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Key points

Two types of positive feedback have operated between magmatism and mantle
upwelling flow in Mars to let its mantle evolve in four stages.

An initial extensive magmatism in the 1’st stage compositionally stratified the
mantle to make it dormant in the 2’nd stage.

Episodic plume magmatism took place to stir the mantle and to release water
from the interior of Mars in the 3’rd stage.

Abstract

To understand the overall features of the history of magmatic activities and
surface environment on Mars, I used a numerical model of magmatism in the
convecting mantle that is nominally anhydrous and internally heated. Mag-
matism occurs as an upward permeable flow of basaltic magma generated by
decompression melting through matrix. The modeled mantle evolves in four
stages. In Stage I, high initial temperature in the uppermost mantle causes
an extensive magmatism intensified by two types of positive feedback that op-
erate between magmatism and mantle upwelling flow, the MMUb and MMUc
feedback: the buoyancy and volume change of matrix, respectively, caused by
migrating magma that a mantle upwelling flow generates intensify the flow itself
to generate more magma. The stratification suppresses mantle convection and
magmatism for the next tens to hundreds of millions of years, allowing heat
to build up in the mantle by internal heating (Stage II). Eventually, magma
is generated at depth, and the MMUD feedback operates to cause an episodic
plume magmatism that releases water from the interior of Mars (Stage III). The
plume magmatism also stirs the mantle to make it more homogeneous and ex-
tracts heat producing elements from the deep mantle to let the magmatism itself
wane and cease. In the final stage IV, mantle convection becomes more like a
thermal convection. The episodic magmatism and water outgassing in Stage III
account for the magmatism and clement surface environment observed for early
Mars.

Plain language summary



Upwelling flow in the convecting mantle of a rocky planet causes magmatism,
i.e., generates magma that migrates upward to the surface, when its interior is
sufficiently hot. The numerical experiments presented here suggest that magma-
tism has intensified the mantle upwelling flow that caused the magmatism itself
in Mars, and that its mantle has evolved in four stages due to this positive feed-
back: in Stage I, an extensive magmatism formed the crust and compositionally
differentiated the mantle; in Stage II, the resulting compositional stratification
of the mantle suppressed magmatism and mantle convection for tens to hun-
dreds of millions of years to allow heat to build up in the deep mantle; in Stage
ITII, magma was generated at depth, and the buoyancy of generated magma
induced plumes that ascend through the stratified mantle to cause an episodic
magmatism and water outgassing from the interior of Mars; in Stage IV, the
magmatism and outgassing subsided due to extraction of heat producing ele-
ments from the mantle by the magmatism itself. The episodic magmatism and
water outgassing in Stage III account for the magmatism and clement surface
environment observed for early Mars.
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1. Introduction

Understanding the history of Mars is a longstanding issue in studies of mantle
dynamics in planets. In Mars, the crust was formed by 20-60 Myr since the
solar system formation [Kruijer et al., 2017, 2020], and an intrinsic magnetic
field was induced until about 4 Gyr ago [Acuna et al., 1999; Lillis et al., 2013;
Vervelidou et al., 2017]. Then, magmatic activities took place in the Tharsis
and other regions in the Noachian to early Hesperian [e.g., Greeley and Schneid,
1991; Head et al., 2002; Werner, 2009; Carr and Head, 2010]. The surface
environment was clement at that time [e.g., Di Achille and Hynek, 2010; Fassett
and Head, 2011; Ehlmann et al., 2011; Mouginot et al., 2012], and its close link
with magmatic activities is suggested from both observational and modeling
studies [e.g., Phillips et al., 2001; Grott et al., 2011; Morschhauser et al., 2011;
Halvevy and Head, 2014; Bouley et al., 2016; Citron et al., 2018; Wordsworth
et al., 2021]. However, the magmatism waned, and the surface became colder
and more arid since the late Hesperian, around 3 Gyr ago [e.g., Carr and Head,
2010; Grott et al., 2013; Ehlmann et al., 2016]. To clarify the physical processes
through which these features arose in Martian history, I extensively analyzed the
dynamics of magmatism in the convecting mantle, using the numerical model
developed in Ogawa and Yanagisawa [2012] (called Paper 1 hereinafter).

Various numerical models of mantle evolution have been advanced to understand
the history of Mars. Many studies that are based on parameterized models of



mantle convection have focused on clarifying the thermal history of Mars’ inte-
rior and have suggested that the magnetic field, magmatism, and clement surface
environment declined with time owing to cooling of the interior [Nimmo and
Stevenson, 2000; Hauck and Phillips, 2002; Breuer and Spohn, 2003; Fraeman
and Korenaga, 2010; Morschhauser et al., 2011; Grott et al., 2011; Sandu and
Kiefer, 2012; Samuel et al., 2021]. This view is maintained in two-dimensional
annular models and three-dimensional spherical models of mantle convection,
too [Ruedas et al., 2013a,b; Sekhar and King, 2014; Plesa et al., 2015, 2016,
2018]. Thermal history is, however, only one aspect of evolution of the mantle;
evolution of compositional structure of the mantle is another important aspect.
FElkins-Tanton et al. [2005] suggest that the magma ocean compositionally strat-
ified the mantle at the beginning of Martian history. The stratified structure,
however, survives convective stirring for billions of years and lets magmatism
decline and cease within the first 1 Gyr or less of the calculated history of
the mantle in numerical models published later [Zaranek and Parmentier, 2004;
Tosi et al., 2013; Plesa et al., 2014; Scheinberg et al., 2014]; this decline is too
early to account for the observed history of Martian magmatism. A deeper
understanding of mantle dynamics is called for to clarify the thermal and struc-
tural evolution of the mantle that exerts control over the history of magmatism,
magnetic field, and surface environment in Mars.

To elucidate the nature of mantle dynamics in Mars, here, I use the numerical
model developed in Paper 1 where the calculated history of magmatism and
water outgassing broadly fits in with the observed history summarized above.
The point of this model is that magmatism occurs as an upward permeable flow
of basaltic magma generated by decompression melting through the convecting
mantle. Later analyses [Ogawa, 2018, 2020] show that two types of positive
feedback operate between thus modeled magmatism and mantle convection to
play a key role in the dynamics of the mantle, depending on mantle viscosity and
other model parameters. (See Section 3.2 below for more about the feedback.)
The feedback can, indeed, cause magmatism and mantle convection even in a
compositionally stratified mantle where thermal buoyancy alone cannot drive
convection. Before the detailed analyses of Ogawa [2018, 2020], however, it was
not possible to fully recognize the roles that the feedback plays in the mantle
evolution model of Paper 1 and to predict with confidence how the mantle would
have evolved in Mars under the control of the feedback. Besides, the control
of evolution of the mantle, especially its structural evolution, over the surface
environment and core dynamo of Mars has not been fully discussed in Paper
1. Here, I address these issues by more systematically carrying out numerical
simulation of the feedback in wider range of model parameters.

2. Model description

A finite difference numerical code calculates the energy, mass, and momentum
equations for magmatism and mantle convection that occur in a two-dimensional
rectangular box under the Boussinesq approximation. (See Appendix A for the
basic equations). The aspect ratio of the box is 4 with the depth of d = 1000 km,



the ratio of volume to surface area of Martian mantle. Mantle materials are nom-
inally anhydrous and contain incompatible heat producing elements (HPEs) that
decay with time. The solidus temperature depends on water-content as well as
depth. The rheology of solid mantle materials is Newtonian. The viscosity
depends on temperature, depth, and water-content. Magmatism occurs as gen-
eration of basaltic magma by decompression melting and upward permeable
flow of the generated magma through matrix. Water concentrates to magma in
partially molten regions and is outgassed from the box, when it is transported
upward to the topmost 10 km of the box by migrating magma. Magmatism
induces a compositional heterogeneity in the mantle, which is transported by
mantle convection. All the boundaries are shear stress free, and there is no mass
flux of matrix and magma through the boundaries. The temperature is fixed at
250 K on the surface boundary, while the sidewalls are insulating. The box is
placed on top of a heat bath of uniform temperature that is a model of the core.
Its heat capacity is 18% of that of the mantle, as estimated from the mass of
the core [e.g., Yoshizaki and McDonough, 2020].

2.1. The properties of convecting materials

The convecting material is a binary eutectic system. The composition is written
as A¢B;_, where A stands for olivine and B stands for a mixture of garnet and
pyroxene. The average composition in the box is A 448 36 and corresponds
to that of the mantle [e.g, Yoshizaki & McDonough, 2020], while the eutectic
composition is A, B, ¢ and corresponds to the basaltic composition. I assume
that the end-member B transforms into its crustal phase at depths less than
dpp to model the basalt-eclogite (BE) transition. (See Table 1 for the values of
constants.)

The density of solid materials p, depends on its temperature 7" and composition
£, as

Here, p, is the reference density, o the thermal expansivity, and 8, a constant
defined as

0.067  ifd—z>dgg

be=1l017  ifd—z<dgy P

where z is the height measured from the core-mantle boundary (CMB). The
positive value of 8, at d — z > dgp implies that basaltic materials A, ;B 4
are denser than the average mantle material A, 5, B) 35 in the mantle. The
value of 5, is determined from the density contrast between the average mantle
materials and basaltic materials, around 120 kg m™ [e.g., Irifune and Ringwood,
1993]. Above the BE boundary (d —z < dgy), however, j, is negative, implying
that basaltic materials are buoyant.

The density of melt p; depends on T, 2, and &; (the composition of melt) as
pr=po{l—al+B(1-&) —A[D+501-§)]} (3)



where
A=AV 1+ (d—2) /A (4)

expresses density reduction by melting. (See Ogawa [2018] for the derivation
of Equation (3).) The values of A) and A in Table 1 are estimated from
the solidus curve discussed below through the Clausius-Clapeyron relationship.
Equations (1) to (4) with the values of constants listed in Table 1 imply that a
basaltic melt with & = 0.1 is less dense than the average solid material with &,
= 0.64 at all depths, as illustrated in Figure la. The density inversion between
solid mantle materials and basaltic magma in the deep mantle [e.g., Sanloup
et al., 2013] is not taken into account. Melting at such a great depth is not
common in the models presented below, and it is safe to neglect the density
inversion.

The viscosity depends on T, z, and the water-content ¢,, as

1 = Ty €Xp [ E (Trcf - T) + Vp(d - Z)/d - Vw¢w/¢w0] (5)

where ¢, and T, are constants. Other parameters including the reference
viscosity 7, are free parameters, and their values are given in Tables 2 and 3.
The default value of E shown in Table 2 implies that a temperature-variation of
100 K causes a viscosity-variation of a factor 3, an appropriate value to mimic
a thermal convection of mantle materials with power law rheology by that with
Newtonian rheology [e.g., Dumoulin et al., 1999)].

The solidus temperature T, depends on depth and water-content as
T, =T, (¢,) (1 +G) (6)
where

P
G= L [ A dP(7)

and
72 (¢,) = TO — AT, min (1, £ ), (8)

(see Figure 1b). Here, Ah is the latent heat of melting at z = 0, P = p,g(d—z) is
the lithostatic pressure, g is gravitational acceleration, and the solidus-reduction
by water is truncated at ¢,, = 1000 ppm. ¢,, is almost always less than ¢, in
the mantle calculated here, and this truncation does not influence the numerical
results. The values of the constants in Equations (4) and (6)-(8) presented in
Tables 1 and 2 are estimated from the dry and wet solidus of mantle materials
[Litasov et al., 2014].

2.2. The initial condition

The initial thermo-chemical state of the mantle is specified by the initial distri-
butions of “reduced” enthalpy h, bulk composition §,, internal heating rate (),
and water-content ¢,, together with the initial temperature of the core. Here,
the reduced enthalpy h = H — P/p, is defined as



h=C,T+Ah (1+G)(9)

where H is the enthalpy, C,, is the specific heat, and ¢ is the melt-content, while
& = 9§ + (1 — )&, (10)

The initial distribution of h is

h=C,T% (11)

where “the equivalent temperature” 1°4 is illustrated in Figure 1b; Tj, in the
figure is in the range of [1800 K, 2400 K], while T}, in the range of [1000 K,
1800 K]. I assume that T, > Tj, holds, motivated by earlier models of the
“mantle overturn” that is expected to have occurred just after the planetary
formation owing to a gravitational instability of the mantle differentiated by
the magma ocean [e.g., Elkins-Tanton et al., 2005]. I also assume that the
initial temperature of the core T, is equal to T}, in most cases and hence that
T,. > Ty, following FElkins-Tanton et al. [2005]; the excess temperature of the
core with respect to the deep mantle is necessary to keep the heat flow on the
CMB high enough to drive core-dynamo for several hundred million years in the
early mantle [Nimmo and Stevenson, 2000; Breuer and Spohn, 2003]. Random
noise is added to the initial T°9-distribution to start convection, unless otherwise

mentioned.

The initial distributions of &, @, and ¢,, are uniform. Their values are &, =
&= 0.64, Q = Qy + AQ (see Table 1), and ¢,, = ¢i"* (see Table 3). I did not
take account of the compositional stratification of the mantle that is suggested to
have been induced in Mars by the magma ocean and mantle overturn [e.g, Elkins-
Tanton et al., 2005; Scheinberg et al., 2014; Maurice et al., 2017]. Although the
influence of initial mantle stratification on later mantle evolution is an important
issue addressed in the literature [Tosi et al., 2013; Plesa et al., 2014; Scheinberg
et al., 2014; Samuel et al., 2021], here, I concentrate on exploring how the
dynamics of magmatism and mantle convection controls mantle evolution; I
will further discuss the influence of initial mantle structure later in Section 4.1.

I carried out numerical experiments at various values of the Rayleigh number
Ra defined by Equation (A3) of Appendix A, the reference permeability Pm
defined by Equation (A6), T}, illustrated in Figure 1b, and the initial water-
content ¢i"* as listed in Table 3. Here, Ra is inversely proportional to the
reference viscosity 71, and expresses how easily mantle convection takes place.
The range of its value in the table, 3 x 10° to 3 x 10%, corresponds to that of
no of 1020 to 102! Pa s. On the other hand, Pm expresses how easily magma
migrates in partially molten regions. This parameter controls the mechanical
coupling between magmatism and mantle convection, as I will discuss in detail
in the next section. I also varied the values of other parameters listed in Table 2
to see how the numerical results depend on the mechanical and thermodynamic

properties of mantle materials.

3. Results



3.1. The reference case

Figures 2 to 5 show the reference model of Case H16-050. The assumed values
of the free parameters are: the Rayleigh number Ra = 3.2 x 109, corresponding
to n, = 1029 Pas; Ty, = 1600 K (see Figure 1b); the initial water-content
@it = 500 ppm; the reference permeability Pm = 3.2.

3.1.1. The four stages of mantle evolution

Figures 2 and 3 as well as the animation in Supplement show that the mantle
evolves in four stages. In Stage I (see Figures 2a-d for 0.001 Gyr), an extensive
magmatism caused by high initial temperature forms the basaltic crust along
the surface boundary and a layer of residual materials depleted in HPEs and
water underneath. The residual layer is compositionally buoyant and stays in
the uppermost mantle to suppress convection and magmatism for more than
100 Myr in the next Stage IT (Figures 2a-e and 3c,e), allowing the temperature
to rise in the deep mantle due to internal heating (Figures 2a,f). Eventually, hot
and partially molten plumes are generated at depth, which ascend to the surface
to cause magma-eruption, i.e., upward flux of magma across the basalt-eclogite
phase boundary after 0.19 Gyr (Stage III in Figure 2a-e). This magmatism
episodically outgasses water from the mantle (Figure 3d), thickens the crust
(Figure 3f and Ad in Table 3), and concentrates HPEs in the box to the crust
(Figures 2c for 0.629 Gyr and 3g). The plumes also stir the mantle to dissolve the
bulk of the compositional stratification formed in Stage I, although the recycled
crustal materials on the CMB survives the stirring (Figure 2b). As the mantle
becomes more depleted in HPEs, however, the mid mantle becomes colder (Fig-
ure 2f), and the plume magmatism wanes and eventually ceases at 2.75 Gyr (see
Figures 2e and 3c). After that (Stage IV), mantle convection driven by thermal
buoyancy further stirs the mantle to make it more homogeneous as shown in
Figures 2b-d.

3.1.2. The secondary magmatism and crustal recycling in Stage 1

In Figure 4, I delineate the extensive magmatism in Stage I in more detail. At
0.001 Gyr, basaltic magma generated by the high initial temperature migrates
upward to the surface and forms the “primary” crust, leaving residual materi-
als behind in the uppermost mantle. Before this primary magmatism ceases,
however, mantle convection starts to cause the “secondary magmatism” (see
Figure 4a for 0.004 and 0.01 Gyr). The crust newly generated by the secondary
magmatism pushes the primary crust aside, a large fraction of which sinks to
the CMB and accumulates there (Figure 4b).

The driving mechanism of the secondary magmatism is a positive feedback that
operates between magmatism and mantle upwelling flow, as indicated in Fig-
ure 4c. Here, I decomposed the convective velocity of matrix U calculated at
0.01 Gyr into three components: the one driven by thermal and compositional
buoyancy UTC; that by melt-buoyancy U™e!t; that by volume change of matrix
caused by upward migration of magma U%". (See Appendix B for the definition
of these components.) The overall flow U points upward to generate magma



beneath the black bars in Figures 4a,c. However, UTC points downward there,
because the head of the upwelling materials beneath the black bar has £ ~ 0.64
(see the arrow in Figure 4b) and is compositionally denser than the adjacent
residual layer where ¢ ~ 0.9. U points upward there, because U™¢!* and UV
point upward, and the sum of these two components surpasses the opposing flow
UTC. Namely, buoyancy and upward migration of magma that is generated by
a mantle upwelling flow drive the upwelling flow itself. I will call this positive
feedback as the magmatism-mantle upwelling (MMU) feedback and will further
discuss it below. (See also Appendix B.)

The crustal recycling caused by the secondary magmatism lets the average heat
flow on the CMB h¢qyp rapidly decline with time in Stage I, as observed in
Figure 3b. At the beginning of the calculation, the excess temperature of the
core with respect to the deep mantle assumed in the initial condition induces
hot ascending plumes that extract heat from the core (Figure 4a for 0.010 Gyr).
The plumes are, however, soon shut off by the recycled crustal materials (Figure
4a for 0.015 Gyr). Besides, the crustal materials are enriched in HPEs and raises
the temperature at the base of the mantle, reducing the temperature contrast
across the CMB (Figure 4a for 0.181 Gyr and the purple curve in Figure 2f).
Consequently, hyop declines below the lower limit necessary to drive core-
dynamo, around 10 mW m~2 [Silber et al., 2019; Gilfoy and Li, 2020], within
58 Myr (see i) in Table 3).

3.1.3. The MMUDb feedback and the plume-magmatism in Stage II1

The MMU feedback is the cause of the episodic magmatism in Stage 111, too,
as shown in Figure 5 where the convective flow at 0.629 Gyr is analyzed. A
mantle upwelling flow generates magma beneath the black bar in the figure.
This upwelling flow is driven by the buoyancy of the magma itself: U points
upward in spite of the opposing flow UTC there, because U™ points upward.
The contribution of U to U is negligible, because the partially molten region
is mostly beneath the lithosphere and does not extend to the surface boundary,
as further discussed in Appendix B. The MMU feedback that occurs through
U™elt will be denoted as the MMUDb feedback, hereinafter.

3.1.4. Fixed location of plume magmatism

Figure 2e shows that plume magmatism repeatedly occurs at fixed locations in
Stage III. Figure 2c¢ for 1.505 Gyr show how this feature arises. The crust is
particularly enriched in HPEs beneath the bars at the top of the figure. This
crustal enrichment makes the lithosphere there locally thinner than the average
and allows magmatism to occur (Figure 2a). The magmatism adds more HPEs
to the crust, making these portions of the lithosphere even thinner. I found that
this tendency is more prominent at higher sensitivity of viscosity to temperature
E (Cases H14-025, H14-050b, H16-050h in Table 3).

3.2. The MMU feedback and the four-stage evolution
To more clearly show what roles the MMU feedback plays in the four-stage evo-



lution of the mantle discussed above, I further calculated the model at different
values of the reference permeability Pm.

Figure 6 shows how the mantle evolves at a higher Pm of 32, 10 times as high
as the value for the reference case (Case H16-050i). An extensive magmatism
forms the crust and differentiates the mantle to compositionally stratify it in
Stage I, as shown in Figure 6b for 0.002-0.022 Gyr. The mantle stratification is
more prominent than that formed in the reference case (Figure 2b) and persists
throughout the rest of the 4.5 Gyr calculated history. The persistent stratifica-
tion suppresses magmatism after Stage I (Figures 6e,f), despite that the HPEs
raise the temperature in the deep mantle and drive a thermal convection in the
shallow mantle (Figure 6a for 2.946 Gyr). Namely, Stage III does not arise at
higher Pm.

The mantle stratification of Case 16-050i is more prominent than that of the
reference case, because the MMU feedback operates in a different way in Stage
I owing to the higher Pm. The MMUD feedback does not operate, as can be
seen from the negligibly small U™ in Figure 6¢: magma in partially molten
regions is drained upward to the surface too efficiently to drive U™, The
efficient drainage of magma, however, causes a faster volume change of matrix
to drive a mantle upwelling flow U9V that is about 10 times faster than that
of the reference case (see Figure 4c) beneath the black bar shown in Figure
6¢. This faster upwelling flow generates a larger volume of magma and residual
materials to induce the more prominent mantle stratification; I will denote the
MMU feedback that occurs through U9 as the MMUc feedback, hereinafter.

The mantle does not evolve in the four stages at a lower Pm of 0.32, 1/10 of the
value for the reference case, too, as shown in Figure 7 (Case H16-050j). Because
of the low Pm, U is negligible, and the MMUc feedback does not operate.
Instead, the buoyancy of magma drives the upwelling flow that generates the
magma (see U and U™¢!* beneath the black bar in Figure 7c), implying that
the MMUD feedback discussed in Section 3.1.3 is substantial. The convective
flow driven by the MMUDb feedback efficiently stirs the mantle, and the mantle
becomes compositionally almost homogeneous by 0.595 Gyr despite the man-
tle differentiation caused by the initial extensive magmatism (see Figure 7b).
Indeed, Ogawa [2018] shows that the mantle becomes more compositionally
homogeneous after a magmatic event, as the MMUDb feedback becomes more
substantial. Since the mantle remains homogenous, Stage II when the man-
tle is dormant does not arise, and heat does not build up in the deep mantle.
Therefore, Stage ITI does not arise, too; magmatism monotonously declines with
time, as the mantle is cooled (Figures 7d,e). This magmatism does not outgas
water except for the first 200 Myr (Figure 7f), because magma-ascent is so slow
that magma solidifies by conductive cooling from the surface before reaching
the topmost 10 km of the box where water outgassing is assumed to occur.

The parameter search illustrated in Figure 8 shows that the MMU feedback
lets the mantle evolve in the four stages shown in Figure 2 only at “moderate”
Pm indicated by the solid circles. At lower Pm, Stage II does not arise, since



the MMUD feedback stirs the mantle so efficiently that the mantle remains
homogeneous in Stage I (Figure 7). The lower end of the range for “moderate”
Pm decreases with decreasing T;,, and Ra, because the MMUDb feedback becomes
less active as the mantle becomes stiffer [Ogawa, 2018]. In contrast, Stage III
does not arise at higher Pm, because the mantle stratification induced in Stage I
by the MMUc feedback is so prominent as to totally suppress plume magmatism
throughout the rest of the calculated history. The upper end of the range for
moderate Pm does not noticeably depend on Ra and T}, since the vigor of the
MMUc feedback is determined by viscosity variation in the uppermost mantle
rather than the viscosity itself (see Appendix B).

At a moderate value of Pm = 3.2, I also confirmed that the mantle evolves
in the four stages regardless of the values of T}, and T;. (see Figure 1b), the
initial water-content ¢!2'*, and the parameter values that characterize material

properties E, V,,, V,,, and AT}, as summarized in Table 3.

In Sections 3.3-3.5 below, I concentrate on the four-stage evolution of the mantle
calculated at moderate Pm, since this type of mantle evolution is the most
relevant to Mars, as will be discussed in Section 4.

3.3. Crustal recycling and the heat flux on the CMB in Stage I

In the reference case, the heat flow on the CMB h;qyp rapidly declines with
time in Stage I, because a part of the crustal materials generated by the initial
extensive magmatism recycle into the deep mantle to internally heat it and also
to shut off hot plumes ascending from the CMB (see Section 3.1.2). To see
how this decline in Ay depends on the model parameters, I present t&) 5,
the time when hyqyp declines below 10 mW m~2, for all the cases in Table
3. T also present a plot of téOMB against the initial temperature at the base
of the mantle T}, (see Figure 1b) for selected cases in Figure 9a. The decay
time t{p is around 100 Myr or less at T}, > 1400 K. The short t{)g is a
consequence of the large volume of recycled crustal materials (see Figure 9c).
At lower T, however, the volume of recycled crustal materials becomes smaller,
their effects on Aoy becomes limited, and ¢, becomes as long as 200-300
Myr at Tj;, = 1000 K (see Figure 9a).

3.4. The plume-magmatism in Stage III

The plume magmatism caused in Stage III by the MMUDb feedback is important
for understanding early Mars, and I studied it in more detail. I found that the
total amount of crustal growth Ad and that of water-outgassing Al due to the
plume magmatism increase with increasing Rayleigh number Ra, as shown in
Figures 10a,b (see also Table 3). This trend arises, since the MMUDb feedback is
more substantial at higher Ra (see Appendix B). The average outgassing rate
defined by

_ . -1
W= Al (tg g — tléAs) , (12)

is, however, 104-10> mm yr' and does not correlate with Ra in Figure 10c,

10



when Ra > 1 x 105. (Here, t%AS and tg g are the time when outgassing begins
and ends, respectively. Note that w = 0 holds in many of the cases calculated
at Ra = 3.2 x 10°, as shown in Table 3, and that these cases are not included in
Figure 10c.) Plume magmatism that outgasses water in Stage III is a stochastic
process, and the resulting dispersion of w overshadows the possible dependence
of w on Ra. I also found from Table 3 that the dependences of Ad and Al on
the parameters that characterize material properties E, V,,, V,, and AT} are
not so strong as to undermine the overall trends observed in Figure 10.

3.5. The crust

It is important to see how thick the crust is and how the thickness is determined
in the model, too. The calculated thickness of the crust is mostly 70-90 km at
4.5 Gyr and does not show clear dependence on Ra, T;;, and other parameters
(see d&, in Table 3). This feature arises, because the thickness of the basaltic
crust is limited by the depth of the basalt-eclogite phase boundary rather than
by mantle dynamics: when the base of the crust generated by the magmatism
of Stages I and III becomes deeper than the phase boundary, the spilled basaltic
materials recycle into the mantle (see Figure 9c¢).

I also found that the crustal fraction of HPEs at the beginning of Stage III
increases from around 0.25 to around 0.4 as T}, increases from 1000 K to 1800
K (see ¢’ in Table 3). However, the crustal fraction is mostly in the range
of 0.3 to 0.6 and does not show clear correlation with 7}, and other model
parameters at the end of Stage III (see ¢S in the table); ¢S only weakly
correlates with the Rayleigh number Ra (0.3-0.45 at Ra = 3.2 x 10° to 0.4-0.6
at Ra = 3.2 x 10°). This feature of ¢, arises, because magmatism continues to
extract HPEs from the mantle, until the mantle becomes too depleted in HPEs
to sustain the magmatism.

4. Discussion

In Figure 11, I present an illustration of the four-stage evolution (FSE) model
of Martian mantle that I obtained from the numerical experiments discussed
above. An extensive magmatism forms the crust and compositionally strati-
fies the mantle at the beginning of the history of the mantle (Stage I). This
magmatism occurs as an upward segregation of magma generated by high ini-
tial temperature followed by the secondary one that the combined MMUDb and
MMUc feedback causes: the buoyancy and upward migration, respectively, of
magma generated by a mantle upwelling flow intensify the upwelling flow itself
to generate more magma. The compositionally stratified mantle becomes dor-
mant for the next tens to hundreds of millions of years, and heat builds up at
depth by internal heating (Stage II). Eventually, partially molten plumes de-
velop in the deep mantle and ascend to the surface by the MMUDb feedback to
cause an episodic magmatism and outgassing (Stage III). These plumes also stir
the mantle to dissolve its stratified structure formed in Stage I. The plume mag-
matism, however, declines and ceases, as the magmatism extracts HPEs from
the mantle, and thermal buoyancy becomes the main driving force of mantle
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convection in the final Stage IV.
4.1. The evolution of mantle structure

The four stages of the FSE model arise, because an extensive magmatism makes
the mantle compositionally stratified at the beginning of the calculated history,
and the MM UD feedback stirs the mantle to dissolve the stratified structure later.
The model is, therefore, fundamentally different from many of earlier parame-
terized and three-dimensional models of mantle evolution where the structure
of mantle remains unchanged, mostly homogeneous, throughout its history and
the mantle evolves solely by its cooling [Nimmo and Stevenson, 2000; Hauck
and Phillips, 2002; Breuer and Spohn, 2003; Fraeman and Korenaga, 2010;
Morschhauser et al., 2011; Grott et al., 2011; Sandu and Kiefer, 2012; Sekhar
and King, 2014; Plesa et al., 2015, 2016, 2018; Samuel et al., 2021]. The magma-
tism predicted from these models is active at the beginning of the evolutionary
history and monotonously declines with time, as the mantle is cooled (see Grott
et al. [2013] for a review). A similar evolution is observed in Case H16-050j cal-
culated at low Pm where convection driven by the MMUDb feedback efficiently
stirs the mantle to keep it almost homogeneous throughout the calculated evolu-
tionary history despite mantle differentiation caused by the magmatism of Stage
I (Figure 7); the dormant Stage IT and reactivation of magmatism in Stage III
do not occur in this case. (See also Reudas et al. [2013a,b].) The structural
evolution of the mantle that is caused by the initial extensive magmatism and
the later MMUD feedback is the essence of the FSE model.

The crucial role that the MMUDb feedback plays in the FSE model becomes
clearer, when the model is compared with earlier models of evolution of the
mantle that is compositionally differentiated at the beginning of its history by
the magma ocean and subsequent mantle overturn [Zaranek and Parmentier,
2004; FElkins-Tanton et al., 2005; Tosi et al., 2013; Plesa et al., 2014]. The
stratified structure of the mantle formed by the differentiation survives later
convective stirring driven by thermal buoyancy for billions of years because of
the large density contrast that accompanies the structure [e.g. Zaranek and
Parmentier, 2004]. The MMUDb feedback can, however, more effectively dissolve
such a stratified structure of the mantle (see Figures 2 and 5), because melt-
buoyancy that drives the feedback is much stronger than thermal buoyancy.

Despite the evolution of mantle structure caused by the MMUDb feedback, some
quantitative aspects of the FSE model are similar to those of earlier thermal
history models in the literature. In Figure 3a, the average temperature in the
convecting box decreases by about 200 K over the past 4 Gyr. This temperature
decrease is comparable to those predicted in the nominal models of Hauck and
Phillips [2002] (see their Figure 2) and Morschhauser et al. [2011] (see their
Figure 8). The fraction of water in the mantle that survives outgassing by
magmatism until today is 0.25-0.65 for the FSE model calculated at Pm = 3.2.
(The fraction can be estimated from Table 3 as ¢7 /¢!8it.) This range of fraction
is close to that estimated earlier, 0.2-0.6, from parameterized thermal history
models by Morschhauser et al. [2011] (see their Figures 2 and 8), although is
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lower than 0.9-0.95 estimated by Hauck and Phillips [2002] (see their Figure 11).
The crustal thickness of 70-90 km today in the FSE model (see df,., in Table
3) is greater than 30-80 km predicted by Morschhauser et al. [2011] (see their
Figure 3) but is within the range of 20-230 km predicted by Hauck and Phillips
[2002] (see their Figures 3-12); I will further discuss the crustal thickness in
the next Section. Given the fundamental difference in the way mantle evolves
between the FSE model and the earlier thermal history models, however, the
significance of the quantitative similarities is not clear.

To further develop the FSE model, it is important to take account of the effects
of “initial mantle differentiation” caused by the magma ocean and mantle over-
turn [Elkins-Tanton et al., 2005; Scheinberg et al., 2014; Maurice et al., 2017].
At moderate Pm at which the FSE model holds in the present calculation (see
Figure 8), the initial mantle differentiation may induce a compositionally strat-
ified structure that is gravitationally too stable even for the MMUDb feedback to
dissolve later; Stage III would not arise in this case. At lower Pm at which the
mantle remains compositionally homogeneous in the present calculation (see
Figure 7), on the other hand, the initial mantle differentiation may induce a
stratified structure in Stage I and hence may let the mantle evolve in the four
stages illustrated in Figure 11. To what extent the magma ocean and mantle
overturn differentiates the mantle is, however, a delicate issue [Scheinberg et
al., 2014; Maurice et al., 2017; Ballmer et al., 2017; Boukare and Ricard, 2017;
Boukare et al., 2018], and unified treatments of mantle evolution from the era of
the magma ocean until today are necessary to ultimately understand the history
of Mars. (I will return to the issue of early mantle differentiation in Mars in
Section 4.2, below.) An extension of the model to three-dimensional (3D) space
[Keller and Tackley,2009; Sramek and Zhong, 2012; Sekhar and King, 2014;
Plesa et al., 2015, 2016, 2018] is also important for more quantitative estimates
of magmatism and outgassing on Mars. Hot upwelling flows are implicitly as-
sumed to be sheet-like in 2D models, while they can be cylindrical in 3D space.
Because of this difference in the geometry of upwelling flows, 2D models tend
to overestimate the rate of magma-generation and outgassing.

4.2. Implications for Mars

Among the models calculated at various reference permeability Pm, the FSE
model calculated at moderate Pm fits in with the observed history of Mar-
tian crust best. The plume magmatism of Stage III (see Figures 2 and 3) and
its decline toward Stage IV account for the active magmatism in early Mars
and its decline since the Hesperian [Greeley and Schneid, 1991; Head et al.,
2002; Werner, 2009; Carr and Head, 2010]. The history of the crust and re-
cycled crustal materials on the CMB shown in Figure 2b and the animation
in Supplement accounts for the fate of crustal materials in Mars inferred from
isotopic studies of Martian meteorites [Foley et al., 2005; Debaille et al., 2009]:
the crustal materials generated at the beginning of the 4.5 Gyr history are se-
questered from the convecting mantle until today both in the model and in Mars.
The models calculated at higher or lower Pm are, in contrast, at odds with the
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observed features of Mars: no magmatic activity takes place after the crustal
formation in Stage I in the models calculated at higher Pm (see Figure 6); most
of the crustal materials formed in Stage I are recycled and mechanically stirred
into the mantle later by convection at lower Pm (Figure 7).

The FSE model also accounts for the observed history of surface environment
on early Mars. The episodic water-outgassing of Stage III shown in Figure 3d
is consistent with the episodic occurrence of liquid water on the surface of early
Mars [e.g., Olsen and Rimstidt, 2007; Hoke et al., 2011]. The calculated rate
of water-outgassing is probably high enough to bring a clement environment to
Martian surface. Indeed, the average outgassing rate w shown in Figure 10c and
Table 3 is 104-10"3 mm yr!, which is equivalent to 3 x 10*-3 x 10° mol s'! on
Mars, at the Rayleigh number Ra higher than 10°. This water-outgassing rate
corresponds to the hydrogen flux of 7 x 102- 1 x 10° mol s}, if the ratio of Hy to
H,0 is 0.025 to 0.65 in the outgassed “water” [Ramirez et al., 2014; Wordsworth
et al., 2021]. The calculated range of hydrogen flux encompasses that necessary
to episodically bring a clement environment to the surface of Mars (see Figure
2 of Wordsworth et al. [2021]), when the ratio r,, of peak outgassing rate to w
is 10%-10%; this range of r,, overlaps with that for the FSE model (see Table 3).
The shift of surface environment of Mars from a clement one to a colder and
more arid one since the Hesperian [e.g., Ehlmann et al., 2011] can be accounted
for by the decline of outgassing from Stage III toward Stage IV.

It is more difficult to compare the FSE model with earlier estimates of surface
and near-surface water inventory of Mars [e.g., Car and Head, 2003; Wernicke
and Jakosky, 2021; Scheller et al., 2021]. The average outgassing rate w of 1074-
102 mm yr! and the total amount of water Al outgassed in Stage III of 20-200
m at Ra > 1x 10° shown in Figures 10b,c are comparable to those suggested for
early Mars from a numerical model of hydrological cycle of water [Scheller et al.,
2021]. The water-content in today’s mantle ¢ of 100-200 ppm (see Table 3) and
the above-mentioned range of Al, which implies 6-60 ppm higher water-content
at the beginning of Stage III, are acceptable as the value for Mars constrained
from studies of Martian meteorites [McCubbin et al., 2012]. Hydrological cycle
of water on Martian surface is, however, a complicated process that depends
on hydration of the crust and atmospheric escape, too [Scheller et al., 2021].
Further studies based on the FSE model combined with models of hydrological
water cycle on the surface are necessary to see if the model is compatible with
the water inventory in Mars.

A testable prediction of the FSE model is Stage II when the mantle is dormant.
This feature does not contradict with the observed history of Martian magma-
tism so far. After the crustal formation that occurred within 20-60 Myr since
the solar system formation [Dabaille et al., 2009; Kruijer et al., 2020], magmatic
activities that were as vigorous as the late-Noachian to early Hesperian one have
not been reported for the pre-Noachian period [Greely and Schneid, 1991; Grott
et al., 2013]. The dormant Stage II is also a likely reason why the surface en-
vironment was not so clement on Mars in the early to middle Noachian as it
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was in the late Noachian to early Hesperian [Ehimann et al., 2011]. Clarifying
whether or not there was such a dormant era in the history of early Mars is a
key for understanding the entire 4.5 Gyr evolutionary history of Mars.

The detail of Stage I delineated in Figure 4, on the other hand, is important for
understanding the early differentiation of Martian mantle. Isotopic studies of
Martian meteorites suggest that the crust of Mars was formed over a prolonged
period of 10 Myr or more [Debaille et al., 2009; Kruijer et al., 2017, 2020]. This
prolonged period is difficult to account for by simple cooling and solidification
of the magma ocean and has been ascribed to crustal formation by mantle
overturn or to the blanketing effect of a dense atmosphere (see the references
above). The early differentiation of Stage I, however, takes as long as 15 Myr in
Figure 4 because of the secondary magmatism caused by the combined MMUb
and MMUc feedback. This long duration of the secondary magmatism can also
account for the prolonged crustal formation in Mars.

In addition to the duration time, Stage I has an implication for the spatial ex-
tent of early mantle differentiation, too. Mars had an intrinsic magnetic field
until as late as 4 Gyr ago [Acuna et al., 1999; Lillis et al., 2013; Vervelidou et al.,
2017]. Figure 9, however, suggests that the heat flow on the CMB could have
remained high enough to drive core dynamo so long, only when the early mantle
differentiation, including the one caused by the magma ocean and mantle over-
turn, was not so extensive as to form a thick layer of recycled crustal materials
on the CMB. Future exploration of seismic structure of the deep mantle would
be informative to further constrain the extent of early mantle differentiation in
Mars, since such recycled materials are most likely to have survived convective
stirring until today, as suggested from Figure 2b. (See also the animation in
Supplement.)

The history of average surface heat flow hy . over the past 4 Gyr shown
in Figure 3b is broadly consistent with that of Mars hObS estimated from

the elastic thickness of the lithosphere [e.g., Ruiz et al 2f511; Broquet and
Wieczorek, 2019; Ding et al., 2019]. The heat flow hy .,.;. is typically 40-60 mW
m2 with occasional high spikes for the first 1.5 Gyr and then declines to 20-25
mW m2 today. The spikes in Figure 3b and the lateral variation in the surface
heat flow in Stages III and IV inferred from the temperature-distribution in the
uppermost mantle (see Figure 2a), however, suggest that a detailed comparison
of hy g rc and h fb;ch may not be informative. Rather, lateral variation of the
surface heat flow, and hence that of the thickness of the lithosphere, may be
more important for understanding Mars. Magma-eruption tends to repeatedly
occur at specific locations where the lithosphere is thinner than its average due
to crustal enrichment in HPEs, as discussed in Section 3.1.4 (see Figure 2e).
Similarly, HPE-enrichment in the crust may allow magmatism to take place at
specific locations on Mars, too. Hot plumes that grow from specific sites in the
deep mantle are not the only possible explanation for Martian magmatism that
continues for billions of years in Tharsis and Elysium regions [e.g., Keller and
Tackley, 2009; Kiefer and Li, 2009; Sramek and Zhong, 2012; Sekhar and King,
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2014]. (See also Schumacher and Breuer [2007].)

Finally, a comment is necessary on the current thickness of the crust, 70-90 km,
calculated in the model (see df, in Table 3). This thickness is greater than
that in the southern hemisphere of today’s Mars, around 60 km [Zuber et al.,
2000]. The crustal thickness at the beginning of Stage III, typically 60-70 km
(see db.,), is also greater than that of pre-Noachian Mars inferred from isotopic
studies of Martian meteorites [Norman, 1999]. The crustal thickness is, however,
determined from the depth of the basalt-eclogite transition in the FSE model,
as can be seen from Figures 4b and 9c. By adopting a more realistic phase
diagram of crustal materials where the phase transition occurs over a range of
pressure [e.g., Fumagalli and Klemme, 2015], a more realistic thickness of the
crust would be obtained.

5. Conclusion

The numerical models presented here suggest that the mantle has evolved in
the four stages illustrated in Figure 11 in Mars owing to the magmatism-mantle
upwelling feedback, and that the plume magmatism of Stage III is responsible
for the observed active magmatism and clement surface environment of early
Mars.

Appendix A: The basic equations
The momentum equation in its non-dimensional form is
—V*p* — Ra dp*e, + V * - [n* (V*U* +! V*U*)| = 0, (A1)

where the asterisks stand for normalized quantities. The length is normalized
by the box depth d, the time by d?/k where x is the thermal diffusivity, and
the viscosity by the reference viscosity 7. U” is the matrix velocity, p” the
dynamic pressure, and e, the vertical unit vector pointing upward. The density
deviation §p* is defined by

op* = [(1—9)ps + dp, — pol /o AT
=T +B;(1=&)+0 (B —By) (1 =&) — dAT[1+ B, (1 =§)] (A2)

where 7, = f;,;/aAT and A} = A;/aAT, while the Rayleigh number Ra is
defined by

Ra = py ATgd?/nyk. (A3)

(In Equations (A2) and (A3), the temperature is normalized by AT = Ah/C,,.
For the constants in these equations, see Table 1.) The continuity equation is

VU = V- [p (U], (A4)

where u” is the velocity of magma. I neglected the volume change from melting
in this equation [Boukare and Ricard, 2017]. The relative velocity u* — U* is
proportional to the density difference between magma and matrix:

o (u'—U") = P, (£) (s~ pi)e. (AD)
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where  is the reference content of magma, and the reference permeability P,,
is
P,, = k}poaATgd/px. (A6)

Here, k9 is the permeability at = ,, and is the viscosity of magma; the effect of
deformation of matrix on magma migration [McKenzie, 1984] is neglected. The
value of k) in Table 1 is taken from McKenzie [1984] and Miller et al. [2014],
while that of p from Dingwell [2015]. Equation (A5) implies that magma does
not penetrate into subsolidus regions where ¢ = 0. At shallow depth-levels,
however, magma can penetrate into such regions by forming cracks in host
rocks. I assumed that this type of magma-migration can occur in the crust and
replaced ¢ in Equation (A5) with max (¢, ¢g) for 1 — z* < dg.

The transport equation for the reduced enthalpy h* defined by Equation (9) is
Oh* + v* . (h*U*> — 7v* . [(bh? (u*—U*)} +v*2T* + Q* + V* . (nzddv*h*)

ot*
— NopAju* -e,, (A7)

where Q* is the internal heating rate, and
N = gd/Ah. (A8)

Here, the reduced enthalpy is normalized by the latent heat of melting h. The
first term on the right-hand side of Equation (A7) stands for the contributions
from transport by magma-migration, the second to fourth terms for the contribu-
tion from entropy change, and the fifth term for the contribution from pressure
change. (Here, k44 is the eddy diffusivity for a turbulent flow of magma in
largely molten regions normalized by k; matrix disintegrates, and the flow of
magma becomes turbulent at higher than a threshold, about 0.4 [Solomatov,
2015]. To simulate the effects of this turbulent flow, I assumed that s}, grad-
ually increases from 0 at = 0 to 100 at = 0.4; %4, is clipped at 100 for
> 0.4.)

The temperature of the heat bath (i.e., the core) changes with time according
to

dT; N
MTEL) = —hicus (A9)

where hf-y\p is the heat flow on the CMB calculated from the temperature
distribution in the box, and M is the ratio of the heat capacity of the core to
that of the mantle.

The mass transport equation is
% 4V (§U) = —V" - o (w—U")| + V* - (kyaV"&,). (AL0)

The first term on the right-hand side stands for the contribution of mass-
transport by migrating magma.

The internal heating rate changes with time, as

Q" = Q,[AQ exp (=% ) + Q5). (Al1)
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Here, the first term in the parenthesis stands for the HPEs with short half-
lives (K and 23°U), while the second term for those with long half-lives (238U
and 232 Th) [Turcotte and Schubert, 2002]. The values of AQ and Q, listed in
Table 1 are based on Wanke and Dreibus [1994]. On the other hand, Q5. stands
for the effects of transport by migrating magma and convecting matrix. Qf,
is normalized so that % fv Qf.dV =1 holds (the integration extends over the
convecting box) and changes with time as

W 1V (QRU) = —V* - [6Qf, (0 —U")] 4V - (keqq V' Qi) (A12)

where Q},, = Q%,/[¢ + D(1 — ¢)] is the HPE-content in magma, and D is the
partition coeflicient.

The basic equation that describes water-transport is
Bt £V (9,U%) = —V" - [0y (w'=U")] + F* + V" - (4qV"0,,). (A13)

Here, ¢, = ¢,,/¢ is the content of water in magma, and F™* expresses the effect
of outgassing: I assumed that water contained in magma is all outgassed, when
the magma ascends to the topmost 10 km of the convecting box.

The boundary conditions for Equations (A10), (A12), and (A13) are that there
are no convective and diffusive fluxes of &, & , Qf, and ¢,, through all the
boundaries.

The basic equations are discretized by a finite difference method. The employed
mesh is uniform and contains 300 (horizontal) times 150 (vertical) mesh points
for calculation of the continuity and momentum equations; twice that resolution
is employed for calculation of the transport equations.

Appendix B. The three components of velocity field and the MMU
feedback

I calculated the three components of the velocity field U presented in Figures 4
to 7 as follows: the component driven by thermal and compositional buoyancy
UTC is calculated from Equations (A1), (A2) with ¢ = 0, and

V*.U* =05 (B1)
the component driven by melt-buoyancy U™ from Equations (A1) with

op" = (B =B (1=&) — dAT[1+ 5, (1 =&)] (B2)

and (B1); the component driven by the volume change of matrix caused by
magma-migration U from Equations (A1) with dp* = 0, (A4) and (A5).

This decomposition of convective velocity field reveals the nature of the MMU
feedback (see Figure B1). There are two paths in the MMU feedback. One
occurs through U™ and is denoted as the MMUb feedback in Figure BI;
the buoyancy of magma generated by a mantle upwelling flow intensifies the
upwelling flow itself. This feedback becomes substantial, when the Rayleigh
number defined with the viscosity of convecting part of the mantle exceeds a
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threshold. The threshold is around 10% to 107 and increases with increasing
Pm, implying that the MMUDb feedback is more important at lower Pm, as
shown in Figure 6 of Ogawa [2018]. The MMUDb feedback has been discussed in
earlier studies, too [Tackley and Stevenson 1993; Barnouin-Jha and Parmentier
1997; Raddick et al. 2002; Hernlund et al. 2008a,b]. The other occurs through
U and is denoted as the MMUc feedback in Figure B1; an upward migration
of magma in a partially molten region causes an expansion and contraction of
the matrix at the top and base, respectively, of the region, and this volume
change enhances the original upwelling flow that causes the partial melting,
when the viscosity is spatially variable (see below). The MMUec feedback is
more substantial at higher Pm, since U9 is proportional to Pm (see Equations
(A4) and (A5)). The feedback, however, does not depend on Ra, since U is
calculated from Equation (A1) with dp* = 0.

A further decomposition of U4 into the potential part and solenoidal part more
clearly shows the nature of the MMUc feedback:

UY = —Vy+V x A, (B3)

where v is calculated from Equations (A4) and (A5). The potential flow is the
counter flow of upward migration of magma and points downward in partially
molten regions. The potential flow, therefore, cannot induce the MMUc feed-
back by itself. When the viscosity is spatially variable, however, the potential
part induces the solenoidal part through Equation (A1l). The solenoidal flow
can point upward in partially molten regions to cause the MMUc feedback, as
illustrated in Figure B1b. The feedback becomes more significant, as viscosity
variation becomes larger in the mantle surrounding the partially molten region.
In Figure 4c, the MMUc feedback is significant, since the partially molten region
extends from the asthenosphere to the surface boundary beneath the black bar
in the figure, and upwelling magma pushes the stiff lithosphere aside to cause
a convective circulation that extends over the entire convecting box. In Figure
5, however, the partially molten head of the upwelling plume is mostly within
the asthenosphere. Therefore, the lithosphere remains almost stagnant, and the
volume change of matrix due to magma-migration only locally induces a poten-
tial flow that points downward beneath the lithosphere (see UY in Figure 5c).
This is the reason why the MMUc feedback does not operate.
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Table 1. The constants and their values.

Symbol Meaning value

d Depth of the convecting 1000 km
box

dpg Depth of the km
basalt-eclogite
transition

Po Reference density kg m™
Thermal expansivity 3x107° Kt

Bss B Sensitivity of density to  For 8, see Eq. (2);
composition; see Egs. B8, = 0.067
(1) to (3).

AY The constants in 500 km

Aso Equation (4)

Ty Reference temperature K

TO Dry solidus K
temperature on the
surface

Dwo Reference water-content  ppm

T Temperature scale h/C,

h Latent heat of melting  kJ kgt
at z=d

C, Specific heat J K1kg!
Thermal diffusivity 6 x 107 "m?s!

g Gravitational m s72
acceleration

ko) Permeability at ¢ = ¢, 14 -1013 m?

1 melt-viscosity -10 Pa s

0 Reference melt-content
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Symbol Meaning value
AQ The parameters for pW kgt
Qo internal heating rate; 4.0 pW kgt
T see Eq. (A11) 1.5 Gyr
D Partition coefficient of
HPEs (solid/melt)
N See Eq. (A8)
Table 2. The default values of model parameters.
symbol meaning default value
E Sensitivity of viscosity to temperature; see Eq. (5) 5.7/AT K1
v, Sensitivity of viscosity to depth 2.3
Viv Sensitivity of viscosity to water-content 2.3
AT, Solidus reduction by water; see Eq. (8). 250 K
T The initial temperature at the top; see Figure 1b 2200 K
T The initial temperature of the core. T
M The ratio of heat capacity of the core to that of the mantle 0.18
P The reference permeability defined by Eq. (A6) 3.2

Table 3. The values of the free parameters Ra, T;,, and "' and a
summary of the results.

Case # Ra Ty, ¢H}it comment t%?OMB t%MB tg/IAG tMAG qgrst Qerst dgrst
ppm Myr Myr Gyr Gyr km
H10-000 3.20E4+06 1000 O 413 566 0.8 2.02 0.211 0.553 88
H10-025 3.20E4+06 1000 250 317 518 0.54 1.85 0.227 0.517 80
H10-025a 3.20E4+06 1000 250  Vw=6.9 238 466 0.59 219 025 0476 74
H10-025b 3.20E406 1000 250 M=0.64 439 0.56 1.66 0.243 0.587 78
H10-025¢ 3.20E4+06 1000 250 Pm=0.32 354 513 049 248 0.19 038 61
H10-050 3.20E406 1000 500 233 519 0.65 2.2 0.262 0.446 68
H10-050a 3.20E+06 1000 500 Vw =0 280 566 0.63 1.97 0.247 0.474 68
H10-050b 3.20E+06 1000 500 Vw =4.6 212 460 0.68 3.06 0.249 0.432 68
H10-050c 3.20E406 1000 500  Tic=1800 111 386 1.03 278 0.259 0.398 70
H10-050d 3.20E406 1000 500  Tic=2000 217 455 0.65  2.43  0.252 0.419 65
H10-050e 3.20E4+06 1000 500 Pm=0.32 312 460 0.34 224 0.189 0377 67
H10-050f3  3.20E4+06 1000 500 Pm=32 143 603 0.39 38
H10-100 3.20E+06 1000 1000 159 481 0.79  2.67 0.279 0.417 62
H12-050 3.20E4+06 1200 500 148 466 0.67 1.83 0.286 0.5 69
H12-050a 3.20E406 1200 500 Pm=0.32 222 344 0.4 2.3 0.207 0.405 67
H12-100 3.20E4+06 1200 1000 79 428 0.74 224 0319 0.433 59
H14-025 3.20E4+06 1400 250 E=10/T 79 365 0.8 248  0.278 0.606 68
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Case # Ra T ¢t comment  tfyp tOup  tiac  tvac Qost Gerse Dot
H14-050 3.20E4+06 1400 500 79 423 0.72 2.06 0.312 0.522 67
H14-050a 3.20E406 1400 500 Vp=6.9/d 175 365 0.44 2.21 0.293 0.481 62
H14-050b 3.20E4+06 1400 500 E=10/T 69 344 0.68 3.54 0.287 0.563 66
H14-050¢™  3.20E406 1400 500 Pm=32 132 508 0.541 38
H14-050d™* 3.20E+06 1400 500 Pm=0.32 153 302 0.32 1.83 0.232 0.436 66
H14-100 3.20E+06 1400 1000 74 397 0.43 2 0.366 0.528 66
H16-000 3.20E406 1600 O 69 280 0.72 1.88 0.276 0.537 72
H16-025 3.20E4+06 1600 250 69 296 0.64 2.52 0.329 0.508 68
H16-025a™ 3.20E406 1600 250 Pm=0.32 148 280 0.559
H16-050 3.20E4+06 1600 500 58 270 0.19 2.75 0.352 0.478 64
H16-050a 3.20E4+06 1600 500 Ts = 200 63 317 0.22 2.13 0.345 0.519 63
H16-050b 3.20E4+06 1600 500 Ts= 300 69 196 0.17 2.67 0.325 0.442 61
H16-050c¢™*  3.20E+06 1600 500 Tis = 1800 21 175 0.13 1.64 0.153 0.555 54
H16-050d 3.20E4+06 1600 500 Tis = 2000 58 249 0.19 1.91 0.294 0.579 72
H16-050e 3.20E4+06 1600 500 Tis = 2400 79 217 0.28 2.05 0.388 0.555 64
H16-050f 3.20E4+06 1600 500 S.I.P. 63 227 0.21 2.53 0.333 0.448 58
H16-050¢g 3.20E4+06 1600 500 M=0.64 79 333 0.23 2.35 0.339 0.507 62
H16-050h 3.20E4+06 1600 500 E=10/T 47 296 0.17 2.27 0.337 0.621 66
H16-050i"3 3.20E4+06 1600 500 Pm=32 106 339 0.71 49
H16—050j*5 3.20E4+06 1600 500 Pm=0.32 275 386 0.45
H16-100 3.20E+06 1600 1000 74 153 0.26 2.14 0.388 0.475 57
H18-000 3.20E+06 1800 O 53 233 0.51 1.65 0.381 0.591 76
H18-000a 3.20E406 1800 O Vp=20 37 190 0.36 2.14 0.359 0.594 74
H18-050 3.20E4+06 1800 500 74 132 0.34 2.63 0.409 0.488 61
H18-050a 3.20E4+06 1800 500 Vp=0 48 143 0.16 2.05 0.426 0.545 64
H18-050b 3.20E4+06 1800 500 Vw =0 69 169 0.3 2.61 0.397 0.453 61
H18-050¢ 3.20E4+06 1800 500 S.IP. 58 164 0.18 2.51 0.373 0.439 69
H18-050d"* 3.20E+06 1800 500 Tis=1800 0 0 0.07 1.49 0.193 0.599 72
H18-100 3.20E4+06 1800 1000 74 122 1.06 2.63 0.436 0.449 57
M10-025 1.02E+06 1000 250 349 598 0.49 2.98 0.234 0.452 79
M10-025a 1.02E4+06 1000 250 Vw=6.9 274 540 0.75 3.25 0.244 0.396 74
M10-050 1.02E4+06 1000 500 265 577 0.96 3.02 0.266 0.416 70
M12-050 1.02E4+06 1200 500 153 503 0.88 2.78 0.283 0.392 67
M14-050 1.02E+06 1400 500 90 365 0.77 2.45 0.312 0.455 70
M16-050 1.02E4+06 1600 500 101 206 0.8 2.48 0.367 0.456 68
M16-050a 1.02E4+06 1600 500 S.IP. 90 212 0.57 1.86 0.329 0.482 65
M18-050 1.02E4+06 1800 500 95 164 0.3 2.95 0.36 0.463 67
M18-100 1.02E4+06 1800 1000 95 169 0.63 2.86 0.366 0.403 60
L10-050 3.20E4+05 1000 500 296 624 1.11 1.74 0.263 0.307 68
L10-050a 3.20E4+05 1000 500 Vw=4.6 302 587 0.98 2.75 0.272 0.374 68
L10-050b 3.20E4+05 1000 500 Vw=6.9 238 587 0.91 3.26 0.278 0.368 66
L10-100 3.20E+05 1000 1000 206 497 0.98 1.52 0.277 0.287 50
L12-050 3.20E4+05 1200 500 190 450 1.19 1.74 0.305 0.314 72
L14-050 3.20E4+05 1400 500 116 370 0.93 2.29 0.344 0.404 69
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Case # Ra T ¢$it comment t%JOMB t%MB tg/IAG thaG q(l:)rst Urst dgrst
L16-050 3.20E4+05 1600 500 111 302 0.91 1.96 0.391 0437 73
L16-050a"3  3.20E+05 1600 500 Pm=32 88 230 0.5 50
L16-050b™*  3.20E+05 1600 500 Pm=0.32 238 392 0.47 1.83 0.461 0.551 73
L16-050c¢™  3.20E+05 1600 500 Pm=0.032 328 2021 0

L18-050 3.20E4+05 1800 500 122 233 0.6 2.4 0.391 0425 72

The variable parameters not specified here take their default values listed in
Table 2. téOMB and t%MB stand for the time when the heat flow on the CMB
decreases below 10 mW m~2 and 0 mW m™2, respectively, in Stage I; ti/IAG
and t§;,o the time when the plume magmatism of Stage III begins and ends,
respectively; ¢l and g% the crustal fraction of HPEs at 3, and 5.,
respectively; dl and d¢., the average thickness of the crust at ¢}, and
t€1aq Tespectively; Ad = dS, —dl.; t4 g and £, ¢ the time when outgassing
starts and ends, respectively, in Stage ITI; ¢™ and ¢° the water-content in the
mantle and the entire box, respectively, at 4.5 Gyr; Al the total amount of
water outgassed in Stage III by plume magmatism, measured by the thickness
of Global Equivalent Layer; w the average outgassing rate defined by Equation
(12); 7, the ratio of peak outgassing rate to w. Comments: ' the data were
not collected; “?the data were not sampled frequent enough to estimate this
quantity; “® Stage IIT does not arise; ~* Stage IT arises only marginally; > Stage
IT does not arise.
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(b) The 1nitial thermal state

(a) paverage mantle pbasall.ic magma

surface boundary
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0 500 1000 Tip 2000 Tic
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Figure 1. (a) The density difference between magma with { = 0.1 and the
average solid mantle material with £, = 0.64 plotted against height. (b) An
example of the initial distribution of equivalent temperature 7°? defined by
Equation (11) together with the adopted dry solidus and the wet solidus at
¢, = 500 ppm, all plotted against height. T}, = 2200 K and T}, = 1600 K are
assumed in this example. Also shown is the initial distribution of temperature
calculated from T4 (the thick dotted line). The gray bars indicate the searched
ranges of T;, and T},.
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(a) T & magma (b) composition (c) internal heating (d) water content

Stage I: crustal foratln 0.001Gyr

T v leng T3 o]
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Figure 2. Snapshots of the distributions of (a) temperature T (color) and
magma ¢ (contour lines), (b) composition &, (c¢) internal heating rate @, and
(d) water-content ¢,, calculated in Case H16-050 where Ra = 3.2 x 10°, ¢init =
500 ppm, Pm = 3.2, and T}, = 1600 K. The contour interval for magma-
distribution in (a) is 0.05. In (b), blue color stands for basaltic materials, while
yellow to red color for residual materials. Also shown are (e) the location of
magma-eruption plotted on the plane of time versus horizontal coordinate x,
and (f) the horizontal averages of the temperature-distributions shown in (a)
plotted against depth. The Roman numerals in (e) stand for the stages of mantle
evolution. The red solid and dashed curves in (f) show the solidus temperature
at ¢, = 0 and 500 ppm, respectively.
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Figure 3. Plotted against time for Case H16-050 are (a) the average tempera-
ture in the box (bulk) and the temperature of the core; (b) the horizontal average
of heat flux h; on the surface boundary and the CMB; (c) that of eruption rate
of magma m; (d) that of outgassing rate w; (e) the root-mean-square average
of matrix-velocity in the box
(g) the crustal fraction of heat-producing elements (HPEs), i.e. the amount of
HPEs contained in the crust normalized by that in the entire box g..; (h) the
average water-content in the mantle and in the entire box (bulk) ¢,,.

U,

a
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(a) T & magma (b) composition (c) velocity at 0.010 Gyr
0.001Gyr

Us =0.20 m/y

1000 1500 2000 0 1
[K]

Figure 4. (a) and (b) The same as Figures 2a and 2b, respectively, but for
Stages I and II of Case H16-050. (c) Decomposition of the matrix-velocity
field U calculated at 0.010 Gyr into the component driven by thermal and
compositional buoyancy UTC, that driven by melt-buoyancy U™ and that
driven by the volume-change of matrix that upward migration of magma causes
U, The red and blue colors show the regions where the convective flow points
upward and downward, respectively. The color scale is normalized by U, shown
at the base of the figure. The arrows express the direction of convective flow
but not its magnitude.
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(a) temperature & magma K]




Figure 5. The same as Figure 4 but for the frame of 0.629 Gyr in Figure 2.

(a) T & magma (b) composition (c) velocity at 0.006 Gyr L
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Figure 6. (a) to (¢) The same as Figure 4, but for Case H16-050i where the
reference permeability Pm is 10 times as high as that of the reference case
presented in Figures 2 to 5. Also presented are (d) the average temperature in
the box (bulk) and the core, (e) the average eruption rate of magma, and (f)
the average outgassing rate, all plotted against time.
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(a) T & magma

(b) composition

(c) velocity at 0.114 Gyr
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Figure 7. The same as Figure 6, but for Case H16-050j where the reference
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permeability Pm is 1/10 of that of the reference case.
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(b)
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Figure 8. The solid circles show the values of the reference permeability Pm
and (a) the initial temperature at the base of the mantle T} or (b) the Rayleigh
number Ra for the cases where the mantle evolves in the four stages shown in
Figure 2. The crosses imply that Stage III does not arise (see Figure 6), while
the open circles imply that Stage II does not arise (see Figure 7); the gray
circles imply that Stage II arises only marginally. All the cases plotted here are
calculated at ¢t = 500 ppm and the default values of the parameters E to M
listed in Table 2.
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(a) duration of high thMIB (b) T & magma (c) composition
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Figure 9. (a) The time ¢{} ;5 at which the heat flow on the CMB declines below
10 mW m~? plotted against the initial temperature at the base of the mantle T},
for the cases where ¢ = 500 ppm and the default values of parameters listed
in Table 2 are assumed. (b), (c¢) Snapshots of the distributions of temperature,
magma, and composition taken at the end of Stage I for the cases indicated by
solid squares in (a).

magmatism & outgassing in Stage III
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Figure 10. The total amount of (a) crustal growth Ad and (b) water-outgassing
Al in Stage III plotted against the Rayleigh number Ra for the cases where
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Pm = 3.2, (biv‘{,it = 250, 500 ppm, and the default parameter values of Table 2
are assumed. T}, is in the rage of 1000-1800 K. Ad and Al are measured in the
unit of global equivalent layer (GEL) thickness. Also presented is (c) the plot of
the average outgassing rate w defined by Equation (12) versus Ra. The value
of the reference mantle viscosity 7, that corresponds to Ra is shown at the base
of the plots, too.

The four-stage evolution (FSE) model of Mars

Stage I: Stage 1I: Stage I11: Stage IV:
crustal formation the dormant mantle plume magmatism  thermally driven convection
& outgassing

| ﬁ |
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_ -
¥
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Figure 11. An illustration of the four-stage evolution model of the mantle.
The yellow color stands for melting.

basaltic crust
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Figure B1. An illustration of the (a) MMUb and (b) MMUc feedback, repro-
duced from Ogawa [2020].
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