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Abstract:  

I present a numerical model of a coupled magmatism-mantle convection system to 

discuss how magmatism and mantle convection exert control over water-circulation in 

the mantle of Mars and the Earth.  In Mars and larger planets, the buoyancy of magma 

generated by a mantle upwelling flow enhances the upwelling flow itself.  This 

magmatism-mantle upwelling (MMU) feedback makes magmatism vigorous and 

episodic, and also boosts mantle convection to efficiently stir the mantle.  In Mars, an 

extensive magmatism caused by the assumed high initial temperature in the deep mantle 

extracts most of the water that the mantle initially contained, since the MMU-feedback 

enhances the magmatism.  The magmatism also generates the basaltic crust, a layer of 

residue of the crust in the shallow mantle, and a layer of recycled basaltic crust along 

the core-mantle boundary (CMB); the water that still remains in the mantle mostly 

resides in the basal basaltic layer.  After this initial extensive magmatism, plume 

magmatism further extracts the remaining water to exhaust it within 2 Gyr.  The 

magmatism ceases by 4 Gyr, because the magmatism also extracts heat-producing 

elements (HPEs) from the mantle and concentrates them to the crust.  In the Earth, two 

more elementary processes operate to dominate water-circulation in the mantle: plate 

tectonics and mantle burst, i.e. an episodic and massive flow of hot materials in the 

lower mantle into the upper mantle caused by the solid-solid phase transitions that occur 

at the top of the lower mantle.  These two elementary processes let the Earth’s mantle 

evolve in two stages:  On the earlier stage where the mantle is strongly heated by 

HPEs, mantle bursts repeatedly takes place to cause a vigorous and episodic magmatism.  

The mantle is strongly stirred, and water is efficiently extracted from the mantle, if it is 

initially wet.  As the HPEs decay, the mantle evolves into the later stage.  Mantle 

bursts subside, and plate tectonics stably operates to cause ridge magmatism that 

induces large piles of recycled hot basaltic materials and so called slab graveyards on 

the CMB.  The subducting slabs transport water to the basaltic piles, and the 

water-content in the lower mantle steadily increases with time. 
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The adopted numerical model of 
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The Magmatism-Mantle Upwelling feedback�
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Strong and episodic upwelling flow with magmatism 
in Mars and larger planets. �



Mars 

The mantle is initially wet with the initial water-content = 1000 ppm. 

Degassing by magmatism & mantle convection�
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                         Extension to the Earth 
 
 
 
 
 
 
In addition to the MMU feedback, 
(1)  plate tectonics 
(2)  the solid-solid phase transitions at the top of the lower mantle 
                  the “660 km” phase transition 
                  the garnet vs. perovskite transition 
are taken into account. 



(1) The adopted model of plate tectonics 

ETG 2 - 12

Figure 7. The same as Figure 4 but for case Ed4, which is on the plate-like regime.

OGAWA: PLATE-LIKE REGIME
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(Ogawa, 2002)�

Plate margins self-consistently develop.�



(Hirose, 1999)�

(2) the solid-solid phase transitions & mantle burst 
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A thermo-chemical pile in the deep mantle ⬌ LLSVP 

Temperature & magma composition 

Recycled basaltic crust Slab graveyard 

Whole-mantle SEM-based waveform tomography 1313

Figure 8. Map views of global VS variations at a range of depths throughout the mantle for the model obtained in this study (SEMUCB-WM1), as well as recent
whole-mantle models S40RTS of Ritsema et al. (2011) and S362ANI of Kustowski et al. (2008). Variations are plotted in per cent with respect to the global
mean at each depth, with the exception of 2800 km, plotted with respect to the 1-D model PREM (Dziewonski & Anderson 1981). Inset values (upper-left corner
of each panel) represent maximum peak-to-peak variation for each model at the corresponding depth. Circles denote hotspot locations from Steinberger (2000).

uppermost 500 km of the lower mantle), with the highest correla-
tions seen in the uppermost (>0.9) and lowermost (>0.8) mantle
where data coverage is also highest. By degree 24, which includes
the full spectral range of models S362ANI and SAW642ANb, we
see the same radial dependence of intermodel correlation, with val-
ues again remaining quite high in both the uppermost (>0.8) and
lowermost (>0.7) mantle. Finally, by degree 96, corresponding to
the full spectral range of the SEMum2 and SEMUCB-WM1 VS

basis, we can see that our model remains very close to SEMum2
in the transition zone and above—correlating at approximately 0.8

and higher in this depth range. Furthermore, we see that in all
spectral passbands, structure at the base of the mantle in SEMUCB-
WM1 correlates most strongly with S40RTS, not the starting model
(SAW24B16 at this depth, but labelled as SEMum2 in Fig. 9).

Returning to Fig. 8, one of the clear differences across models
is again amplitudes: peak-to-peak variation in VS is larger in our
model, particularly within the top and bottom boundary layers of
the mantle where heterogeneity is expected to be strong, while com-
parable variation is seen in the mid-mantle. This effect is especially
pronounced at shallow depth, with our model showing nearly 19
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(French & Romanowicz, 2014) 

Mantle heterogeneity just above the core-mantle boundary�
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materials with n = 0.1 and the surrounding mantle materials with
higher n. When the mantle materials with higher n have the aver-
age composition (n = 0.64) and their wst is 1000 ppm, wst of the
‘‘basaltic materials’’ becomes 307–730 ppm. As we will show be-
low, the water-content in ‘‘basaltic materials’’ in deep mantle is
usually lower than 550 ppm in our models, because of the water-
diffusion we introduce below. The neglect of lower wst for ‘‘basaltic
materials’’ is, therefore, unlikely to cause a serious problem.

The solidus temperature of the convecting eutectic materials
depends on water content as well as depth. The solidus curve
and its reduction due to water adopted here approximate that of
peridotite from the surface to the top of the lower mantle (Iwamor-
i, 1998; Litasov and Ohtani, 2002), and are illustrated in Fig. 1b. The
solidus temperature depends on the water content normalized by
its saturation level w as

Twet
s ðzÞ ¼ Td

s $min DT lim; DTs
wn

1þ ðz=kÞ4

" #( )
½1þ f ðzÞ'; ð1Þ

where Td
s = 1205 K is the dry solidus temperature at the surface,

Td
s ½1þ f ðzÞ' with f(0) = 0 defines the dry solidus curve illustrated

in Fig 1b, DTlim = 250 K is the upper limit for the solidus reduction,
DTs = 1000 K, z is depth, n = 1/2 unless otherwise mentioned, and
k = 3 ( 105 m is the depth range for the solidus to be reduced by
water.

The equation for water transport is

@w
@t
þr ) ðUwÞ ¼ $r ) ½w‘uðu$ UÞ' þ jwr2wþr
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where U is the matrix velocity, u is the melt velocity, u is the con-
tent of magma, jw is the water diffusivity, jeddy(u) is the turbulent
diffusivity in partially molten region, w‘ is the water content in
magma, and Seruption is the source term that represents the water re-
lease to the exosphere: We assume that all the water contained in
magma is extracted and is released to the exosphere, when the
magma rises up to the depth of less than 10 km (the realistic
depth-range for water-release to the exosphere may be less than
1 km. The turbulent diffusion term in Eq. (2), however, efficiently
transports water in partially molten regions to their top most
1 km, and the precise value of the depth range does not affect the
numerical results). We also assume that all of the water in a par-
tially molten region enters magma, so w‘ ¼ w=u. This implies that
w‘ exceeds 1 when u is small; this is possible because the solubility
limit of water in magma is much higher than that in matrix. We as-
sume, however, that excess water is immediately extracted to the
exosphere, i.e. we clipped w at 1, when w exceeds 1 in regions with
u = 0 owing to water transport by magma. This type of ‘‘dehydra-
tion’’ occurs only in the uppermost mantle in our model, and the
immediate release to the exosphere is reasonable. We further as-
sume that jw in Eq. (2) is 0.1 times thermal diffusivity j, taken to
be 6 ( 10$7 m2/s, unless otherwise mentioned.

Some comments are necessary here for the choice of jw. We
introduced water diffusion term in Eq. (2) for two purposes. The
first purpose is, of course, to simulate the molecular diffusion of
water in the mantle. The reasonable range of water diffusivity is
estimated to be from 10$11 to 10$7 m2/s (Richard and Bercovici,
2009). We chose a value close to the upper limit of this range be-
cause of the second purpose, injection of water into deep mantle
(see Fig. 1a). Water penetrates into oceanic crusts and possibly into
the underlying mantle (Omori and Komabayashi, 2007) along the
surface boundary. After subduction, the crusts are largely dehy-
drated, and the released water spreads to the surrounding mantle
(Iwamori, 2007). We simulate the water-penetration along the sur-
face boundary and the spread of water from subducting crusts phe-
nomenologically by the diffusion term. We adjusted the value of
jw so that the mass flux of water-injection into deep mantle nor-
malized by the mass of the Earth’s mantle becomes within the
range estimated for the Earth, 27.5–195 ppm/Gyr (Iwamori,
2007); we obtained 50 ppm/Gyr when jw = 0.1j as will be shown
later.

The employed numerical method is finite difference method.
The non-uniform mesh for the calculation of velocity and pressure
consists of 150 (vertical) times 480 (horizontal) mesh points. Twice
that resolution is employed for the calculation of energy and mass
transport equations.

3. Results

We calculated eight cases as shown in Table 1. In Cases D8 to
W30, the spatially averaged internal heating rate H is kept constant
to see how the style of magmatism and mantle convection affect
water circulation in the mantle, and how the solidus reduction
by water affects the style of magmatism and mantle convection
at H = 8 and 30 pW/kg. As shown in Paper 1, the style of mantle
convection and magmatism drastically changes as H changes
across a threshold around 20 pW/kg, when the mantle is dry. At
H = 8 pW/kg below the threshold, a limited number of tectonic
plates steadily move, and the basaltic crusts formed by ridge mag-
matism subduct and form broad hot accumulation areas on the
core-mantle boundary (CMB); the basaltic accumulations remain
on the CMB for geologic time. Under the stronger internal heating
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Fig. 1. (a) An illustration of the model of water circulation adopted here. The
surface is covered with water. The water diffuses into plates, and is transported into
the mantle by advection and diffusion. When partial melting occurs at depths
shallower than 10 km, water is extracted from the melt and escapes to the
exosphere. (b) The adopted solidus curve at various water contents. The curves are
drawn based on (Litasov and Ohtani, 2002;Iwamori, 1998).
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When internal heating is strong, magmatism by mantle bursts  
efficiently extracts water from the mantle.�
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When internal heating is weak, slabs inject water into the LM.�
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Summary 
 
(A)Magmatism enhanced by the MMU feedback efficiently extract  
     water from the mantle with a characteristic time of  ca. 1 Gyr. 
 
(B) In the Earth, the mantle evolves in two stages: 
          (the earlier stage)  frequent mantle bursts 
          (the later stage)     stable plate motion. 
 
(C) Subducting slabs transport water into the deep mantle on the  
      later stage of the Earth. 


