediment deposition, treating it either as ’aggrading’, where the rift is filled from the deepest point in the
basin representing sediment supply from out of the plane of the 2D geodynamic model, or ’prograding’, where
sediments are deposited from the shoreline, representing deltaic deposition due to sediment supply in the plane
of the model which is implemented using a diffusion scheme [6]. Finally, we compare our results with the North
Sea, where strain progressively localised onto major faults (e.g. [7,8]), with significant along-strike variations in
basin morphology.

References

[1] Olive et al. (2014) doi.org/10.1002/2014GL061507
[2] Wolf et al. (2022) doi.org/e2021JB023490
[3] Thieulot (2011) doi.org/10.1016/j.pepi.2011.06.011
[4] Braun & Willett (2013) doi.org/10.1016/j.geomorph.2012.10.008
[5] Wolf et al. (2021) doi.org/10.1029/2020JB021168
[6] Yuan et al. (2019) doi.org/10.1016/j.epsl.2019.115728
[7] Cowie et al. (2005) doi.org/10.1016/j.epsl.2005.01.039
[8] Phillips et al. (2019) doi.org/10.1029/2019TC005756

78

 gwynfor.morgan@uib.no


Sensitivity of hydrothermal vent temperatures to changes in
crustal permeability profiles

Kim Moutard*1, Jean-Arthur Olive2, Thibaut Barreyre3, and Milena Marjanović4
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Hydrothermal circulation at mid-ocean ridges is enabled by the highly permeable young oceanic lithosphere
and the presence of a shallow heat source, both of which can fluctuate on different time scales in response to
tectonic and magmatic activity. Seafloor observatories increasingly permit us to quantify how hydrothermal dis-
charge responds to these changes, by continuously measuring key properties of vent fluids such as temperature,
chemical composition, or flow rate. Barreyre et al. [1] for example demonstrated that hydrothermal vent tem-
peratures at the East Pacific Rise (EPR) 9°50’N steadily increase between eruptions, as the axial melt lens (AML)
inflates. The models used to interpret these measurements, however, have thus far stipulated a uniform per-
meability along the fluid upflow path, when magmatic inflation likely imparts depth-dependent changes to the
permeability field.

To remedy this, we developed SAPHYR, a semi-analytical framework to study the behavior of an axisymmetric
(1-D) hydrothermal upflow zone with a depth-dependent permeability profile, subjected to lateral heat loss.
SAPHYR specifically forecasts the steady-state temperature and velocity of upwelling fluids, from heat source to
seafloor, given a basal heat input and background permeability profile. It is validated against standard models
[2] that assume both uniform and exponentially-decaying permeability profiles.

We use SAPHYR to evaluate how exit fluid temperatures may evolve in response to depth-dependent pertur-
bations of the upflow zone permeability profile. At the EPR, such perturbations could arise from changes in the
mean stress of the upper oceanic crust caused by an inflating axial melt lens. To test this hypothesis, we run a
large parametric study where we compare the state of the hydrothermal discharge zone before and after imposing
a perturbation, and do so for a wide range of basal heat inputs, background permeability profiles, and degree of
lateral heat loss. We find that an inflating melt lens can either trigger an increase or a decrease in hydrothermal
vent temperatures depending on the basal heat-flow and the vent location with respect to the inflating body. Our
findings elucidate why neighboring hydrothermal vents may respond differently to the same sub-seafloor defor-
mation process, as was documented at the EPR. They further open a window to inverting changes in sub-seafloor
permeability and stress from time series of black smoker temperatures.

Figure: Conceptual model of inter-eruptive hydrothermal heating driven by AML inflation. Color contours repre-
sent the spatial distribution of pressure changes induced by the AML inflation. Decompression and compression
lobes are denoted in blue and red, respectively. The model posits that the thermal evolution of hydrothermal
fluids is coupled to the compressive stress field within the upper crust during the inter-eruptive period.
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Venus is, in terms of size, density and composition, the most similar planet to Earth. Still, the two planets
differ greatly in their surface conditions, tectonic regime and volcanic signatures. Solving the enigma of how and
why they evolved to be so different is of particular importance to understand habitability in the universe. This
study investigates the influence of Venus’ high surface temperature on the surface dynamics and tectonic regime,
which in turn influences the interior evolution of the planet.

For this, the numerical convection code StagYY [1] is used to model the 2-D thermochemical evolution and
convection of a Venus-like planet. Our work aims to explain how higher surface temperature promote more
surface magmatism, and in turn the generation of younger surfaces and thicker crusts. We aim to explain the
influence of the surface temperature on the viscosity structure of and partial melting in the lithosphere. More
magmatism shifts the tectonic regime gradually and we strive to explain the underlying mechanism. Our results
could be used to understand the positive feedback loop between surface temperature and surface magmatism.
Ultimately, we aim to refine our understanding of conditions necessary for planetary habitability and deepen our
understanding of the evolution of rocky planets.
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Orogenic gold deposits are an economically important and distinct class of gold-only deposits associated with
active accretionary or collisional tectonic settings. To date, models aiming to explain their formation remain
debated as most are conceptual, address elements separately, or consider only deposit-scale features [1]. With the
demand for mineral resources, including gold, continuously increasing and shallow deposits being exhausted,
new approaches are needed to understand the orogenic gold system and thus improve the prediction of the
locations of deeper undiscovered deposits.

We have conducted a preliminary study using generic lithospheric-scale 3D models to explore how thermal
conditions influence the distribution and preservation of orogenic gold deposits. This study used the numerical
code DOUAR [2], coupled with the landscape evolution model FastScape, to model the latest stage of subduction
leading to continental accretion/collision over a 20 Myr timeframe. The model design features an older craton
and younger continental lithosphere, reflected by contrasting thermal fields, separated by an oblique convergent
margin in the middle and normal convergent margins on the sides. Phanerozoic and Paleoproterozoic-like scenar-
ios were tested by systematically increasing mantle potential temperature in steps of 50 °C and crustal radiogenic
heat production by up to two times higher relative to the reference model. The results revealed that elevated
crustal radiogenic heat production, not mantle potential temperature, was the main factor controlling upper
crustal temperatures and deformation, promoting wider and deeper zones favorable for orogenic gold formation
in the Paleoproterozoic scenario. Moreover, oblique convergence may play a significant role in the formation of
deep hypozonal deposits and overall preservation potential in the Paleoproterozoic by promoting deformation of
deeper crustal levels and lower uplift and erosion compared to normal convergence.

While these 3D models were useful to resolve primary regions of orogenic gold deposition at a regional scale,
they were insufficient to resolve smaller crustal structures, known to allow fluid flow and host most deposits.
Furthermore, the spatial and temporal scale of the models allows for a restricted view in the orogenesis evo-
lution, neglecting additional processes that contribute to the formation and preservation of deposits. Ongoing
research is using the ASPECT software [3,4] to create high-resolution 2D models that capture a longer period
of the accretionary/collisional orogenesis process. This study also aims to integrate phase equilibria and fluid
flow modelling to explore the timing of ore-bearing fluid generation and release, and the location of potential
fluid migration pathways, as well as the physical mechanisms that contribute to the migration of such fluids from
source to depositional sites.
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The inter-rifting phase of the rifting cycle, the strain that accumulates between discrete magmatic episodes,
remains the least-constrained component of rift kinematics. One class of models borrows the backslip framework
of [1], locking the rift above the brittle-ductile transition and imposing continuous slip below, an assumption
incompatible with the viscous rheology expected at depth beneath magmatic rifts [3]. A second class represents
the rift as a dislocation opening continuously at depth [2], which is equally problematic: dike intrusions are
discrete, episodic events, and a continuously opening source at depth has no geological basis. Analytical diffusion
models [4] capture the post-diking transient but require an a priori specification of the viscous layer thickness as
a free parameter and cannot satisfy a non-zero far-field plate velocity.

We develop a fully analytical model in which a thin elastic plate (thickness H , Young’s modulus E, Poisson’s
ratio ν) overlies a Newtonian viscous half-space of viscosity η. Dike intrusions recur periodically at interval T ,
each opening the rift by 2ω. The viscous half-space exerts a non-local shear traction on the plate base, coupling
surface velocity at all points through the Stokes kernel, and the governing integro-differential equation reduces,
after a Fourier transform, to a fractional (half-Laplacian) diffusion equation ∂tû = −a|k|û, parameterized by a
single characteristic velocity a = EH/[2η(1 − ν2)]. The single-intrusion step response is the arctangent profile
uSTEP = (ω/π)arctan(at/x), with a Lorentzian velocity field whose diffusion front advances as at.

After many cycles the system reaches a Cyclo-Steady State (CSS), expressed in closed form through the Digamma
function:

vCSS(x,τ) =
2ω
πT

Im
{
ψ
( τ
T

+ i
x
aT

)}
where τ ∈ [0,T ) is time elapsed since the last intrusion. Integrating over one full cycle analytically recovers

the dike half-opening ω at every distance from the rift: far-field plate divergence is satisfied by construction, with
no prescribed boundary conditions. The width of the CSS velocity profile scales as aT , providing a direct geodetic
constraint on the ratio EH/η.

We extend the model to a Maxwell visco-elastic asthenosphere via the elastic-visco-elastic correspondence
principle [5], recovering two relaxation regimes separated by the Maxwell timescale τR = η/µm: near-field elastic
rebound at t≪ τR converging to far-field viscous diffusion at t≫ τR, with both limits reaching the same CSS.
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Continental rifting can remobilize carbon stored within the lithosphere and transfer it to the atmosphere
through magmatism and degassing. In particular the base of the continental lithosphere could be a significant
carbon store as it likely has been metasomatized by carbon-rich material from the underlying mantle over geolog-
ical timescales. Because CO2 lowers mantle solidus temperatures, these enriched domains are expected to melt
at lower temperatures than the surrounding mantle during extension, potentially generating carbonated melts
that migrate toward developing rift axes and influencing CO2 release throughout rift evolution. While previous
studies have examined the effects of volatiles on magma dynamics [1] or the rifting of metasomatized lithosphere
without melt transport [2], the coupled evolution of volatile-rich melt transport and heterogeneous lithospheric
carbon during rifting remains poorly understood.

To investigate these processes, we use the geodynamic code ASPECT [3] to model rifting with two-phase flow
of magma through a deforming medium. Our models implement the Reactive Disequilibrium Multi-Component
(R DMC) melting formulation [4] allowing melt composition to evolve dynamically. We additionally include
the carbonate “ledge” [5], a sharp increase in solidus temperature at pressures below 2 GPa that can promote
partial crystallization of carbonated melts and thereby limit their upward transport. The model setup contains
an initial carbon-rich metasomatized layer at the base of the lithosphere, and we systematically vary both its CO2
concentration and reference melt permeability to evaluate their influence on melt migration and carbon focusing
beneath the rift axis.

Our preliminary results show that melting initiates within the metasomatized layer prior to widespread as-
thenospheric melting, producing volatile-rich melts that further enrich the overlying lithosphere. With continued
extension, melt becomes focused into channels along the base of the lithosphere and is transported laterally to-
ward the rift center. The carbonate ledge strongly influences this transport behavior: at lower CO2 contents, melts
commonly crystallize at the ledge, whereas higher volatile contents and permeabilities promote channelization
through the barrier by transporting melt into warmer regions (Figure). This channelization leads to enhanced
carbon accumulation beneath the rift axis, where remelting and focused melt ascent subsequently increase sur-
face degassing. Variations in channelization efficiency and remelting of solid carbon above the ledge produce
dynamically variable CO2 output throughout rift evolution.

Figure: Figure showing how higher CO2 contents lead to greater channelization through the carbonate ledge (blue
lines) and towards the surface.

References

[1] Keller, T., Katz, R. F., and Hirschmann, M. M. (2017). Volatiles beneath mid-ocean ridges: Deep melting,

84

 neuharth@gfz.de


channelised transport, focusing, and metasomatism. Earth and Planetary Science Letters, 464, 55–68.
[2] Gorczyk, W., and Gonzalez, C. M. (2019). CO2 degassing and melting of metasomatized mantle lithosphere
during rifting – Numerical study. Geoscience Frontiers, 10(4), 1409–1420.
[3] Bangerth, W., Dannberg, J., Fraters, M., Gassmoeller, R., Glerum, A., Heister, T. et al. (2024). ASPECT v3. 0.0.
Zenodo.
[4] Keller, T., and Katz, R. F. (2016). The role of volatiles in reactive melt transport in the asthenosphere. Journal
of Petrology, 57(6), 1073–1108.
[5] Dasgupta, R., and Hirschmann, M. M. (2010). The deep carbon cycle and melting in Earth’s interior. Earth
and Planetary Science Letters, 298(1–2), 1–13.

85



Lithospheric mechanisms leading to rift failure

Tina Neumann*1,2, Sascha Brune1,3, Susanne Buiter1,2, and Michael Pons1,4

1GFZ Helmholtz Centre for Geosciences, Potsdam, Germany
2Tectonics and Geodynamics, Faculty of Georesources and Materials Engineering, RWTH Aachen University,

Germany
3University of Potsdam, Germany

4Department of Science, Roma Tre University, Italy
*tneumann@gfz.de

Keywords: continental rifting, rift failure, extension, deformation, lithospheric dynamics, continental breakup,
geodynamical modelling

Lithospheric rifting represents an irreversible geodynamic process that often culminates in continental breakup
and the formation of rifted continental margins. However, Earth’s geological record preserves numerous examples
of aborted continental rifts—so-called ”failed rifts”—in which rifting ceased prior to lithospheric rupture. Un-
derstanding the mechanisms that govern rift success or failure is therefore essential for constraining lithospheric
dynamics and the fundamental processes controlling plate tectonics evolution.

Here, we first present a classification framework for rift evolution using selected natural examples. This
framework accounts for the competition between internal rift processes and external forcing mechanisms oper-
ating across spatial and temporal scales. These factors determine whether deformation localizes and promotes
breakup or delocalizes and inhibits rift propagation. We then investigate these processes at the lithospheric scale
employing thermo-mechanical simulations using the finite-element code ASPECT. Our models explore the im-
pact of lithospheric weakening and strengthening mechanisms on the onset of the initial rift localization and the
long-term tectonic evolution.

Our results provide new insights into the physical conditions controlling continental rift success and failure
and contribute to a broader understanding of large-scale geodynamic processes.
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Icy bodies of the outer Solar System display evidence of remarkable surface activities, including explosive and
potentially effusive cryovolcanism. When water is released into their extremely low-pressure surface environ-
ments, or when the surface ice melts in response to an impact, the liquid water has traditionally been expected
to form solid ice with a porous outer layer. Here, we expose 40 kg of low-salinity water in a specialist cham-
ber at The Open University, UK, and show that freezing under near-vacuum conditions is a complex, dynamic
process during which vapor puffs through the growing ice sheets, building previously unobserved ice structures.
Millimeter-thin, sheet-like ice layers form, separated by centimeter-thick, large-aspect-ratio pockets of vapor. The
overall height of this layered, bubble-rich ice is controlled by a balance between its weight and the equilibrium
vapor pressure. In the laboratory, the height reaches approximately ten centimeters, which could plausibly ex-
tend to tens of meters in the low-gravity environments of icy bodies. The high porosity of such ice has significant
implications for the interpretation of remote sensing observations, and its fragile character makes terrains created
by effusive cryovolcanism risky for landed spacecraft.

Figure: Three stages of low-pressure-formed ice
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The origin of many tectonic features observed on the surface of Enceladus remains uncertain, with several
mechanical and thermal processes proposed as potential formation mechanisms operating over a wide range of
timescales. In this study, we investigate the evolution of microscopic mechanical damage within Enceladus’ ice
shell on tidal timescales using a three-dimensional mechanical model. We consider an initially intact ice shell
model based on Čadek et al. 2019 [1] subjected to two sources of forcing: (1) overpressure of the subsurface ocean
generated by freezing at the ice–ocean interface and the associated volumetric expansion of ice, and (2) tidal
forcing arising from Enceladus’ orbital dynamics, including the effects of the thinned shell beneath the south
polar terrain.

Damage is represented by a scalar field describing the density of microcracks and evolves nonlinearly as a
function of the local stress state [2]. Damage initiation is restricted to regions where the extensional stress regime
dominates. Both forcing mechanisms contribute to the development of extensional stresses within the ice shell,
promoting the nucleation and growth of microcracks. The damage evolution is coupled to the pressure evolution
of the subsurface ocean. Ocean overpressure is determined by the competition between water freezing at the
ice-ocean interface and the volumetric response of the deformable ice shell. Treating the ocean as a compressible
fluid and the ice shell as a compressible solid, we investigate how ocean-shell interactions modify the stress field
and influence the spatial distribution of damage.

Our simulations produce both global and regional maps of stress and damage accumulation, with particular
focus on the south polar terrain. These results provide new constraints on the role of tidal forcing and ocean
overpressure in initiating fracture networks and shaping the tectonic evolution of Enceladus’ ice shell. Future
developments of the model will explore the conditions for damage initiation both at the top and bottom shell
boundaries along with the possible hydrofracturing impact of the pressurized ocean on the crack propagation for
the basal crevasses.
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The complexity in the relationship between mantle and lithosphere processes may be most directly exempli-
fied in the coupling between upwelling plumes and extending lithosphere at rifted margins, and the distribu-
tion of excess melting across these regions through space and time. Rifted margins are often described in two
end-member classes; magma-rich and magma-poor, typified by the emplacement of seaward dipping reflector
sequences (SDRs) and high velocity lower crustal bodies (HVLC) or the exhumation of serpentinised mantle with
little extrusive melt, respectively. Previous studies have linked margin architecture and magmatic budget to ex-
tension velocity, lithosphere thickness, and rheology. The role of mantle plumes remains poorly constrained, with
plumes associated with both magma-poor and magma-rich margins, implying that their influence on excess melt
production is not straightforward. Our study aims to better constrain the relationship between mantle plumes
and excess melting at rifted margins by exploring the interaction of plumes originating from the mantle transition
zone and rifting.

We present two-dimensional numerical simulations to investigate how mantle plumes interact with litho-
sphere extension during continental rifting. Rifting is simulation using the ALE finite-element code FANTOM
[3], incorporating a thermal anomaly at the base of the upper mantle to represent an ascending plume. We com-
pare these models with the models of [1, 2] to explore how plumes modify the rifting behaviours and melting
patterns associated with varying crustal rheologies.

Our results indicate that excess melting associated with mantle plumes is heterogenous in space and time. The
timing, magnitude and lateral distribution of excess melting depends non-linearly on the interaction between
hot upwelling plumes and the rheological contrast in the lithosphere. Stronger crusts are most sensitive to the
timing of plume arrival beneath the lithosphere, but all rheologies exhibit a threshold behaviour which controls
the extent of excess melting. These results demonstrate that plume-driven excess melting may be highly time-
dependent with an elevated background melting relative to non-plume models, and pulses in plume material in
time.
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Earth and Venus are similar in size and bulk composition, yet their surfaces record fundamentally different
tectonic regimes. On Earth, plate tectonics and efficient lithospheric recycling are sustained by widespread sub-
duction networks, which play a key role in plate reorganization, supercontinent breakup, and long-term mantle
and lithosphere evolution [1]. In this study, we propose that the development of global subduction networks
on Earth is promoted by water-rich continental sediments, which reduce frictional strength along convergent
margins and facilitate the initiation and maintenance of large-scale plate motion.

To test this hypothesis, we use the ASPECT code [2] to perform a series of 3D global geodynamic models.
For Earth, we investigate two end-member scenarios: first, plume-driven regional subduction that progressively
evolves into a global subduction network; and second, a model initialized with prescribed plate boundaries and
subduction zones at 1 Ga, showing that long-lived subduction can be sustained when friction is locally reduced.
On Earth, such frictional weakening may vary through time and could be linked to climatic episodes such as
Snowball Earth events, during which enhanced erosion and sediment supply may have increased lubrication
along plate boundaries [3].

We compare these results with Venus-like models, where the absence of surface water leads to higher frictional
strength at the lithosphere-mantle interface and along potential plate boundaries. In the absence of efficient local
weakening mechanisms, subduction-like structures on Venus remain regional and short-lived, preventing the for-
mation of a self-sustaining global subduction network. However, over longer timescales, Venus’s lithosphere may
thicken, become gravitationally unstable, and founder into the mantle, potentially triggering episodic resurfacing
events associated with the development of rift networks.

By comparing Earth and Venus (Figure), we highlight the critical role of surface water, sediment supply, and
frictional weakening in controlling lithospheric recycling efficiency. Our results suggest that the surface expres-
sion of tectonic regime evolution is strongly linked to the ability of a planet to develop and maintain global
subduction networks.

Figure: Reference 3D Earth and Venus model computed with ASPECT. Cold material (blue), such as subduction
zones on Earth and mantle drips on Venus, sinks into the mantle, while warm mantle plumes (red) rise toward
the surface.
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True polar wander (TPW), the reorientation of the solid Earth relative to its spin axis, provides a key constraint
on the long-wavelength evolution of mantle mass anomalies. TPW is controlled by perturbations to Earth’s inertia
tensor, which are determined by the degree-two components of Earth’s non-hydrostatic mass distribution and
its associated geoid response. However, many mantle convection studies focus on present-day geoid or dynamic
topography, while the dynamical link between time-dependent mantle structure, the maximum moment of inertia
axis, and TPW remains less explored. Here we develop a numerical framework in ASPECT to compute self-
gravitating geoid and dynamic topography in global, time-dependent mantle convection models, with particular
emphasis on the degree-two geoid components that control TPW.

We first implement a self-gravitation correction for geoid and dynamic topography calculations following the
formulation of Zhong et al. [1]. In this approach, self-gravitation modifies the interpretation of pressure and
boundary stresses, while leaving the Stokes flow field unchanged. The implementation is benchmarked against
semi-analytical propagator-matrix solutions and published CitcomS benchmarks for incompressible Stokes flow
in a spherical shell [1,2]. These comparisons show that self-gravitation has a significant influence on long-
wavelength topography and geoid kernels, especially for l = 2, and is therefore essential for robust TPW cal-
culations.

We then apply the method to layered incompressible mantle models spanning the last 140 Ma to compute
the evolution of the degree-two geoid, dynamic topography, and the associated maximum moment of inertia
axis. Finally, we extend the framework to compressible thermo-chemical mantle convection models spanning the
last 250 Ma, in which temperature, composition, and density heterogeneities jointly contribute to the evolving
inertia tensor. This allows us to investigate how large low-shear-velocity provinces (LLSVPs), subduction-induced
density anomalies, and lower-mantle viscosity structure influence the predicted TPW path.

Our preliminary results suggest that the degree-two thermo-chemical structure of the lowermost mantle exerts
a first-order control on the stability and migration of the maximum moment of inertia axis. Long-lived LLSVP-like
structures may stabilize the rotation axis by maintaining a persistent degree-two mass distribution [3,4], whereas
changes in subduction history and lower-mantle viscosity can produce substantial variations in modeled TPW
trajectories. This study provides a self-consistent geodynamic framework for linking mantle convection, geoid
evolution, inertia-tensor perturbations, and TPW, and offers a pathway for comparing numerical mantle models
with paleomagnetic constraints on Earth’s rotational history.
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1Università degli Studi di Milano, Milan, Italy
2School of GeoSciences, University of Edinburgh, Edinburgh, UK

3Institute of Space Research, German Aerospace Center (DLR), Berlin, Germany
4The Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Potsdam, Germany

5Department of Earth Sciences, University of Utrecht, Utrecht, the Netherlands
*alessandro.regorda@unimi.it

Keywords: Venus rifting, numerical models, Venus topography

Recent numerical modelling and observational evidence suggest that Venus may have experienced tectonic-
like processes in the past and could still be tectonically active today. In fact, the surface of Venus is characterized
by a global network of chasmata, extending for thousands of kilometres and displaying strong imilarities to ter-
restrial rift systems [1, 2]. Yet their driving mechanisms, temporal evolution, and lithospheric structure remain
poorly understood because of the sparse observational constraints. Investigating the evolution of Venusian chas-
mata is therefore essential to better understand Venus’ interior dynamics and history.

Here, we used a forward 2D numerical model [3] to constrain the rates, durations, and lithospheric structures
of Venus’ rifts, integrating observational evidence from topography and gravity anomalies. In particular, we
tested different extensional velocities and lithospheric and crustal thicknesses.

For comparison with natural observation, we extracted topographic and gravity profiles spaced every 50 km
along 30 Venusian rift axis. Successively, we selected subsets consisting of at least 3 topographic profiles from
each rift, evaluating their homogeneity and, therefore, limiting 3D effects not evaluable by means of 2D models.
For this analysis, we used the normalized mean absolute error and the Pearson correlation index to provide a
robust evaluation of the similarities of the topographic profile between the average extracted and each profile of
the subsets. We then used the average topography of each subset for comparison with Venus’ observation.

We observed that models with a lithospheric thickness of 100 km and a crustal thickness of 15 km show the
best agreement with the observed topography across the largest number of Venusian rifts, with exceptions located
in the Thetis Regio. In addition, we identified one group of rifts with a duration of 2-5 Myr and an extension
velocity of 1-2 cm/yr, and one group with a duration of 10-12.5 Myr and an extension velocity of 0.5-1 cm/yr.
Finally, we were also able to distinguish asynchronous evolutions and a variation of crustal thickness along the
axis of some rifts.
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Petit-spots are volcanoes with relatively small volumes of magma production found on the seafloor of subduct-
ing plates [2, 3]. Geochemical observations suggest petit-spots are derived from low-degree asthenospheric melts
with a crustal and/or carbonatitic component [6], while others suggest additional interaction with metasomatic
zones during migration [1]. Their occurrence near the outer-rise region within the concave curvature—where
plate bending generates extension at the base of the lithosphere and compression at the top—suggests the cre-
ation of rapid melt pathways through otherwise cold, thick lithosphere [3]. However, the extent to which flexure-
induced stresses influence melt migration, especially in a lithosphere with strong rheological contrasts, remains
poorly quantified.

Here, we use numerical models of melt transport across the brittle–ductile transition zone in the lithosphere
[4, 5, 7] to investigate how plate flexure influences melt transport. We introduce flexure into our models via
prescribed boundary loading and imposed velocities, producing depth-dependent compression and extension
separated by a neutral surface. We systematically test how lithospheric age and flexural stresses affect the style
of melt transport and melt ascent rates. Our results show that the lowermost, ductile domain is not affected
by tectonic forcing. Melt ascent rates in the brittle domain monotonically increase with an increasing extension
strain rate. Under compression, melt ascent rates reach a maximum at low stresses, enough to overpressurise the
magma, but not enough to close the pores and suppress melt extraction. Above a certain compressive threshold,
melt ascent is arrested in the crust to form sills. Petit-spot-like forcing exhibits a combined effect depending on
the position of the brittle–ductile transition in relation to the stress neutral surface, a relationship inherently
governed by plate age. This work provides a quantitative basis for understanding when flexure promotes upward
melt transport versus trapping melt within the oceanic lithosphere.
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A subducting slab is a thin doubly curved shell with complex shape that deforms in interaction with the sur-
rounding mantle. The midsurface of such a shell can deform in two distinct ways: by in-plane stretching and
shear (membrane deformation) and by bending and twisting (flexural deformation). Using boundary-element
numerical models of subducting viscous shells together with thin-shell theory, we study how the stress depends
on the geometry of the slab, focusing on the influence of the Gaussian curvature G (the product of the two princi-
pal curvatures) of the midsurface. The main results, based on an idealized model of the Mariana slab comprising
portions with both G > 0 and G < 0, are (1) the downdip membrane stress changes from compressive to tensile
with increasing depth when G > 0, and from compressive to tensile to compressive when G < 0; (2) the longi-
tudinal (”hoop”) membrane stress is tensile at shallow depths and compressive at greater depths when G > 0,
and the reverse when G < 0; (3) the downdip flexural stress at the upper surface of the slab is tensile at shallow
depths and compressive at greater depths. The stress distributions predicted by a three-dimensional model of
the Mariana slab with realistic geometry and rheology agree qualitatively with those predicted by the idealized
Mariana model. However, the hoop stress distribution predicted by the realistic model agrees poorly with that
inferred from centroid moment tensors of earthquakes in the Mariana slab. We propose that the presence in the
Mariana slab of distinct regions with G > 0 and G < 0 is the result of a longitudinal buckling instability driven by
compressive hoop stresses.
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The dynamics of large igneous provinces connect complex processes in the Earth’s interior with surface global
climate changes. These processes include the nonlinear dynamics of deep mantle plume-lithosphere interaction,
the variable spatial and temporal evolution of melt and volcanic emplacement. The extensive CO2 emissions that
occur during such events can be a major driver of mass extinctions. However, the severity of this event depends
heavily on the initial properties of the plume and the geological setting in which it is emplaced. The goal of this
study is to reveal the combined processes of this multiscale event that require further understanding.

Therefore, we couple the thermomechanical numerical geodynamic model i3evlis with a simplified geological
carbon cycle model. This model considers the balance of degassing from the solid Earth and silicate weathering
as the sole carbon sink. Using i3evlis, we model mantle dynamic processes, such as partial melting, and study the
CO2 emission of large igneous provinces. Then, we study its surface environmental and climatic consequences
based on the resulting CO2 evolution. This approach provides a better understanding of the deep mantle and the
climatic crisis during and after an LIP event.

Our results indicate that the intensity of CO2 emissions depends on geological settings and does not always
coincide with volcanic activity. Furthermore, the balance between carbon sources and sinks cannot always be
restored within a given time frame.
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The mantle plume paradigm provides the most compelling explanation for long-lived intraplate volcanism on
Earth. The long-held view [1] is that plumes are generated by boundary layer instabilities within the lowermost
mantle and that plumes ascend through the mantle with an inflated, bulbous head, followed by a long-lived tail.
Plume heads generate large igneous provinces (LIPs) and tails give rise to long-lived volcanic hostpots [2].

Several lines of evidence suggest that mantle plumes are not purely thermal upwellings. First, the geologic
record suggests that the kilometer-scale pre-magmatic uplift that would be associated with a buoyant thermal
plume head is generally not observed [3]. Second, the plume conduits (tails) imaged in global and regional
tomographic models are wider than would be expected for a purely thermal plume. Third, geochemical and
petrological considerations require that plumes sample a mantle reservoir that is compositionally distinct from
the ambient upper mantle [e.g., 4,5,6]. Fourth, plumes appear to pond or become offset within the mid-mantle,
often below the mantle transition zone, in the 400–1000 km depth range (the extended transition zone, ETZ)
[e.g., 7,8,9]. The incorporation of eclogite into deep mantle upwellings (recycled subducted oceanic crust) may
explain all of these observations. Eclogite is denser than pyrolite at most mantle depths and the difference in
buoyancy between pyrolite and eclogite may drive plume ponding or stagnation. The incorporation of eclogite
into plume heads reduces their buoyancy and hence, pre-magmatic uplift [10]. Eclogite melts at higher pressures
and temperatures and thus may produce more melt [11,12].

We use ASPECT to model the ascent of thermochemical mantle plumes. We adopt equation of state properties
for eclogite and pyrolite from thermodynamic lookup tables computed using HeFESTo with the latest thermo-
dynamic database [13]. We adopt depth- and temperature-dependent transport properties [14]. We demonstrate
that depending on the temperature and composition structure of the lowermost mantle, a variety of plume dy-
namics can arise, including the generation of broad, headless plumes that are minimally deflected in the lower
mantle but become strongly sheared by plate motions in the upper mantle. We also demonstrate using cylindrical
axisymmetric geodynamic models that thermochemical mantle plumes can generate the volumes of melt and car-
bon release that are necessary to explain the volume of large igneous provinces as well as the long-lasting carbon
cycle and climate perturbations that may drive mass extinctions. We show that owing to the competition between
eclogite’s negative buoyancy and more fusible melting behavior, maximum melt production and volatile release
are achieved for a specific intermediate amount of entrained eclogite [15].

Figure: Visualization of an ASPECT calculation in 3D spherical cap geometry showing the ascent of a broad
thermochemical plume through the lower mantle (left) and impingement on the lithosphere. The lithosphere is
moving leftward at a rate of 10 cm/yr, generating deflection of the plume. The plume is sourced from a ther-
mal boundary layer enriched in eclogite (15 %) relative to the background pyrolitic mantle and the plume rises
through a mantle with depth-dependent viscosity and transport properties. The plume is represented by isosur-
faces of temperature anomaly (150 K) relative to the adiabat, and colored based on temperature. The adaptively
refined ASPECT mesh is shown.
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Introduction: An asymmetrical concentration of radiogenics in the lunar mantle has been suggested to cause
a long-standing thermal anomaly of several hundreds of K, which could have lasted up to present-day [1,2]. Such
a subsurface temperature distribution at present-day will induce gravity field anomalies that can affect crustal
thickness inversions. Interestingly, thermal anomalies have also been suggested to affect the degree-3 component
of the tidal response of the Moon [2].

Here, we combine thermal evolution models that account for crustal thickness variations [1] with gravity and
topography inversions for crustal thickness that take thermally-induced density anomalies as input [3,4]. Thus,
we provide a coupled, self-consistent estimate of the lunar mantle temperature and its crustal structure.

Methods: This work focuses on the best-fit model in [1] (Figure a), which is consistent with both Apollo heat
flow experiments [5], Blue Ghost Mission 1 LISTER [6], and LMS [7] experiments.

The setup in Figure a consists of a geodynamic model overlaid with a crustal thickness model, as described
in [1]. At present-day, this model produces a temperature field which predicts a positive thermal anomaly of
∼100-200 K underneath the nearside Procellarum KREEP Terrane (PKT), and two smaller anomalies (∼50-100 K)
underneath the farside highlands terrane (positive) and south pole-Aitken basin (negative).

The 3D temperature field is then discretized into layers from the surface to the core and converted into a den-
sity field assuming a mantle density and thermal expansion coefficient of 3400 kg/m3 and 2 · 10−5 K−1, respec-
tively. Thereafter, the gravity anomaly associated with density variations within each layer is computed following
[8], using the DSP code [9]. These anomalies are then fed into a global inversion model that self-consistently
solves for mare and feldspathic crustal thickness from observed gravity and topography [9].

Results: The update in crustal thickness resulting from our approach is shown in Figure b. As expected,
regions where subsurface temperatures were higher than average result in a crustal thinning (e.g., PKT, Farside
Highlands). Conversely, regions of colder-than-average interior, such as basins, show crustal thickening subse-
quent to our calculation (e.g., SPA).

The most prominent variation in crustal thickness is related to the nearside temperature anomaly and reflects
the shape of the modeled PKT area. Within this area, we obtain a crustal thinning of ∼ 20 % (∼8.5 km) with
respect to the original crustal thickness model which did not account for a variable mantle density [4]. The
secondary temperature anomalies associated with the farside highlands and the south pole-Aitken basin induce
a crustal thinning and thickening, respectively, of about 3 km. Outside of these three regions, we see moderate
crustal thickening throughout the lunar surface.

Conclusion: In this work we successfully quantify the effect of mantle thermal anomalies predicted by geody-
namic models on lunar crustal thickness inversions. We build a self-consistent model of the present-day thermal
state and crustal structure of the Moon, where the thickness of the lunar crust is up to 20 % different with respect
to previous inversions.
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Figure: a) Surface heat flux distribution from one of the best-fit models in [2]. This setup consists of a radiogenic
anomaly of∼1200 km in radius, and 30 ppm Th equivalent concentration for a 1.6 km thick layer. Bulk abundance
of radiogenics is equivalent to 90 ppb Th. b) Variations in crustal thickness inversion induced by temperature
anomalies in the mantle. Locations of Procellarum KREEP Terrane (PKT), farside highlands, south pole-Aitken,
Apollo 15, Apollo 17, and mare Crisium are annotated in the map.

References

[1] Santangelo, S., Plesa, A.-C., Broquet, A., Breuer, D., & Grott, M. (2025). Present-day thermal state and surface
heat flux of the Moon. Journal of Geophysical Research: Planets, 130, e2025JE009458. https://doi.org/10.

1029/2025JE009458

[2] Park, R.S., Berne, A., Konopliv, A.S. et al. Thermal asymmetry in the Moon’s mantle inferred from monthly
tidal response. Nature 641, 1188–1192 (2025). https://doi.org/10.1038/s41586-025-08949-5
[3] Mark A. Wieczorek et al., The Crust of the Moon as Seen by GRAIL. Science 339, 671–675 (2013).
doi:10.1126/science.1231530
[4] Broquet, A., Maia, J., & Wieczorek, M. A. (2025). On the crustal architecture of the terrestrial planets. Journal
of Geophysical Research: Planets, 130, e2025JE009139. https://doi.org/10.1029/2025JE009139.
[5] Langseth, M. G., Keihm, S. J., & Peters, K. (1976, April). Revised lunar heat-flow values. In In: Lunar Science
Conference, 7th, Houston, Tex., March 15-19, 1976, Proceedings. Volume 3.(A77-34651 15-91) New York, Perga-
mon Press, Inc., 1976, p. 3143–3171. (Vol. 7, pp. 3143–3171).
[6] Nagihara, S., Zacny, K., Ngo, P., Sanasarian, L., Misra, R., Grott, M., et al. (2026). First robotic attempt
to measure heat flow of the Moon: Deployment of LISTER on Blue Ghost Mission One to Mare Crisium (No.
EGU26-6066). Copernicus Meetings.
[7] Johnson, C. L., Grimm, R. E., Espley, J., Garrick-Bethel, I., Howard, S. K., Maxwell, R. E., et al. (2026). Results
from the Lunar Magnetotelluric Sounder on Blue Ghost Mission 1 (No. EGU26-8526). Copernicus Meetings.
[8] Wieczorek, M. A., & Phillips, R. J. (1998). Potential anomalies on a sphere: Applications to the thickness of
the lunar crust. Journal of Geophysical Research: Planets, 103(E1), 1715–1724.
[9] Broquet, A., & Andrews-Hanna, J. C. (2024). The moon before mare. Icarus, 408, 115846.

100

https://doi.org/10.1029/2025JE009458
https://doi.org/10.1029/2025JE009458
https://doi.org/10.1038/s41586-025-08949-5
https://doi.org/10.1029/2025JE009139


Role of Local and Far-Field Forces in Central and Eastern U.S.
Intraplate Seismicity

Arushi Saxena*1, Maria Beatrice Magnani2, and Eunseo Choi3

1University of California Davis
2Southern Methodist University

3Center for Earthquake Research and Information, University of Memphis
*ahsaxena@ucdavis.edu

Keywords: intraplate seismicity, tectonics

The Central and Eastern United States (CEUS), located in the cratonic interior far from active plate bound-
aries, exhibits ongoing seismicity and a complex near-surface stress state. While several local and plate-boundary
mechanisms have been proposed to explain this deformation, the relative contributions of these sources remain
poorly quantified. With the increasing availability of high-resolution seismological and geodetic constraints, we
address this question using geodynamic models.

We develop instantaneous 3-D numerical models representing CEUS that incorporate heterogeneities from
surface to the mantle-transition zone. These input models are implemented in the community geodynamics code
ASPECT in a modular framework, enabling smooth integration of input from different observational models. Our
models utilize a strain-weakening viscoplastic rheology where materials creep by dislocation up to a deviatoric
stress limit, which is defined by the Drucker-Prager yield criterion and decreases as strain accumulates. We apply
far-field plate stresses along the side boundaries, and quantify which of the major sources of heterogeneities
considered here primarily increase stresses along the preexisting faults in the CEUS.

Our models reveal a positive correlation between observed seismicity and surface deformation driven by upper
mantle flow, highlighting the importance of deep mantle dynamics in controlling intraplate stress. Removing
gravitational potential energy contributions due to topographic variations reduces this correlation, suggesting
that this force partially opposes the overall shearing motion rather than supplementing it. Together, these results
provide a present-day, physically consistent representation of the CEUS stress field and offer a framework for
exploring the interplay among mantle dynamics, lithospheric structure, and intraplate seismicity in cratonic
settings.
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Figure: (top) Velocities extracted from a global mantle-flow model as boundary constraints for our regional model.
(bottom) Viscosity distribution in our model with contours showing crustal and lithospheric mantle structure
discontinuities.
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Study of natural shear zones, both in the crust and mantle, often highlights both fluid-controlled weakening
and deformation-controlled focusing of fluids. Indeed, fluids, which can be either melts or aqueous, induce
softening in rocks, even in small proportions (< 10%) [1,2,3,4]. This feedback loop between deformation and
fluids result in highly effective strain localization. Fluid transport in deformable media has been studied in
numerous work [5, 6]. Nonetheless, the effect of large strain deformation of the solid matrix in response to
external stresses on this interaction is still poorly understood.

To address the nature of this coupling, as well as the effect it has on deformation, we have implemented
the three-field formulation [7] of the two-phase flow problem in FEniCSx, a finite element model library that
provides an interface to create simple, flexible and efficient Python scripts to solve a boundary value problem. In
this contribution, we present the benchmarking of our code by (1) comparison of our results on a instantaneous
viscous inclusion test with those from a similar formulation implemented in a finite difference software, and (2)
comparison to the 1D and 2D solitary wave benchmark. We also show preliminary results on the behaviour of a
solitary wave in a solid medium deforming by simple shear.
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Subduction is a fundamental geodynamic mechanism driving the recycling of material and energy within
Earth as lithospheric plates descend into the mantle at convergent boundaries. The descent of cold oceanic litho-
sphere influences the thermal structure of the mantle wedge by controlling the temperature distribution and flow
pattern. Such thermal-dynamic coupling contributes to arc volcanism and the long-term evolution of oceanic
lithosphere.

In subduction zones, thermal structure, mantle flow, and viscosity structure are interrelated. Dehydration
reactions in the subducting oceanic crust supply fluids to the mantle wedge. The supplied fluids further affect
the viscosity structure and thermal structure of mantle materials. Therefore, a model that incorporates thermal
structure, mantle flow, viscosity structure, and fluid flow enables a more realistic interpretation of subduction
zone thermal structure.

In this study, we develop a thermal structure model that incorporates two-phase flow in subduction zones us-
ing Firedrake, an open-source finite element platform. The two-phase formulation describes the coupled motion
of a solid mantle matrix and a fluid phase released by dehydration reactions. The governing equations simulate
fluid migration through the mantle wedge. Compaction pressure serves as an additional variable for analyzing
fluid distribution and migration pathways in the modeled domain. The model offers a framework for interpreting
the thermal, hydrological, and mechanical structures of subduction zones, including metamorphic reactions in
the oceanic crust, arc volcanism, and estimates of mantle wedge viscosity structure.

Model-derived temperature and pressure structures serve as input parameters for mineral metamorphism ex-
periments simulating subduction zone environments. Temperature and pressure conditions in subduction zones
constrain mineral stability and magnetic properties in the subducting oceanic crust. Magnetic anomaly surveys
in subduction zones show reduced anomaly amplitudes along the subducting oceanic plate. Such reduction is as-
sociated with demagnetization caused by metamorphism of magnetic minerals during subduction. These model-
derived conditions guide uniaxial compression experiments using natural magnetic minerals. Measurements of
magnetization changes under these conditions enable integrated modeling-experiment investigation of magnetic
anomaly reduction in subduction zones.

Figure: Temperature field (left) and porosity distribution (right) at 100 Myr. White arrows indicate solid mantle
velocity in the left and fluid flux in the right. White contours denote isotherms at 200 °C intervals, and the red
triangle marks the volcanic arc.
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The formation of Archean continental crust by partial melting of hydrous mafic protoliths is widely acknowl-
edged, yet the nature and origin of the mafic protolith itself remains strongly debated. One school of thought
proposes hydrothermally altered basaltic rocks as the protolith, whereas another argues that lower crustal mafic
cumulates can equally account for the geochemical signatures of TTGs. Coupled silicon and quadruple sulfur
isotopes serve as particularly powerful tools in this debate, as their distinctive fractionation mechanisms and
chemical behavior exclude the influence of secondary processes and directly trace the source reservoirs of felsic
crust. Here, we present integrated whole-rock silicon and sulfur isotopic data for Neoarchean granitoids from the
North China Craton to elucidate the origin and evolution of their protoliths. Most granitoids display non-zero
∆33S (0.01 ‰ to −0.24 ‰) and elevated δ30Si (−0.09 ‰ to −0.05 ‰), indicative of a supracrustal source and
notably distinct from previously reported mantle-like zircon δ18O values. A global dataset demonstrates that
granitoids younger than 3.8 Ga consistently exhibit elevated δ30Si and non-zero ∆33S, implying that the vast ma-
jority—if not all—of Archean continental crust was generated by partial melting of supracrustal materials rather
than unaltered mafic cumulates.
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The initial distribution of volatiles between the interior and atmosphere of a rocky planet is largely determined
during the magma ocean crystallization phase of planetary development. Water and carbon dioxide dissolved in
the magma outgas into the primordial atmosphere as the magma ocean cools, providing greenhouse effect that
affects the thermal evolution of the interior. Volatile-rich magma can be trapped into the freezing residual mantle
especially if the magma ocean cools rapidly. The balance of these processes determines both the atmospheric
and interior volatile budget, setting the stage for secular planetary evolution and the thermochemical surface
conditions for potential life. The trapping of volatiles into the freezing residual mantle has previously been
modeled with a constant fraction of melt trapped in the freezing volume. However, this process is dynamic
and scales with the rate of cooling of the magma ocean. This work models the magma ocean crystallization
phase and the effects of constant and dynamic melt trapping on the volatile distribution for rocky planets in
the inner Solar System based on previous work [1]. A grey atmosphere model for a coupled carbon dioxide and
water atmosphere with hydrodynamic escape is simulated with a one-dimensional thermochemical evolution
model of the magma ocean for a range of initial water masses from 0.01 to 20 Earth oceans, H:C ratios from
0.1 to 100, and a range of orbits from 0.2 to 2 AU. KLB-1 peridotite is used for the solidus and liquidus and all
simulated planets has Earth-like masses and gravity. Results show that dynamic melt trapping sequesters more
volatiles into the mantle relative to constant-fraction models, producing drier primordial atmospheres for Earth-
relevant H:C ratios. Furthermore, results suggest that considering carbon dioxide into the mix has more effect
while hydrodynamic escape is less influential compared to previous study [2]. These differences have significant
implications for the long-term volatile cycling and potential habitability of Earth-sized planets across the inner
Solar System.

Figure: Schematic on magma ocean evolution
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The presence of large regions with strongly reduced seismic velocities (LLSVPs) in the lower mantle of the
Earth raised many questions about the nature and origin of these structures. Many of which are still open for
debate. From seismological observations, it is known that the LLSVPs extend over several hundred kilometers,
vertically and horizontally, and are likely thermochemical. Different hypothesis exist in regards to the origin of
the chemically distinct material that forms the LLSVPs. It could originate from a basal layer enriched in iron
that formed during the magma ocean phase due to fractional crystallization or from interaction between core and
mantle material in which iron-rich material diffuses from the outer core into the lower mantle. Another theory
proposes the accumulation of subducted oceanic crust at the core-mantle boundary.

We investigate the stability of thermochemical piles in 2D Cartesian mantle convection simulations for differ-
ent origin scenarios. This includes, for example, the longevity of the pile structures, as well as the spatial stability
(strong horizontal movement or localized stagnation). Modelled structures formed from a material influx through
the bottom boundary are usually smaller but longer-lived compared to piles from a primordial layer. Addition-
ally, the effect of different rheological parameters on the stability of the thermochemical piles is investigated.
Increasing the top (stress dependence) or bottom viscosity (composition or depth dependence) yields longer-lived
piles that are spatially more stable due to less turbulent convection. Likewise, a thermal expansivity decreasing
with depth reduces the convective vigor and, hence, stabilizes the thermochemical structures. First modelling
results featuring thermochemical structures at the core-mantle boundary resulting from subducted material will
also be presented.

To conclude, our mantle convection models show that thermochemical piles could have formed at the core-
mantle boundary following the magma ocean phase and survive until the present day. The stabilizing effect of
rheological parameters is similar for different origin scenarios, but longevity and size can vary depending on the
source of the material.
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Numerical geodynamic models are increasingly used to investigate coupled Earth system processes across a
wide range of spatial and temporal scales. Despite the importance of these models, formal uncertainty quantifi-
cation and systematic parameter influence analysis remain comparatively uncommon in geodynamic workflows.
This limitation is due in part to the large and complex parameter spaces characteristic of Earth system simula-
tions, as well as the substantial computational cost associated with running replicate experiments. As a result,
many studies rely on limited one-at-a-time parameter exploration or qualitative assessments of model sensitivity,
making it difficult to rigorously evaluate uncertainty and parameter interactions.

This work proposes the adaptation of computationally efficient uncertainty analysis approaches, including
the Taguchi method, to lithospheric deformation and mantle convection modeling contexts. These methods were
initially developed and tested within thermal–kinematic modeling frameworks during my dissertation research,
where they were applied across models of increasing complexity. Benchmark experiments ranged from simple
geothermal gradient calculations and closure temperature models to full one-dimensional thermal–kinematic
simulations. By comparing multiple approaches to parameter influence analysis, including one-at-a-time meth-
ods, full factorial design, and orthogonal array–based Taguchi designs, this work demonstrated that dominant
first-order parameter influences consistently emerge even in relatively high-dimensional parameter spaces.

These results suggest that computationally tractable uncertainty frameworks can be implemented both within
and across modeling platforms while substantially reducing the number of simulations required relative to tradi-
tional experimental designs. In particular, orthogonal array methods provide an efficient strategy for identifying
dominant controls on model behavior while preserving interpretability in computationally expensive systems.
This creates an opportunity to expand these approaches into broader geodynamic applications where uncertainty
analysis remains limited by computational cost and model complexity.

Future work will investigate how efficient experimental design and parameter influence analysis can be incor-
porated into lithospheric deformation and mantle convection simulations. These systems introduce additional
challenges associated with strongly coupled thermal, mechanical, and rheological processes, as well as emergent
behaviors that may depend sensitively on parameter selection. Extending computationally efficient uncertainty
quantification approaches to these models may improve the interpretability, reproducibility, and comparative
analysis of geodynamic simulations while helping identify which parameters most strongly influence predicted
tectonic and lithospheric behavior.

More broadly, this work aims to contribute toward transferable uncertainty analysis frameworks that can be
adapted across Earth system modeling applications. By improving the tractability of systematic parameter explo-
ration in computationally intensive simulations, these approaches may help bridge methodological gaps between
thermal–kinematic, lithospheric, and mantle-scale modeling studies while supporting more robust interpretation
of geodynamic model results.
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We describe several suites of 1D thermal evolution models using parameterized convection for a variety of
scenarios including a Mars-sized planet in the stagnant lid regime, and Earth-sized and Venus-sized planets in
mobile lid regime with a crystallizing basal magma ocean (BMO). The interiors of the planets are modeled as com-
pressible fluids with adiabatic increases in pressure and temperature, which lead to associated depth-dependent
changes in mantle viscosity. We develop a method that allows the upper and lower thermal boundary layers
(TBLs) to be locally defined and evolve independently, which leads to asymmetries in their viscosity, thickness,
and heat flow. Our results indicate the widely used assumption of symmetric TBLs within parameterized convec-
tion models imposes an artificial constraint on the system that can lead to spurious outcomes. As an example,
symmetric TBLs do not allow for the possibility of heat transfer from the mantle into the core, which can arise
under certain conditions (e.g. within stagnant lid planets at larger Urey ratios) and can extend for over 1 billion
years in duration. This treatment for separate TBLs in mantles with a crystallizing BMO is particularly important
since the lower TBL defines the coupling between the overlying solid mantle to the BMO. Our results show the
longevity of the BMO is strongly dependent on initial conditions that directly effect the properties and subse-
quent evolution of the lower TBL. We further show that the most important uncertainties is the activation volume
(and assumed deformation mechanism) for the lowermost mantle and the extent to which current rheological
formulations are appropriate.
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Mantle viscosity is one of the most important parameters that determine the structure of convection in the
Earth’s mantle, hence the evolution of the mantle. Yet, even 90 years after the classic estimate by Haskell, it
remains poorly determined with various recent estimates for any given depth often differing by an order of mag-
nitude or more. Here we present a new approach to estimate the radial profile of upper mantle viscosity below
the Pacific plate: It makes use of the fact that the motion of the Pacific plate relative to the Hawaii hotspot has
changed at ≈47 Ma, giving rise to the bend in the Hawaiian-Emperor Seamount chain: Until ≈47 Ma, relative plate
motion was ≈northward, and material emplaced beneath the Emperor Chain would have remained beneath. Yet
after the relative plate motion changed after ≈47 Ma, this material should have been sheared off by an amount
that depends on how well it is coupled to the overlying plate, i.e. mantle viscosity structure: it should be sheared
off more, if the plate is decoupled from the underlying mantle by a zone of low viscosity.

Here we present both analytical and numerical results. Numerical results were computed with ASPECT. The
modelling domain is a cartesian box of length x width x depth = 4620 km x 3960 km x 660 km, i.e. with aspect
ratio 7:6:1. Viscosity is explicitly depth-dependent (for a given adiabatic reference temperature profile) and
temperature-dependent for deviations from the adiabatic profile. We test four different radial viscosity profiles:
One without low-viscosity asthenosphere, one with a thin channel of reduced viscosity, one with a wider channel
and one where the entire upper mantle has reduced viscosity. Plume influx is prescribed at the bottom of the box,
and plate motions are prescribed at its surface. Velocities inferred from a global mantle flow model are prescribed
at the sides of the box. Through comparison to results without, the influence of this large-scale flow can be seen:
Regional flow in the upper mantle shifts from aligned with the plates immediately below the lithosphere towards
northward at greater depth, hence influences the advection of plume material in the upper mantle.

To obtain results for the the seismic velocity and electrical conductivity distribution that can be compared
to the computed temperature distribution for different models, ocean bottom seismometers and electromagne-
tometers have been deployed during a cruise with the Japanese research vessel Hakuhomaru in October 2025 and
collected again during a cruise with the German research vessel Sonne in spring 2026.

Figure: Different upper mantle viscosity structures (left) and resulting temperature anomalies at 240 km depth
for the reference case (black line). The zero isocontours are also shown for the other viscosity structures, with the
same colors
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New Zealand is undergoing rapid uplift and exhumation since 5 Ma [1]. Subduction of the Pacific plate at
the Hikurangi restarted 25–30 Ma ago [2,3], since then, the crustal thickness of the Pacific plate has increased
making it buoyant and inhibiting subduction [2,4]. Compressional stresses between the Pacific-Australian plates
increased to compensate for this resistance, thereby making the strike-slip regime to oblique strike-slip one [5,6].
In the recent 5 Ma, all these tectonic forces, along with orographic precipitation and erosion related isostasy,
lead to rapid uplift across the island and total uplift of 20 km since 12 Ma [5,7]. An understanding of this
uplift pattern from the mantle to surface is essential. Several modelling studies focus on only the lithospheric
deformation affecting the surface processes [4,7] without considering the deeper interaction with the mantle like
Lattice preferred orientation (LPO) in this region. We aim to fill this gap by developing a fully coupled 3D
thermo-mechanical model using ASPECT [8] and GWB [9] of the lithosphere-mantle with the surface features.
This will enable a better understanding of the recent uplift rates and topography evolution.

A recent study [10] has shown that interface viscosity of 5 · 1020 Pa s best suits the observed plate motion,
hydrated olivine agrees well with the seismic anisotropy and slab dehydration correlates with the seismic atten-
uation and volcanism in the region. These models were run for 6 Myr advecting the particles without updating
the Stokes solution. To investigate the sudden 5 Ma uplift, we will construct a set of models starting at 10 Ma
and run it forward in time, tracking the LPO evolution and comparing with present day seismic anisotropy ob-
servations. Coupling ASPECT to the surface evolution model OpenLEM [11] with allow for topography evolution
developed by surface evolution processes like erosion and sedimentation in a complex tectonic setting. We plan
to perform sensitivity tests by varying the slab structure and material parameters — slab dip, mantle wedge vis-
cosity and convergence rates which directly control the topography wavelength, amplitude [12,13], and uplift
rates. Currently, we present the initial setup of the region and planned experiments.
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Mid-ocean ridge processes of melt generation, transport, and crust formation are indirectly observable across
both spatial and temporal scales. Our current understanding of these systems relies primarily on geophysical
imaging and geochemical signatures preserved in erupted products. Numerical geodynamic models are essen-
tial tools for investigating the coupled dynamics of mantle melting and magmatic transport beneath spreading
centres.

Two-phase mantle magma dynamic models have improved our understanding of melt generation and focusing
beneath mid-ocean ridges. However, many of these existing approaches simplify the treatment of oceanic crustal
formation. Additionally, they typically neglect the tracking of geochemical evolution. This limits their ability to
make direct comparisons between model predictions and observed mid-ocean ridge basalt (MORB) compositions.

We present a new model based on the framework of [1], which includes the first 4-field solver with a com-
pressible formulation for mid-ocean ridge systems. The model includes non-linear rheologies and applies plastic
failure in a MOR setup, enabling adaptive softening along the ridge axis in a more realistic manner than previous
approaches.

We also implement a melt extraction and emplacement algorithm that enables simulation of oceanic crust
formation within the model domain for the first time. This is coupled with a geochemical solver, allowing us
to directly predict the full major, trace, and isotopic compositional variability and evolution of newly formed
oceanic crust as well as the mantle residue. This enables direct comparison to extensive global datasets of MORB
and abyssal peridotite compositions and the systematic study of how petrological and geochemical signatures
arise from the coupled fluid mechanics and thermochemistry of a dynamic sub-ridge mantle. Preliminary pa-
rameter tests demonstrate the capabilities of the model and the types of dynamic and geochemical behaviour it
can reproduce.
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Saturn’s icy moon Enceladus is highly intriguing due to its potentially habitable subsurface ocean. The liquid
state of the ocean is maintained by the thermal power generated by tidal dissipation in the moon’s porous silicate
core [1]. Recent studies [2–4] highlighted interesting features on Enceladus’ surface: 100-km-scale oval-shaped
depressions of unknown origin with a depth of 1–1.5 km. These regional depressions appear to be too smooth to
be of impact or tectonic origin, but as suggested by Schenk and McKinnon [4], they might be a viscous response
of the ice shell to local thinning caused by hydrothermal vents located at the seafloor.

To investigate this scenario, we developed a numerical code that solves viscous deformation of the ice shell
using finite element software FEniCS [5]. We solve equations of thermal convection, incorporating free-surface
boundary conditions at both the surface and the ice-ocean interface, where we also account for the ice-water
phase transition. The shape of the domain is evolved using the ALE method [6]. Boundary temperatures are
fixed for each simulation; however, we test various surface temperatures across runs (59 K, 100 K, and 140 K) to
account for the insulating effect of a hypothesized regolith layer [7]. The ice-ocean interface is kept at 270 K. The
hydrothermal vents are mimicked by a Gaussian peak in the heat flux coming from the subsurface ocean, with
amplitudes ranging from 0.1 to 0.5 W/m2 and a width of 60 km.

We used this model to test the scenario where localized heat flux from the subsurface ocean induces thinning
of the ice shell. This thinning drives a flow of ice toward the affected region, resulting in a topographic surface
depression of up to 1.5 km deep in our models and thinning the ice shell to less than 2 km in some cases. Through
our parametric study, we varied the heat flux amplitude, the ice shell thickness, and the surface temperature, and
compared the resulting topography with observations [4]. The amplitude of the heat flux correlates with the
final depth of the depression. On the other hand, surface temperature has little effect on the final depth of the
depression, though it does affect the rate at which the depression forms. In general, thinner ice shells result in
a deeper final topography. The best fit is found for models featuring a heat flux amplitude of 0.25 W/m2 and a
20-km-thick ice shell, with the depression developing on a time scale of tens to hundreds of millions of years.
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Figure: On the top, we show Enceladus’ topography with the depressions labeled A-G [4]. The topography pre-
dicted in our model is compared with the observation in two cross-sections (blue and green lines C1 and C2),
see the bottom panel (black line observation, red line model). The observed topography corresponds to spherical
harmonic degrees 4–40.
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A long-standing question regarding plate tectonics is how deformation localizes in a strong lithospheric ‘in-
traplate’ mantle up to a weak plate boundary. Geodynamical simulations reveal that deformation localization is
the result of rheological feedbacks which allow mantle material weakening through temperature and/or strain
rate increases. Such weakening can arise directly from the rheology’s dependence on strain rate and/or indirectly
by modifying material properties (e.g. grain size reduction) or by impacting fields characteristics (e.g. shear
heating).

Classical creep rheologies yield unrealistically high viscosities for olivine below 1200 K (> 1024 Pa·s), but
recent numerical deformation ab-initio models and laboratory experiments suggest lower viscosities for olivine at
these low temperatures.

To numerically reproduce a ‘mobile-lid regime’ atop a convective mantle, a pragmatic approach in rheolog-
ical parameterization introduces an ad-hoc ‘yield stress’ leading to a strain-rate dependent viscosity limitation.
However, this ‘yielding’ deformation is predicted throughout most of the lithospheric mantle up to 1500 K, far
exceeding the domain of brittle deformation.

Meanwhile, the classical “Christmas tree” representation of rheological features highlights rheological varia-
tions at depths - but such representations are ill-suited for predicting the evolution of a geodynamical system.

Here, we propose a theoretical analysis of lithosphere rheological parameterizations to evaluate an a priori
‘potential for deformation localization’ by incorporating weakening dependencies on strain rate and temperature.
This ‘potential for deformation localization’ is calculated for various rheological parameterizations such as

• dislocation creep flow laws (at high and low to high temperatures)

• ‘yield-stress’ pseudo-brittle approximation

• grain-boundary sliding

• diffusion creep.

The estimated potentials agree with (i) actual geodynamical simulations that feature the detailed non-newtonian
feedbacks between plate weakening and deformation, and (ii) large-scale independent constraints on plate and
asthenosphere macro-scale ‘effective’ viscosity.

Our results reconcile the effective yield stress estimates used in mobile-lid geodynamical convection simula-
tions with realistic rheology based on actual deformation processes. This ‘potential for deformation localization’
can be extended to account for other physical processes that possibly impact rheological properties, such as grain
size evolution or shear heating, and may serve as a screening tool for rheological parameterizations in large-scale
dynamical models.

This study has benefited from funding by the French National Research Agency for the project RheoBreak
(ANR-21-CE49-0009, PI F. Garel).
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During planetary accretion, core formation primarily occurs through the separation of iron-rich metal from
silicate mantle as impactor-derived metal sinks through a magma ocean. The timescale and chemical equilibration
of this metal-silicate separation critically depend on the dynamics of iron droplets within the magma ocean,
governed by their size, buoyancy, and the viscosity contrast with the surrounding silicate mantle. With increasing
size and mass of exoplanets, the sinking distance from surface to core-mantle boundary (CMB) increases which
would increase the time of sinking with different sinking behaviours. Here, we investigate the sinking behaviour
of iron droplets in magma ocean, deriving scaling laws for the iron-segregation timescale based on droplet size,
buoyancy, and viscosity contrast. Our numerical simulations confirm that the settling velocity of a single droplet
aligns with the analytical Stokes settling regime. We demonstrate that the sinking time is proportional to viscosity
but inversely proportional to droplet surface area and buoyancy. Furthermore, different configurations for same
number of iron droplets results in different sinking times; for instance, an adjacent configuration of two iron
droplets sinks faster than the vertical configuration. Future work should extend this model to compressible
two-phase flow and incorporate the effects of high pressure on local redox conditions, particularly relevant for
understanding oxygenation of the lower mantle due to the core growth on rocky super-Earths.
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Plate Tectonics requires strain localization over the entire thickness of the plates. However, modelling strain
localization in the deep sections of the plates, which deform by ductile processes, remains a challenge, prompting
the use of ad hoc schemes to model plate boundaries. We posit that the bottleneck for self-consistent generation
of ductile strain localization in geodynamical models is poor representation of the intrinsic mechanical hetero-
geneity of rocks, in particular at small scales. This prevents its effects from being accounted for at larger scales,
notably emergent properties that arise during upscaling, like anisotropy. To model this heterogeneity and its
evolution, we adopt a stochastic description of the rheology, which evolves in time and space as a function of
the local work-rate. This approach enables to reproduce the full variety of responses observed in nature, from
heterogeneous deformation at the local scale, but homogeneous at the system-scale, with or without softening, to
spontaneous development of system-scale shear zones. It enables, thereby, the construction of regime diagrams
for ductile strain localization using three adimensional parameters. These parameters describe the degree of het-
erogeneity and potential for evolution of the rheology, function of (1) the constitutive equation, which represents
the active deformation processes, (2) the evolution law for the rock mechanical properties, (3) the initial proper-
ties, and (4) the energy input to the system. It also allows the prediction of the intensity of localization and the
resulting system-scale anisotropic softening, paving the way for self-consistent modelling of plate boundaries in
geodynamics.

This work was supported by the European Research Council (ERC) under the European Union Horizon 2020
Research and Innovation programme [grant agreement No 882450 – ERC RhEoVOLUTION].
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Figure: Graphical summary of the approach proposed to self-consistently model system-scale strain localization
arising from rheological heterogeneity. At time t0, rheological heterogeneity at the sub-mesh scale is modelled
by randomly sampling a density probability function, which describes the initial spatial variability in a property
controlling the material strength (P0). Spatial variation in strength produces heterogeneous strain rate and stress
fields at time t1. The material strength is then updated as a function of the local work-rate. If the latter is
higher than a threshold, the mesh element is progressively damaged (its strength decreases). This is modeled by
sampling the rheological property in another density probability function (Pnew, which varies linearly between
P0 and Pdam) Otherwise, the mesh element either retains or progressively recovers its initial strength. Repetition
over time (t2,..,n) of this process may produce spatial organization of the rheological heterogeneity field, leading
to a steady-state characterized by strain localization in a small number (here, one) system-scale shear zones.
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The upper mantle displays a strong anisotropy of both its elastic and viscous properties. This anisotropy
stems from the convolution of the intrinsic elastic and viscous anisotropy of olivine, the main mineral phase
in the upper mantle, and from the crystal preferred orientations (CPO) produced by deformation. The elastic
anisotropy may be probed by seismic methods, like shear wave splitting or anisotropic tomography, which show
that most of the upper mantle is anisotropic [1]. The viscous anisotropy cannot be probed in situ, but numerical
models demonstrate that it plays an important role in mantle convection and plate tectonics [2–4].

Both the elastic and the viscous anisotropies are controlled by crystal orientations, but their relationship is
not straightforward. Their prediction also involves different computational costs. The elastic anisotropy can be
estimated by averaging the anisotropy of all crystals composing the rock, requiring only knowledge of the single
crystal elastic properties and the CPO. Estimating the viscous anisotropy of a polycrystal is more challenging.
It requires mechanical tests (laboratory or numerical experiments) in at least 6 different orientations [5,6] (more
if the tests are not performed along the CPO eigenvectors). Moreover, given the non-linearity of the flow law
describing deformation by dislocation creep, which is the source of viscous anisotropy, the mechanical behavior
of an anisotropic mantle volume has to be computed in the orthotropic olivine CPO reference frame, where the
viscous anisotropy can be described by the 6 Hill coefficients [5,6]. Estimation of this reference frame has also a
non-negligible computational cost.

To reduce the computational cost of modeling the viscous anisotropy of olivine-rich rocks in geodynamical
simulations, we trained neural networks (NN) to predict the rotation matrix relating the CPO to the geodynamical
reference frame and the Hill coefficients describing the viscous anisotropy given the aggregate elastic compliance
tensor expressed in the external (geodynamics) reference frame. The training database was constructed using
viscoplastic self-consistent simulations of the deformation of olivine polycrystals, with parameters representative
of deformation in the lower lithospheric and asthenospheric mantle [4,6,7]. It is composed of 906 000 triplets of
21 elastic constants (input), 6 Hill coefficients (output1), and a rotation angle (output2, described by 4 scalars).
We trained two types of NN: a simple Multi-layer Perceptron (MLP) with a 70:20:10 data split and a Bayesian NN
with a 80:20 data split. Both successfully predict the Hill coefficients and the rotation matrix, but with distinct
performance characteristics. The MPL achieves a mean average error of 0.06 (mean R-squared of 0.99) for the
Hill coefficients and 6.6° for the rotation angle with a computational cost of 0.005ms per prediction on CPU and
64.5Mb. Even higher accuracy is achieved with BNN: mean average error of 0.04 (mean R-squared of 0.998) for
the Hill coefficients and 3.8° for the rotation angle, with a computational cost of 3.2ms per prediction on CPU
and 120.7Mb.

This work was supported by the European Research Council (ERC) under the European Union Horizon 2020
Research and Innovation programme [grant agreement No 882450 – ERC RhEoVOLUTION].
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Broad observational and modeling evidence suggests, that plate tectonics began at roughly 3.0 Ga (e.g. [1,2]),
prior to the start of the Paleoproterozoic era (2.5-1.6 Ga). The protracted transformation from the very early,
buckling Archean plate tectonics to the modern style featuring cold and steep subduction was slow due to the
gradual secular cooling of Earth. Several studies (e.g. [3,4]) have suggested an intermediate tectonic style called
transitional plate tectonics, proposed to operate roughly from Neoarchean to Mesoproterozoic time, based on
estimated mantle potential temperatures. Such a mode would retain some characteristics from early tectonics but
have more similarity to plate tectonic processes that we observe today.

The key matter behind the transition of plate tectonic regimes was gradual transformation over time from
positively or neutrally to negatively buoyant oceanic plates. This evolution has likely been driven by two related
factors: more voluminous melting producing thicker oceanic crust due to higher mantle temperatures at MORs
and a much thicker depleted oceanic mantle layer from the melt removal. Oceanic mantle melting reached up to
50% in volume at MORs within the Paleoproterozoic mantle potential temperatures. Such a significant depletion
could reduce the slab buoyancy enough to produce horizontal translation in the shallow asthenosphere before the
thick oceanic crust becomes fully eclogitized and subducts.

Our oceanic-continental subduction models explore the conditions under which flat-slab subduction occurs
during the transitional plate tectonic regime with a focus on the Paleoproterozoic era. The problem is addressed
using regional-scale, 4500 × 1200 km models in the geodynamic modeling software ASPECT [5] coupled with
lookup tables generated by MAGEMin [6]. The MAGEMin tables determine several important material properties,
including density and the flow law parameters. An essential component of the models is quantifying the basalt to
eclogite transition in the thick oceanic crust, as it governs slab dynamics to a great extent [3]. Instead of modeling
the basaltic composition metastability directly, we use a density scaling factor similar to [3], which includes the
effect of the kinetic delay in phase transition at lower temperatures. This scaling factor is defined separately for
the upper and lower oceanic crust, as their water content, grain size, and accumulated strain differs substantially.
These variations exert a key control on the rate of eclogitization.

The results suggest that flat-slab subduction would have been viable and likely the principal plate tectonic
mode for the Paleoproterozoic conditions and a 20-km thick oceanic crust. By modifying the kinetic delay scaling
factor or density reduction due to depletion in the oceanic mantle, the horizontal extent over which subduction is
”flat” can vary by several hundred kilometers. However, with intermediate scaling and density values, the length
of the flat region is roughly 600 km from the trench. In addition, we found that either permeable boundary
conditions on the side walls or distant enough side walls are important for producing flat-slab subduction. Such
boundary conditions allow continuous flattening of the slab rather than curving during subduction [7].
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Numerical models are designed to isolate and explore the key mechanisms driving Earth dynamics. Yet, they
incorporate increasingly complex rheologies, where strain localization emerges from multiple interacting weak-
ening mechanisms that are not always straightforward to interpret. Mantle rheology is strongly temperature-
dependent, but rheological parameterizations may also include strain-rate dependence (e.g. non-Newtonian dis-
location creep), as well as additional dependencies such as grain size or fluid content. In addition, various physical
processes may promote weakening, including shear heating, melting , anisotropy, or chemical and mineralogical
transformations, in some cases acting simultaneously, which can make disentangling the resulting sequence quite
hard. To address this complexity, we develop diagnostics to quantify weakening rate and evaluate the relative con-
tributions to weakening, thereby unraveling the rheological feedbacks governing strain localization during incip-
ient plate boundary formation. We apply these diagnostics to 2-D lithospheric scale extension models (2 cm yr−1)
with an initially 50 Myr old thermal structure and a homogeneous olivine mantle. We compare different olivine
flow law combinations including pressure, temperature, strain rate and/or grain size dependencies. Grain size
evolution is calculated using the paleowattmeter and tracked using Lagrangian particles. We quantify the rela-
tive contributions of temperature, strain rate, and grain size to weakening for the different rheologies investigated
in this study. Across all simulations, the large-scale evolution remains broadly similar, with progressive strain
localization associated with asthenosphere upwelling leading to the formation of a new plate boundary. How-
ever, the timing and duration of localization vary significantly between rheologies. Our diagnostics reveal that
these differences are not controlled by a single weakening mechanism, but result from the evolving partitioning
of weakening between thermal, mechanical, and grain-size contributions. This highlights that strain localization
depends not only on the overall strength evolution of the lithosphere, but also on how weakening mechanisms
interact and are activated through feedbacks. Because these feedbacks are highly context-dependent, rheologi-
cal parameterizations that produce similar large-scale behavior in one tectonic setting may lead to significantly
different evolutionary pathways in others, with important implications for the interpretation and comparison of
geodynamic models.
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The ultraslow-spreading Mohns Ridge, at its intersection with the Knipovich Ridge, exhibits an asymmetric
distribution of sediment thickness, with the eastern flank showing greater sediment accumulation than the west-
ern flank. This sediment cover may influence the mechanics and act as a thermal blanket, potentially influencing
ridge tectonics as well as hydrothermal fluid pathways. To better understand controls on hydrothermal systems
such as Loki’s Castle, located at the ridge intersection, it is essential to assess how variations in sediment thickness
affect both spreading processes and hydrothermal circulation.

As a first step towards this goal, we show here an extended topographic diffusion formulation that jointly
describes sediment transport, erosion, and deposition for rifted margins and spreading ridges from shallow water
to the distal margin areas and oceanic seafloor. Building on diffusive surface-process models of Kaufman et al.,
1991 [1], alongside the existing subaerial framework [2], we implement a generalized diffusion coefficient that
accounts for water depth, tidal effect, slope-dependent transport efficiency, and variable sediment supply for the
submarine domain. This formulation is integrated into the geodynamic code Rift2Ridge, which has previously
been used to simulate rifting and seafloor spreading [3,4].

We present standalone tests of the diffusion module on synthetic 2-D topographic profiles, exploring how
asymmetric sediment supply and variable diffusion coefficients control topography, erosion patterns, and depo-
sition. These tests provide a basis for its coupling to thermo-mechanical models.

We are currently setting up the extended diffusion scheme in a coupled configuration for the Mohns–Knipovich
ultraslow ridge intersection, with an asymmetric pelagic sediment flux representative of the observed sediment
distribution. The coupled models are designed to quantify how sediment burial history modify the geothermal
gradient of the crust and upper mantle, as well as potential feedbacks on ridge tectonics. Our results aim to clarify
how realistic surface processes influence this ultra-slow spreading ridge, and provide a process-based framework
for assessing the impact of sediment cover on potential hydrothermal fluid pathways at the Mohns–Knipovich
ridge intersection.
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Mercury, the innermost planet of the solar system, is currently locked in a 3:2 spin-orbit resonance: it un-
dergoes exactly three rotations around its axis during two revolutions around the Sun. This unique spin state
is a result of solar tides which tend to drive a prolate planet into an equilibrium embodied by a semi-integer
ratio of the rotational frequency to the mean motion. While moons and (exo)planets on circular orbits evolve
towards fully synchronous (1:1) rotation, celestial bodies on eccentric orbits might get locked into higher-order
resonances, such as 3:2, 2:1, or similar.

Mercury’s orbit around the Sun is also subject to secular variations. A combined effect of Jupiter and Venus
produces large-amplitude changes in the innermost planet’s orbital eccentricity, which varies between 0.1 and
about 0.3 on a few-million-year timescale. In addition to this “short-period” component, the orbital eccentricity
can also experience longer periods of increased or decreased average value [1]. The chaotic nature of inner solar
system’s evolution may even drive the eccentricity up to 0.5 [2]. Any considerable changes in the orbital eccen-
tricity, coupled with a relaxation of Mercury’s shape and ongoing thermal evolution under different insolation
patterns [3], may also affect the stability of the spin-orbit resonance.

Both the rotation state and the orbital eccentricity then determine the distribution and magnitude of tidal
heating within the planet. On its present orbit and in its current spin-orbit resonance, Mercury experiences tidal
dissipation that is orders of magnitude smaller than radiogenic heating [4]. Nevertheless, in past high-eccentricity
excursions coupled with a potentially different rotation state [5,6], tidal heating in parts of its interior might have
been non-negligible.

In this work, we analyse the stability of different past spin-orbit resonances under varying orbital eccentricity
(Figure) and evaluate the tidal dissipation pattern that might have influenced Mercury’s thermal evolution. The
orbital variations are calculated numerically with the N-body integrator Rebound [7]. Mercury is modelled as
a differentiated viscoelastic sphere with radial interior structure consistent with the latest observational data
[e.g., 8] and its tidal deformation is evaluated semi-analytically, using the normal mode theory approach [e.g., 9].
Tidal deformation, parameterised by the Love number k2 and the phase lag ε2 at multiple frequencies, and the
permanent shape of Mercury are then used to evaluate the secular tidal torque and determine for which spin-
orbit resonances it equals zero [10]. Finally, we discuss the tidal heating pattern under different spin rate and
eccentricity evolution scenarios.

Acknowledgement: The work on this project has been supported by the Czech Science Foundation grant nr.
23-06513I.
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Figure: Evolution of Mercury’s orbital eccentricity (upper panel), surface tidal heat flux (lower panel, solid orange
line), and spin-orbit resonance (lower panel, dashed gray line) over 1.5 Gyr from now, starting in the present-day
configuration of the solar system. The triaxiality of Mercury was set to the present-day value of C22 = 8 × 10−6

and the mantle viscosity to a constant value of η = 1016 Pa s.
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Mechanical decoupling to coupling transition between subducting slab and mantle wedge fundamentally in-
fluences subduction processes [1,2]. Global compilation of pressure-temperature conditions from oceanic meta-
morphic rocks suggests that tectonic exhumation of eclogites from depths exceeding 80±10 km is unlikely [3],
thus defining the “point of no return” (PNR) [4]. This depth coincides with the maximum decoupling depth
(MDD) between slab and mantle wedge observed in mature subduction zones worldwide, yet this striking coinci-
dence remains unexplained. Here, we combine thermo-petrological modelling with analytical study to evaluate
three key MDD-regulated processes governing exhumation: crustal detachment, metamorphic densification, and
subduction-channel flow. It reveals that slab-mantle coupling near MDD (1) triggers sharp temperature increase
that drives metamorphic densification of oceanic crust, (2) reverses slab–mantle rheological strength, and thereby
(3) induces downward channel flow along the slab surface, which precludes exhumation of subducted oceanic
crust from depths below MDD and explains its coincidence with PNR. We further demonstrate that the proposed
mechanism also operates in nascent subduction zones, where a shallow MDD-controlled PNR explains low peak
pressures of metamorphic soles worldwide. Finally, we explain why MDD-controlled PNR is absent in continen-
tal subduction settings where intrinsically buoyant and rheologically weak continental crust can exhume from
greater depths below MDD.
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Figure: Conceptual model illustrating how MDD controls the PNR of subducted oceanic rocks. (a) Thermo-
mechanical transition near MDD during direct interaction of the subducting slab and mantle wedge before
subduction-channel development. The mechanical decoupling-to-coupling transition across MDD generates a
fundamental contrast in mantle-flow velocities above and below this boundary. Above MDD, the forearc man-
tle remains mechanically decoupled from the subducting slab, forming a cold, stagnant mantle wedge with zero
velocity. Below MDD, slab–mantle coupling drives hot, vigorous sub-arc and back-arc mantle flow with veloci-
ties comparable to subduction rate (a1). This enhanced mantle flow induces sharp temperature increase in both
oceanic crust and mantle wedge (a2). The resulting thermal contrast exerts two key effects: (1) above MDD, the
rheological contrast between the stronger mantle wedge and weaker oceanic crust promotes crustal detachment,
whereas below MDD, the rheologically weak mantle wedge suppresses crustal detachment (a3); (2) relatively
low P-T conditions above MDD maintain low crustal density and positive buoyancy, whereas phase-transition-
induced metamorphic densification below MDD increases crustal density (a4). (b) MDD-controlled contrasting
consequences for subduction-channel flow. Above MDD, the rheologically strong forearc mantle promotes crustal
detachment and the development of a weak subduction channel (∼ 1018–1019 Pa·s) (b1). Together with the low
density of subducting crust and a no-slip overriding mantle wedge, these favorable conditions enable upward ex-
humation flow and the eventual exhumation of HP metamorphic rocks from depths above MDD (b2). In contrast,
below MDD, slab-mantle coupling suppresses crustal detachment (b1) and promotes metamorphic densification
of the oceanic crust. Combined with shear drag from both the subducting slab and overriding mantle wedge, the
downward subduction flow dominates, making exhumation from depths below PNR unlikely (b2).
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Surface processes have been proposed to influence subduction dynamics by modulating sediment flux to
trenches, which may enhance subduction and the overall plate velocity. However, the combined effects of lithology-
dependent erosion and sediment frictional/rheological properties remain poorly constrained. Natural landscapes
exhibit large variations in erodibility related to lithology, climate, and tectonic setting. However, existing subduc-
tion models have simplified surface processes drastically by prescribing initial sediment distribution or relying on
linear surface diffusion with uniform erosional parameters. Here, we investigate how lithology-dependent vari-
ations in erodibility influence the evolution of subduction zones using high-resolution two-dimensional thermo-
mechanical models coupled with surface processes.

To explore the effects of erosion across a range of subduction styles characterized by varying slab dynamics
and trench motions, including trench advance and retreat, as well as slab rollback and rollover, we developed a
series of visco-plastic subduction models that capture these settings while incorporating free-surface deformation
and landscape evolution. Using these models, we vary the overall erosion efficiency and compare our results to
Andean settings spanning the humid Northern Andes, arid Central Andes, and glaciated Southern Andes, where
differences in erosion rates and sediment fluxes to the trench may influence subduction dynamics. For each case,
we compare models with uniform erosional properties against models with lithology-dependent erodibility and
depth-dependent marine sediment transport.

Our results aim to quantify the extent to which surface erosion variability can feed back into slab geometry,
trench migration, and crustal deformation. In particular, we test whether changes in erosional efficiency due to
lithological variations can enhance the localization of deformation, modify sediment transportation efficiency,
or alter the balance between tectonic uplift and surface erosion rates. This work highlights the importance of
integrating realistic surface-process parameterizations into geodynamic models of convergent margins.
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The mantle transition zone (MTZ; ∼410–660 km depth) is widely regarded as Earth’s largest internal water
reservoir and a key interface linking the deep-water cycle, mantle convection, and lithospheric evolution [2,4,6].
High-pressure mineral physics experiments demonstrate that transition-zone minerals, particularly wadsleyite
and ringwoodite, can incorporate up to ∼2–3 wt% H2O [2,7]. However, geophysical and geochemical estimates
of actual MTZ water content remain highly variable and commonly below this mineralogical storage capacity
[8,10], suggesting that additional geodynamic processes regulate long-term water retention. At the same time,
increasing evidence indicates that the MTZ contains substantial proportions of dense, Fe-rich mafic materials
compositionally similar to recycled mid-ocean ridge basalt (MORB) [1,3], which possess limited water-storage
capacity [5] but significantly enhance mantle density [1,3]. How the interplay between hydration and MORB
enrichment controls MTZ stability and realistic water-storage potential remains poorly constrained.

Here we use high-resolution geodynamic numerical models to investigate the coupled effects of water con-
tent and MORB fraction on the density, viscosity, convection, and long-term evolution of the MTZ. Our results
demonstrate that MTZ stability is governed by a narrow range of MORB-to-water ratios. Excess hydration reduces
viscosity and density, promoting buoyancy-driven instabilities, convective upwelling, and progressive dehydra-
tion. In contrast, MORB enrichment suppresses these instabilities by increasing mantle density and stabilizing
hydrated domains. The balance between these competing effects determines whether hydrated MTZ layers re-
main dynamically stable over geological timescales.

By combining modeled stability limits with global estimates of MTZ MORB abundance, we further constrain
the realistic physical water-storage potential of the MTZ. The results indicate that MTZ water storage is strongly
laterally heterogeneous and controlled not only by intrinsic mineralogical capacity but also by dynamic stability.
Regions with moderate MORB contents can preserve larger volumes of water by dynamically stabilizing hydrated
mantle domains, whereas MORB-rich regions may suppress the intrinsic mineralogical water-storage capacity of
the MTZ, and MORB-poor domains are more susceptible to buoyancy-driven instability and dehydration. Under
present-day Earth conditions, most of the MTZ likely resides in stable or slowly dehydrating regimes, character-
ized by gradual water release from the lower MTZ over hundreds of millions of years. These findings support
the existence of a long-lived and self-regulating deep-water cycle and suggest that the coupled evolution of hy-
dration and compositional heterogeneity in the MTZ plays an important role in sustaining long-term lithospheric
stability and Earth’s surface habitability.
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Earthquake nests are defined as volumes of intense intermediate-depth seismicity which are isolated from
any surrounding seismic activity. The high seismic activity within these earthquake nests occurs continuously
and thus sets them apart from other seismic sequences such as earthquake swarms or aftershocks. The three most
studied earthquake nests are the Vrancea (Romania), Bucaramanga (Colombia) and Hindu-Kush (Afghanistan)
earthquake nests. The intermediate-depth seismicity in all three nests has been linked to the occurrence of slab
detachment. To determine the nucleation and rupture mechanisms of the intermediate-depth seismicity within
these nests, it is necessary to constrain the conditions at which they occur.

Here, we use two-dimensional thermomechanical models with a nonlinear visco-elasto-plastic rheology to
determine the deformation state and answer the questions whether either pure shear necking or simple shear are
the controlling mechanisms of the detachment process in the Hindu Kush.

We focus on the effect of the lower crust on the detachment process which is up to now insufficiently con-
strained. We therefore concentrate on the question how the viscosity ratio (ηlith/ηlc) between the lithosphere and
the lower crust and the depth (dlc) to which the lower crust may have been subducted influence the detachment
process. We varied the viscosity ratio (ηlith/ηlc) between 0.01 and 1000, and the subduction depth of the lower
crust (dlc) between 160 km and 240 km. The deformation behaviour of the 270 models can be classified into five
different regimes based on stress, strain rate, detachment depth, and coupling between subducting and overriding
plate. The five regimes represent the dependency of the detachment depth (ddet) on the viscosity ratio (ηlith/ηlc).
Settings with small viscosity ratios and/or deeper lower crust detach slowly via necking in a range from 110 km
to 470 km, whereas large viscosity ratios in combination with shallower lower crust leads to fast detachment in
about 230±15 km depth. The characteristics of depth, duration, and mechanism are consistent with the young
age of the Hindu Kush slab and the deeper peak of seismicity in the Hindu Kush nest where Mw > 7 earthquakes
are interpreted to occur by thermal shear instabilities [1]. Therefore, we suggest that beneath the Hindu Kush, a
strong lithosphere with a comparably weak lower crust which extends down to 180 km depth favor detachment
via simple shear.
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Although the stability of present-day cratons is traditionally attributed to their cold, thick, and mechanically
strong lithospheric roots, the thermal state of their Archean precursors remains poorly constrained. Here, we inte-
grate 1D thermal and 2D numerical models to reproduce the tectonic processes that operated during the Archean
and to quantitatively constrain the early Earth’s thermal state. Our model results demonstrate that the thermal
state of the lithosphere is significantly controlled by variations in basal heat flux and crustal heat production,
which consequently govern the lithospheric thickness and crustal dynamics. Higher crustal heat production and
mantle heat flux lead to the development of a super-thin and hot lithosphere (generally < 75 km), characterized
by intense and rapid crustal convective overturn. In contrast, low heat values result in a thick and stable litho-
sphere (typically > 150 km), analogous to present-day cratons. Intermediate values of these thermal parameters
successfully reproduce the typical dome-and-keel architectures observed in Archean granite-greenstone assem-
blages, consistent with geological evidence. Under these conditions, the Archean Moho temperature is further
constrained within the range of 880–1082°C. This indicates that a hot and thin Archean lithosphere (75–150 km)
was essential to drive the extensive crustal partial melting responsible for forming Archean continental nuclei.
Therefore, our findings reveal that the Archean thermal lithosphere was significantly hotter and thinner than its
modern cratonic counterpart, offering a new geodynamic perspective on early craton formation.
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The Upper Rhine Graben, situated along the border of France and Germany, is a major segment of the in-
traplate European Cenozoic Rift System with significant geothermal potential. Despite decades of geophysical
surveys and increasingly high-resolution subsurface models, fundamental gaps remain in our understanding of
its long-term deformation: (i) a kinematic transition from normal to strike-slip faulting with unresolved driving
mechanisms; (ii) half-graben structures with alternating polarity, often attributed to poorly constrained crustal
inheritance; and (iii) an unusually narrow width (∼30–40 km) despite the absence of basin-scale inversion or
lateral confinement.

Using coupled lithosphere–surface geodynamic modelling with ASPECT and Fastscape, we show that these
first-order features can emerge from sustained transtension alone. First, as rifting progresses, deformation self-
organizes from normal faulting along pre-existing weaknesses to strike-slip faulting aligned with regional kine-
matics, without requiring changes in far-field plate motion. Second, within a suitable range of rift obliquity,
conjugate border faults develop along the rift axis, producing opposing half-grabens independently of inherited
transverse anisotropies. Third, along-strike shortening from Alpine–Pyrenean compression limits crustal thin-
ning and enhances strike-slip partitioning, thereby preserving graben narrowness.

These results indicate that the observed complexities reflect intrinsic transtensional mechanics rather than
site-specific controls. This framework may hence provide a first-order explanation for oblique segments of the
East African Rift, the Gulf of California, and the North Sea. Moreover, the deformation fabric provides a foun-
dation for subsequent thermo-hydro-mechanical modelling with GOLEM, where strain-dependent dilation and
permeability govern transient fluid and heat transport, with implications for geothermal resource prediction.

134

 alan.yu@gfz.de


Figure: Unified conceptual model for the evolution of transtensional rifts, exemplified by the Upper Rhine
Graben. (a) Progressive strain weakening drives self-organized kinematic transition. (b) Rift obliquity promotes
the formation of alternating half-grabens. (c) Along-strike shortening maintains rift narrowness.
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The aim of the project is to study strain localisation in anisotropic geo-materials by integrating two tools:
bifurcation analysis and mechanical modelling. We take advantage of a newly developed Julia-based tool to
perform bifurcation analysis on frictional materials and predict the critical orientation of shear bands. This tool
has been validated through the reproduction of classical results from the literature and is further supported by 2D
mechanical modelling. We apply the two-step methodology to study the orientation of shear bands in anisotropic
rocks first with Hill-type elastoplastic rheology, calibrated through direct numerical simulations of a layered
elastoplastic medium. This work may help to elucidate the origin of shear bands in orientations not predicted
by the classical isotropic theory, and provide an explanation for the occurrence in nature of non-Andersonian
tectonic structures such as low angle normal faults, whose physical explanation remains elusive. Furthermore, it
may provide insights from a rock mechanics perspective on the deformation structures and strain localisation in
layered media.
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ADELI is a finite element software program developed to simulate the thermomechanical behavior of the
lithosphere over geological time scales.

Written in a Lagrangian formulation for large deformations, this code employs hypoelastic constitutive mod-
els ranging from elastoplasticity (Von Mises, Drucker-Prager) to linear viscoelasticity (Maxwell) and nonlinear
viscoelasticity (power-law and exponential models). Faults can also be accounted for using Coulomb friction
contact.

The time discretization is based on a dynamic relaxation method, allowing the use of an explicit numerical
scheme to integrate the equation of motion. The material constitutive models and interface laws, on the other
hand, use implicit or semi-implicit methods.

This software differs from other open-source codes in geodynamics in several ways:

• Explicit time step, which allows for the cost-effective use of highly nonlinear constitution laws, such as a
viscoelastic law combining stress dependence in power and exponential forms.

• Lagrangian formalism for natural tracking of domain boundaries and the evolution of material properties.

• Stochastic module for representing sub-mesh heterogeneity in material rheology using probability density
functions.

This software, developed in the 1990s, has been used by several research teams to study issues such as fault
behavior, interactions between the convective mantle and lithospheric plates, or the localization of deformation
at different scales.

Using a test case, we present a new version of this code, rewritten in modern Fortran and featuring a more user-
friendly configuration file. We will see how the use of object-oriented programming leads to greater efficiency,
modularity, and ease of use.

This work was supported by the European Research Council (ERC) under the European Union Horizon 2020 Research
and Innovation programme [grant agreement No 882450 – ERC RhEoVOLUTION]

Figure: Logo
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Strain localization in ductile shear zones is the dominant deformation mode in most of the crust and litho-
spheric mantle. These ductile shear zones occur at every spatial scale from the centimeter up to the plate scale
and with scale invariance (eg. [1,2]). This is usually taken into account in the design of numerical studies of strain
localization by using spatially invariant rheological laws (eg. [3]). Yet, even those spatially invariant models only
represent a narrow range of shear-zone scales.

This study aims to investigate how ductile shear zones form and how the development of a shear zone affects
the mechanical behavior of a rock volume at increasing larger spatial scales. We focus on the ductile layers of the
lithosphere, which deform mainly by dislocation creep. To that end, we adopt a bottom-up approach going from
the heterogeneities of the rocks at the sample scale to the lithospheric scale.

We start by the development of a two-scale heterogeneous model, where the link between microscopic and
macroscopic models is assured by a phenomenological state-variable evolution law. This approach allows study-
ing how the properties emerging of strain localization at small scales affect the deformation at larger scales.

The micro-scale behavior is determined based on simulations with a stochastic representation of time-evolving
rock rheology. They run using the finite-element software Adeli2024 code. The evolution of the rheology (soften-
ing or hardening due to an evolution of the rock structure in response to deformation) is controlled by the local
work-rate. These models allow, for the same material, for both steady-state strain localization and homogeneous
deformation, depending on the initial microstructure and the imposed boundary conditions [4].

Strain localization in these models results in anisotropic softening of the material which has been parameter-
ized as an evolution law for the state variables of the macro-scale model. This law associates, to a set of material
parameters and boundary conditions, the bulk strength, anisotropy and orientation of the anisotropy that would
be generated by viscous strain localization. It has been implemented in the 2D anisotropic geodynamical code
MDoodz7 [5].

The poster will develop on the framework and show preliminary results of this two-scale modeling.
This work was supported by the European Research Council (ERC) under the European Union Horizon 2020 Research

and Innovation programme [grant agreement No 882450 – ERC RhEoVOLUTION]

Figure: Graphic summary of the approach.
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During slab subduction, dehydration of hydrous minerals via phase transitions generates free fluids [1]. These
volatile-bearing fluids decouple from the solid matrix and migrate as porous flow through the slab and both the
large and small mantle wedges [2]. Their weakening effect promotes stress concentration and triggers deep-focus
earthquakes; fluid-induced melting forms the core mechanism for volcanic island arcs and subduction-related
intraplate volcanoes [3]; and fluids act as the primary carrier for volatile cycling between Earth’s shallow and
deep interiors.

Developed in an object-oriented C++ framework using the open-source PETSc solver toolkit, the code of-
fers high maintainability, extensibility, and portability. It employs a coupled staggered grid finite difference
(StagGrid-FDM) and particle-in-cell (PIC) algorithm [4] with distributed-memory parallelism across grids, par-
ticles, and solvers, efficiently supporting high-precision geological models with tens of millions of degrees of
freedom and hundreds of millions of particles. By incorporating thermodynamic phase diagrams covering rock
densities and water capacities, the code enables accurate modeling of realistic geological scenarios.

To elucidate deep fluid migration laws and quantify their dynamic effects, we adopt fully compressible [5]
mass and momentum conservation equations [6]:

1
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+∇P t = ρt g⃗ ,

These equations accurately describe mass transfer between the fluid and solid phases, correctly capture mate-
rial volumetric changes, and ensure strict global mass conservation.

Focusing on fluid-solid coupling problems including mineral phase transition dehydration, fluid transport,
and fluid-induced weakening in subduction zones, the code enables quantitative simulation of the complete
deep fluid release-migration-reaction chain and its induced mechanical, thermal, and thermodynamic responses.
We have successfully simulated oceanic lithosphere dehydration in the upper mantle, clearly resolving the co-
evolution of porosity, water content, and rock viscosity,which preliminarily validating the code’s stability and
reliability. This work provides essential theoretical support and numerical tools for research on volatile cycling,
deep-focus earthquake genesis, and arc/intraplate volcanism.
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Figure: Numerical simulation results of the dehydration process of 60 Myr-old oceanic lithosphere. Evolution of
porosity, water content, and viscosity fields at model times 0.0 Myr (a,e,i), 2.0 Myr (b,f,j), 6.3 Myr (c,g,k), and 16.4
Myr (d,h,l): (a-d) porosity fields; (e-h) water content fields; (i-l) viscosity fields.
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Ice in ice sheets behaves primarily as a ductile material, i.e. it can flow as a thick viscous fluid. Its flow
properties are also anisotropic due to the development of crystallographic preferred orientation (CPO) of the
ice crystals. Satellite and airborne sensors have provided detailed data on ice surface flow velocities, englacial
structures of ice sheets and bedrock elevations. These data give insight into the flow behaviour of ice sheets.
One significant structural phenomenon observed is large-scale folds (over 100 m in amplitude) in the englacial
stratigraphy in polar ice sheets. Some folds can reach km-scale amplitudes and show plume-like geometries.
A large population of folds is associated with ice streams. Ice streams, such as the over 500-km-long Northeast
Greenland Ice Stream (NEGIS), are corridors of distinctly faster ice flow with lateral boundaries primarily defined
by marginal shear zones, known as shear margins. Fast-flowing ice streams drain most of the inland ice from the
Antarctic and Greenland ice sheets. Despite their critical role, the formation mechanisms of these large-scale
folds and shear zones remain debated.

Geodynamic modelling tools provide a complementary framework for investigating solid-state ice flow and
deformation, especially for processes that resemble problems in mantle and lithosphere dynamics, such as full-
Stokes flow, strong rheological contrasts, evolving internal stratigraphy, anisotropic rheology, and thermo-mechanical
coupling. Here, we apply two well-established full-Stokes geodynamic codes, Underworld and ASPECT, to three-
dimensional, large-scale ice-sheet modelling. Underworld combines an Eulerian finite-element mesh with La-
grangian material points, making it well suited for particle-in-cell modelling of ice with highly non-linear rhe-
ology (stress exponent n = 4), localized shear deformation, and strong viscosity contrasts between ice, air, and
bedrock. ASPECT provides a flexible, community-developed framework with a wide range of plugins for mod-
elling complex geophysical and geological processes. Its established particle-in-cell methods also provide a useful
basis for tracking CPO and anisotropic viscosity, as commonly applied to orthotropic materials such as olivine in
the mantle.

By incorporating anisotropic, non-linear ice viscosity and evolving CPO, together with temperature evolution,
we can model the formation of large-scale folds, ice streams and their shear margins. This approach highlights
how geodynamic modelling tools can help bridge solid-Earth and ice-sheet modelling, providing a framework for
investigating complex ice-sheet deformation.
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The lunar mantle is widely thought to preserve chemical heterogeneity inherited from lunar magma ocean
crystallization and subsequent cumulate mantle overturn. A compelling line of evidence for this heterogene-
ity is the large variation in incompatible trace-element patterns among lunar mare basalts, which record the
composition and melting history of their mantle sources. However, most previous interpretations have treated
these sources as binary mixtures of heterogeneous end-members, thereby preventing constraints on the spatial
scale and distribution of mantle heterogeneity. Here we compile incompatible trace-element concentration data
for Chang’E-5 mare basalts and invert these observations using a one-dimensional melting column model with
Markov Chain Monte Carlo sampling. This framework links trace-element variability in erupted melts to the
scale of source heterogeneity while accounting for partial melting and melt transport through the lunar mantle.
Preliminary inversions indicate that the characteristic length scale of chemical heterogeneity in the Chang’E-5
source region is on the order of tens of kilometers. Such a scale is comparable to estimates for Earth’s mantle,
suggesting that the ancient lunar interior may have experienced vigorous mixing and convection.
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