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Roadmap for Human Exploration

International Space Exploration

* OQOutlines a plan that extends
human exploration beyond low-
Earth orbit (LEO)

* Includes multiple destinations
(the Moon, asteroids, and
eventually Mars)

» Highlights the need for a
robotic program that

e Serves as precursor
explorers, then as

« A parallel mission element
partner,

« Before we have a fully
developed human
exploration program



Elements of a Lunar Robotic Program

* Itis essential that we restore the capability of lunar surface operations and

 Sample return

Chang’e 3 Lunar sample return
Lander and rover (~2020)
Lunar Reconnaissance Orbiter Chana’e 5
(current mission) g
Lunar sample return
(prior to 2020)

lllustration from the GER (2013)
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Developing the Human Exploration Elements

NASA's SLS and Orion vehicles
ESA service module

ISECG Mission Scenario &5 €cnes B 4% Cesa A A
2020 21 22 23 24 25 26 27T 28 29 2030
QO  Robotic Mission Test Missions EM-2
A Human Mission A A A
L EM-3 EM-% EM-1 EM-8 ) '
B Caroo Mission Extended Staging Post for Crew
g?;::“ n B ‘ e | to Lunar Surface
Lunar Vicinity Missions
D e
O 9] © 0 0 © o o0 (o] O
LADEE Luna 25 Luna 26 Luna 27 RESOLVE SELENE-2  Luna 28/29 SELENE-3 Human-Assisted
Chandrayaan-2 [Sample Retum) Sample Retun
loon :

o . Q .
Multi-Destination | -}— small Human |
Transportation ,Ll = \ m Initial Cargo Surface n
Capabilties ®ou . P " Gwoo  Lander Mobiy -
(Planned and Conceptual) Le ‘l - N iy e H ' o

[Rp e I.F. E'U'Uill'atlﬂ' [EL S ) -_. t:! ' ..”TI

Orion Russian Advanced Deep Space Orion Crewed Orion
lcon indicates first use appartunity. & Piloted Electric Habitat & SLS Lunar & SLS
Commercialinsttutional launchers rotshown,  SLS  System Propulsion (Upgrade) Lander (Upgrade)

Detall of illustration from the GER (2013) with small modifications
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The National Research Council
published a report called The
Scientific Context for
Exploration of the Moon, which
provided NASA with scientific
guidance for an enhanced
exploration program that would
provide global access to the
lunar surface through an
integrated robotic and human
architecture.

The report outlined 3 major
hypotheses, identified 8
science concepts, and, within
those concepts, it

|dentified 35 specific investigations

Importantly, the report also
prioritized those investigations
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Where on the Moon can these objectives be addressed?
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The Scienrific Context for

EXPLORATION
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A Global Lunar Landing 5Site Study
to Provide the Scientific Context
for Exploration of the Moon

Number one science concept
& highest science priorities

1.  The bombardment history of the inner
solar system is uniquely revealed on
the Moon

a. Testthe cataclysm hypothesis by
determining the spacing in time
of the creation of lunar basins

b. Anchor the early Earth-Moon
impact flux curve by determining
the age of the oldest lunar basin
(South Pole-Aitken Basin)

C. Establish a precise absolute
chronology (by measuring ages
of representative craters
throughout the Moon'’s history)

d. Assess the recent impact flux



Yet, we are still working in a data poor environment........

s

e

Cataclysmic Bombardment of Earth and Moon

[ & We need more lunar samples to determine the magnitude and

duration of the bombardment.
This is also a process that affected all planets, includig Mars.

Earliest Isotopic Evidence of Life on Earth ((~3.8 Ga)
Earliest Fossil Evidence of Life on Earth (~3.5 Ga)

»
o

3.9

Today
Time (billions of years)
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A Global Lunar Landing 5Site Study
to Provide the Scientific Context
for Exploration of the Moon

Number one science concept
& highest science priorities

1.  The bombardment history of the inner
solar system is uniquely revealed on
the Moon

a. Testthe cataclysm hypothesis by
determining the spacing in time
of the creation of lunar basins

b. Anchor the early Earth-Moon
impact flux curve by determining
the age of the oldest lunar basin
(South Pole-Aitken Basin)

C. Establish a precise absolute
chronology (by measuring ages
of representative craters
throughout the Moon'’s history)

d. Assess the recent impact flux



A Global Lunar Landing Site Study
to Provide the Scientific Context
for Exploration of the Moon

Some highlights

Schrodinger basin on the lunar far
side, within the South Pole-Aitken
basin, is the location where the
largest range of objectives can be
addressed.

For studies of polar volatiles,
Amundsen crater may be a better
target than Shackleton crater.

Most of the NRC (2007) objectives
can be addressed within the South
Pole-Aitken basin on the lunar far
side,

But to truly resolve all of the NRC
(2007) objectives, global access to
the Moon is required

LUNARAND NASA Johnson Space Center
PLANETARY Astromaterials Research & Exploration Science I@‘ * B,.LC.:WE.,

THE UNIVERSITY m lllll sITY @ UUUUUUUU TYOF [l UNIVERSITY OF
OF ARIZONA o HOUSTON MARYLAND
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Where to begin? # )
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The Earth-Moon System ~4 billion years ago




Schrodinger Basin
w/i the South Pole-Aitken Basin

SPA Image: LRO-LOLA/NASA GSFC SVS



Schrddinger Basin
w/i the South Pole-Aitken Basm

1a, 1b, 2a, 2c, 2d,
3a, 3b, 3c, 3d, 3e,
5a, 5b, 5c, 5d,

6b, 6¢, 6d, 7a, 7b, 7c

And potentially:
1c, 1d, 4a, 4b, 4c

Background SPA image: LRO-LOLA/NASA GSFC SVS
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For those reasons, we have focused a lot of attention
on Schrodinger basin. Itis a very good target for future
robotlc and human exploratlon

Landing Site Study
O’Sullivan et al. (GSA SP 477, 2011)




Schrddinger

Schrodinger Basin

impact lithologies | yyjthin South Pole- Altken Basin

SPA impact lithologies

Geology Shoemaker et aI (1994)
Landing Sites: O’Sullivan et al. (2011)
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This single target can virtually bracket the entire basin-forming epoch




Schrddinger Basin
within South Pole- Altken Basin

Uplifted crystalline lithologies
from the deep crust




Schrddinger Basin
within South Pole- Altken Basin

Thus, the impact also unroofed and exposed samples of the
crystallized lunar magma ocean
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SCIENCE AND EXPLORATIONE

Schrodinger Basin
within South Pole-Aitken Basin

Mare volcanism

Immense pyroclastic deposit

Crater floor fractures




Schrddinger Basin
within South Pole- Altken Basin

This site can also be used to study farside mare processes, the thermal
evolution of the lunar interior, and pyroclastic deposits with ISRU potential
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FeO Map of Volcanism

A major pyroclastic deposit
IS highlighted in the FeO
map

This Is a target site for ISRU
In the ESMD portion of the
LRO mission

Mare deposits, potentially of
a slightly different age,
occurs elsewhere on the
Kramer et al. (2013) basin floor

= LUNARAND NASA Johnson Spaoe Center THE UNIVERSITY  Telrumiversity il UNIVERSITY OF UNIVERSITY OF
PLANETARY Astromaterials Research & Exploration Science l@‘ % R[C,_Em OF ARIZONA lﬂ Y HOUITOW & MARYLAND NOTRE DAME



Schrbdinger Basin
within South Pole-Aitken Basin

O’Sullivan et al. (2011)
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Schrddinger Basin
w/i the South Pole-Aitken Basin

Detailed studies by:
| Kramer, Kring, Nahm, & Pieters (Icarus 2013)
Kumar et al. (JGR 2013)
Chandnani et al. (LPSC 2013)

Peak ring exposures of
anorthositic, noritic, and troctolitic rocks




At this point in the GER presentation, a flyover of a pyroclastic volcanic vent
with ISRU potential and a scientifically important mountainous peak ring in the
Schrodinger impact basin was shown.

The video and soundtrack can be downloaded from


http://www.lpi.usra.edu/lunar/lunar_flyovers/schrodinger/
http://www.lpi.usra.edu/lunar/lunar_flyovers/schrodinger/
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13.5 days (total
traverse time)
Addresses NRC (2007)
priority:
Station1: 2,3,7
%2 Station2: 2,3,7

! Station3: 2,3,7
Station4: 2,3,7
Station5: 2,3,5,7

¢ Station6: 1,3,6,7
Station7: 3,5,6,7
Plus ISRU studies in
the vicinity of the
pyroclastic vent

Gullickson et al. (2014)




SITEC
28.8 km, 1 km/hr
13.5 days

Addresses NRC (2007)

priority:

Station1: 2,3,7
Station2: 2,3,7
Station 3: 2,3,7
Station4: 2,3,7
Station5: 2,3,5
Station6: 1,3,6
Station7: 3,5,6

Gullickson et al. (2014)




These studies
have even
identified the
specific rocks that
should be
sampled




EXAI\/I PLE ROBOTIC TRAVERSE (SITE C)

SITEC
28.8 km, 1 km/hr
13.5 days

Average slope: 6.1°

Maximum slope: 15.8°
-4000 -
-4200 - 5
-4400 - 1 9

3 4 o
4600 LS ° o

-4800 —.

-5000
-5200
-5400
-5600
-5800
-6000 . . . . . . .

0 5 10 15 20 25 30 35

Distance (km) Gullickson et al. (2014)

Where samples can be
loaded into the ascent
vehicle for return to Earth

Elevation (m)




ILLUi NATION‘W—‘ITE c

« Mission planned 2021
e Optimum period of sunlight = 6t" August 2021 — 19t August 2021

vent PR
PYr

2021-218T00:00:00.000
Potts et al. (2014)
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SOLAR IRRADIANCE — SITE C

» Mission planned 2021
e Optimum period of sunlight = 6™ August 2021 — 19t August 2021

Incidence
sunlight
(i.e., sunlight
power on
surface)

Potts et al. (2014)




POTENTIAL SCHRODINGER & SPA IMPACT MELT DEPOSITS

As shown in Hurwtiz & Kring poster presentation last night

* lron anomaly that has been used to define regions with
SPA melt extends into the -
Schrodinger basin

« Within that region, look for
low-Ca pyroxene exposures,
which can reflect crystallized
SPA melt

Hurwitz & Kring (2014)




POTENTIAL SCHRODINGER & SPA IMPACT MELT DEPOSITS

e Basin walls more likely to host SPA melt
— Possible exposures of SPA melt Candidate SPA Impact Melt
— Slumped terraces, fallen rocks

* Possible Mission
— Sample candidate SPA impact
melt z
— Compare with Schrodinger melt B

Schrédinger Impact Melt

Candidate SPA Impact Melt

Low-Ca pyroxenes: red and pink
Anorthosite (blue)

Olivine (green)

(Kramer et al. 2013)

HurW|tz & Krlng (2014)
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POTENTIAL SCHRODINGER & SPA IMPACT MELT DEPOSITS

« Basin walls more likely to host

SPA melt
— Possible exposures of SPA melt
— Slumped terraces, fallen rocks
* Possible Mission
— Sample candidate SPA impact
melt
— Compare with Schrodinger melt
e 15-18 km away on plains
floor
» Slope from plains to lower
rocks: 5.5°

2500

3 3000 /\ o

5 \.,

g -3500 - .,

(O]

m -4000 1 ¥
-4500

0 1.2 3 4 5 6 7 8 9 10 11 12

Distance (km)

LOLA topography: 2x vertical exaggeration



An option we have been
exploring

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

Earth-Moon L2 Mission:

e L2 located 60,000 km above
the lunar surface

e Orion launched and
maneuvered into a halo orbit
around L2

* The mission can also be
conducted using the DRO
architecture
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Trans-Lunar Injection (TLI)

Reentry, 11 km/s Cruise to Moon, 5 Days

Earth return cruise, 5 Days 1

Outbound Perilune

Retro Burn. 185 m/s S\ Return Lunar Flyby and

» Retro Burn, 176 m/s

C

Earth-Moon Rotating Reference Frame

Nominal Mission Duration: 33 Days = :

Duration Beyond the Moon: 22 Days B A Halo Targeting Burn: 58 m's
Nominal Orion AV ~470 m/s B: Halo Insertion Burn: 13 m/s
Longest Eclipse ~54 min C: Halo Departure: <l m's
Only one communications gap of 2.5 hours D: Pre-perilune Burn : 24 m's

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)
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PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Exploration risk reduction:

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

 Demonstrate Orion in
deep space and high speed
Earth-entry

« 30 to 35 day mission into
trans-lunar space

e Crew will travel 15%
farther than Apollo and
spend 3 times longer in
deep space

* Practice tele-operation of
rovers
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PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

Science objectives:

« Land and explore aregion
within SPA (for example,
Schrddinger Basin)

» Geologic measurements
will be made.

« A sample will be collected
and returned to Earth.

* An astrophysical system
will be deployed.

Status: Integrated science
and engineering studies
continue.



Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

Science objectives:

« Land and explore aregion
within SPA (for example,
Schrddinger Basin)

» Geologic measurements
will be made.

« A sample will be collected
and returned to Earth.

* An astrophysical system
will be deployed.

Status: Integrated science
and engineering studies
continue.
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PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Re-examining the details:

Burns, Kring, Norris, Hopkins, Lazio, & Kasper (2013)

» Qur previous landing site
study of Schrdodinger Basin
assumed crew were
landing.

* In an integrated robotic
and human exploration
program that is consistent
with the multi-agency
Global Exploration
Roadmap, we re-evaluated
the landing site and
stations for a robotic
surface asset.
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PREPARING FOR HUMAN ASSISTED SAMPLE RETURN (PER THE GER)

Additional options:

* Deploy a communication
satellite from Orion to
support additional surface
activity after crew returns
to Earth

* If long-term station-
keeping by crew is
iImplemented in an L2 or
distant retrograde orbit,
then additional tele-ops can
be conducted with the first
rover and potentially other
landed assets.



Conclusions

Schrodinger basin is one of the
highest priority landing sites based on
a global assessment of the NRC
(2007) objectives

It can be used to test the

* Lunar Cataclysm Hypothesis
» Lunar Magma Ocean Hypothesis

It can provide ISRU resources

» Pyroclastic deposits
» & potentially volatile-rich deposits

Let’s go.

The Moon is the best and most accessible

place in the Solar System to answer
fundamental planetary science questions.
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