50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)

VISCOUS FLOW OF

ILMENITE-BEARING CUMULATES DURING LUNAR MAGMA OCEAN

SOLIDIFICATION: CONSEQUENCES FOR LUNAR EVOLUTION. N. Dygert!, Y. Liang? G. Hirth?, N.
Zhang?, 'Department of Earth and Planetary Sciences, University of Tennessee, Knoxville (ndygertl@utk.edu),
2Department of Earth, Environmental and Planetary Sciences, Brown University, ®Institution of Earth and Space

Siences, Peking University.

Introduction: Cumulate mantle overturn is thought to be
a consequence of crystallization of the lunar magma
ocean (LMO). In the model, dense ilmenite-bearing cu-
mulates (IBC) that solidified from the last dregs of the of
the crystallizing LMO flow into underlying low density
early (mafic) magma ocean cumulates as viscous solids
[1,2]. The overturn model has been invoked to explain
the perogenesis of high-Ti basalts [1] and their spatial
concentration on the lunar nearside [2,3]. Recent experi-
mental work characterized the rheology of ilmenite, plac-
ing constraints on the viscosity of the IBC and an ilmen-
ite-bearing lunar mantle [4,5]. However, scant attention
has been paid to viscous flow of IBC during LMO solidi-
fication, which largely determines the dynamics of sub-
sequent cumulate mantle overturn (or lack thereof) [2].
Here we evaluate the influence of magma ocean cumu-
late rheology on the distribution of IBC during and after
LMO crystallization and its implications.

LMO solidification model: We assume a Moon forming
giant impact produced a whole body LMO. Until it be-
came saturated in plagioclase after ~80% crystallization,
the LMO cooled rapidly. Assuming blackbody radiation
from a convecting LMO suggests this first stage of crys-
tallization occurred over a timescale of thousands of
years. A second (much slower) stage of solidification
started after saturation the of the LMO in buoyant plagi-
oclase produced a flotation crust. This later stage of so-
lidification (which eventually produced the IBC) would
have taken ~10 to ~200Myr depending on influences of
tidal heating and impact bombardment [6].

If the magma ocean fractionally crystallized [7],
early mafic LMO cumulates would themselves be unsta-
bly density stratified owing to an upward increase in Fe
content of the cumulate pile. This could lead to overturn
of the mafic cumulates before complete LMO solidifica-
tion [2,8]. The timescale for overturn of early cumulates
can be estimated for a fluid with constant viscosity and
linear density variation with depth, t=(47°u)/(dpgd),
where d is the layer thickness, g is gravitational accelera-
tion, u is viscosity and 4p is the density difference across
the layer [9-12]. For 4p = 100kg/m?, d = 1280 km, u =
10?° Pa-s we obtain an overturn timescale <1Myr. Oli-
vine viscosity depends on Fe content [13] and would thus
decrease toward the top of the cumulate pile such that
this estimate may represent an upper bound. The analysis
suggests the mafic cumulates overturned before complete
crystallization of the LMO and precipitation of the IBC
[2,8]. This initial overturn has important consequences;
(1) decompression melt produced by overturn of early

mafic cumulates would comingle with and increase the
Mg# of the LMO liquid parental to the IBC, (2) the ini-
tial overturn would juxtapose early Mg-rich LMO cumu-
lates against the IBC parental liquid, (3) the selenotherm
would be temporarily inverted. The IBC parental liquid
would remain buoyant throughout the initial overturn [7].
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Figure 1. (a) Effective viscosity of wet and dry olivine [14]
and ilmenite [4] in dislocation creep at a differential stress of
0.227MPa (consistent with the reference viscosity of [15]). In
reality the stress may scale with the IBC layer thickness. (b)
Viscosity contrast between ilmenite and dry olivine (red) and
ilmenite and wet olivine (blue).

Fe-rich IBC have a crystallization temperature of
~1100-1000°C [10-12]; perhaps mixing of Mg-rich par-
tial melts of overturned mafic cumulates increased the
IBC crystallization temperature. We can assume the IBC
did not precipitate until their parental liquid (the last
dregs of the LMO) cooled below 1200°C [16]. This ena-
bles us to estimate the viscosity of the IBC and underly-
ing cumulates; both likely deformed in dislocation creep
(owing to the large grain sizes expected for cumulates of
a magma ocean [17]). Taking the dislocation creep flow
laws at face value, the viscosity contrast between the IBC
and early LMO cumulates is largely determined by the
LMO water content (Figs. 1a,b) The viscosity contrast is
>4 orders of magnitude for a dry Moon; for a Moon with
10ppm H0O olivine it is >2 orders of magnitude. We
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caution that recent experiments suggest Mg#40 ilmenite
(in equilibrium with Mg#90 olivine) has a moderately
higher viscosity than Fe end-member ilmenite.

Viscous flow of IBC during LMO solidification:
Dense IBC would start sinking into overturned mafic
cumulates as Rayleigh-Taylor (R-T) instabilities before
complete LMO solidification. The timescale for for-
mation of IBC R-T instabilities, instability wavelength,
volume, and sinking rate depend on the viscosity contrast
between the IBC and mafic cumulates (Fig. 1b) and the
thickness of the IBC layer. The steady-state IBC layer
thickness is determined by a competition between sedi-
mentation of IBC from the crystallizing LMO and the
growth of IBC instabilities [2]. The steady-state layer
thickness (h) can be approximated by equating the thick-
ening rate of the IBC layer with the rate of diapir for-
mation; [2] obtained the following expression,
h=((6.5uec 3 umaric?®s)/(4pg))V2, where s is the solidifi-
cation rate and susc and uwaric are the viscosities of the
IBC and mafic cumulates respectively (Fig. 2a). Using
this steady state layer thickness and the viscosities im-
plied by the pure phase flow laws at 1100°C we calculate
the wavelength of  the R-T instabilities
(A=2.9h(umaric/iuec)™®) and their depth at the time of
LMO solidification using a Stokes’ settling formulation
[2,9] (Figs. 2b,2c).

Results and implications: The viscosity contrast be-
tween the IBC and mafic cumulates and the LMO solidi-
fication rate (~IBC sedimentation rate) determine the
steady-state thickness of the IBC layer. Here we test two
cases, a “dry” Moon with a viscosity contrast of 2x107
(red lines, Fig. 2) and a “wet” Moon with a viscosity
contrast of 7x10* (blue lines). In the dry case the IBC
layer is >10km thick for all reasonable LMO solidifica-
tion rates (Fig. 2a) and would produce near-hemispheric
instabilities at fast solidification rates (Fig. 2b). These
would sink into the deep lunar mantle forming mare bas-
alt source regions. An IBC diapir with hemispheric
wavelength could explain the dichotomy of lunar basalt
distributions on the surface [3].

In the wet case the IBC layer is thinner (Fig. 2a).
Fast solidification produces IBC instabilities at hundreds
of km wavelength that sink to the core-mantle boundary
over the timescale of LMO solidification (Fig 2c). Slow-
er solidification rates favor a thinner IBC layer and
smaller instabilities. The wet case with a 200Myr solidi-
fication timescale recovers the scenario envisioned by
[2], where small-scale IBC instabilities sink ~200km
during LMO solidification producing a mixed IBC-mafic
cumulate layer. Recent sample studies suggest a “wet”
Moon with Earth-like water content and a hundreds-of-
Myr LMO solidification timescale. These conditions
favor the latter scenario, where sinking of small-scale
IBC instabilities produces a mixed IBC-mafic cumulate

layer ~hundreds of km thick. Ongoing experimental work
will constrain the rheology of this thicker mixed 1BC-
mafic cumulate layer. Future analysis will evaluate the
importance of the assumption of constant stress, which
likely exaggerates viscosity contrast compared to as-
sumption of constant viscous dissipation rate, and radio-
genic heat production in the IBC layer, which could sig-
nificantly affect its viscosity, density, and solidification
timescale.
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Figure 2. (a) Steady-state IBC layer thickness, (b) IBC insta-
bility wavelength, (c) IBC instability depth when LMO is fully
solidified. Red and blue models correspond to wet and dry
conditions (viscosity contrasts of 7x10** and 2x10-5).
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