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Abstract

We present a theoretical model of the stability and migration of carbonate-
rich melts to test whether they can explain seismic low-velocity layers (LVLs)
observed above stalled slabs in several convergent tectonic settings. The
LVLs, located atop the mantle transition zone, contain small (~ 1vol%)
amounts of partial melt, possibly derived from melting of subducted carbonate-
bearing oceanic crust. Petrological and geochemical evidence from inclusions
in superdeep diamonds supports the existence of slab-derived carbonate melt,
which may potentially explain the origin of the observed melt in the LVL.
However, the presumptive reducing nature of the ambient mantle can be an
impediment to the stability of carbonated melt. To reconcile this appar-
ent contradiction, we test the stability and migration rates of carbonate-rich
melts atop a stalled slab as a function of melt percolation, redox freezing,

amount of carbon supplied by subduction, and the metallic Fe concentration
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in the mantle. Our results demonstrate that carbonate-rich melts in the LVL
can potentially survive redox freezing over long geological time scales. We
also show that the amount of subducted carbon exerts a stronger influence on
the stability of carbonate melt than does the mantle redox condition. Con-
centration dependent melt density leads to rapid melt propagation through
channels while a constant melt density causes melt to migrate as a planar
front. Our calculations suggest that the LVLs can sequester significant frac-
tions of carbon transported to the mantle by subduction.

Keywords: Transition Zone; Low-velocity Layer; Carbonate-rich Melts;

Volatile Cycle; Reactive Porous Flow

1. Introduction

The Earth’s deep interior can host a significant quantity of carbon, with
estimates for the amount of carbon sequestered in the deep Earth reaching up
to an order of magnitude larger than the carbon content of the atmosphere
(Hirschmann and Dasgupta, 2009). Currently, the Earth’s exosphere contains
nearly twice as much H by mass as C, while the H:C ratio in chondrites is
only 0.55 (Hirschmann and Dasgupta, 2009). This discrepancy indicates that
the Earth’s deep interior could be a considerable repository of C, estimated
to be ~ 10%° kg (Dasgupta and Hirschmann, 2010). Direct evidence for the
presence of C in the Earth’s convecting mantle comes from sublithospheric
or ‘superdeep’ diamonds. The mineralogical and chemical signature of min-
eral inclusions, together with symmetric internal structure and low density
of crystal defects of the diamond hosts, indicate that they crystallized from
carbon-rich melts in the mantle (Bulanova et al., 2010; Harte, 2010; Walter
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et al., 2008). The abundance of superdeep diamonds exhibiting isotopically
light carbon relative to the mantle value, together with mineral inclusions
exhibiting isotopically heavy oxygen, also suggests that the carbonate-rich
melt from which they crystallized was derived from subducted oceanic crustal
materials (Bulanova et al., 2010; Burnham et al., 2015; Ickert et al., 2015;
Thomson et al., 2014). The geochemical and petrological evidence for deep
carbonated melt is complemented by seismological observations of anoma-
lous regions above the mantle transition zone (MTZ) that have properties
indicating the likely presence of partial melt. We postualte that these melt-
containing regions can act as potential sites for transfer or accumulation in
the mantle of carbon from subducting slabs.

A number of seismic studies identified, mostly on a regional scale, the
presence of a low-velocity layer (LVL) located at a depth of approximately
350 km in a number of different tectonic settings (Agius et al., 2017; Tauzin
et al., 2010, 2017; Wei and Shearer, 2017). The LVLs are marked by a 2-3 %
reduction in shear wave speed and a sharp interface with the overlying mantle,
suggesting the presence of partial melt (Hier-Majumder and Courtier, 2011;
Hier-Majumder et al., 2014; Hier-Majumder and Tauzin, 2017). A number
of seismic studies of the LVLs also report the temperature sensitive thickness
of the mantle transition zone at the LVL sites (Agius et al., 2017; Tauzin
et al., 2017). Combined analysis of the seismic wavespeed reduction and
temperature derived from the MTZ thickness suggest that the LVL contains
small amounts (0.5 — 1 vol%) of partial melt (Hier-Majumder and Courtier,
2011; Hier-Majumder et al., 2014; Hier-Majumder and Tauzin, 2017).

A comparison between the occurrence of LVLs and the location of earth-
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quakes along subducting plates demonstrates that a large number of LVLs
are associated with subduction zones or continental collision zones. The map
in Figure 1(a) outlines a cluster of LVLs along both margins of the Pacific.
As the subducting slab penetrates the MTZ, geodynamic modelling suggests
that slab stagnation and deflection arises from variations in density, viscosity,
and the Clapeyron slopes of phase-transition at the base of the mantle transi-
tion zone (Christensen, 2001; Christensen and Yuen, 1984). Slab stagnation
in the transition zone is often accompanied by trench retreat and high trench
migration rates promote flattening of the slab (Christensen, 1996; Cizkov4
et al., 2002; Griffiths et al., 1995) as shown in Figure 1(b). Seismic obser-
vations of the mantle beneath the western USA and East Asia further show
such stalling of the subducting plate at the MTZ (Tauzin et al., 2017, 2013).

The temperature of the LVL from seismic studies, however, is too cold to
melt mantle peridotite without the presence of volatile components such as
CO4 or HyO. Petrological experiments on carbonate-bearing basalts indicate
that the melting temperature of such rocks are sharply reduced at transition
zone depths (Thomson et al., 2016). Figure 1(c) plots the solidi of carbonated
basalt, hydrated and dry peridotites. The figure also includes hot and cold
subduction slab-top geotherms (Turcotte and Schubert, 2001, Ch. 4) as well
as the depth and range of temperature calculated from the mantle transition
zone thickness in the western US (Hier-Majumder and Tauzin, 2017). The
coincidence of slab-top geotherms, seismically inferred P-T conditions, and
the solidus of carbonated basalts from Thomson et al. (2016) demonstrates
that slab melting induced by CO, can potentially provide an explanation for

the observed melting within the LVLs associated with subduction zones (Li
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et al., 2017; Thomson et al., 2016; Xu et al., 2018). In addition, the location of
the LVL beneath Eastern China (Tauzin et al., 2017) partially coincides with
locations of basalts with low §2Mg values, attributed to reaction between
slab-derived carbonated melts and mantle peridotites (Li et al., 2017).

One issue with the hypothesis of carbonated melts in the LVLs arises from
the fact that such melts might be chemically unstable due to the predicted
low oxygen fugacity of the mantle at these depths. Experiments by Rohrbach
and Schmidt (2011) on the mantle redox state of peridotite at such depths
suggest that carbonated melt in the deep mantle (> 250 km) can be reduced
to diamond due to the low oxygen fugacity and the saturation of metallic

iron, following a reaction similar to (Dorfman et al., 2018)
MgCOg(melt) + 2Fe(solid) = 3Fey/3Mg; 50(solid) + C(solid). (1)

Reactions involving slab derived carbonate-rich melt and the surrounding
mantle have been postulated on the basis of chemical evidence from inclusions
in superdeep diamonds (Bulanova et al., 2010; Thomson et al., 2014, 2016;
Walter et al., 2008). Whether the foo of the mantle is sufficiently reducing or
whether enough Fe is present to completely consume slab derived, carbonate-
rich melts, however, remains an open question. The magnitude of melt-bound
carbon fluxes into the mantle also remains a poorly constrained quantity.
This article is motivated by these complementary constraints on the deep
carbon cycle arising from seismic, petrological, and geochemical observations.
To better understand the fate of slab-derived, carbonate-rich melts subjected
to redox freezing as predicted by experimental petrology, and to test the
plausibility of such melts in producing the LVLs, here we investigate the

stability of a reactive, slab-derived, carbonate-rich melt in the mantle. In
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our model, we treat the LVL as a two-dimensional region containing 1 vol%
porosity filled by melts and embedded in a mantle containing free Fe that
reacts with the carbonate in the melt supplied by the subducting slab (Figure
1(d)). Using numerical simulations and analytical solutions, we calculate the
COs flux from the slab to the mantle and the mode of melt transport from
the slab to the LVL. In the following sections, we outline the formulation of
our model, present the results, and discuss the implications for the global

carbon cycle.

2. Formulation

We formulate the problem of the stability of carbonate-rich partial melts
in a reducing mantle in the context of the transport of a dissolved chemical
component (carbonate) by advective-diffusive-reactive transport (Ghesmat
et al., 2011; Unwin et al., 2016) in the presence of a source. The physical
processes and parameters that control the stability of the carbonate melt in
the mantle are: the relative rate of reaction and melt percolation, rate of
carbonate supply from slab, the free Fe content in the LVL, and the relative
rate of melt percolation and diffusion of carbonate. The schematic diagrams
in Figures 1(b) and (d) illustrates our model in the context of subducting
lithosphere and the global carbon cycle. The 2D problem is defined within
a rectangular domain with a carbonate-rich melt source located at the bot-
tom, mimicking the supply from a stalled subducting slab. The porosity or
the melt fraction of this domain is set at 1 vol%, since the LVL contains 1
vol% partial melt distributed uniformly, according to the seismic observations

(Hier-Majumder and Courtier, 2011; Hier-Majumder and Tauzin, 2017). We
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also prescribe a uniform initial distribution of Fe in the LVL mantle. We
numerically model the evolution of carbonate concentration in the LVL us-
ing a finite element formulation and predict the growth rate of perturbations

analytically using a marginal stability analysis of linearized equations.

2.1. Governing equations

In our advection-diffusion-reaction model, porous flow of the carbonate-
rich fluid is controlled by the gradient of pore fluid pressure and the density
contrast between the melt and the surrounding mantle. For a constant melt
volume fraction, ¢, the velocity of the melt, u, is governed by Darcy flow. We
make the Boussinesq approximation in our simulations, such that the density
changes only influence the momentum (Darcy flow) without influencing the
mass of the melt. These two conditions can then be described in a domain

QCRY1<d<3, as

K ’ N
pu = — (Vo' + pg2), (2)
and

V-u=0, (3)

where k is the permeability of the matrix, g is the dynamic viscosity of
the melt, p’ is the pore-fluid pressure, p is the density of the melt, ¢ is the
gravitational acceleration, and £ is a unit vector in the vertically upward
direction.

The concentration of carbonate in the melt, ¢, can affect the density of

the fluid (Duncan and Agee, 2011). We assume a linear variation of the form,

p = po + V¢, (4)
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where pg is the density of the carbonate-free melt, and the constant v4 < 0,
indicating the density of the melt decreases with an increase in the concen-
tration of dissolved carbonate. We also define Ap = ps — p, where p; is
the density of the solid. In order to illustrate the effect of carbonate con-
centration on the melt directly, we also define the total pressure, p, as the
sum of fluid pressure and the lithostatic pressure (e.g. Hier-Majumder, 2018;

Rhebergen et al., 2014), given by,

p=7p"+psgz. (5)

Combining the definition of Ap and reduced pressure from equation (5), we

can write the modified Darcy equation as,
K N\
¢u:—7ﬂVp—AmKl—vdgda (6)

where Apy = ps — po, and v* = v9/Apo. In problems of density-driven fluid
migration, this substitution is often used to highlight the role played by the
density difference between the solid and the pore fluid (Aharonov et al., 1995;
Hier-Majumder et al., 2006; Rhebergen et al., 2014; Spiegelman et al., 2001;
Takei and Hier-Majumder, 2009; Unwin et al., 2016). In the presence of
compaction of the matrix, which we do not consider in this work, a more
generalized form of this equation is given by an action-reaction equation.
Interested readers can see Bercovici et al. (2001) for a detailed derivation of
the coupled governing equations of two phases.

The next set of governing equations arise from the mass conservation of
chemical components (Aharonov et al., 1995; Bercovici et al., 2001; Ghesmat
et al., 2011; Spiegelman et al., 2001; Steefel and Lasaga, 1994; Takei and

Hier-Majumder, 2009). The chemical reaction in equation (1) affects the
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concentration of the components. We assign the variables ¢ and cg for con-
centration of MgCQOj in the melt and Fe in the solid, respectively. Assuming
the rate of the chemical reaction is driven by the faster, fluid assisted forward
reaction, the solidification rates for the dissolved carbonate component in the
melt and the free Fe in the mantle are respectively defined as I'. = T'yec% and
I'r = allgect, where Iy is a constant and o = Mygcos/(2Mr.) ~ 0.75 is the
ratio of molecular weight multiplied by the coefficients of the reactants in the
reaction in equation (1). The concentration of carbonate in the melt within
the LVL is also influenced by input from the subducting slab. We prescribe
a function f. as a source term for the advection diffusion reaction equation.
The initial concentration of Fe in the mantle is fixed, but changes as Fe is
consumed by reaction with the carbonate in the melt. Taking these into
account, the mass conservation equations for these two chemical components

are described by,
dc

¢§+¢U'VC:¢DV2C_F(:+JCC7 (7>
and
aCF .
(1-9) 2 T, (8)

where ¢ is time and D is the diffusivity of carbon in the melt. As equation
(7) illustrates, the rate of change in concentration of carbonate in the LVL
depends on transport by porous flow (second term on the left), diffusion,
chemical reaction, and input from subduction. Consumption of Fe, given by
equation (8), is only controlled by reaction with carbonate in the melt.

The source term, f., is spatially variable. As the carbonate input from

the slab is confined near the bottom of the LVL, we prescribe the lateral
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variation of f. as a sum of positive sine waves,

£, = fo(1 — tanh(1002)) l% > \sm(jm)y] , ()

the tanh function constrains the source term near the bottom of the domain.
The schematic diagram in Figure 1(d) shows a colormap of the source term
in the background.

To solve the governing PDEs, we impose a set of Dirichlet, Neumann, and
periodic boundary conditions on the primary unknowns, u and c¢. We set the
vertical walls of the domain, 0f2,, as periodic boundaries in both u and ¢,
impose a Dirichlet condition on w at the slab-LVL interface at the bottom
boundary, 02, and free boundary at the top, 0€2;. We impose a zero diffusive
flux Neumann condition on ¢ at the Neumann boundary 0Qy = 9 | 0€2.

The complete set of boundary conditions are given by,

u = wy zon 0, (10)
u,c = periodic on 0€),, (11)
Ve-nn = 0on 0y (12)

where wy is the magnitude of prescribed melt velocity. Using the conserva-
tive estimate of boundary melt velocity of 100 pm/yr (Hier-Majumder and
Tauzin, 2017) combined with the dimensional value of v discussed in the fol-
lowing section, we prescribe the dimensionless Dirichlet boundary condition
wo = 0.1. Since this is an initial value problem in ¢ and cg, we also impose

the initial conditions,
c(z,2,0) =0,cp(z,2,0) = [Fe,, (13)
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where [Fe]y is a constant. In our numerical simulations, we vary [Fe|y to test
the effect of different mantle iron abundances on the stability of carbonated

melts.

2.2. Nondimensionalization

We nondimensionalize the governing equations using the following scheme,

x=Hzx", u=uyu", p=ApygHp~,
Fc:]:‘OF)ka FF:OéFOIwa fC:fOfc*) (14>

where the characteristic melt velocity ug = (koApog) /1, H is the height of
the LVL, and fy is a constant arising from the rate of carbon input to the
LVL from the subducting slab. We discuss the method for calculating the
value of fy below. Time is scaled by the dimensional constant ty = H/uq.
Since the concentrations ¢ and cp are dimensionless, they are not scaled by
any dimensional quantities.

Depending on the amount of dissolved CO, and H50O, experimentally
determined density of silicate melts can be almost same as the density of
the mantle or as low as 3000 kg/m?® (Duncan and Agee, 2011, 0-20wt%
dissolved COs and 0-10wt% dissolved H5O in silicate melt). The density
of silicate melts containing more than 20 wt% dissolved COy is likely even
lower. Assuming a solid density of 3500 kg/m? (Dziewonski and Anderson,
1981) in combination with the measurements of Duncan and Agee (2011),
we estimate a range of Apy = 10 — 500 kg/m?, which we used to constrain
up as discussed below. The only dimensional quantity directly affected by
the choice of reference melt density is the mass flux of carbonate-rich melt

in equation (21). Due to the high concentration of dissolved CO; in the
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carbonate-rich melts, we use a conservative estimate of melt density, p =
3000 kg/m3, in evaluating fluxes. The possible uncertainty in the estimate
of the flux arising from the choice of melt density however, is significantly
smaller than the variations in flux arising from other parameters such as
rate of carbonate supply, redox freezing rate, and time. These variations are
discussed in detail in Section 4.1.

We constrain the possible range of values for uy by considering variations
in melt volume fraction and concentration of dissolved carbonate in the melt
within the LVL. We use an LVL permeability range of 107 — 107! m?
(Hier-Majumder and Courtier, 2011), Apy = 10 — 500 kg/m?, = 0.01 — 0.1
Pas (Liebske et al., 2005), and g = 10 m/s?, leading to ug = 0.3 — 16 mm/yr.
Selecting a higher value of ug will lead to a shorter time available for reaction
between the melt and the mantle and can underestimate the influence of
redox freezing on the stability of the carbonate-rich melt. To address this
issue, we use a conservative value of ug = 1 mm/yr as the characteristic
velocity for our simulations. Combined with a characteristic length of H =
40 km, typical height of the LVL (Hier-Majumder and Tauzin, 2017), this
leads to a characteristic time to = 40 Ma.

After dropping the asterisks from the nondimensional variables, the nondi-

mensional forms of governing equations are rewritten as

pu = —r(Vp—(1-9%)2), (15)

V- -u=0, (16)

Oc Vo 1 U2 D cch \7

a%—u- 0—776 c— a(?>+ﬂfc, (17)
dep acck

12
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where

UQH Fo.H f()H
Pe D ’ “ Ug ’ 6 (bUO ’ ( )
and v* = —1. The Péclet number, Pe, represents the ratio between rates

of mass transfer by fluid percolation and chemical diffusion. The Damkohler
number, Da, is the ratio between rates of chemical reaction and fluid per-
colation. The quantity § is a constant indicating carbonate input rate. We
list the values used in this article and their suggested ranges in Table 1.
Determining the value of Da is difficult due to a relatively limited set of
experimental data on the reaction rates under the conditions used in this
study (Martirosyan et al., 2016). A recent experimental determination of Da
and Pe by Pec et al. (2015) suggests Da varies between 0.05 to 0.4, while
Pe varies between 0 to 10°. In contrast, the study of melt channelization by
reaction infiltration instability by Spiegelman et al. (2001) suggest a range
of Da and Pe between 10 and 160. We use a larger range of Da in order
to provide a more conservative estimate for melt stability under more ex-
treme conditions than in the experiments of Pec et al. (2015). We performed
numerical simulations with the value of Da ranging up to 500. In a few
additional test simulations with yet higher values of Da, we failed to detect
any appreciable changes within geologically relevant times. While Pec et al.
(2015) suggest that the value of Pe should be O(10°), we confined our sim-
ulations to values of Pe ranging between 0 and 103. For higher values of
Pe, fluctuations in the carbon flux out of the LVL were too high to obtain a
steady value for comparison with global C cycle models. We calculated the
remaining dimensionless number S from published estimates of subducted

carbon.

13



Table 1: Nondimensional numbers and dimensional constants used in this article.

Parameter Definition Values

Da Ratio between rates of chemical reac- 0 — 5007 (0.05-0.4%)
tion and fluid percolation

Pe Ratio between rates of mass transfer 0 — 1037 (1059)
by fluid percolation and diffusion

15} Carbon input from subduction 0—5f

[Fel, Mantle metallic iron concentration 0.01 — 0.17 (0.01%)

H Height of the domain 40 km e

L Length of domain 160 km ¢

S Surface area of the LVL 1.8 x 10 km? T

Apo Density difference between mantle 500 kg/m?® 74
rocks and silicate melts

Ps Density of mantle rocks 3500 kg/m? T¢

0] Melt fraction 0.01 Te

Ug Melt velocity 1 mm/yrf

h Thickness of subducted carbonate 0.3 —7 km ©/
layer

Vs Subduction rate 30 — 90 mm/yr ™/

Cs Carbon concentration in subducted 0—7 wt% -/

oceanic crust

"Values used in this article. Sources: “Pec et al. (2015), °Frost et al. (2004),

“Hier-Majumder and Tauzin (2017), 4(estimated from Duncan and Agee,

2011), *Dziewonski and Anderson (1981), /[Clift (2017); Plank (2014)]

14
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The carbon input rate f; is defined as the mass fraction of carbon sub-
ducted to the deep mantle per unit time. For a slab subducting with a ve-
locity vy, and carbon concentration of c,, the mass fraction of carbon added
to the LVL per unit time is given by fy = (vshes)/(HL), where L is the
length of the LVL, and A is the thickness of carbonate-rich material in the
subducting slab. Substituting this fy in the definition of 3, we get,

hvgcg

ﬁ N ¢UOL

(20)

The range of values of 8 used in this manuscript is listed in Table 1.

We calculate the CO4 flux from the LVL, ®, by integrating the product of
carbonate concentration in the melt, and the normal velocity over the upper
boundary of the domain (2,

O = pSupp cu-nds, (21)
09

where m is the outward unit normal vector on the upper boundary, p is the
density of the melt, and S represents the area of the LVL. The quantities
within the integral in equation (21) are dimensionless.

We solve the governing set of partial differential equations (15) - (18) using
a finite element formulation. Details of the finite element model are provided
in Appendix A. We carried out a number of 2D numerical simulations for
two cases. In the first case, we treated the density contrast between the melt
and solid constant. In this set of simulations, the carbonate-rich melt, when
stable, advanced through the LVL as a planar front. In a second set of simu-
lations, we considered the effect of carbonate concentration on the density of
the melt. This set of simulations generated carbonate melt-rich channelling

instabilities within the LVL. We varied four parameters, Da, Pe, 3, and [Fe|o,
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in our simulations. The ranges of parameter values are presented in Table
1. Finally, we studied the linearized versions of the governing equations to
obtain analytical expressions for the growth rate of instabilities. We present

the derivation of these linearized equations in Appendix B.

3. Results

In this section, we present our key results for percolation of carbonate-rich
melt into the LVL. In Section 3.1, we show the numerical results for growth
of planar carbonate-rich melt layers in the LVL. The results from marginal
stability analysis, outlining growth rates of small perturbations in initial
carbonate concentration are presented in section 3.2. Finally, we discuss the
results for growth of carbonate melt-rich channelling instabilities in Section

3.3.

3.1. Growth of planar fronts

When the density of carbonate-rich melt is independent of carbonate
concentration, percolation of the melt from the slab to the LVL takes the
shape of a planar front. We show the influence of Da on the propagation
and growth of this front in Figure 2(a). The colormap in this figure, and the
subsequent figures, correspond to the concentration of dissolved carbonate
in the melt, c. We compare six snapshots for two different values of Da and
three different timesteps. The values of Pe, [Fe]y, and § in these simulations
are annotated in the figure. As the snapshots demonstrate, the growth of
the planar layer is faster for the lower value of Da. We notice, however, for
the more realistic initial 1 wt% Fe in the mantle, the melt is not entirely

consumed, even for a high value of Da = 100. The planar front advances at

16
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a relatively slow rate, taking nearly 240 Ma to reach the top of the 40 km
thick LVL for Da =1, and even longer for Da = 100.

The plots in Figure 2(b) and (c¢) outline the dimensional flux of dissolved
carbonate atop the LVL in Mt/yr as a function of Da and the carbonate
input rate, 5, after 240 Ma. The plot of flux in panel (b) demonstrates that
for § = 1 and Da > 200, the carbonate-rich melt doesn’t reach the top of the
LVL in 240 Ma, as the redox freezing consumes the carbonate in the melt.
For a value of Da = 1, the flux of carbonate-rich melt atop the LVL increases
linearly with an increase in §. In both sets of plots in panels (b) and (c) we
compares the fluxes for two different initial Fe concentrations in the mantle.
As the results indicate, the fluxes do not show any appreciable variations
with the initial Fe content of the mantle. For the rest of this article, we only
report results for the expected natural value of [Fe]o = 0.01 (Frost et al.,
2004). These simulations demonstrate that a planar melt layer can take 200
Ma or longer to propagate to the top of the LVL. This is the lower bound of
the growth rate, as the assumption of constant density contrast prevents the

formation of carbonate melt-rich channels discussed below.

3.2. Marginal stability analysis

In this section, we discuss the parameters influencing growth rates of small
scale instabilities. As outlined in Appendix B, we add small perturbations
of the form e™***t to a base state of constant carbonate concentration. The
sign of the real part of the growth rate, ®(o), determines if the perturbations
can grow into planar or channel-like instabilities. The wavenumber of the per-
turbation, k, is the inverse of the dimensional wave length. The relationship

between the real growth rate R(o) and the wave number k were calculated
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by solving equation (B.9) and the real parts of the roots are plotted in Figure
3. Each plot is divided into two distinct areas (melt present or exhausted),
based on the sign of (), by the survival potential of carbonate-rich melts.
The marginal stability analysis predicts that melt migration should take
place by the propagation of a planar front, when the density contrast is con-
stant. As illustrated in Figure 3, the growth rate decreases with an increase
in the wavenumbers, suggesting that perturbations with smallest wavenum-
bers (largest wavelengths) will grow the fastest. This behavior implies that
melt-rich structures with large wavelengths (small wavenumbers) can sur-
vive the consumption of carbonate by chemical reactions and persist over
geologically significant periods of time. It also implies that a planar front,
characterized by an infinite wavelength will be the most dominant mode of
growth under the conditions (i.e. constant density contrast) considered here,
explaining the results from numerical simulations observed in section 3.1.
The growth rates also outline the importance of carbonate input via sub-
duction on the stability of carbonate melts in a reactive environment. The
carbonate input rate g tends to enhance the stability, while the reaction rate
Da weakens the stability of the carbonate-rich melt layer. For all cases con-
sidered in this figure, small melt channels with wavelengths less than ~ 1.3
km will always be consumed by chemical reaction with the free Fe in the
mantle. The relative influences of carbon input rate (5) and the chemical
reaction (Da) on the growth rate of perturbations can be observed comparing
the curves for different values of these parameters in Figure 3 (a) and (b).
As the separation between the curves indicate, 8 exerts a much stronger in-

fluence on the growth of the perturbations than Da, a result we also observe
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in the numerical simulations described next. The dominance of § signifies
the important role played by carbonate flux via subduction in suppressing

the effect of redox freezing.

3.3. Melt percolation via channels

This section shows the results of simulations with coupled dynamic equa-
tions (15) - (18). In all of these simulations, the density of the melt decreases
with an increase in the carbonate concentration, increasing the contrast be-
tween the melt and the solid. In contrast to the results presented in Section
3.1, we notice that the carbonate melt infiltrates into the LVL as localized
channels. Next, we outline the results of various parameters on the shape
and growth rate of these channels.

An increase in the Pe number influences the internal structure and melt
flux in two ways. First, with an increase in Pe, the wavelength and width of
the channels decrease. As outlined in Figure 4, simulations with weak advec-
tion (Pe = 10) generates a flat interface with a relatively constant vertically
upward velocity field. In contrast, the higher Pe simulations (100 and 1000),
generate channels of carbonate-rich melts, with more, thinner channels for
the highest Pe simulation. The decrease in wavelength (increase in wave
number) of the channels with an increase in the Pe is consistent with the
findings from the linear stability analysis, which indicates that the wavenum-
ber varies with the square root of Pe (see equation (B.8) and the discussion
in Appendix B). Second, the rate of transport of carbonate-rich melt is
much faster for the higher Pe simulations. This faster rate of transport is
expected for a high Pe number, as percolative melt transfer is more dominant

under such conditions. In contrast to the planar front propagation presented
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in Figure 2, the channels reach the top of the LVL by 80 Ma, indicating
that the reactive channelization is faster by nearly a factor of 3 in transport-
ing carbonate-rich melt into the mantle. This observation is supported by
previous models of melt propagation by reaction-infiltration-instability be-
neath midoceanic ridges (Aharonov et al., 1995; Spiegelman et al., 2001) and
carbon-sequestration by reactive flow of carbonated groundwater(Ghesmat
et al., 2011).

The rate of redox freezing, modulated by Da, can reduce the growth rate
of melt channels. The value of Da required, however, is much larger than the
natural ranges suggested by Pec et al. (2015) and Spiegelman et al. (2001).
The images in Figure 5 demonstrate this influence. While the melt channels
propagate to the top of the LVL by 80 Ma for Da = 1, they only reach
halfway through the top of the LVL in the same time when Da = 500. These
plots demonstrate that natural nonequilibrium processes like melt migration,
lead to the formation of features that are not permitted under equilibrium
conditions attained in the laboratory experiments.

The strongest influence on the formation of carbonate-rich melt zones in
the LVL is exerted by the amount of carbon input from subduction, parame-
terized by . The snapshots in Figure 6 outline the influence exerted by the
magnitude of carbon transfer to the LVL by changes in this parameter. This
influence is twofold. First, as the colormaps indicate, the channels for § =3
are richer in dissolved carbonate and the melt propagates with a faster veloc-
ity as compared to § = 1. Second, by 120 Ma, fewer, but larger, channels are
established for f = 3 compared to § = 1. This behavior of melt transport

due to a higher input from subduction contrasts the behavior of Pe number
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as shown in Figure 4, where a larger Pe number leads to the formation of

more high speed jets of melt.

4. Discussion

4.1. LVLs as potential deep carbon reservoirs

Our results indicate that the slab-derived carbonate melt can survive re-
dox freezing for a number of subduction scenarios. We can further analyze
the output from these simulations to provide an estimate, at least region-
ally, for the amount of CO, supplied to the mantle by melting of subducted
carbonated oceanic crust. We calculated the dimensional fluxes of carbonate
dissolved in the melt for the LVL in the western US. These fluxes outline the
role played by regional LVLs in the global carbon cycle. For comparison, the
global estimates of subducted CO; varies between 88-176 Mt /yr(Dasgupta
and Hirschmann, 2010) to as high as 30050 Mt/yr (Plank and Manning,
2019).

The plot in Figure 7(a) show the flux of carbonate dissolved in melt
through the top of the LVL as a function of time. We compare the range of
fluxes for 3 different values of g and 2 different values of Da. The plot demon-
strates that the flux is highly transient with aperiodic waxing and waning.
The time interval between peak fluxes are reduced by a high carbonate sup-
ply from the slab, indicated by higher values of 3. We also notice that for
a given value of 8, peak fluxes occur earlier for lower values of Da. Despite
these strong variations with time, we can observe some general patterns of
the flux into the mantle as a function of 5 and Da.

Our results suggest that plate tectonics plays a crucial role in the survival
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of carbonate melts in the LVL. The plots in Figure 7(b) and (c) show the value
of fluxes averaged over 74 to 96 Ma from the beginning of the simulation.
The vertical error bars indicate the range of variation in the flux, while the
data points represent the temporal average over this time period. While the
magnitude of the flux decreases nonlienarly with the Da, it is also strongly
modified by the value of 3, as shown by the different sets of curves. For g = 3,
the output to the mantle varies between 8 —25 Mt /yr, a significant fraction of
the global budget. Comparison between the curves corresponding to the two
different values of Da in Figure 7(c) illustrates that a small change in § at a
constant Da exerts a greater influence on the flux compared to changing the
Da by two orders of magnitude. Thus, the carbonate supply to the mantle
by subduction is the stronger control on the stability of carbonate melts in
the LVL than redox freezing. Our estimate of the carbonate flux into the
LVL assumes an area equal to the LVL observed under the western US. If the
LVL is global, however, it can act as a substantial impediment to carbonate

transport to the lower mantle.

4.2. Melt channels, superdeep diamonds, and ancient carbonate subduction

Evidence from superdeep diamonds and their mineral inclusions indicate
an important role of slab-derived carbonated melt in their origin. A number
of features, such as crystalline morphology of the diamonds, compositions
of their mineral inclusions, and the §3C' signature of the diamonds indicate
that they are formed by reactions between carbonate-rich melts and mantle
peridotites (Bulanova et al., 2010; Smith et al., 2016; Walter et al., 2008).
Some of these diamonds grow to several centimeters in size, suggesting the ex-

istence of an environment suitable for nucleation and growth over a relatively
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long period of time. Such an environment, conducive of diamond growth by
reaction between the mantle peridotite, carbonate melt, and iron can form
around the edges of carbonate-melt channels observed in our simulations.
Figure 8 shows the maps of concentration of Fe and carbonate in the melt
following the establishment of stable channels. As the map of Fe concentra-
tion indicates, partially reacted mantle domains exist around the edges of the
channels. These regions can be up to several kilometers wide. As observed in
the flux plots in Figures 7, these channels are established during the first 50
Ma of the simulation. Following the establishment of the channels, a tran-
sient supply of carbonate-rich melts over geologically significant periods of

time can ensure transient periods of growth of diamonds.

5. Conclusions

Our results indicate that carbonate-rich melt from the subducting slab
can migrate into the LVL either as a planar front or as channels. The former
results are obtained when the density of the melt is independent of carbonate
concentration in the melt. We also find that the rate of melt infiltration into
the LVL is much slower as a planar front. Our results demonstrate that the
rate of carbonate input from subduction plays a stronger role in determining
the stability of carbonate melts in the LVL than the redox freezing due to
the low oxygen fugacity of the mantle. We show that with carbon transport
into the mantle by reactive channels, it is possible to sequester up to 25 Mt
COy per year into an LVL similar in size to the one beneath the Western
US. Zones of reaction between channels and mantle can serve of domains for

generation of large super-deep diamonds.
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Appendix A. Weak Formulation

To solve the governing partial differential equations, we discretize the
equations using a Petrov-Galerkin finite element scheme. Integrating the
Darcy and continuity equations in Egs.(15) - (16) by parts, and defining

arbitrary test functions v and ¢, we obtain the weak form

/(¢u-v—ﬁpV-v+V~uq) dQ://ﬁl(l—’y*C)ﬁ-’UdQ. (A.1)
Q Q

To solve the component mass conservation equations, we discretize the
time derivative dc/dt using a Crank-Nicholson scheme, such that midway
concentration ¢ between the previous step (cg) and the current step (c1)

is given by ¢ = (¢ + ¢o) /2. Inserting this time derivative and integrating
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equations (17) - (18) by parts, we obtain the weak formulation
_ At _
/ {(cl —co)n+u-Ve At n+ 776VC-V7]—|— (cr1 —cFo)w} dQ
Q

2 2
:—/ (D“CCF Aty — BRLALy + 2P A w) aQ,
Q o 1—¢

where 1 and w are arbitrary test functions. We also notice that the Neumann

(A.2)

boundary condition on ¢ is naturally incorporated in this formulation.
Additionally, to reduce the oscillation, we apply standard streamline up-

wind Petrov-Galerkin stabilization by adding a term rgupg (Sendur, 2018)

1
TSUPG = /Q 1/(Ped?) + 2 |ul /6

(u-Vn)rdQ, (A.3)

where 0 is the cell diameter, |u| is the norm of the melt velocity, and the

residual r is given by

2 2
¢  Dacc
r=(c; —cy) + 'u,-VE—V L Bf. ) At
Pe 10)
) (A.4)
aDaccr
+ (CFI — CFO) + ﬁAt

Appendix B. Linearized Equations

The first order influence of the key dimensionless parameters on the
growth rate and internal structure of the LVL can be determined by marginal
stability analysis. In this analysis, we consider a base state defined by the
absence of carbonate influx from slabs and porous flow. The base state is
also characterized by constant concentrations of carbonate in the melt (co)
and Fe in the mantle (cpg). We then perturb this base state by adding small
fluctuations in the concentrations of carbonate input from the slab and a first

order chemical reaction between the melt and the mantle (Ghesmat et al.,
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2011), and study the growth of these perturbations. The values of concen-
trations and the source term can then be written as a sum of the base state

and the perturbed state,

c = co+ec(z) ettt (B.1)
Cr = Cpgt+E€ EF(Z> eikarUt, (BQ)
fo = € fo(z)e®tot, (B.3)

where € < 1 is a constant, k is the nondimensional wave number, and o is
the growth rate of perturbations, respectively. While the wavenumber k is
purely real, ¢ is complex, its real part, R(o), contributes to the growth of
the perturbations while the imaginary part, (o), is the frequency of the
wave-like solution to the governing equations.

Based on the definition above, we substitute equations (B.1) to (B.3)
into equations (15) to (18) and set f. = ¢. The resulting linearized equation
on O(e) can be simplified to the ODE for an undamped harmonic oscillator
(Ghesmat et al., 2011),

d%e _
@ — (A}2C, (B4>

where

Da (1-¢)ocro > (B.5)

2 _ 1.2 ra
w” =k +Pe<a—|— 5 (1= )0 + Daco

We seek a solution to equation (B.4) for a zero-flux Neumann boundary
condition and a zero concentration Dirichlet boundary condition at the slab

interface, given by,

-
d—jzzo =0, and .o =0. (B.6)
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One specific solution for the ODE in equation (B.4), subject to these bound-

ary conditions can take the form
c=A; (1 —e"), (B.7)

where A; is a constant (Ghesmat et al., 2011). It can be shown that the only
nontrivial specific solution of the form in equation (B.7) which satisfies both
boundary conditions, exists when w = 0. Using this condition, we can derive
a relation between the growth rate as a function of the dimensionless wave
number, k, for two cases.

In the first case, we assume that the mantle is iron-free in the base state,
leading to cpg = 0. This case is also true if Da = 0. Under this condition,

for w = 0, equation (B.5) leads to the relation between o and k,
12
o=p0— Pe- (B.8)
Since both g and Pe are real, the growth rate is real in this case. The
perturbations in concentration either grow or decay, depending on the sign
of . We also notice that to sustain growth (¢ > 0) for a constant /3, the
wavenumber should scale with v/Pe. As a result, high values of Pe will force
growth of perturbations with higher values of k, resulting in the growth of
many small wavelength channels, as observed in the numerical simulations.
In the second case, cpo, Da # 0. For this condition, equation (B.5) can

be rewritten as a quadratic equation in o,

Ao? + Bo+C =0, (B.9)
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where
A="Pep(1-09),
B = Da[Pepcy + (1 — ¢) crol + ¢ (1 — ¢) (k* — Pef) , (B.10)
C = Dacyp (k:2 — 7366) .

The quadratic equation in o yields two complex roots. As discussed above,

only R(o) contributes to the decay or growth of the perturbations. We

extract (o) from the solution and discuss the implications in Section 3.2.
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Figure 1: (a) Global distribution of 350 - 410 km low-velocity layers above the transition
zone (references in Wei and Shearer, 2017). The colormap indicates that the median
of LVL thicknesses is around 40 - 60 km. (b) A schematic diagram outlining the site
of decarbonation melting atop a stalled slab. The rectangle with broken outline is the
domain of our problem, magnified in panel (d). (c) The phase diagram of solidi of dry
peridotite (Hier-Majumder and Hirschmann, 2017), wet peridotite (Ohtani et al., 2004),
and carbonated basalt (Thomson et al., 2016). The light green area marks the range of
slab geotherms for slab velocities ranging from 7 to 10 cm/yr. The horizontal shaded
box indicates the P-T range of the LVL beneath the western US (Hier-Majumder and
Tauzin, 2017), shown as the open, black rectangle in panel (a). (d) A schematic diagram
of the domain used in our numerical simulations. The boundary and initial conditions
are annotated in the figure. Also shown is a colormap of the dimensionless source term
fe- The box in the inset is a magnification of the region enclosed by the rectangle at the

bottom.

36



0 u(mm/yr)

|

(a) Pe = 100, 8 = 1, [Fe]g = 0.01

25 12

@ [Fep=001 o [Fo=001

%2.0'! 4':!» [Fe]“ =0.1 10 ’7 [F&‘]U =01
= | Time = 240 Ma
v Q
B \Q B =10 8 z L
R \ Pe = 100 S ‘
%10 = P =)
= 1 [®f =2
£ 5 Time = 240 Ma
2 (b) ) @ Da = 1.0 c)
a @ Pe = 100

0.0 @ (@& al @& & 4 0 sl

( 100 200 300 400 500 ( 1 2 3 4 5
Da B

Figure 2: (a) Results from numerical simulations with 8 = 1,Pe = 100, and [Fe]p =
0.01. The colormap shows wt% of carbonates in the melt for two different values of Da
for three different dimensional times. Dimensional flux of dissolved carbonate, calculated
from equation (21), atop the LVL after 240 Ma as a function of (b) Da and (c¢) 8 for
two different initial values of Fe concentration in the mantle. The estimates for 3 for the
different subduction settings were calculated from the GLOSS II model of Plank (2014)

and the dimensional constants used in the calculation are listed in Table 1.
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Figure 3: Results from marginal stability analysis. (a) Plots of the real part of the
dimensionless growth rate (o) as a function of dimensionless wave number k for different
values of Da. (b) Plots of the growth rate for different values of 5. A partially molten

layer will be exhausted by chemical reactions for (o) < 0.
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Figure 4: The effect of Pe on melt transport for simulations with Da = 0.5, § = 1.0,
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and [Fe]p = 0.01. The colormaps show wt% of carbonates in the melt and the magnitude

of the melt velocity, respectively.
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Figure 5: The effect of reaction rates Da for simulations with Pe = 100, § = 1.0, and
[Fe] = 0.01. The colormaps show wt% of carbonates in the melt and the magnitude of the

melt velocity, respectively.
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Figure 6: The effect of 8 for simulations with Da = 10, Pe = 100, and [Fe] = 0.01. The
colormaps show wt% of carbonates in the melt and the magnitude of the melt velocity,

respectively.
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Figure 7: (a) Dimensional outflux of dissolved carbonate as a function of time for 3
different values of 5. For each value of 3, two different Da values are used. Plot of outflux
of dissolved carbonate averaged over 74 to 96 Ma, as a function of (b)Da and (c)3. The

vertical error bars represent the standard deviation of the flux over this time period.
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Figure 8: Concentration maps of solid Fe in the mantle (top) and dissolve COx in the

0.005

melt (bottom), from a simulation with Da = 100, Pe = 100, and § = 1 after 120 Ma. The

initial Fe concentration in the mantle was 0.01.
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