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(Cintala and Grieve, 1998; Abramov et al., 2012)
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Near side basins >300 km in diameter Far side basins >300 km in diameter

~30 basins >300 km in diameter (Head et al., 2010) produce on the
order of 108 km3 of impact melt (see also Kring et al., 2012), at least 10x
more than the total volume of mare basalt (Head and Wilson, 1992).

Understanding the geology and petrology of massive impact melt
sheets is important for understanding the lunar highlands crust.



Where’s the best lunar basin to study huge volumes of impact melt
in situ, unburied by mare basalt and subsequent impact cratering?
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1) Volume, distribution, and thickness of impact melt deposits in the

Orientale basin.
2) The cumulate stratigraphy of a differentiated Orientale melt sea and

general implications for the highlands crust.



How much melt was produced by the Orientale-forming impact?

A vertical Orientale-sized impact forming a 620 km transient cavity (Head, 1974;
Head et al., 1993) produces ~6 x 10° km3 of melt (Cintala and Grieve, 1998).

Orientale impactor probably had an oblique impact angle of 15-30°
(Schultz et al., 2012), producing only ~25% the melt (Pierazzo and Melosh,
2000), ~1.5 x 10° km3 (in agreement with Abramov et al., 2012).
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~25% of this ~1.5 x 10° km?3 of melt is ejected (Cintala and Grieve, 1998)
from the Orientale basin, leaving ~1.1 x 10® km3 of melt inside the basin rim.



Distribution of impact melt in the Orientale basin

~1.1 x 10° km3 of melt partitioned between the facies of
Orientale’s Maunder Formation.

No more than 1 x 10°> km3 of impact melt in clast-rich rough facies
(only 2 x 10° km? in area, preserves preexisting topography).

So ~10° km3 of melt in smooth facies in 10° km? area —»
~10 km thick impact melt sheet?
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Thickness of impact melt deposits in the Orientale basin

Median elevation (km)

A ~10 km thick impact melt sheet isn’t unrealistic: the Sudbury
lgneous Complex is ~2.5-3 km thick (Therriault et al., 2002).

There is independent evidence for a thick impact melt sheet in the

topography of Orientale’s central depression (Wilson and Head,

2011): vertical subsidence could result from solidification, cooling
of impact melt. If so, melt up to 15 km thick.

I I I

Inner Rook Ring peak —=

Edge of central depression

<1 1.75 km depth

175 km radius

PP

05

1 15 2
Radial distance (10°km)

25



Depth

m M3
0 SRR
100 .
200 | &
300
bl <— Sulphide-rich horizon
400 Legend
=i calerete & sandstone
500 | weg] gravel beds
E granophyre
& %s heterogeneous norite
600 | granophyric norite
norite
N chill zone
Brecciated basement:
700 + pyroxene gneisses
/ pegmatoid &
granophyric veins
800 | < ultramafic, quartzitic
4 & granitic inclusions
@ granite boulder
900 [ 2= sulphides
1000 o
E B . o~ & 2 X 323
cE 2 5 ¢ 2 g S .8 8% g
Bc 5§ EE 5 £ 5 2 §5 ifo
bE = < 2 @ =2 e £ 5 5T &7 2
Ez2 ¥ 5 -3 % & 2 2 =% o323
5Lt & o ® 2 = 5 = nZ 3538
§° a5 064 ° g 8 583
d/\ w? b 4
| :
Ny

Y%

Ll

10° km3 of Orientale
impact melt fills a ~15 km
deep impact melt sea.

Yaey Did the Orientale melt
=% sea differentiate?

Terrestrial impact melt
sheets a hundredth of the

* Orientale melt sea’s
"% volume and a tenth of its
d thickness differentiated:

Manicouagan (O’Connell-
Cooper and Spray, 2011);
Sudbury (Therriault et al.,

Z: 2002); Morokweng (Hart

et al., 2002). But see also

& Warren et al. (1996).



Modeling the cumulate stratigraphy of the Orientale melt sea

1) Estimating the bulk composition of the Orientale melt sea.

Highlands crust is 99% plagioclase, pyroxene, and olivine; bulk composition
represented on the An-En-Fo ternary as mixture of upper crust (mostly An),
lower crust (An and En), and upper mantle (En and Fo) (Khan et al., 2006).
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Bulk composition of melt lake
An En Fo
(wt. %) (wt. %) (wt. %)

31.9 51.1 17.0




2) Crystallization sequence of the Orientale melt sea.

We consider equilibrium and fractional crystallization of the bulk melt sea
composition on the An-Fo-Qz ternary.
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3) Fluid-mechanical model to determine if crystals sink or float.

Anorthite (p ~ 2.75 g/cm?3) floats in all plagioclase-saturated liquids on the An-Fo-
Qz ternary, even with Mg # = 40 (lower than even ferroan anorthosite).
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All crystals sink, so crystallization sequences are effectively stratigraphic
sequences (e.g. crystallizing plagioclase + orthopyroxene forms norite, not
anorthosite above pyroxenite.)



4) Modal calculations to recover weight proportions of each lithology.

Four equations (three mass balance, relating An-Fo-Qz proportions to their
proportions in the produced lithologies; one relative proportions, based on the
lengths of crystallization paths on the phase diagram), four unknowns.

(W1&0.7&0.32&0.16 @0&0&0.55&0.51 @0 &0.3
&0.13&0.33@—1&1.5&0&0 )(MXLDu @XIPxr @
XINr @X10z )= (M0.53@0.32@0.15@0 )



Modeled Orientale melt sea cumulate stratigraphies
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Which melt sea is most consistent with compositional constraints?

1) Anorthositic surface of smooth facies —» top of melt sea is anorthosite
2) Maunder’s noritic central peak — norite at ~5 km depth
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General cumulate stratigraphy of melt seas in other lunar basins
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a) 1 atm phase
diagram for the
An-Fo-Qz
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Impact melt differentiates in the lunar sample suite?

Impact melt differentiates are slow-cooled (probably coarse-grained).

Meteoritic siderophiles are diluted in large impacts; might be
sequestered in a metal or sulfide layer, like in Sudbury (Therriault et
al., 2002), keeping silicate differentiates siderophile-poor.

So impact melt differentiates might be able to pass for pristine
highland plutonic rocks (norites, anorthosites?)



Conclusions and future work

1) Most (~2/3) impact melt produced by the Orientale-forming impact occurs in a
~15.5 km thick impact melt sea with a volume of ~10° km3.

2) This massive impact melt sea has probably undergone large scale igneous
differentiation.

3) A modeled cumulate stratigraphy produced by equilibrium crystallization of a
homogenized melt lake is consistent with remote sensing constraints on melt lake
composition.

4) Basin-forming impacts melting mainly the lunar crust form plagioclase-saturated
melts; their melt seas develop different cumulate stratigraphies than larger basins.

5) Impact melt differentiates may pass for pristine highlands rocks in the lunar sample
suite.

High-resolution compositional and gravity data collected by the M3 instrument on
India’s Chandrayaan-1 mission and the ongoing LRO and GRAIL missions make it
possible to probe the structure of the lunar highlands crust in unprecedented detail

and will further our understanding of the geology and petrology of massive impact
melt deposits.



