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Figure 1. Depiction of a classic magma chamber beneath a volcano in which the chamber is envisaged as a melt-dominated
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Figure 7. Cartoons of mush replenishment showing some variants of possible scenarios (see text and labels). Sparks et al. (2018)
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Magma oceans / chambers

Table 1
, " Model parameters used for evaluating St, A, and §g.
®  Parameter Symbol Value Units
H 2890 km
Grav. acceleration g 9.8 mf:;2
Thermal expansivity® o 5.10—3 K1
Thermal diffusivity” K 5.10~7 m? /s
Kinematic viscosity* v [1.10,100] -« m? /s
Temperature contrast’ / 1 K
T Crystal size® 2 0.5-10 mimm

Density ratio 0-2
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Existing numerical methods

* Macroscopic methods that incorporate particles via Lagrangian tracers
* Semi-analytical and numerical methods based on Basset-Boussinesq-Oseen eq.

* Direct numerical simulations of fluid-solid systems

(Verhoeven & Hansen, 2009, Suckale et al., 2012, Maas & Hansen, 2015, 2019)

A. Monocrystalline suspension

.'|'
| (%2
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Local flow speed normalized by influx speed




Small particle dilemma

Verhoeven et al., 2009
Martin & Nokes, 1989 Maas & Hansen, 2015, 2019
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N(t) = Noexp(—wt/H)



Numerical model

NVS fluid:
PR _s ~
ou+ (u-Viu = —Vp+ EV u+60z
V:u = 0
1
0.0+ (u-V)§ = V20,
( ) vV PrRa

Particle model: Simplified Maxey-Riley equation (Basset-Boussinesg-Oseen model)

dv Du 1 .
n BDt §(u—v)+/\z,

3pr St_r(:z\/agAT_ A_B—l

T pi+20 T 3waJ/H | aAT
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Example simulation (2D)

Temperature field and suspended particles. Time t=3.61, Ra=10'°, Pr=50.
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Results: settling curves

C) Ra = 1e+05, Pr=10 d) Ra = 1e+08, Pr =10
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End-member scenarios

: dN -V, t
1. M&.N (1989) EZ—Avtcbnd, Cbnd:ﬁ = N(t):NOEXp Ht
1 H . dN N 1% t
2. Stoke’s settling: = AV, Cb"d:A(H—vtt) = N(t)=N, _?)
3. Convective suspension: dN, =0
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Results: settling curves (Ra 10%°, Pr 50)
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Results: high-Ra limit
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Below we construct an idealized model that roughly captures
the observed residence times. The particle mass conservation im-
poses that the rate of particles leaving the suspension is

d

d_N(t)=_|Vt|Acbnda (8)
t

where cppg = (c(z—0, t)) is the mean particle concentration at the

bottom boundary (or {c(z—1,t)) in case of buoyant particles), for

which we use the following estimation:

N(t)
AH—tvg)

The shrinking velocity v, describes how the particle cloud, i.e. the
region that contains the N(t) particles, changes in volume with
time. Its value is different for each particle type, approaching 0
in the dust-like limit (particles always occupy the entire volume
AH), and |v¢| in the stone-like limit (the volume Avt at the top
of the tank is particle-free). With the help of Eq. (9), the solution
to Eq. (8) can be obtained:

(9)

Cbhnd =

[vil

f'VSh E
N(t)=N 1-— \
(t) 0( H )

which gives the desired Noexp(—vit/H) and No(1 — v¢t/H) re-
spectively in the limits of vy, — 0 and vy, — |v¢].

(10)

residence time formula

2| vl
Vsh + |Vt|

Vel —
05H res —

(11)

Finally, we assume that the shrinking velocity can be approximated

ds
|ve| — Y Urms, if|1"t| > Y Urms
Ven = (12)

03 if|Vt|5yurms

where y is a constant representing the mixing of particles - it
mimics the fact that some particles are transported above the set-
tling front due to the presence of fluid flow. The second branch
in Eq. (12) expresses the constraint vg, > 0, because the model
domain does not expand in response to mixing. The normalized
residence time is then

2

Vel — 2=y Ums /vel’ iflvtl/urms>}/
res —

(13)

0.5H 5

if |Vt|/urms = Y



Application to magma reservoirs

Crystal radius r [mm]

Stokes velocity, color = logip (ve [M/s])

stone-like 15

10t

Ra 5e+26 (1.0 K, 2890 km)
* Ra2e+13 (1.0 K, 100 m)
* Ra2e+09 (0.1K,10m)

Ra 2e+05 (0.01 K, 1 m)

10° Olivine (0.2, 1.0, 5.0 mm)
Plagioclase (0.2, 1.0, 5.0 mm)

O i /st-like

1.0 . 1.3 1.4 1.5
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Application to magma reservoirs

# THE MAIN PROCEDURE - COMPUTING CRYSTAL SIZE DISTRIBUTIONS IN SEDIMENT AND BULK

# Below the crystallization is modelled via Eqs 8,9, and 12

5 # This direct approach allows for straightforward addition of new complexities, e.g. of grain growth

# A quicker option to reproduce Fig. 5 would be to simply use Eq. 10 - see the end of the script

volc bulk[@] = np.sum( dbulk[:]1*(4./3.)*np.pi*np.power(rbin[:], 3.0) )

volfac = (phibot + phitop)/2.0 * Htarget / HO / volc bulk[@] ClI'N(r) = _lvtl Acbnda
Jvolc bulk[B] *= volfac

maxhelght = volc bulk[@]*H@/phlsed

print("#Particles i bulk %.1f (NO %.2e), Maximum sediment height %.2f" % (np.sum(dbulk), N@, maxheight))
) print() c P@(I)
; for i in range(0,maxstep): bnd = .
for isel in isel list: A (H - tvsh)

nbulk sel[i,isel] = dbulk[isel]
time[i] = i*dt
Hnow = HO
Hchamber([i] = Hnow
if(shrink chamber and i>0):
Hnow = H® * (1.0 - volc sed[i-1])
Heff[:] = Hnow - Vshrink[:]*time[i]
# Sedimentation (masks: effective volume cannot be negative, and only what is in the bulk can fall down)
for j in range(nbin):
if Heff[j]>0.0:
sedstep[j] = stv[jl*dbulk[j]/Heff[]]1*dt
if sedstep[jl>dbulk[j]:
sedstep[j] = dbulk[j]

dsed[:] += sedstep[:] 2 :

dbulk[:] -= sedstep[:] lve| 7=y trms TV if [Vel /Urms > ¥
nbulk[i] = np.sum(dbulk) 05 H Lres =

nsed[i] = np.sum(dsed) . 2, iflvtl/urms <y

rpmean_bulk[i] = np.sum(dbulk*rbin) / nbulk[i]

rpmean_sed[i] = np.sum(dsed*rbin) / nsed[i]

rpanal = rpref / np.power(l.+intt*time[i],0.5)

volc bulk[i] = volfac * np.sum( dbulk[:]1*(4./3.)*np.pi*np.power(rbin[:], 3.0) )

volc sed[i] = volfac * np.sum( dsed[:1*(4./3.)*np.pi*np.power(rbin[:]1, 3.0) ) / phised
flux[i] = volfac * np.sum( sedstep[:]1*(4./3.)*np.pi*np.power(rbin[:], 3.0) ) / dt

# WRITING h5 FILES FOR LATER POSTPROCESSING



Application to magma reservoirs
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Side outcome: drift equation

dv_ Du 1 16
E—ﬁEJr—(u—vH( -Pg. (16)

where p = r%/(?.vﬁ) is the particle response time and r¢ is the
particle radius.

v=u+1pvi +OTp).

Du
v=u+1p(l —ﬁ)(g— D—)+O(rﬂ)

—
T

& Du
v=u—StAz+4 5t(1 _ﬁ)ﬁ'



Vortex sink

Spatial distribution of v¢/U s =

¥ " Foagy Ll -

=102, Pr=>50.





Side outcome: drift equation

dv Du

E=ﬁﬁ+—(u—v)+(1—ﬁ)g

where p = rc/(Bvﬁ) is the particle response time and

particle radius.

v=u+1pvi +OTp).

( Du) )
v=u+tp(1-6)| 88— — )+ O(7p).

Dt

Back to non-dimensional:

v=u—StAz+ St(1 ﬁ)D"
N Dt’

(16)

re is the
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Summary

* Characteristic time scale of settling ~ terminal time

* Formula for the residence time of particles in the high-Ra limit

2
|Vt| — 2—yurms/|vel’
res —

ifl”t'/urms >y

05H 5

iflvtl/urms = Y

* Microstructure of intrusions can indicate flow vigor of cooling magma

e Construction of a better parametrized model is possible



What next? Dark (blind?) alleys...

Nucleation and growth of crystals
Rotational flows
Crystal feedback on the flow

Re-entrainment



J. Fluid Mech. (1994), vol. 273, pp. 83-107
Copyright © 1994 Cambridge University Press
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The nucleation, growth and settling of crystals
from a turbulently convecting fluid

By RICHARD A.JARVIS'Yf AND ANDREW W, WOODS?

! Department of Geology and Geophysics, Yale University, New Haven, CT 06511, USA

?Institute of Theoretical Geophysics, Department of Applied Mathematics and Theoretical
Physics, University of Cambridge, Silver Street, Cambridge CB3 9EW, UK
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Rotational flows

Floating “ribbon”:
* balance between Coriolis force and gravity

Boundary conditions:
* free-slip, no-slip ?

T
1.00
! 0.75

P Eois
- 0.25
1=0.06111 0.00

(c) particle and temperature field snapshot.




Crystal feedback on the flow

e Sedimentation events
(Koyaguchi et al, Sparks et al., Nature, 1990)

e Crystal-driven convection
(Culha et al., JGR, 2020)
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