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@ Lunar geophysics — the big picture
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The Moon is the most
accessible example of a
rocky, differentiated
planetary body that
preserves a primordial
surface, and is therefore
the key to understanding
the formation and
evolution of terrestrial
planets.

NASA/JPL/Galileo




W& Outstanding questions
Why did the Moon apparently cool so early?
Why does the Moon have an asymmetric structure (nearside/farside)?
What is the thickness of the lunar crust?

How much of crustal variability is due to variable melting vs. impact
redistribution?

What was the temporal evolution of magmatism and brecciation?

How big are impact basins and how deep did they excavate and therrnally
perturb the mantle?

Did the mantle overturn subsequent to magma ocean solidification?
How laterally heterogeneous is the lunar mantle?

Does the Moon have a core?

Does the Moon have a solid inner core?

Did the Moon have a core dynamo?




4@ Present-day boundary condition — heat flow
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Apollo heat flow experiments revealed:

regolith is extremely insulating.

surface thermal environment is readily disturbed by compaction
and/or albedo changes.

lunar heat flow is spatially variable, necessitating distributed
measurements to constrain local variations and distinguish among
hypotheses.
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W& Crustal thickness modeling
. 4

_Anchored by seismically-
determined crustal thickness in
Apollo 12-14 region
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Crustal Thickness (km) Wieczorek et al. [2006]

Gravity anomalies can be modeled in terms of crustal thickness variations, showing
that large impact events excavated large quantities of crustal materials.




. Constraints on crustal thickness from seismology

P-wave velocity in km/s
S 7 9

VELOCITY " (km/sec)

1 1738 Km ( surface )

[
=

(%%
o

Radius (km)

P
-

Depth in km

£
-
T
=
o
w
a

[6)}
o

Aposteriori Probability

2

Vp/Vs = 1.75

7.57+0.06 km.s-1

| | | |

P Velocity (km.s™")

Toksoz et al. [1972] Khan and Mosegaard [2002] Lognonné et al. [2003]
~60 km 38+3 km 30+£3 km

Each study used different seismic events, seismic arrival times and analysis
techniques...




& How complex is lunar crustal structure?
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What is the role of heterogeneous melting vs. impact redistribution in
crustal thickness variations?

How have impact-related brecciation and magmatic intrusion affected
crustal structure?




& Whatis the history of lunar magmatism?

Distribution of maria (surface) and
cryptomaria (intrusive volcanism) provides
information on spatial and temporal
distribution of melting.
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W& Evidence for enhanced near side melting

. SPA, outer
SPA, inner
Near Side Far Side
Jolliff et al. [2000] Th, ppm

‘E:-:I Th concentrations from Lunar

Prospector data, calibrated to

1 2 4 6 81012 landing site soils (Gillis et al., 2000)
Lunar Prospector y-ray spectroscopy shows that Th, and by inference KREEP, is

highly concentrated only in a near side crustal province: the Procellarum KREEP
Terrane (PKT).




W s there a seismic discontinuity in the mantle?
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Nakamura et al. [1982],
Lognonné et al. [2003]

Maybe: ~500 km

Khan and Mosegaard [2002]
Yes: 550 km depth

Each study used different seismic events, seismic arrival times and analysis
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Khan et al. [2007)]
NO? or 850 km depth?

techniques... so don’t know the answer, but_important for magma ocean depth.




%‘ - Early lunar magnetism
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Magnetization in lunar rocks implies intense paleomagnetic fields (within an order

of magnitude of Earth today).
New analyses of ancient samples demonstrate that magnetic fields existed on the

Moon as early as 4.2 Ga (before heavy bombardment).
Ancient field cannot have come from Sun or Earth. May have come from an early

core dynamo.




& Was there a lunar core dynamo?
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Deep interior: Evidence for core from k,
& p

Tidal Love Number k, Model Values and Determinations
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& Deepinterior: Inner core detection

J, = gravitational oblateness

C,, = gravitational shape of equator

C,4 = measures how gravity field is
aligned with respect to polar
axis of coordinate system

crust
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Differing tilts of mantle & solid inner core; equatorial planes precess about
ecliptic plane & lead to 27.2-day periodic variations in C,, (also k, dependent).




{9 Gravity and topography

crustal density
crustal thickness
elastic thickness
load density

surface-subsurface loading
ratio

phase relationship of loads




@ -LOLA global topography — June 19, 2010
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LRO-LOLA Science Team Lunar Elevatons, 15 March 2010
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Mercalor Proection

2 billion valid measurements, 800 M laser shots (compare to Mars: MOLA =670
M measurements)
20-m along-track resolution; 1.25-km average orbit track spacing @ equator.

Smith et al. [2010]




GRAIL mission — on track for September 2011
'ﬁ launch
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Primary mission objectives:
Determine the structure of the
lunar interior, from crust to
core

Advance understanding of the
thermal evolution of the Moon

Secondary mission objective:

Extend knowledge gained
from the Moon to other
terrestrial planets

Mariner 10




Flight Avionics
Harness
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Major questions in thermal modeling
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What was the temperature distribution in the Moon
immediately following accretion?

What was the chemical and density stratification and was
there an overturn?

If so, what was the temperature distribution immediately after
the overturn?

Did dense layers rich in heat sources sink to form a thermal/
compositional boundary layer (BL) at the CMB?

If so, did the BL eventually generate plumes?
What was the effect of impacts on the heat budget?

How has the Moon apparently maintained a partially (at
least) molten core to the present?




%f What are useful constraints on the thermal history?
P - 4

Confirming the existence of a dynamo and its
duration.

Establishing effective elastic thickness in space and
time to infer heat flow and interior temperatures.

Estimating interior temperature in space and time
using thermobarometry

Estimating the distribution of crustal magmas in
space and time




Deep interior and core

Requirement Baseline (CBE)
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% Craters as drills for crustal magmatism
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Using petrology to infer mantle temperatures
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Is there a lunar core?

Consistent with moment of inertia.
Likely required by induced magnetic dipole (Hood).

Likely required by LLR estimate of apparent potential Love
number, k, — appears to require oblateness of CMB [Dickey
et al., 1994].

Dissipation parameters (from LLR) indicate a fluid core and
strong tidal dissipation [Williams, 2007].

LLR = Lunar Laser Ranging; CMB = Core-Mantle Boundary




Peak field (nT)
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%: Asymmetry may arise from the shallow KREEP layer itself
P o

melting regions

4 Ga
—3.5
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Present

Wieczorek and Phillips [2000]

1 2 4 6 81012

A thick KREEP layer in the PKT could heat and melt the underlying
mantle to depths of about 500 km over several billion years.




& Magnetic paleointensity: New view
- -

Paleointensity measurements don’t support a dynamo exclusive to 3.9-
3.6 Ga. Hindrance by:

Limited number of samples
Variety and quality of paleointensity experiments
Ambiguous interpretation of complex paleointensity results

New measurements from pre-Late Heavy Bombardment (LHB)
Pre-LHB magnetic fields measured from orbit

“There is not a single lunar paleointensity result (in this study or in the
published literature) that passes the criteria of a successful and robust
paleointensity experiment (relative or absolute) as applied to terrestrial
samples.” [Lawrence et al., 2008]

Paleointensity magnitudes should be questioned, but not the existence of
lunar remanent magnetization itself.




Most mare basalts erupted on the nearside in Procellarum KREEP terrane.




W& Comparative magma oceanography
&

MOON: SLOWER COOLING UNDER A CONDUCTIVE LID

l Heat flux through solid lid

Core formation
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MARS: Core fm: Kleine et al,, 2004, Foleyetal 2005 Hf; Jacobsen, 2005; | 2004); Shergottite source (Foley et al,, 2005); Harper et al. (1995) Nd;Nakhlite source (Foley et al., 2005)

Other dates: Blichert-Toft (1997); Halliday et al. (1996); Harper et al. (1995); Nyqurs(and Shlh(1992) Paplke etal. (1998); Snyder etal. (1992), Shearer and Papike (1999);

Elkins-Tanton [2008]




& Notional view of lunar interior
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Nearside
o Shallow Moonquakes

Anorthositic Crust

Deep Moonquake

7’
«, Source Region ~587-km radius
[ ) Zone of Partial Melt
°o’ (Lower Mantle)

o!’o’

~350-km radius
Fluid Outer Core

~160-km radius
Solid Inner Core
Middle Mantle (assuming 10% of the
\\ core has crystallized)
~ ? 560 km Discontinuity

Upper Mantle
South Pole-Aitken Basin
Wieczorek et al. [2006]
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initial state

completely or partially

molten magma ocean

final state

anorthositic crust

KREEP

Cpx + Plag
Cumulates

Cpx + Opx + Ilm +

Olivine Cumulates
Cpx + Opx +

Olivine Cumulates

Olivine + Opx

Cumulates

Olivine
Cumulates

& Magma ocean crystallization: Nominal view
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First minerals to crystallize
are Mg-rich olivines, which
sink.

As crystallization proceeds,
cumulates become more iron
rich, and dense.

After ~75% crystallization,
anorthite (plagioclase) begins
to crystallize, and floats.

Last liquids to crystallize are
enriched in heat producing
and incompatible elements
(i.e., KREEP), concentrated in
western nearside.

Shearer et al. [2006]




% Compare mapped field to paleointensity
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How did large impacts thermally perturb the
mantle?

F

Major impacts heat crust &
mantle and transmit heat
Into core.

Plume formation favored
beneath thermal anomaly.

Chaotic convective period
ensues.

Enhanced surface
volcanism throughout

Watters, Zuber & Hager [2009]




. Lunar heat flow
)

Interior heat flow provides key
information on abundance of
radiogenic elements and lunar thermal
evolution.

Astronauts made measurements at
Apollo 15 and 17 sites.

Using conductivity measurements
based on the propagation of annual
wave rather than from a heat pulse
[Langseth et al., 1976] estimated heat
flow values are 21 and 16 mWm? at
Apollo 15 and 17, respectively.

But heat flow measurements are
affected by topography and
subsurface heterogeneity; local effects
about and many measurements in a
locality are necessary to get a reliable
estimate.

NASA/Apollo 15




Sinking Hi-Ti cumulates is hard to do
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Anorthositic crust  Co"20 1= 24 Ma Under realistic thermals

conditions and rheology,
sinking of high-Ti cumulate
layer is implausible.

High-Ti material is required at
el shallower depths by ~3.5 Ga

260-—No cooling I to create high-Ti mare basalts
0 km 65 195 260 s ey
and picritic glasses.

N Moon22, t = 50 Ma Sinking is possible if mixed w/
Anorthositic crust . : :
— olivine to lower the viscosity.

Remelting may led to negative
buoyancy and shallow sinking,
Realistic viscosity creating heterogeneous
[iCeeling mantle.

Mafic mantle cumulates

0 km

| Mafic mantle cumulates

Elkins-Tanton et al. [2002]
260




May 21, 2008 20:54:04-20:58:02
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Deep interior: Evidence for core
y o

Induced magnetic dipole moment Core radius vs. C/MR?2
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& Possible explanations for asymmetry
-

Nearside Procellarum Basin [Whitaker, 1981].

Nearside concentration of KREEP basalt at end

of magma ocean crystallization [Wieczorek and
Phillips, 2000].

First-degree pattern dominated instability of

basal ilmenite-olivine-pyroxene cumulate layer
[Zhong et al., 2000].

Zhong, Parmentier and Zuber [2000]

GRAIL Science Team




W& Did the mantle overturn?
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" KREEP

Cpx + Plag
Cumulates
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Olivine Cumulates

Olivine + Opx
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Olivine
Cumulates

Primitive mantle?

Shearer et al. [2006]
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After magma-ocean
crystallization, mantle
IS gravitationally
unstable, with dense
Fe/Ti-rich cumulates
overlying Mg-rich
cumulates.

Mantle could have
overturned bringing
deep Mg-rich
cumulates to upper
mantle and sending Ti-
and Fe-rich cumulates
to the deep interior.




