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Viscosity of MgSi0; Liquid at Earth’s
Mantle Conditions: Implications for an
Early Magma Ocean

Bijaya B. Karki®* and Lars P. Stixrude?

Understanding the chemical and thermal evolution of Earth requires knowledge of transport properties of
silicate melts at high pressure and high temperature. Here, first-principles molecular dynamics
simulations show that the viscosity of MgSiOs liquid varies by two orders of magnitude over the mantle
pressure regime. Addition of water systematically lowers the viscosity, consistent with enhanced
structural depolymerization. The combined effects of pressure and temperature along model geotherms
lead to a 10-fold increase in viscosity with depth from the surface to the base of the mantle. Based

on these calculations, efficient heat flux from a deep magma ocean may have exceeded the incoming

solar flux early in Earth’s history.

terrestrial mass and heat transport in Earth’s
history. Molten silicates would have con-
trolled the dynamics of the predicted magma
ocean [a largely or completely molten mantle
that is expected during Earth’s earliest stages (/)]
and continue to influence the transport of modern
magmas at the present. If such a magma ocean
existed, the rates of initial thermal evolution (via
convection) and chemical evolution (via crystal
settling and melt percolation) of Earth’s interior
would be primarily controlled by the melt viscos-
ity (2). The ability of melts to carry xenoliths from
great depths in the mantle (3) also depends on the
melt viscosity, in addition to melt composition.
Moreover, melts are considered to be responsi-
ble for the ultralow velocity zone (ULVZ) in the
deep mantle detected by seismology (4, ).
Despite their importance, transport properties,
including the viscosity of molten silicates, are
unknown over almost the entire mantle pressure
regime, which reaches 136 GPa at the core-
mantle boundary. Because of experimental dif-
ficulties, the viscosity of MgSiO; liquid, the
dominant composition of Earth’s mantle, has
only been measured at ambient pressures (6). In
fact, viscosity measurements of any silicate melts
have been limited to relatively low pressures

S ilicate liquids likely played a crucial role in
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(<13 GPa) (7-12). In many silicate liquids, the
viscosity depends non-monotonically on pres-
sure over the range that has been measured,
making extrapolations highly uncertain. Theoret-
ical computations serve as a complementary ap-
proach. Previous calculations were primarily
based on atomistic models (/3—15), which permit
much faster computation but have the dis-
advantage of being based on empirical force fields,
the forms of which are uncertain. On the other
hand, the first-principles approach is more robust
because it makes no assumptions about the nature
of bonding or the shape of the charge density and

is thus in principle equally applicable to the study
of a wide variety of materials problems, including
liquids. We previously calculated the structure
and thermodynamic properties of MgSiO; and
MgSiOs-H,0 liquids from first principles (16, 17),
finding good agreement with extant experimental
data over the entire mantle pressure-temperature
regime. Unlike these equilibrium properties, the
transport properties such as viscosity require
much longer simulation (/8).

Here, we determine the viscosity of two key
liquids over the entire mantle pressure regime
from density functional theory (/8). MgSiO;
serves as an analog composition for a magma
ocean, whereas MgSiO5-H,O liquid allows us to
explore the role of melt composition, focusing on
H,O as the component that is known to have the
largest influence on the viscosity at low pressure
(19). The shear viscosity () was calculated by
using the Green-Kubo relation

n:%j <26y(t+t0)6,/(l0)>dt (1)
BLL \i</
where 6 (i and j = x, y, z) is the stress tensor,
which is computed directly at every time step of
the simulation, V'is volume, kg is the Boltzmann
constant, 7 is temperature, ¢ is time, and #, rep-
resents the time origin. The shear-stress auto-
correlation function (the integrand of Eq. 1)
decays to zero more slowly at lower temperature
and higher pressure, requiring longer simulation
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runs (Fig. 1). We find that the integral values, and
hence the computed viscosity, converge over time
intervals much shorter than the total simulation
durations (Fig. 1, inset). The fact that the shear
stress autocorrelation function decays to zero within
the time scale of our simulations means that the
Maxwell relaxation time of silicate liquids (20)
remains much shorter than seismic periods over the
entire mantle regime and that seismic wave prop-
agation through melts that may exist in the ULVZ
will occur in the relaxed limit. We further confirm
that the simulated system is in the liquid state at each
pressure-temperature condition by examining the
mean-square displacements (fig. S1) and radial
distribution functions (fig. S2). Our approach is
expected to be more robust than the commonly

1 E ||||| 11 T T T T S N B 1
3 1987K
0.1 4 B E
$ 2268 K - :
2 ] [
2] P
& 0.01 7 L
<
0.001 ?7000 ® Anhydrous O Hydrous F
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A X Prev MD
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0.0001 IR T s e :
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used indirect approach of estimating the melt vis-
cosity from the self-diffusion coefficient via the
classic Erying relation (20, 217). The validity of the
Eyring relation as applied to silicate liquids has
been questioned on the basis of experiments (/7).

Over most of the pressure range of our in-
vestigation, viscosity increases with increasing
pressure (Fig. 2A). The calculated viscosity
increases by a factor of ~140 for anhydrous
silicate melt over the entire mantle pressure
regime at 4000 K. The activation volume
Vy = (dlam/dP); varies systematically over
most of this range, tending to decrease with
increasing pressure and with increasing tem-
perature. At the lowest temperature and pressure,
we find that the viscosity behaves anomalously:

1 + L . . . "
R ® Anhydrous O Hydrous f
‘.‘ ® Expt [
10 —VFT-anhy ===-VFT-hy
014 4%
14
0.01 5
0.001 3
1 B
0.0001

1500 2500 3500 4500 5500 6500
T (K)

Fig. 2. Calculated viscosity () of anhydrous (anhy, solid symbols) and hydrous (hy, open symbols)
MgSiO3 melts. Our results are compared with experimental (Expt) data (6) at lower temperatures
and ambient pressure for anhydrous MgSiOs liquid. Error bars indicate the statistical uncertainties.
(A) Pressure variations along 3000 K (circles), 4000 K (squares), and 6000 K (diamonds) isotherms.
The anhydrous results can be represented by the modified VFT (Vogel-Fulcher-Tammann) equation
(35): n(P,T) = exp[—7.75 + 0.005 P — 0.00015 P? + (5000 + 135 P + 0.23PA/(T — To)], with Ty =
1000 K. Also shown are the results at 3000 K (14) and 4000 K (15) from previous molecular
dynamics (MD) studies of anhydrous liquid based on semi-empirical pair potentials. (B) Temperature
variations at the reference volume (V) together with experimental data (6) represented by the VFT
equation, n(T) = A exp[ B/T — 1000)], where A = 0.00033 Pa s and B = 6400 K for anhydrous liquid
and A = 0.00024 Pa s and B = 4600 K for hydrous liquid.

Fig. 3. Predicted viscosity for magma
ocean based on anhydrous silicate
liquid results (using the modified VFT
relation shown in Fig. 2) along different
temperature profiles (inset) from (28):
magma ocean isentrope, mantle liqui-
dus, mantle solidus, and melting curve
of pure MgSiO3 perovskite (dashed line).
The hydrous result is shown only along

n(Pas)

the mantle liquidus (gray line). The symbol 0
represents a viscosity value at mid-mantle
condition.
0.001 A
0.0001

1 3

0.1 4

01

.

mantle

mantle solidus

liquidus

] isentrope
0 40 80 120 .
P (GPa) I
0 20 40 60 80 100 120 140
P (GPa)

REPORTS

decreasing with increasing pressure initially,
reaching a minimum value near 5 GPa at 3000 K,
and then increasing on further compression.
Low-pressure experimental studies have found
viscosity decreasing with increasing pressure
in highly polymerized silicate melts (8, /1, 23).
We attribute the initial decrease in viscosity with
increasing pressure to the presence of fivefold
coordinated silicon, which acts as a transition
state accommodating viscous flow (16, 24). The
variation of viscosity in this anomalous regime is
small compared with the total variation in vis-
cosity over the mantle pressure-temperature
range. The calculated viscosities show large and
systematic deviations from Arrhenian behavior
(Fig. 2B). The activation energy decreases with
increasing temperature, consistent with the be-
havior of moderately fragile liquids (25).

Silicate melt with 10 weight percent H,O is
two to four times less viscous than the anhydrous
melt at all pressure-temperature conditions studied
(Fig. 2). We have previously shown that the self-
diffusion coefficients of the hydrous liquid are
systematically higher than those of the anhydrous
liquid (26). The region of anomalous pressure de-
pendence of the viscosity and diffusion are weak
or absent in the case of hydrous silicate liquid. Our
first-principles results confirm that the dynamical
enhancement (smaller viscosity and larger diffu-
sivity) occurs in hydrous silicate liquid because
water systematically depolymerizes the melt
structure (27). The mean O-Si and Si-Si coordi-
nation numbers decrease in the presence of water:
The hydrous values vary from 1.1 to 1.7 on com-
pression (compared with anhydrous value of 1.4
to 2) and 1.8 to 4.7 (compared with anhydrous
value of 2.5 to 5.5), respectively, over the com-
pression range studied (17, 26).

The viscosity of silicate melts increases
modestly along temperature profiles charac-
teristic of Earth’s interior because of the com-
peting effects of pressure and temperature (Fig. 3).
For example, along a slightly super-liquidus magma
ocean isentrope (28), the viscosity of anhydrous
melt increases by a factor of 10 from the surface
to the core-mantle boundary. The variations are
similar in size but non-monotonic along the
estimated mantle solidus and liquidus (28). The
non-monotonic variation of the viscosity along
these curves is due to the rapid increase in
temperature with increasing pressure at low
pressure. The viscosity profiles of the hydrous
melt show similar variations but are systemati-
cally shifted downward (Fig. 3).

Our results provide a fundamental basis for
any dynamical model of magma ocean evolution.
To illustrate, we use our viscosity results and
those of previous ab initio simulations of silicate
melts to estimate critical dynamical parameters.
For a completely molten mantle such as one that
may have occurred early in Earth’s history (/),
the estimated Rayleigh and Prandtl numbers (29)
are ~6 x 10°* and ~60, respectively, for the
viscosity value of 0.048(10) Pa s for anhydrous
MgSiO; liquid at mid-mantle condition (70 GPa
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and 4000 K along the magma ocean isentrope,
Fig. 3). The Rayleigh number lies in the regime
of turbulent convection: The presence of turbu-
lence may substantially influence the settling of
crystals as they form upon cooling. The surface
heat flux, F ~ 6 x 10* W m™2, estimated from
mixing length theory far exceeds the incoming
solar flux (30) and suggests that the surface
temperature was set by heat exchange of the
magma ocean with a dense silicate atmosphere
rather than by solar radiation balance (2). This
value of F'implies a cooling time for the magma
ocean ~20 ky (30). In fact, a number of processes
are likely to increase the cooling time of the
magma ocean substantially, including crystalli-
zation, which is predicted to initiate in the mid-
mantle (28) and to separate the magma ocean into
upper and basal layers (37). The evolution at this
stage also depends strongly on the viscosity, which
will set the time scale for buoyancy-driven motion
of crystals and liquid that can lead to chemical
differentiation. The direction of motion will be
set by the crystal-liquid density contrast, the sign
of which varies with pressure and temperature.
Indeed, crystals are expected to float near the base
of the mantle (/6), producing a buoyantly stable
basal magma layer that may be long-lived (37).
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Extreme Deuterium Excesses in
Ultracarbonaceous Micrometeorites
from Central Antarctic Snow

]. Duprat,** E. Dobrici,* C. Engrand,* J. Aléon,* Y. Marrocchi,® S. Mostefaoui,> A. Meibom,?
H. Leroux,® ].-N. Rouzaud,* M. Gounelle,? F. Robert?

Primitive interplanetary dust is expected to contain the earliest solar system components, including
minerals and organic matter. We have recovered, from central Antarctic snow, ultracarbonaceous
micrometeorites whose organic matter contains extreme deuterium (D) excesses (10 to 30 times
terrestrial values), extending over hundreds of square micrometers. We identified crystalline minerals
embedded in the micrometeorite organic matter, which suggests that this organic matter reservoir
could have formed within the solar system itself rather than having direct interstellar heritage. The high
D/H ratios, the high organic matter content, and the associated minerals favor an origin from the
cold regions of the protoplanetary disk. The masses of the particles range from a few tenths of a
microgram to a few micrograms, exceeding by more than an order of magnitude those of the dust
fragments from comet 81P/Wild 2 returned by the Stardust mission.

undifferentiated interplanetary material

provide insights into the physicochemical
processes that took place in the coldest regions of
the early solar system. Large deuterium excesses
are expected in the solid component(s) of comets
because their water and HCN molecules exhibit
D/H ratios from 2 to 15 times the terrestrial value,
respectively (/). However, isotopic measurements

The light element isotopic compositions of

of fragments of comet 81P/Wild 2 returned by the
Stardust mission show moderate D/H ratios that do
not exceed three times the terrestrial value, possibly
indicating a substantial alteration during impact
capture process (2). By contrast, large D/H ratios
have been observed as micrometer-sized hot spots
in organic matter of interplanetary dust particles
(IDPs) (3, 4) or primitive meteorites (9, 6). These
D excesses may have been inherited from the cold

molecular cloud that predated the protosolar
nebula (3, 5, 7) or may be the result of a local pro-
cess that occurred in the cold outer regions of the
protoplanetary disk (8, 9). The nature of the D-rich
hot spots and their relationship to the organic mat-
ter bulk composition remain a matter of debate
(6, 10). Organic matter in meteorites is sparse
and disseminated in the matrix, with a maximum
bulk concentration on the order of a few weight
percent (wt %) (11). It is mainly accessible as the
acid-insoluble component (IOM) remaining after
demineralization of large amounts (grams) of
primitive meteorites.

Large numbers of Antarctic micrometeorites
(AMMs), which are IDPs with sizes ranging
from 20 to 1000 wm, can be recovered from the
Antarctic ice cap (/2). Here, we describe AMMs
obtained from the melting and sieving of 3 m® of
ultraclean snow that fell in the vicinity of the
French-Italian CONCORDIA station at Dome C
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