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KHQ�ZH�ƅUVW�ODQGHG�RQ�

WKH�0RRQ�LQ�������IXOƅOOLQJ�

3UHVLGHQW�.HQQHG\ŝV������

GHFODUDWLRQ�WR�SXW�KXPDQV�

WKHUH�E\�WKH�HQG�RI�WKH�

GHFDGH��,�ZDV�LQ�KLJK�VFKRRO�

DQG�RYHU�WKH�QH[W�VHYHUDO�\HDUV�,�IROORZHG�HDFK�PLVVLRQ�

FORVHO\��$OWKRXJK�,�ZDV�DOUHDG\�VXUH�,�ZDQWHG�WR�EH�

LQYROYHG�LQ�VSDFH�EHIRUH�WKH�$SROOR�PLVVLRQV��VR�PDQ\�

RI�P\�IHOORZ�VWXGHQWV�ZHUH�DOVR�LQVSLUHG�LQ�WKDW�

HUD�WR�JHW�LQYROYHG�LQ�WKH�DHURVSDFH�

LQGXVWU\�LQ�VRPH�ZD\��7KLV�\HDU�

LV�WKH���WK�DQQLYHUVDU\�RI�WKH�

ODQGLQJ�RI�$SROOR����DQG�

DOWKRXJK�LW�VHHPV�VR�YHU\�

ORQJ�DJR��WKH�OHJDF\�

RI�$SROOR�KDV�PDGH�D�

VLJQLƅFDQW�GLIIHUHQFH�

LQ�WKH�H[SORUDWLRQ�RI�

VSDFH�WKDW�IROORZHG��

:KHQ�ZH�ORRN�DW�

ZKHUH�WKH�$SROOR�

ODQGLQJ�VLWHV�DUH�

ORFDWHG��VHH�ULJKW� 

ZH�VHH�WKDW�WKH\�

DUH�LQ�WKH�PLG�WR�ORZ�

ODWLWXGHV�RQ�WKH�OXQDU�

QHDU�VLGH�DQG�VHSDUDWHG�

E\�JUHDW�GLVWDQFHV��7KH�

DVWURQDXWV�H[DPLQHG�PDQ\�

GLIIHUHQW�DUHDV�RQ�WKH�0RRQ�

DQG�GHSOR\HG�PDQ\�NLQGV�RI�VXUIDFH�

H[SHULPHQWV��EULQJLQJ�EDFN����NJ�RI�

OXQDU�PDWHULDO��:KDW�ZH�OHDUQHG�IURP�

DOO�WKHVH�HIIRUWV�ZDV�WUXO\�DVWRXQGLQJ�

DQG�WRRN�PDQ\�GHFDGHV�IRU�VFLHQWLVWV�WR�UHDOO\�

DSSUHFLDWH�DQG�XQGHUVWDQG��,Q�IDFW��HYHQ�WRGD\�ZH�

DUH�VWLOO�DFWLYHO\�DQDO\VLQJ�OXQDU�VDPSOHV��

Determining the Moon’s age
7KH�0RRQ�LV�ROG��DURXQG�����ELOOLRQ�\HDUV�ROG�LQ�IDFW��

PXFK�ROGHU�WKDQ�DQ\�URFNV�IRXQG�RQ�(DUWK�WRGD\��:H�

QRZ�NQRZ�WKDW��GXH�WR�SODWH�WHFWRQLFV�DQG�HURVLRQ��

(DUWKŝV�HDUO\�FUXVW�KDV�FRPSOHWHO\�GLVDSSHDUHG��,Q�

RWKHU�ZRUGV��ZH�KDG�WR�JR�WR�WKH�0RRQ�WR�ƅQG�

WKH�DJH�RI�(DUWK��7KH�\RXQJ�0RRQ�

KDG�D�PROWHQ�PDJPD�RFHDQ�

WKDW�FRROHG�WR�IRUP�LWV�FUXVW�

DQG��ZKHQ�FRPELQHG�ZLWK�

LVRWRSLF�DQDO\VHV�RI�

WKH�OXQDU�URFNV��WKHVH�

IDFWV�WHOO�XV�WKDW�WKH�

0RRQ�DQG�(DUWK�DUH�

YLUWXDOO\�LGHQWLFDO�LQ�

FRPSRVLWLRQ��7KH\�

ZHUH�PDGH�DW�WKH�

VDPH�WLPH�DQG�WKH�

VDPH�SODFH�LQ�RXU�

6RODU�6\VWHP��

7KH�WRS�WKHRU\�IRU�

WKH�FUHDWLRQ�RI�(DUWK�

DQG�WKH�0RRQ�LV�WKH�

JLDQW�LPSDFW�K\SRWKHVLV��

,W�VWDUWV�RXW�ZLWK�WKH�SURWR�

(DUWK�FROOLGLQJ�ZLWK�DQRWKHU�

0DUV�VL]HG�REMHFW��ZKLFK�VFLHQWLVWV�

FDOO�7KHLD��:KHQ�WKH�GXVW�VHWWOHG�RQ�

WKLV�SODQHWDU\�VFDOH�FROOLVLRQ��7KHLD�

ZDV�GHVWUR\HG�DQG�WKH�SURWR�(DUWK�

ZDV�UHIRUPHG�LQWR�D�ODUJHU�ERG\��ZKLOH�

Þ 7KH�VL[�$SROOR�ODQGLQJ�

sites took in a wide variety 

of the Moon’s landscapes >

$�0DUV�VL]HG�REMHFW�

colliding with the 

SURWR�(DUWK�LV�ZLGHO\�

considered to be the 

most likely origin  

of the Moon
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the ejected material formed a much smaller body. 

At that time the Moon was so close to Earth that it 

had a huge presence in the sky, being more than 16 

times larger than we see it from Earth today. 

7KH�$SROOR�DVWURQDXWV�OHIW�UHWURUHƆHFWRUV�RQ�WKH�

Moon, which scientists have targeted with lasers 

each year since 1969. From accurately measuring the 

light travel time from Earth to the Moon and back 

DJDLQ��ZH�ƅQG�WKDW�WKH�0RRQ�LV�PRYLQJ�DZD\�IURP�

Earth by around 3.8cm each year. Over the last 4.5 

billion years the Moon has moved from 24,200km to 

now lie 385,400km from Earth (see diagram above). 

Telling the Solar System’s story
The laboratory analysis of returned lunar rocks 

includes determining their mineralogy and age.  

The younger lunar rocks are from the darker mare 

regions and are basaltic or volcanic material from 

LQVLGH�WKH�0RRQ��ƅOOLQJ�ODUJH�LPSDFW�FUDWHUV�GXULQJ�D�

period from around 4.2 to 3.16 billion years ago, now 

referred to as the late heavy bombardment. For every 

one impact crater on the Moon, it is estimated that 

20 meteorites hit Earth. Many will have burnt up in 

our atmosphere, but others would have made it to 

the ground. Over time, the dynamic climate and land 

motions of our planet have largely erased all traces  

of the initial impact craters, making the Moon the 

only witness to the early bombardment history of  

the inner Solar System. 

Scientists now believe that the late heavy 

bombardment tells us of a dynamic early Solar 

System, where the giant planets changed their orbits 

due to gravitational resonances. Jupiter moved 

slightly inward, but Saturn, Uranus and Neptune all 

moved outward. Perhaps another giant planet was 

also ejected hundreds of astronomical units from the 

Sun, a distance so great that we can’t see it with our 

modern telescopes. The motion of these giant planets 

changing their orbits around the Sun (a phenomenal 

concept I still have trouble picturing) gravitationally 

interacted with all the small-body debris of asteroids 

and comets, scattering them everywhere to produce 

this critical bombardment in the inner Solar System. 

The small bodies bombarding Earth had everything 

from organics to metals, reseeding the surface and 

perhaps bringing the right materials together for the 

spark of life to have started. 

We now know that the Moon plays several critical 

roles in keeping the Earth uncommonly habitable. 

It causes lunar tides, stabilises Earth’s spin axis and 

Today 3.9bn years ago 4.5bn years ago

Moon  

distance 4.5bn  

years ago: 24,200km 

(5-hour day) 

Roche limit

Moon distance 3.9bn 

years ago: 133,800km

(10-hour day)

Moon distance today: 385,400km (24-hour day)

Relative apparent size 

of the Moon as seen 

IURP�(DUWK��:KHQ�ƅUVW�

formed, it was over  

16 times larger in the 

sky than it is today

Þ The Moon’s proximity to Earth early in its history would have had some interesting effects: there would have been larger tides, key 

perhaps to life’s evolution, more lunar eclipses, and materials from large impacts on one body potentially landing on the other

Þ The Lunar 

Laser Ranging 

Experiment left 

behind by Apollo 

11 and still used to 

measure the Moon’s 

increasing distance

>

The Moon has been 

moving away from  

Earth by 3.8cm a year

The Roche limit is the closest a body held 

together by its own gravity can come to a larger 

body without it being torn apart by tidal forces
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slows our planet’s rotation rate, all believed to be 

important aspects for the development of complex 

life. This concept of giant planet migration has also 

informed our interpretation of other stellar planetary 

systems and exoplanets in many ways. Perhaps 

habitable exoplanets may also need an exomoon.  

It is thanks to the Apollo programme that we will 

never look at our Moon in the same way. 

Driving spaceflight forward 
Apollo’s lunar samples and data  

KDYH�FRQWLQXHG�WR�UDLVH�VLJQLƅFDQW�

interest from the world-wide science 

community. Indeed, it has helped 

HVWDEOLVK�D�QHZ�VFLHQWLƅF�GLVFLSOLQH�

by building a strong planetary 

science community, which at 

NASA is now driven to answer 

fundamental questions about  

the origin and evolution of our 

Solar System, and to determine  

if there is life beyond Earth.  

Human exploration of space is  

more politically driven. 

Since NASA is an agency that falls 

under the Executive Branch in the United 

States, each new administration sets the 

strategic direction for human space exploration. 

After Apollo, the Nixon administration began to 

set the stage for NASA to develop the capability to 

explore how humans can live and work in low-Earth 

RUELW��7KHVH�DFWLYLWLHV�LQFOXGHG�RXU�ƅUVW�VPDOO�VSDFH�

station called Skylab, the Space Shuttle, and then 

the International Space Station (ISS). 

Although many have said NASA lost the 

momentum of humans exploring the Moon and 

beyond, in hindsight this diversion was perhaps a 

necessary step leading us to today, where we are 

UHDOLVWLFDOO\�ƅJXULQJ�RXW�KRZ�WR�OLYH�DQG�ZRUN�RQ�

another planetary surface. Space is an extremely 

harsh environment for life and the challenges to 

overcome in the Apollo programme showed us 

how little we knew about it. This makes the 

achievements of the Apollo astronauts on 

the Moon even more amazing. 

For the last 20 years, there has 

always been someone living aboard 

the ISS, which has evolved from an 

outpost on the edge of space into 

a highly capable international 

laboratory for research in its 

unique environment. We now 

know what space does to our 

bodies and how to utilise it to 

our advantage. By continually 

building on previous work in space, 

new results compound and new 

EHQHƅWV�PDWHULDOLVH��DLGHG�E\�WKH�

continual revolution in computer and 

manufacturing technologies. 

Pointing to hidden riches
While this half-century of research on humans 

OLYLQJ�LQ�VSDFH�KDV�SURGXFHG�DPD]LQJ�EHQHƅWV��

including for humanity on Earth, planetary scientists 

have also continued to explore the Moon. Over 

the last 15 years, several important lunar missions 

were conceived and executed that continued to 

Þ At 16 times larger 

than it appears 

today, the Moon 

would have been  

an incredible sight 

in the proto-Earth’s 

night sky

Þ The ISS has 

become our place 

in space thanks to 

technology forged 

by the Apollo 

programme
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investigate the puzzles that arose from the analysis  

of Apollo data. 

For instance, a remarkable discovery was made 

in the lunar north and south poles. Remote sensing 

data from missions like the Lunar Reconnaissance 

Orbiter has determined that the Moon holds a 

VLJQLƅFDQW�DPRXQW�RI�IUR]HQ�ZDWHU�DQG�K\GUR[\O�LQ�

its permanently shadowed regions (PSRs). Current 

estimates are that there may be as much as several 

hundred million tonnes of frozen water here. 

In addition to water, it now appears that in these 

regions there may also be volatiles like carbon 

GLR[LGH��VXOSKXU�GLR[LGH�DQG�

nitrogen. Once these volatiles 

get into a PSR they will stay 

there, since there is no energy 

from sunlight to break the 

frozen volatiles into their 

components, causing them to 

drift away in the solar wind.  

We now believe that these 

volatiles were collected over 

time during important events  

in the evolution of Earth and 

the Moon. 

After they formed, asteroids 

and comet bombardments 

brought water to the surface 

of the Moon. That process 

continues to this day but 

on a much-reduced level. 

Additionally, during the late 

heavy bombardment large 

amounts of molten, volcanic 

URFN�ƅOOHG�KXJH�EDVLQV��FUHDWLQJ�

the lunar mare and, in addition, 

lunar volcanos liberated huge 

amounts of trapped subsurface 

gases to create a thin, non-negatable lunar 

atmosphere. Over a short period of time, parts of the 

lunar atmosphere collapsed into the PSRs. 

The Apollo lunar samples also tell us that the 

HDUO\�0RRQ�KDG�D�PDJQHWLF�ƅHOG�IRU�VHYHUDO�KXQGUHG�

million years, protecting the early Earth’s and early 

Moon’s atmospheres from the harsh radiation 

from our young Sun. The magnetospheres of Earth 

and the Moon combined to provide a pathway 

for evaporation from early Earth’s atmosphere to 

move to the polar regions of the Moon and become 

trapped in the PSRs. 

Þ Water ice in 

shadowed craters 

at the Moon’s south 

pole, shown in blue 

on this diagram, has 

been building up for 

billions of years and 

contains volatile 

material from the 

Solar System’s 

distant past 

Humans will need to 

extract resources from the 

ice to sustain the future 

Artemis Base Camp
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James L Green is  

a former NASA chief 

scientist and the 

longest-serving 

director of the 

Planetary Science 

Division in NASA. 

He coordinated 

NASA’s involvement 

ZLWK�WKH�ƅOP� 

The Martian

As shown in the diagram on the previous page, 

volatiles can tell us about the composition of the 

very early asteroids and comets, the atmosphere of 

the early Earth, and whether the young Moon had an 

atmosphere. It is hard to imagine, but we now think 

we have found in the PSRs a time capsule of the 

history of the volatiles in our Solar System. Scientists 

ZDQW�WR�ƅUVW�HQWHU�WKHVH�UHJLRQV�DQG�FRUH�WKHP�

to provide a proper assessment of what is there. 

Because of the continual micrometeorite impacts on 

WKH�0RRQ�PL[LQJ�WKH�VRLOV�DQG�FUHDWLQJ�UHJROLWK��WKHVH�

cores are unlikely to capture an obvious, perfect 

record of that time in history, but they will reveal 

clues available in no other way about where these 

volatiles came from and how they were preserved. 

A human return to the Moon
:K\�LV�LW�VR�LPSRUWDQW�WR�ƅQG�WKHVH�YRODWLOHV�IRU�

KXPDQ�H[SORUDWLRQ�RQ�WKH�0RRQ"�7KH�VLPSOH�DQVZHU�

is that they will allow humans to ‘live off the land’ as 

much as possible. Launching resources into space 

IRU�KXPDQV�WR�XVH�LV�H[SHQVLYH�DQG�LI�ZH�FDQ�XVH�

resources already on the Moon, our ability to stay and 

work on the lunar surface for long periods of time can 

EHFRPH�D�UHDOLW\��7KH�ZDWHU�WKDW�FDQ�EH�H[WUDFWHG�

from a PSR can be used to drink and we can break up 

WKH�ZDWHU�LQWR�LWV�FRPSRQHQWV�DQG�XVH�WKH�R[\JHQ�WR�

EUHDWKH��DORQJ�ZLWK�FUHDWLQJ�K\GURJHQ�DQG�R[\JHQ�

reserves for rocket fuel. 

([WUDFWLQJ�WKHVH�UHVRXUFHV�ZLWK�QHZ�LQVWUXPHQWV� 

is under rapid development at NASA and other space 

agencies. The yet-undetected but suspected other 

volatiles trapped in the PSRs will also be important. 

,QGHHG��H[WUDFWLQJ�DOO�RI�WKHVH�YRODWLOHV�IRU�XVH�LV� 

what we call a game-changer for the human 

H[SORUDWLRQ�RI�VSDFH��LI�ZH�FDQ�H[WUDFW�ZDWHU�DQG�

other volatiles for use on the Moon we can certainly 

do it on Mars, since it holds even greater reserves of 

these substances in its crust. 

All of these results are feeding into NASA’s plan for 

WKH�QH[W�KXPDQ�OXQDU�SURJUDPPH��$UWHPLV��7KH�ƅUVW�

three missions are well laid out, with the Artemis I 

WHVW�ƆLJKW�XVLQJ�WKH�QHZ�6SDFH�/DXQFK�6\VWHP�DQG�

the Orion capsule now targeted for the launch period 

of 12 November to 27 November. The uncrewed 

$UWHPLV�,�LV�WKH�ƅUVW�LQ�D�VHULHV�RI�LQFUHDVLQJO\�FRPSOH[�

missions. Once it is completed, the results will be 

DQDO\VHG�EHIRUH�Ɔ\LQJ�DVWURQDXWV�XVLQJ�WKH�VDPH�

trajectory on Artemis II. By 2025, Artemis III will land 

WKH�ƅUVW�ZRPDQ�DQG�ƅUVW�SHUVRQ�RI�FRORXU�RQ�WKH�

south pole of the Moon and establish long-term  

OXQDU�VFLHQFH�DQG�H[SORUDWLRQ�FDSDELOLWLHV��1$6$� 

is planning the missions beyond Artemis III now, 

leading to what we call the Artemis Base Camp,  

a much more permanent place where we will learn  

to live and work on another planet.

So now, when we look at the image captured by 

the Lunar Reconnaissance Orbiter of the Apollo 

17 landing site (see above), we can appreciate the 

HQRUPRXV�UROH�WKDW�WKHVH�HDUO\�H[SORUHUV�SOD\HG�

LQ�JHWWLQJ�XV�UHDG\�IRU�WKH�QH[W�VWHS�RI�KXPDQ�

H[SORUDWLRQ�LQWR�GHHS�VSDFH��-XVW�DV�LW�ZDV�ZLWK�WKH�

Apollo programme, I have no doubt that the Artemis 

programme will inspire countless students to become 

scientists, engineers, inventors and mathematicians. 

7KH\�PD\�ZDON�RQ�WKH�0RRQ�RU�EH�WKH�H[SORUHUV�

who venture onward to Mars and show humanity’s 

limitless possibilities. 

Þ Apollo 17’s 

landing site, 

where geologist 

Jack Schmitt 

and commander 

Gene Cernan took 

humanity’s last 

steps on the Moon 

in December 1972

Lunar rover  

ƅQDO�SDUNLQJ�VSRW

ALSEP equipment

Lunar rover tracks

Flag

Challenger 

descent stage

Astronaut 

footprints




