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Near (left) and far (right) sides of the Moon

Taken by the Lunar Reconnaissance Orbiter



!

\

LUJ@H P

.

1~

L

University of Tennessee, Planetary Geosciences Institute
Larry Taylor, lataylor@utk.edu

1
10

Projectile ®
Crater ® h

= 1/100th the diameter
of a hair on your head

Courtesy
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Harrison Sohtnﬁt Gn .Walkmg 0]p! the Moon:
https: //www youtube Com/watch’?v w71fxF20rz8
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Wnat Is Lunar Dust L]
m Similar to Ash

— Diverse Size Distribution
= Mean size = 19 microns

— Si0, (44.72%) and Al,0; (14.86%)

— Properties
= Magnetic (Fe? Patina)
= Jagged
= High Porosity

100 nm 100 nm
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100 nm 100 nm

ok f-j_ 0.1 mm

McKay et al. (2015) Acta Astron. 107, 163-176
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Surface dust detector results suggest there are

sunrise-driven movements of dust.
O’'Brien & Hollick (2015) Planet. Space Sci. 119; 194-199

The Lunar Dust Experiment on LADEE found
LDEX found no evidence of the expected density
enhancements over the terminators where
electrostatic processes were predicted to

efficiently loft small grains.
Horanyi (2016) COSPAR 41



Horizontal and/or Vertical
Dust Transport

Solar Wind lons

Plasma Electrons

e
v nina
" ' i Vvl ‘

g Photon Driven
Positive Charging

A
q

Baparsirface Charging
and Electric Fields

- e

Electron Driven
Negative Charging

Secondary
Electrons

gl
'1%
Y !
;"
.

A

)+

S 2 1’" '
r‘o[% ¢Iéar e\ndént?e‘for -a)

dust ‘scattering hb{izon’
glow from LRO LAMP

Feléman et al. (2014) ,Icarus
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LTeImperatine o
Lunar surface temperatures measured during Apol‘lo',__var'y almost
300 K between lunar night and day. & I:RO'Di\'?iner"‘

Apollo 15 measurements. .4 |

Day — 374 K (1 01 OC) , N | iviner Channel 8 Daytime Temperature (K)

Night = 92 K (-181°C)
Langseth et al. (1976)

Proc. Lunar Sci. Conf.
7th 3143-3171. '

Apollo 17 measurements.
Day =410 K (137°C)
Night = 103 K (-170°C)

L
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Permanently shadowed craters at the poles are |
some of the coldest places in our Solar System. .  LRO Diviner

Hayne et al. (2015) Icarus 255, 58-69.

North Pole

North Pole

K
40 80 120 160 200 240 280 320 360 20 30 40 50 €0 70 80 90 100
Maximum Temperature Minimum Temperature

Paige et al. (2010) Science 330, 479-482. i South Pole



g A

Lava Tuses (Skyligits oz FPits

Potential Human Habitats
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Lava Puses (Skylignts oz Fits)

Potentlal Human Habltats 160 m

Layered lava flows in
Mare Ingenii

.

Laying in pit walls

LROC NAC M184810930L (NASA/GSFC/ASU)

Annual temperature of about -20°C year round.
Horz (1986) Lunar Bases & Space Activities, 405-411. Lunar
TR N O & Planetary Institute? https://-www..lpi‘.usra;edu/puincations/
Robinson et al. (2012) Planet“Space Sci. 69, 18-27  books/lunar_bases/Book. pdf# s
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Marius Hills
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Robinson et al. (2012)
Planet.'Space Sci. 69, 1-27

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv



Marius Hills

Gravity data
show lava tubes
are extensive

Chappaz et al. (2047)
Geophys. Res: Leit. 44,
105-11.2

Topography

Elevation (m)

-800
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The complete Apollo passive seismic network operated from 20
April, 1972, until 30 Se‘ptember., 1'977..' 5

.: ’ '3
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Network in the
_ central nearside of
'the Moon.

* Too restricted to
define moonquake
epicenters precisely.

¢) & Apollo 15

& Al
Apolio 17
& i

LA >

<> ‘ - X L ) ; : ‘ Apollo }‘1
Apolio 12 .Apollo1f : j '

R Y

Landed Spacecraft

W Surveyor (USA)
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Deep Shallow Meteoroid

4 types of seismicity on the Moon. Moonquake |  Moonquake impact

T I | I T I O A AR O

 Thermal Moonguakes: Associated with
heating and expansion of the crust. Lowest
magnitude of all Moonquakes.

* Deep Moonqguakes: 850-1,000 km. > 7,000
recorded. Originate from “nests” or “clusters”
- >300 defined from Apollo seismic data to
date. Small magnitude (< 3). Associated with
tidal forces. Predominantly near side.

* Meteoroid Impacts: > 1,700 events representing meteoroid masses between 0.1
and 100 kg were recorded 1969-1977. Smaller impacts were too numerous to count.

- Shallow Moonduakes: Some > 5 magnitude. Exact locations unknown. Indirect
evidence suggests focal depths of 50-200 km. May be associated with boundaries
between dissimilar:surface features. Exact origin and location:unknown.
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Shallow Moonquakes.

Present a potential significant risk to any
proposed lunar outpost.

Seismicity of

/ Central U.S.A

Moderate -
e, P Felt by All;
®e ° Damage Minor to Moderate

L

Shallow
Moonquakes

per Year per 108 km?

Slight Damage
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4.0 4.5 9.0 55 6.0
Body Wave Magnitude

- Shallow Moonquake seismicity similar to mtraplate selsmlc:lty on Earth.
- 28 Shallow Moonquakes recorded, 7 with magnitude >°5.
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SERIST
Shallow Moonqua ke Apollo 14 Saturn IVB Booster Impact

. Recorded at Apollo 12 3 N . ]
Apollo 16 Seismogram g Initial build-up. phase;
From: Nakamura et al. (1974) b o g v v ke AT o Long duration Of energy
Proc. Lunar Sci. Conf. 5th, 2883-2890 i ‘l'f"?"' o I t I Oﬁ:
Bl | dl (

 Highest energy release
over a period of 210
mins.

LPX

30
Minutes

Lack of chemical alteration allows the Moon to
“vibrate” for much longer than the Earth (high

Seismic “Q”).

t_ 1973072 0800 Ground shakes for a long time!

LP = Long Period instrument;
SPZ = Short Period vertical component.




Latitude

180°
Longitude

(

Watters et al. (2019) Nat, Geosci. 12, 411-417
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Plasma is a cloud of protons, neutrons and electrons where all the electrons have

come loose from their respective molecules and.atoms, giving the plasma the
ability to act as a whole rather than as a bunch of atoms.

Solar wind plasma flows ~horizontally in near-terminator regions of the Moon. At the
polar regions, presence. of “frost” in PSRs
requires a dynamic flux of water molecules B& Plasma Wake

Electrons -5

Boundary

In to replace those lost by ion sputtering.
Zimmerman et al., (2013) lcarus 226, 992-998

Photoelectrons

,< +Photon Dri ':_Iv
127 Positive Charging

Plasma lons ¢ o : &
EugraBSuriace Charging
and Electric Fields

Apollo 14 Suprathermal lon Detector AL ;:_if_o_f.f..;_,iy;j'
Experiment. Give ground-truth to remote-
sensing orbiter observations of the plasma

environment. . .
Collier et al. (2097F)‘Geophys-Res. Lett. 44, 79-87
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The influence of surface charging
pervades the lunar environment. 5Y wake

Boundar
Electrons - sk S I A

Three major sources dominate SO 4
surface charging on the lunar v ke rah
dayside: L
* Photoemission of electrons by [ -

solar UV and soft X-rays, ohotl e
» Plasma electrons, e &
» Plasma ions. Gy
Stubbs et al: (2014) Planet. Space Sci. 90,
10-27 "
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Further reading: | I

Vorburger, A., P. Wurz, S: Barabash, Y. Futaana, M. Wieser, A Bhardwaj M. B. Dhanya and K. Asamura
(2016) Transport of solar wind plasma onto the lunar nightside surface, Geophys Res. Lett 43 10,586—
10,594, doi:10.1002/2016GL071094. 3 ¢

Popel S.1., Zelenyi L.M., Golub A.P., DubinskiiA.Yu. (2018) Lunar dust and dustyplasmas Recent
developments advances and unsolved problems. Planetary and Space SC|enoe 156,:71-84

Kallio E et al. (2012) Kinetic simulations of finite gyroradlus effects in the lunar plasma enV|ronment on global
meso, and microscales. Planetary and Space Science 74 146 155 Loy f

Halekas J.S., Saito Y., Delory G.T, and Farrell W.M. (2011) New views of t’hqlunar plasma enV|ronment
Planetary and Spaoe Science 59 1681-1694. N

Farrell W.M., Poppe A.R., Zimmerman M.l., Halekas J.S., Delory G. T, and Klllen R.M. (2013) The lunar
photoelectron sheath; A change'in trapplng eff|C|ency during a solar storm. J. Geophys. Res. 118,
1114-1122,.doi: 10.1002/jgre.20086 '

Farrell W.M., et al. (20£| 2) Solar-Storm/Lunar Atmosphere Model (SSLAM):'An overview of the effort and
descrlptlon of the drlvmg storm environment. J. Geophys. Res. 117, EO0K04, doi:10.1029/2012JE004070

Farrell WM., et al. (2010)Ant|C|pated electrical environment within permanently shadowed Iunar craters. J.
Geophys Res. 115, E03OD4 doi:10.1029/2009JE003464 A



Blue: 3 ym - OH/H,O adsorption.
Green: reflcted solar radiation at 2.4 ym.
Red: Fe-bearing Pyroxene adsorption at 2 ym.

Diurnal surfac'e‘*QH/H'zO'

Pieters et al. (200’9) SCIence
326, 568- 572 PN

s " Hurley:Crider & Vondrak
Solar & % (2000) J GeOphyS ReS
photodissociation ~ :SINKS  \ying ' 54 i
plovinizates L [ by 105, 267.73-26782
> § ' = ! y ° .
o ! ' ) ) :
H0+ j>eH++g%io . : ' »
pa”'de ! Lretunto
__ surface : ,
5""~""lc;“)‘nder1‘s;\étion N .
=) 7“fvm cold trap )
ey " . :
2 édslorption ‘ g &
. thermalization ] ot
<05 re-emission ¥

— -
. Solar wind plasma flows almost orlzontally IN near-
“terminator regions of the Moon. At the polar regions,
- presence of “frost” in PSRs requires a dynamic flux of
water molecules in to replace those lost by i lon

_ sputtering. VUL
- Zimmerman et al., (2013) learus 226, 992-998
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Three major types:
« Solar Wind, 2y

v

« Solar-Flare-associated Solar X-rays o easy
particles (AKA Solar e Fuorescn Xrmys g 8
Energetic Particles), and o Ay

- Galactic Cosmic rays. - i (.

P De-excitation Y, L

The radiation consists mainly of s |~ +130°C g *; 16:0

protons and electrons with some ) E N

heavier nuclel. These particles interact EEETIEE : S

with the Moon in different ways, L arre i ST

depending on their energy and Raion g —

composition, resulting in penetration B T v

depths that vary from micrometers to
meters.
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Solar Wind Particles:

« Have an average energy of 1 keV/amu

* Penetrate to about 150 nm (0.15 uym) in
lunar materials

* Interact with atoms in target crystals -
forms an amorphous outer layer.
Saturation value is reached in ~100 yr, balanced between implantation and loss by
sputtering Borg et al., 1980 The Ancient Sun: Fossil Record in the Earth, Moon ‘and Meteorites, pp. 431—461. Pergamon.

Quantifiable solar-wind elements limited
to the volatile elements (e.g., H, He, Ne,
Ar, Kr, Xe, C, and N) - lunar materials
have very low volatile contents.

Solar Wind SO}:QESVI\}IND
Hydrogen

Surface Soils Apollo 16 Surface Soils

@ Apollo 11 % ©) [l Apolio 14
WV Apollo 12

= Apollo 14 @ Avollo 15
Apollo 15 Apollo 11 Apollo 16
A Apollo 17 @ Ap @ Ap

N ¥ Apollo 12 /\ Apollo 17

80 100

NITROGEN (ug/g)
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|s/FeO — a measure of metallic Fe to oxidized Fe quantified by ferromagneitc resonance.



Cosmic-ray protons and
neutrons:

L

« Energies >1 GeV/amu
Penetrate into lunar materials to
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Cosmic Rays

at the Moon M WMMMW W

Credit: CRaTER onboard NASA's
Lunar Reconnaissance Orbiter
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Solar-Flare Particles:

Energies 10 to 108 eV/amu,

Penetrate few mm to several cm into
lunar materials.

Lower flux than solar-wind particles,
Density of tracks = indicator of the

m <o o
Soil 12037
NS B, o




Naclatleon

The current knowledge about the radiation environment on the surface of the Moon is
exclusively based on calculations using radiation transport models with input
parameters from models for the galactic cosmic ray spectra and for solar particle

events.
Reitz et al. (2012) Planet. Space Sci. 74, 78-83

Cosmic Ray Telescope for the Effects of Radiation (CRaTER) on LRO.

 Sun has not been very active but Galactic Cosmic Ray levels are high.

« The time to 3% risk of exposure-induced death (REID) in interplanetary space was
less than 400 days for a 30 year old male and less than 300 days for a 30 year old
female.

« As the Sun’s activity increases, this time will decrease.
Schwadron et al. (2014) Space Weather 12, 622-632

Radiation environment on.the lunar surface is more severe due to secondaries.
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% lllumination _
0 180°
015 ~
15-30
3045
4560
60-75
7590
90-99
100

1
(0] 20 40 km
South Pole lllumination

15 km ' North Pole y | Bussey et al. (1999) GRL, 26, 1187-1190

Bussey et aI (1999) IIIummatlon conditions at the

Bussey et al. (2005) Constant illumination at
lunar south pole. quphys Res Lett. 26, 1187-1190.

the lunar North Pole. Nature 434, 842.

|dentified localized regiohs at the North and South PoTes— where the lunar
surface remains illuminated for nearly 94% of the year with the Iongest

eclipsed perlod Iastlng only 43 hours.
Speyreer & Robinson: (2013) Persistently illuminated regions at thée lunar poles: Ideal sites for future

exploration. Icarus 222 122 136
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The surface is subject to
continual macro and micro-
meteoroid bombardment, which
has produced the cratered
appearance and the lunar
regolith.

The continual bombardments
ground the regolith into fine
grained angular dust, which is
hazardous to humans and
machinery.

The Moon has an exosphere,
not an atmosphere.



summa T\

 Diurnal.temperatures are extreme,
although some of the coldest places in the
Solar System are in the polar permanently
shadowed craters. |

The Moon is seismically active. Meteoroid
impacts and shallow moonquakes are
hazards for humans living and working on
the Moon.

. . !
The lack of atmosphere produces a plasma
environment that can charge materials.

y . Low gravity will impede mobility

 The radiation environment requires
mitigation measures to ensure human
survival. :



