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Abstract

Partially molten rock is widely understood to be a melt-saturated, granular medium.

However, the effect of granular interactions has rarely been incorporated into its mod-

elling. This study explores the role of dilatancy in concentrating partial melts into

low-angle bands. Strain-evolving models of simple shear and Poiseuille flow based on

the framework set out by Katz et al. (2024) are developed. It is found that dilatancy

can account for the low angles of melt-rich bands and the segregation of melts toward

magmatic intrusion margins. However, it fails to recreate the characteristic band widths

and spacings observed in experiments. It is concluded that the inclusion of the dila-

tant stresses is essential for accurately describing the rheology of partially molten rock.

Future models should look to take into consideration the effects of grain-scale physics

that can prevent bands forming at very high frequencies.

The simulations were implemented using Dedalus, a partial differential equation

solver that uses spectral methods. Its effectiveness is evaluated for geophysical fluid

dynamics research.

2



Contents

1 Introduction 5

1.1 Introduction to Melt Segregation . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Introduction to Dilatancy and Elements of Granular Physics . . . . . . . . . 11

1.3 Introduction to Dedalus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Methods 14

2.1 Compaction Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Two-Phase Stokes Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 The Dilatancy Term . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Porosity Evolution Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Constitutive laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Nondimensionalisation and Perturbations . . . . . . . . . . . . . . . . . . . . 20

2.7 Implementing in Dedalus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.7.1 Comparison to Linearised Stability Analysis . . . . . . . . . . . . . . 21

2.7.2 Strain Evolution Model . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.7.3 Poiseuille Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Results 25

3.1 Growth Rate Spectra and Linear Stability Analysis . . . . . . . . . . . . . . 25

3.2 Strain Evolution Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 2D Poiseuille Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Discussion 40

4.1 Comparisons With Experiments and Other Models . . . . . . . . . . . . . . 40

4.2 Bands and Melt extraction in the Mantle . . . . . . . . . . . . . . . . . . . . 42

4.3 Bands and Magmatic intrusions . . . . . . . . . . . . . . . . . . . . . . . . . 43

3



4.4 Suitability of Dedalus for Geodynamics . . . . . . . . . . . . . . . . . . . . . 45

5 Conclusion 46

6 Acknowledgments 47

7 Bibliography 47

8 Appendices 54

8.1 Example Code for Linear Stability Analysis . . . . . . . . . . . . . . . . . . 54

8.2 Example Code for Melt Evolution Model . . . . . . . . . . . . . . . . . . . . 63

8.3 Additional Spectral Analysis of Dilatancy Bands . . . . . . . . . . . . . . . . 72

8.4 Varying Poiseuille Flow Parameters . . . . . . . . . . . . . . . . . . . . . . . 75

8.5 Dyke Chemistry Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4



1 Introduction

Partially molten rock (PMR) is a melt-saturated, granular medium (Katz et al., 2024). It is

present in the asthenosphere, magmatic intrusions and under mid-ocean ridges, transporting

momentum and chemical components between the Earth’s solid mantle and its surface. This

material plays a crucial role in mantle convection, magmatism, and the formation of new

crust. Therefore, if we want to understand these processes, it is essential that the rheological

properties of two-phase flows are accounted for.

1.1 Introduction to Melt Segregation

Figure 1: Field photos of dykes in (a) Liguria and (b) Lanzo showing the segregation of
feldspathic melt in lenses parallel to sub-parallel to the peridotite flow plane. Around the
lenses, there are melt depleted zones. Adapted from Nicholas (1986).

The enrichment of crustal rocks in incompatible elements relative to mantle xenoliths provides

compelling evidence that Earth’s outer layer is a product of its interior (Hofmann, 1988).

PMR rheology must facilitate mechanisms for melt to segregate from the solid matrix and

generate pathways for the extracted liquid to travel from the deeper mantle to the surface

to create new crust. Such networks have been evidenced by seismic studies that show sheets

of melt beneath rifts, orientated parallel to spreading centres (Kendall et al., 2005; Pilidou

et al., 2005), dyke and mantle peridotite outcrops (Quick, 1981; Nicolas and Jackson, 1982;

Nicolas, 1986) (Figure 1), as well as laboratory experiments on deforming olivine aggregates
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(Beeman and Kohlstedt, 1993). The field studies demonstrated that melt can localise tens

of kilometres below the Earth’s surface during deformation and recognised the importance

of permeability between regions of greater porosity, such as veins, for accelerating fluid flow

(Quick, 1981; Nicolas and Jackson, 1982; Nicolas, 1986). Stevenson (1989), elaborated on

this principle, suggesting that an increased fraction of melt could ‘soften’ PMR, reducing its

shear viscosity. This mechanism was predicted to enhance melt migration in these regions,

localising melt parallel to the minimum compressive stress from shearing, forming lenses at

45° to the shear planes.

To test this theory, several laboratory experiments have been carried out. The method-

ology outlined here is based on the studies by Holtzman et al. (2003, 2007) and Kohlstedt &

Holtzman (2009). PMR is simulated by creating an aggregate of 95-98% olivine grains, mixed

with smaller percentages of lower melting point materials, such as mid-ocean ridge basalts

and chromium. The olivine grains typically have a mean diameter of �10�m but may vary

in size within a sample. After hydrostatically hot pressing the samples to remove gas bub-

bles, they are placed under a confining pressure of 300 MPa and heated to 1225°C. This is

sufficient to melt the secondary minerals but preserve the solid olivine matrix to create a

simulant of PMR at 10 km depth with an initial porosity of 2-5%. These are deformed using

triaxial presses and are subsequently quenched for analysis. To gain a full understanding of

the dynamics, experiments that simulate simple shear and torsional shear are carried out.

Rheologies derived experimentally and mathematically must explain observations from both

configurations to be considered representative of PMR (Figure 2).
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