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Introduction:  With the Artemis Program, 
NASA plans to return humans to the Moon 
to stay. To help support extended stays on 
the moon, use of local materials - so-called 
in-situ resources could be invaluable. Since 
the moon’s polar regions have confirmed 
the presence of volatiles, as revealed by 
LCROSS, LRO and other lunar missions, 
the next step is to understand the nature and 
distribution of those candidate resources 
and how they might be extracted. Recent 
studies have even indicated that if those 
volatiles are practically available for har-
vesting, they could be processed into pro-
pellants and human life-support resources, 
significantly aiding in sustaining humans on 
the Moon, and eventually and later to sup-
port missions to Mars. 
 
The Volatiles Inspecting Polar Exploration 
Resource (VIPER) is an in-situ resource uti-
lization (ISRU) mission within NASA’s 
Science Mission Directorate (SMD), based 
on the pathfinding development of the Re-
source Prospector (RP) mission concept. 
This clever mission is currently planned to 
launch in 2022/23 and spend 100 days 
mapping and surveying four different Ice 
Stability Regions to understand the nature 
and distribution of water and volatiles al-
ready confirmed to be there, including 
measuring mineralogical content such as sil-
icon and light metals from lunar regolith.  
 
The knowledge attained by a mission like 
VIPER could have many-fold benefits for 
space exploration, but also commercial ap-
plications. VIPER is an essential, early mis-
sion supporting the “moon rush” which has 
developed over the past few years, with 
both governments and commercial entities 
making their cases for lunar exploration. 
VIPER aims to understand just how the wa-
ter-ice and other volatiles are distributed, 
both horizontally and vertically, enabling 
creation of volatiles resource maps, which 
will guide what might be required to harvest 
those resources on a large scale. 
 
With sufficient infrastructural investment, 
led by governments and then optimized by 
the commercial marketplace, VIPER will be 
a pathfinder mission addressing early strate-
gic knowledge gaps and enabling commer-

cial markets – a stepping-stone to a great fu-
ture economy on the moon. 
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The Moon is almost indistinguishable from the Earth 

across a range of refractory isotope systems (e.g. W, O, 

Cr etc), which suggests a close genetic link with the 

Earth [1], [2].  Although broadly similar to the terrestrial 

mantle, the silicate Moon’s major element chemistry ap-

pears to differ in one key respect - the reported silicate 

Moon’s iron content (up to 17wt% FeO) may be notably 

higher that the Earth (8wt%FeO). These elevated lunar 

FeO contents are, however, primarily based upon inter-

pretations of the lunar surface rocks, and in particular 

the melting and crystallisation history of the silicate 

Moon. 

Given the established genetic link between sili-

cate Earth and Moon, do lunar surface rocks really 

require a mantle source that is significantly richer in 

iron?  Or is the silicate Moon merely a snapshot of 

the terrestrial mantle? 

My experiments investigate a fractionally crystalliz-

ing lunar magma ocean of fertile pyrolytic composition. 

Starting with McDonough and Sun (1995)[3] primitive 

mantle, with volatile elements (e.g. K and Na) reduced 

by 2/3rds. Experiments started at 85% liquid with 15% 

Olivine removed from primitive composition. At each 

step the melt from the previous experiment is the bulk 

composition for the next step. For long duration experi-

ments, graphite lined Pt capsules were used to prevent 

CaF2 ingress. Experiments lie between fO2 of C-CO and 

IW+1.5 and follow the lunar pressure gradient, from 

2.5GPa, 1675oC  for the primitive melts to 0.5GPa, 

850oC for evolved melts. 

   Data from [4] 

  

In major element space my experimental crystalliza-

tion has shown that linear mixing of early and late stages 

can reproduce much of the bulk rock geochemistry of 

the Mare basalts.  

Mare basalts have a characteristic ‘Bow’ Shaped 

rare earth element trend, depletion in both heavy and 

light rare earth elements. KREEP, rich in LREEs can be 

the sink for the light REEs. On the Moon, the lower 

pressure precludes the formation of Garnet; another sink 

is therefore needed to explain the depletion of the 

HREEs.  

 

 

Figure 2a: Rare Earth Element plots for Mare bas-

alts. 

Figure 2b: My experiments show an enrichment of 

the solid phases in Heavy REEs. Data from LA-

ICPMS. 

Figure 1: Fractional and Batch models used 

phMELTS. Mineral stability fields are taken from 

MELTS too. My experimental line of descent differs 

from that modelled and enables the mixing of late and 

early fractions to produce the bulk rock compositions 

of Mare basalts. *Ferroan Anorthosite Suite 

Liquid 

Solid FAS* 

Mare Basalts 

Solid REE profile 

Liquid ‘bow 

shaped’ REE pro-
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A high temperature pyroxenoid phase in the early 

stages of the crystallization is able to accept large 

amounts of the HREEs. I propose this as the sink for the 

HREEs.  

The complete fractionation curve, when re-mixed, is 

able to explain the bulk of the major and rare earth ele-

ment observations of the surface of the Moon. It is pos-

sible to have vigorous mixing between the Earth and Im-

pactor, explaining the Major element, and Isotopic com-

position of the Apollo Basalts.  
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Introduction:  The nature and occurrence of water 

and other volatiles on and below the surface of the 
Moon is an important topic at the convergence of lunar 
science and exploration. Volatiles are key factors in 
our understanding of the history and evolution of the 
Earth and its satellite and the wider consequences 
throughout the Solar System. Their ramifications for 
lunar exploration are manifested through the concept 
of in-situ resource utilization (ISRU), in which for 
example water could be harvested at the Moon for life 
support or rocket propulsion purposes.  

Yet our knowledge of lunar water and related re-
sources is far from complete. We do have an increas-
ingly detailed understanding of the lunar samples, 
including more recent discoveries of elevated concen-
trations of OH in certain minerals [1, 2]. But these 
samples are from geographically limited lunar regions 
notably distant from the poles, and were collected 
under conditions not conducive to the preservation of 
the most volatile components. Meanwhile we also have 
an increasing body of evidence supporting the presence 
of elevated levels of water ice in colder, high-latitude 
regions of the Moon [3, 4]. But the remote nature of 
these measurements and the associated complications 
in data retrievals/processing, mean that these data are 
insufficient either to fully test scientific hypotheses or 
as a firm basis for planning ISRU.   

It is therefore increasingly clear that new landed 
missions are necessary, to provide ground truth data to 
fill in the knowledge gaps. Data are required across the 
surface, adding detail to the broad-brush picture ob-
tained from orbit. And crucially, data are required from 
the sub-surface, particularly within the upper ~1 m i.e. 
those depths probed by remote sensing techniques such 
as neutron spectroscopy [5].  Finally, the measure-
ments should be specific i.e. providing unequivocal 
identification of individual volatiles, and quantitative.  

i-Drill Overview: i-Drill is an integrated suite of 
drill and scientific instruments, and provides a tool for 
answering current scientific and exploration 
knowledge gaps outlined above. It is readily accom-
modated on a mobile platform to enable rapid acquisi-
tion of volatiles identity, concentration and distribution 
to a depth of ~1 m below the lunar surface. The drill is 
optimized for rapid penetration into the regolith sur-
face. The mechanical perturbation and heat generated 

by the drilling is utilized to release volatiles from the 
regolith and to convey them upwards within the drill 
string to a mass spectrometer for real-time identifica-
tion and quantification as a function of drilling depth. 
A borehole camera (BoreCam) captures a depth-
correlated, (radial) 360-degree movie of the borehole 
as viewed from within the string as it is advanced, 
providing geologic context. A permittivity sensor 
(PerSen) surveys any ice content in the surrounding 
regolith. The surface camera (SurfCam) records a 
multispectral 3D movie of the evolving cuttings pile 
enabling insight into regolith geochemistry, geotech-
nical properties and hydration state with depth.  

i-Drill would optimally be deployed upon a small 
or medium class lunar rover where it could quickly 
survey volatiles (as outlined above) at waypoints dur-
ing the rover’s traverse across the lunar surface. Dur-
ing the traverse itself, SurfCam would be operated to 
record a multispectral 3D movie of the lunar surface, 
with the rover wheel tracks within field of view to 
study surface geotechnical properties. i-Drill could also 
be deployed on a static lander, enabling proof of con-
cept and the coordinated measurement of volatiles 
content versus depth together with geologic context. 
Added value would be achieved through incorporation 
of a simple lateral translation mechanism to enable i-
Drill to obtain a number of discrete borehole surveys.     

i-Drill Status, Heritage and Instruments: i-Drill 
is a powerful tool for lunar volatiles science and pro-
specting, at a resource requirement (mass, power, vol-
ume, data, development cost and interface simplicity) 
compatible with multiple rover and static platforms. 

The Drill seeks to reach its full depth in approxi-
mately one hour, using a relatively high power setting 
for this short period of time. The drill cycle will pro-
ceed under autonomous control, managing auger 
torque and weight-on-bit according to the desired pow-
er setting, rate-of-progress, and local geotechnical 
considerations. A rotary-percussive system largely 
decouples the augering and rock-fracturing efforts, 
which provides the flexibility required to deal with 
different target materials, and the bottom of the drill-
string provides an aperture (with dust filter) so that 
volatiles may be drawn up into the instrument casing 
for mass spectrometry. The architecture overall will be 
arranged so that there is a clear line-of-sight (e.g. 
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through an in-bit optical element) through the drill 
string, rotation, and percussion mechanisms, allowing 
the BoreCam to remain above ground while still imag-
ing the very bottom of the hole. 

Mass Spectrometer: the Ion Trap Mass Spectrom-
eter (ITMS) is a very compact and lightweight device, 
capable of detecting volatiles up to m/z ~150 (so in-
cluding e.g. water, xenon and light organics). It is 
derived from ongoing developments with ESA’s 
PROSPECT program [6] including the development of 
the Exospheric Mass Spectrometer (EMS) within the 
PITMS instrument for NASA Artemis/CLPS [7]. The 
EMS program will develop an ITMS mass spectrome-
ter with associated power, control and data electronics 
by 2020 that serve as a basis for re-use in i-Drill with 
addition of further electronics and code as required.  

BoreCam and SurfCam: These imagers utilize 
plenoptic (light-field) optics which capture both the 
intensity and direction of photons emanating from a 
scene. Each output frame therefore provides the con-
ventional 2D (x,y) view of the scene, with the added 
advantage that the depth (in z) of any feature in the 
scene can be calculated accurately. Thus 3D images 
can be achieved from a single exposure. Optionally 
one or both cameras may operate in multiple spectral 
bands to achieve a snapshot 3D multispectral camera 
configured to observe for example characteristic ab-
sorption of O-H bonds. BoreCam is configured to 
record a 3D movie of the borehole as it is cut by the 
drill; SurfCam records in 3D the evolution of the relat-
ed cuttings pile. Each has heritage from the Sample 
Camera (SamCam) [8] being developed within ESA 
PROSPECT [6]; SurfCam development is presently 
under EU Horizon 2020 funding.  

Permittivity sensor (PerSen): a small electrode 
integrated in the drill rod surface emits an AC signal. 
This enables the dielectric constant of the surrounding 
regolith to be measured accurately. The dielectric con-
stant of lunar regolith varies with depth, and can be 
expected to lie in the range of about 1.6 (low density 
regolith) to 10 (dense rocks or pebbles). It would also 
be strongly influenced by the presence of water ice in 
the surrounding regolith. Thus PerSen enables compi-
lation of an electrical subsurface image and contextual 
information on the presence of permittivity trends, 
density changes and water ice presence to be interpret-
ed in conjunction with the other i-Drill sensors. PerSen 
benefits from heritage within ESA’s PROSPECT [6]. 

Conclusion:  i-Drill would address key scientific 
and exploration knowledge gaps through identification, 
quantification, and mapping of volatiles in the upper 1 
m of lunar regolith. Compatible with various plat-
forms, it leverages on ongoing development programs 
and targets flight opportunities from 2021/22. 

 

 
Acknowledgments:  EMS and PROSPECT are 

projects of and funded by the European Space Agency. 
SurfCam is funded by the European Union’s Hori-
zon 2020 program under grant agreement No. 822018.  

References: [1] A. Saal et al. (2008) Nature 
454(7201):192-5. [2] M. Anand et al. (2014) Phil. 
Trans. A, 372, 20130254 [3]   E. A. Fisher et al. (2017) 
Icarus, 292, 74-18. [4] S. Li et al. (2018) PNAS, 115, 
8907–8912. [5] I. G. Mitrofanov et al. (2010) Science 
330, 483 [6] R. Trautner et al. (2018) IAC-
18,A3,2B,2,x42773 [7] B. A. Cohen et al. LPSC 51 [8] 
N. J. Murray et al. LPSC 51. 

Figure 1: schematic of key i-Drill fea-
tures. Not shown:  
- vertical translation carriage to translate 
drill down into regolith and back again 
- BoreCam, SurfCam illumination de-
vices 
- tubing for helium flushing to increase 
sample transfer to ITMS 
- Permittivity Sensor (PerSen) harness, 
slip rings  
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Introduction: PITMS leverages the ESA 

PROSPECT development for the Russian Luna-27 mis-
sion and develops a standalone mass spectrometer suit-
able for small lunar landers. It is a partnership between 
NASA Goddard, The Open University (OU) and ESA. 
The Peregrine Ion Trap Mass Spectrometer (PITMS) 
was selected for development and flight in the NASA 
Commercial Lunar Payload Services (CLPS) program, 
and is manifested aboard the first flight of Astrobotic’s 
Peregrine lunar lander. PITMS will consist of the Euro-
pean-provided ITMS sensor and front-end electronics, 
newly developed controller and power supply boards, 
and a GSFC wrapper including thermal control and dust 
protection hardware. It will monitor the tenuous near-
surface lunar exosphere in response to natural and arti-
ficial stimuli (e.g., diurnal temperature cycle, lander ac-
tivities). Exospheric measurements by PITMS will sig-
nificantly improve our knowledge of the abundance and 
behavior of volatiles on the Moon, linking the lunar sur-
face to LADEE measurements, and informing future ro-
botic and human mission design.  

Lunar near-surface water: The Moon has a tenu-
ous atmosphere (exosphere) primarily made of neon, 
helium and argon [1], molecular hydrogen [2], with 
smaller abundances of methane [3], sodium and potas-
sium [4]. Because of the rate at which atoms escape 
from the lunar atmosphere, there must be a continuous 
source of particles to maintain even a tenuous atmos-
phere. Characterizing lunar volatile reservoirs and eval-
uating their interrelations is a high priority for both lunar 

science and for exploration purposes, as water could 
represent a key resource for human utilization. 

Multiple spacecraft have observed water and hy-
droxyl in the lunar mid-latitudes as detected in the 2.8-
micron absorption feature in the IR reflectance spectrum 
[5-9]. This surface reflectance feature may exhibit sea-
sonal and possibly even diurnal variability. The LADEE 
Neutral Mass Spectrometer (NMS) and Ultraviolet 
Spectrometer (UVS) identified the primary atmospheric 
constituents at this altitude, their density, and variability 
[1, 4]. To date, water and OH have only been reported 
in the exosphere during meteor stream events by the 
LADEE NMS and UVS [10]. A definitive observation 
of exospheric water and OH released from the surface 
during nominal times remains elusive.  

Landed mass spectrometers are uniquely positioned 
to assess the volatile components of the lunar regolith 
and exosphere and observe their behavior from dawn to 
dusk, addressing international science and exploration 
goals. The only corresponding surface measurement 
was made by the Lunar Atmospheric Composition Ex-
periment (LACE) on Apollo 17. LACE was a miniature 
magnetic deflection mass spectrometer deployed on the 
surface and oriented to intercept and measure the down-
ward flux of gases. This instrument had a mass range of 
1-110 amu and a sensitivity of 1 cps (~200 cm-3), and 
operated for 9 months. LACE was routinely swamped 
by artifacts emanating from the nearby lunar module de-
scent stage and other abandoned equipment during the 

Concept of PITMS on board Astrobotic Peregrine-1 
lunar lander. PITMS is compact and has mass ~2 kg 



lunar daytime, but obtained firm detections of two spe-
cies, argon and helium. Possible pre-sunrise detections 
of other species were obtained (see review in [11]), but 
only upper limits were determined for most of the vola-
tile species of interest, including N2, CO, CO2, and CH4; 

moreover OH/H2O was not determined due to the high 
backgrounds both inside and outside the instrument. 

Lander Effects: Volatile compounds (including 
water) will be deposited onto the lunar surface by the 
lander itself. Observing the release of these vapor spe-
cies over the lunar day will provide information on the 
properties of the regolith and the nature of the landing 
plume interaction with it, both important to future hu-
man activities. The exposed regolith is constantly being 
activated through bombardment by the solar wind and 
impactors, creating sites that bind volatile species such 
as water. Laboratory observations of water bound to lu-
nar regolith shows a distribution of activation energies 
peaking near 0.7 eV, but with a high energy tail beyond 
1 eV [12-14]. If in situ lunar regolith has the same prop-
erties, the water molecules will outgas from the surface 
over time as the surface is progressively warmed. If 
PITMS still senses considerable water surface outgas-
sing near local noon (~400K), it implies that the surfaces 
contain sites with very high activation energy for water 
trapping, with values above 1.0 eV, as one might expect 
for mature highland samples. In this case, the surface is 
a potent sorption substrate. If, however, the local rego-
lith has little outgassing at local noon, then this implies 
that in-situ exposed surfaces have outgassed at lower ac-
tivation energies/lower temperatures. In this case, the 
surface may be a far less potent sorption substrates than 
environmentally dormant samples used in the lab, af-
fecting our models of plume-originating water retention 
in the actual space environment.  

Development & operation: PITMS consists of an 
ITMS built by OU in collaboration with STFC RAL 
Space under contract from ESA, and a wrapper built by 
NASA GSFC that will integrate the ITMS with the As-
trobotic lander. The ITMS has direct heritage from the 
Ptolemy mass spectrometer that made the first in situ 
measurements of volatiles and organics on comet 67P 
with the Rosetta lander, Philae [6]. It has a unit mass 
resolution up to an upper mass-to-charge (m/z) limit of 
150 Da. Operating in a passive sampling mode, ambient 
gases enter PITMS through an aperture and diffuse 
around the mass analyzer cavity. They will be ionized 
through interaction with electrons emitted by one of a 
pair of redundant heated wire filaments, and the result-
ing positively charged ions will be trapped in a radiof-
requency field formed by application of suitable poten-
tials to a set of three hyperbolic electrodes. Manipula-
tion of the field facilitates the ejection of the ions into 

the electron multiplier detector in order of increasing 
m/z with amplitudes related to abundance. This passive 
technique was used during Rosetta’s flyby of asteroid 
Lutetia [7] and at 67P during Philae’s “bounce” after 
landing [6], achieving detection limits of around 1E-10 
mbar, some five orders of magnitude better than that 
achieved by the LACE experiment. 

GSFC will build the wrapper, consisting of a thermal 
base plate, a radiator, and a deployable dust cover, and 
will integrate and test the ITMS with the wrapper. The 
integrated PITMS payload and science investigation 
will be operated from GSFC. PITMS is manifested on 
the first flight of Astrobotic’s Peregrine lander, which 
will fly as a co-manifested payload aboard the maiden 
flight of ULA’s Vulcan Centaur vehicle in 2021. The 
lander targets the Lacus Mortis basaltic lava plain in the 
northeastern part of the Moon, near an apparent skylight 
[15]. PITMS operations will commence soon after 
touchdown with the release of the dust cover. PITMS 
will continually scan at up to 10 Hz and integrate the 
mass spectra onboard if needed to build signal to noise. 
It will monitor the decay in the lunar exosphere from its 
post-landing peak, punctuated by any stimuli that create 
transient increase. PITMS observations will comple-
ment the descent plume characterization by SEAL [16]. 

Summary: PITMS will provide a modern measure-
ment of OH/H2O on the lunar surface, improving quan-
tification of exospheric species of interest to both sci-
ence and human exploration. Such an investigation is 
recommended for all future landed missions, to charac-
terize the interaction of the lander with the lunar envi-
ronment and to perform fundamental science and under-
stand potential resources. Reflight of PITMS on equato-
rial landers would enable comparisons with LADEE, 
whilst polar siting would monitor migration of water 
molecules toward PSRs.  
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Introduction:  Lunar meteorites are an important
addition to Apollo and Luna samples for deciphering
the geological evolution of the Moon. However, the
main disadvantage is that their places of origin on the
lunar surface  are  unknown. Here  we report  on the
mineralogy and petrology of the new lunar meteorite
Northwest Africa (NWA) 11962 and briefly discuss
possible  pairing  relationships  to  other  lunar
meteorites.  Furthermore,  we  correlate  its  bulk
chemistry  to  element  concentrations  on  the  lunar
surface as measured by the Lunar Prospector gamma-
ray spectrometer, in order to locate possible source
regions.  Ultimately,  we  compare  these  possible
source regions with coordinates of recently formed
lunar impact craters to find possible source craters.

Sample and Methods: NWA 11962 was found as
a single stone (~85 gram total mass) whose oxygen
isotopic  composition,  petrological  characteristics,
and bulk chemistry is consistent with a lunar origin.
The specimen is a flat and rounded individual with
regmaglypts exhibiting a black shiny surface with in
places dull brownish areas. A cut and polished face
(3 cm2) reveals two different lithologies comprising a
fine-grained,  dark-gray  matrix  with  mainly
submillimeter-sized light clasts and a black compact
area (1 × 0.5 cm) of impact melt (see Fig. 1).

Figure 1. Macroscopic view of NWA 11962. The cut and
polished face shows the texture of the meteorite’s interior.

Two polished  thin  sections  were  carbon-coated
and examined using a Jeol  JSM 6610-LV scanning
electron  microscope  and  a  Jeol  JXA 8530-F  field
emission  electron  microprobe.  Additionally,  a
homogenized bulk powder from a 1.5 gram piece of
the meteorite was prepared. Two subsamples of this
powder were used for instrumental neutron activation
analysis (INAA). 

Lunar  Origin: The  lunar  origin  has  been
confirmed by the oxygen isotopic composition (δ17O
= 3.14 per mil, δ18O = 6.03 per mil, Δ17O = 0.01 per
mil)  of  the  meteorite.  Atomic  Fe/Mn  ratios  of
pyroxenes and olivines in NWA 11962 plot on lunar
trend lines. Lithic and mineral clasts are typical for

the  lunar  near  side.  This  also  holds  for  the  trace
element concentrations. The rare earth elements for
example show a typical KREEP pattern.

Petrology  and  Mineralogy: Abundant  glass
spherules in one of the two thin sections led to the
the classification of NWA 11962 as a regolith breccia
[1]. The matrix of the breccia is formed by a highly
vesicular, brown glass which in places  forms veins
with schlieren structures. A fusion crust is absent and
no  agglutinates  have  been  observed.  The  breccia
contains  a  variety  of  different  lithic  and
monomineralic clasts, but is dominated by only two
types of clasts. On the one hand these are gabbroic
clasts  and  on  the  other  hand  felsites  and  quartz
monzogabbros (QMGs) of the alkali-suite (Fig. 2).

Figure 2. Back scattered electron (BSE) images of alkali-
suite clasts, typical constituents of NWA 11962, bedded in
the matrix. a) and b) granophyric intergrowths of silica
and  K-feldspar  (lunar  felsites).  c)  Quartz  monzogabbro
clast. 

Felsites  and  QMGs are  rare  rock  types  of  the
lunar alkali-suite [2], making NWA 11962 a valuable
object  for  petrogenetic  studies.  Additionally,  the
regolith breccia contains lithic clasts such as basalts,
impact  melt  breccias  and  symplectites  as  well  as
different glasses such as spherules and vitrophyrs.

Pyroxenes  (En34-62 Fs20-46Wo9-35) in  the  gabbroic
clasts are complexly zoned. Exsolved pyroxenes in
the quartz  monzogabbro  clasts  consist  of pigeonite
lamella (Fs56.4-69.9 Wo2.3-4.7) in a augite (Fs29.3-39.4 Wo35.3-

 44.2)  host.  The  mineral  chemistry  of  pyroxenes  in



Figure 3. Quadrilateral plot of pyroxene compositions in
NWA 11962.

other clasts of NWA 11962 can be seen from Figure
3. Silica and K-feldspar (An3.0-6.5 Or63.2-82.6 Cn2.8-6.5) are
abundant  phases  in  the  alkali  suite  clasts  and
fragments.  Plagiclases  range  from  anorthitic  to
labradoritic  (An53.4-97.7  Ab2.3-44.1  Or0.0-2.5)  and  olivine
compositions  range  from  Fa12 to  Fa61.  Accessory
phases in the breccia include ilmenite, spinel, zircon,
zirconolite,  troilite,  barringerite,  Fe-Ni  metal  and
nickel-free native iron.

Discussion: The INAA revealed an iron content
of  9.28  wt%  and  a  thorium  content  of  6.6  ppm.
Together  with  high  incompatible  trace  element
concentrations  (e.g.,  Sm:  16.5  ppm)  this  points
toward  an  origin  of  the  meteorite  from within the
Procellarum KREEP Terrane [e.g., 3]. According to
[4], there are at least six lunar meteorites that have a
similar bulk iron and thorium content to NWA 11962.
Specifically,  these  are  the  paired  stones  NWA
4472/4485,  Miller  Range 13317,  Calcalong Creek,
SAU 169,  Dhofar  1442,  and NWA 6687.  Of these
NWA  4472/4485  [5]  is  the  closest  match  when
comparing bulk iron and thorium concentrations and
petrology with NWA 11962.  Nonetheless,  no  CRE
ages of both meteorites are available,  which makes
paring considerations quite uncertain.

To  constrain  the  lunar  source  region  we
compared  the  bulk  iron,  thorium,  and  titanium
concentrations  of  NWA  11962  with  the  Lunar
Prospector gamma-ray spectrometer abundance data
(2 degree/pixel) of these elements [6]. This method
previously  used  by  e.g.,  [7]  resulted  in  possible
source regions of NWA 11962 as shown in Figure 4.
In  addition  to  the  bulk  meteorite  element
concentration,  we  furthermore  considered  the  iron
and titanium contents of glassy impact melt spherules
that  occur  in  the  breccia.  The  bulk  element
concentrations of the meteorite represent the regolith
chemistry at the location of the source crater,  or at
least  the spallation zone from which the  meteorite
was  launched.  As  the  impact  melt  spherules  we
considered are deformed it can be assumed that they
did not fly over large distances. Therefore they might
represent samples of the regolith in the vicinity of the
NWA 11962 source crater.  This approach therefore
enlarges the sampled area which results in a better
ratio  of  sampled  area  to  the  size  of  the  remote

sensing pixel  area.  Figure 4 further  shows recently
formed  lunar  impact  craters  with  diameters  larger
than  300  meters  as  reported  by [8].  One of  these
craters lies within a possible source region of NWA
11962,  making  it  a  possible  source  crater  for  this
lunar meteorite.  The crater  with a diameter  of 320
meters and the coordinates 3.009 lon -0.387 lat lies
next  to  Sinus  Medii  at  the  eastern  limb  of  the
Procellarum KREEP terrane. It has to be mentioned
that information on recently formed impact craters is
limited to latitudes +/-50° [8]. As can be seen from
Figure 4 large possible source areas lie outside this
limit (dashed white line).  

Figure  4. Detail  of  a  lunar  map  (LROC WAC Global
100m/pixel)  with  all  regions  that  have  similar  iron,
thorium,  and  titanium  surface  concentrations  as  NWA
11962  shown  in  green.  Red  dots  are  recently  formed
impact craters with diameters larger than 300 meters [8].
The white arrow points toward a possible source crater.

Future  Work: We  plan  to  apply  the  above
method to search for possible source craters of other
lunar meteorites. This future work may also include
additional  information like basalt  ages,  mineralogy,
etc., to improve the likelihood of a reliable result.
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Figure 1: Diviner CF map (red indicates long CF values and blue indicates short CF values) with the 

locations of all known lunar pyroclastic deposits. 
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Introduction: Explosive volcanic deposits on 

the Moon are compelling targets, both scientifically 
and as potential future resources. Lunar pyroclastic 
deposits represent material sourced from the lunar 
mantle, and therefore provide a window into the 
composition of the lunar interior. Pyroclastic mate-
rial, particularly the iron, titanium, and volatile-rich 
volcanic glass and crystallized beads [1] formed 
during fountaining or explosive volcanic events, has 
also been hypothesized to be an important potential 
resource due to its relatively consistent spherical 
shape and size, which would make processing the 
particles easier. Additionally, many pyroclastic de-
posits are glass-rich, which is easier to break down 
than a fully crystalline rock [2]. Iron-rich pyroclas-
tic material has been shown to release the most ox-
ygen of any lunar sample during high-temperature 
hydrogen reduction experiments [3]. Oxygen is a 
critical resource that is necessary for creating water 
and fuel. To target the material with the maximum 
resource potential, it is important to know the iron 
and glass content of each deposit.  

Here we obtain the Christiansen Feature (CF) 
value and an estimate of the FeO wt. % for lunar 
pyroclastic deposits to identify the most iron-rich 
deposits that may have the highest resource poten-
tial. We also compare the strength and distribution 
of visible/near-infrared glass spectral signatures 
across several iron-rich pyroclastic deposits.  

Methods:  We use Lunar Reconnaissance Orbit-
er Diviner Lunar Radiometer Experiment thermal 
data to obtain the CF value and an estimated iron 
abundance. The CF value is the wavelength position 

of the emission maximum near 8 µm, and this com-
positional indicator can be estimated using Divin-
er’s three channels located near 8 µm [4]. The CF 
value is dependent on the degree of polymerization 
of silica. For crystalline materials shorter CF values 
indicate tectosilicates like feldspar and higher val-
ues indicate inosilicates of nesosillicates like pyrox-
ene and olivine. A strength of the CF parameter is 
that it is equally effective on amorphous silicates; 
this is important for pyroclastic deposits because 
they range from crystalline to glassy. Here we use 
the global (0-360° lon, ± 60° lat) standard CF map 
that is publicly available from the PDS (Figure 1).  

Because the CF wavelength position has been 
correlated to silicate mineralogy, it can be used to 
roughly estimate the amount of iron present [5]. 
Using laboratory spectra of returned Apollo sam-
ples, Allen et al. [5] empirically found that the rela-
tionship between Diviner CF values and FeO wt. % 
is:  FeO = 74.24 x CF - 599.9.  [Eq  1] 
Using the global list of 151 identified pyroclastic 
deposits (Figure 1) compiled by Glaspie et al. [6], 
in ArcMap we create regions of interest (ROI) cor-
responding to each deposit. We then calculate the 
average CF value of each ROI and convert this val-
ue into FeO wt. %. 

To constrain whether a deposit contains glass we 
use Moon Mineralogy Mapper [M3; 7] near infrared 
data to map the presence and distribution of volcan-
ic glasses. Data processing (including continuum 
removal, spectral smoothing, and band parameter 
derivation) is completed using the methods of Hor-
gan et al. [8]. The glass band parameter used here 



 

 
Figure 2: (top) LROC WAC mosaic showing the Tau-
rus Littrow pyroclastic deposit (outlined in white). 
(bottom) M3 glass parameter map of Taurus-Littrow.  

was created by taking the average of the depth be-
low the continuum at three wavelengths: 1.15, 1.18, 
and 1.20 µm [8]. This parameter also detects olivine 
if it is present, so analysis of individual spectra is 
necessary to confirm the presence of glass. 

Preliminary Results: Thus far we have meas-
ured the CF value of 34 pyroclastic deposits that are 
located in and near the mare basins. This includes 
pyroclastic deposits of a variety of sizes, from large 
regional deposits (~49000 km2) to small localized 
deposits (~100s of km2) [9]. Our preliminary results 
from this subset of pyroclastic deposits show a 
range of average CF values from 8.20 to 8.43 µm.  

The pyroclastic deposits in our preliminary 
study that exhibit the highest CF values are: Sulpi-
cius Gallus, Mare Vaporum, Taurus-Littrow Valley,  
Sinus Aestuum, and Rima Bode. These range from 
8.43 µm (Sulpicius Gallus) to 8.38 µm (Rima 
Bode). The highest estimated iron content (Sulpi-
cius Gallus) is 26.0 wt. % FeO. Many of these de-
posits were designated “black spots” in early tele-
scopic studies because of their very low albedos, 
later associated with high iron and titanium contents 

and abundant crystalline beads [10]. 
We found that the Taurus-Littrow pyroclastic 

deposit (Figure 2) has a relatively high CF value of 
8.39 µm and 23.3 wt % FeO. Apollo samples from 
this deposit show similar values and contained both 
crystalline and glass beads. The M3 glass parameter 
map suggests the presence of glass in this deposit, 
although analysis of individual spectra is necessary 
to confirm this possibility. Additional work is nec-
essary to cross-reference the Diviner data with the 
M3 data to investigate whether the iron-rich and 
glass-rich areas within the deposit are co-located. 
The combination of glass-rich, iron-rich material 
could have a high resource potential for future lunar 
exploration.  

Discussion: The range in iron content of pyro-
clastic beads from the Apollo samples is  16.5 – 
24.7 wt. % [11]. Our preliminary study shows a 
range in FeO of pyroclastic deposits studied here of 
~8.8 – 26.0 wt. %. These preliminary results show 
that the deposits with the highest CF values are 
large regional deposits. This is consistent with pre-
vious results that have shown that energetic lava 
fountaining is driven by magmas ascending directly 
from mantle without stalling and evolving in the 
crust [i.e., 12]. Iron-rich, glass-rich deposits that are 
also large in size have higher resource potential 
than smaller deposits because they contain more 
potentially useful material.  

Future Work: We will extract and compare CF 
and iron content estimates for all identified pyro-
clastic deposits. The publicly available global CF 
map only spans ± 60° latitude, so we will calculate 
the CF values directly from Diviner data for the few 
deposits that are not covered. We will also analyze 
M3 data in further detail to validate the presence of 
glass at the most iron-rich pyroclastic deposits. The 
results of these analyses could be crucial for more 
sophisticated USGS assessments of lunar resources 
that expand upon the ongoing assessment of bulk 
regolith [13].  
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Introduction: The lunar south pole lies on the 

rim of the Imbrian (3.5 Ga) aged, ~21 km diameter, 

~4 km deep Shackleton crater [1, 2], which, in turn, 

lies on the margin of the South Pole-Aitken (SPA) 

basin [1, 2]. The lunar south polar region is of inter-

est because it has been chosen as a landing site for a 

NASA Artemis mission. The region contains both 

permanently shadowed regions (PSRs), that may 

hold caches of volatiles, and also a few topographic 

high points with >50% illumination [3], that may 

assist with solar power generation.  A landing on the 

rim of Shackleton may provide access to Shackleton 

impact ejecta, potentially with impact melts from 

Shackleton, SPA, and other pre-Nectarian and Nec-

tarian age impacts.  It may also provide fragments of 

the original highland crust and potentially crypto-

mare from SPA [4].  In this study, we take a closer 

look at the formation of Shackleton and its current 

geological state to better assess potential targets for 

crew sampling, including those that will support sci-

ence objectives outlined by the NRC [5]. 

  Fig. 1: Averaged NAC mosaic showing 2 and 10 km 

exploration zones, as defined by the Apollo missions, 

around the south pole (white star). Two additional points 

of highest illumination (filled white circles) [3] are 

shown: (89.78°S, 155.73°W), (89.45°S, 137.31°W). Profile 

from south pole to opposite side of the crater is the topo-

graphic profile of Shackleton used in Fig. 4. 

       Data and Methods:  The iSALE shock physics 

hydrocode [6-8] was used to simulate the formation 

of Shackleton with a chondrite-like projectile [9, 10] 

vertically impacting a gabbroic anorthosite target 

[11]. A volatile-rich subsurface layer, using wet-tuff 

[12, 13] as a proxy, was also inserted to investigate 

changes in crater morphology. Using a 2D half-space 

with cylindrical geometry, the computational cell 

size was set to 50 m and simulations ran for 500 s 

post-impact. A photogeological analysis using NAC 

images (0.5-1.2 m/pixel, incidence angle ~87-91°) 

identified geological features of interest. Lunar Or-

biter Laser Altimeter (LOLA) derived topography 

and slope maps (5 m/pixel) were used to evaluate 

accessibility of those features.  

      Results: The morphology of Shackleton crater 

can be produced by a 1.5 km asteroid striking the 

pole at 15 km/s (Fig. 2a). The addition of a 100 m 

thick, mixed volatile-regolith layer at a depth of 500 

m better represents the relatively flat topography 

seen on the rim opposite to the south pole (Fig. 2b).  

About 150 m of ejecta covers the rim. 

Shackleton was excavated from two types of ter-

rains: (i) a crystalline highland terrain composed, in 

part, of pure anorthosite (PAN) (Fig 3) and (ii) a 

layered terrain that may be composed of ejecta blan-

kets from nearby craters.  Large blocks of rock, hun-

dreds of meters in size and corresponding to PAN 

spectra [14], are visible in the crater walls near the 

south pole (Fig 3). The layered terrain is on the op-

posite side of the crater and is composed of strata 

~10-20 m thick producing a unit with a total thick-

ness of ~100-200 m. Ejecta from Amundsen, de Ger-

lache, Nobile, Slater, Sverdrup, and Cabeus are 

among the candidate sources for the layers.  Both 

terrains are sources of debris in Shackleton ejecta.  
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Fig. 2: Final crater morphologies for a surface with: (a) 

homogenous target and (b) target with a 100 m thick 

volatile layer buried at 500 m. Black line = LOLA profile 

of Shackleton from the south pole (star) rim to the oppo-

site rim.   

 



 
Fig. 3: a) PAN outcrops (100s m) (red boxes) in the 

crater wall, initially identified by Yamamoto et al.  [14]. 

b) Distribution of possible PAN rock exposures along the 

crater rim, orange box shows location of c.     

 

Our photogeologic analysis of that ejecta surface 

around the south pole revealed 13 potential EVA 

targets, 11 of which are within a 2 km south pole 

radial boundary and 2 are within the 10 km radial 

boundary of the highest illumination point on the 

rim. The identified targets include rock exposures, 

boulders, and craters of varying levels of accessibil-

ity (Fig. 4). One of the rock exposures identified may 

potentially host a PSR (Fig. 4e), suitable for volatile 

investigations.  These targets would add to and en-

hance collections of regolith and clast components 

along the rim of Shackleton. 

Conclusions: The south polar region is a topo-

graphically challenging area.  A set of samples can 

be collected along the rim on relatively flat terrain, 

but large blocks of debris that may provide a more 

detailed geologic context, are on the outer rim of the 

crater with slopes >15° (Fig. 3). The sizes of the rock 

exposures (100s of m) could provide important clues 

about the crystallization of the lunar crust if com-

posed of PAN and/or other magmatic lithologies.  

Material in Shackleton ejecta provides access to a ~4 

km deep cross-section of the south polar crust of the 

Moon.  
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Fig. 4: Slope maps of the south pole region with the loca-

tions of the potential EVA targets (red and black dots), a-

e, within the 2 and 10km exploration zones.  
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Introduction:  The farside of the Moon is a 

pristine, quiet platform to conduct low radio fre-

quency observations of the early Universe’s Dark 

Ages, as well as space weather and magneto-

spheres associated with habitable exoplanets. I 

will describe NASA-funded concept studies of a 

lunar-orbiting spacecraft, DAPPER (Dark Ages 

Polarimeter PathfindER), that will measure the 

21-cm global spectrum at redshifts 40-100, and 

an array of low frequency dipoles on the lunar 

farside surface, FARSIDE (Farside Array for 

Radio Science Investigations of the Dark ages 

and Exoplanets). 

DAPPER: The early Universe’s Dark Ages, 

probed by the highly redshifted 21-cm neutral hydro-

gen signal, is the ideal epoch for a new rigorous test 

of the standard cosmological model. The Dark Ages 

Polarimeter PathfindER (DAPPER), operating in a 

low lunar orbit above the radio-quiet farside, shall 

search for divergences from the standard model that 

will indicate new physics such as heating or cooling 

produced by dark matter [1]. DAPPER will observe 

this pristine epoch (17-38 MHz; z~83-36), and will 

measure the amplitude of the 21-cm spectrum to the 

level required to distinguish (at >5𝝈) the standard 

cosmological model from that of additional cooling 

derived from current, published results. The main 

challenge of this measurement is the removal of 

bright foregrounds. DAPPER is designed to over-

come this by utilizing two techniques: (1) a polarime-

ter to measure both intrinsically polarized emission 

and polarization induced by the anisotropic fore-

grounds and large antenna beam to aid in the separa-

tion of the foregrounds from the isotropic, unpolar-

ized global signal; and (2) a pattern recognition pipe-

line based on well-characterized training sets of 

foregrounds from sky observations, instrument sys-

tematics from simulations and laboratory measure-

ments, and signals from theoretical predictions. 

Rigorous end-to-end simulations of the 

DAPPER instrument including thermal noise, sys-

tematics from the spectrometer/ polarimeter and the 

beam-averaged foreground, along with 21-cm mod-

els, which include added cooling meet our sensitivity 

requirements to separate the standard cosmological 

models from ones that point toward new physics. 

DAPPER’s science instrument consists of dual or-

thogonal dipole antennas and a tone-injection spec-

trometer/polarimeter based on high heritage compo-

nents from the Parker Solar Probe/FIELDS, 

THEMIS, and the Van Allen Probes. 

FARSIDE:  FARSIDE is a Probe-class concept 

to place a low radio frequency interferometric array 

on the farside of the Moon. A NASA-funded design 

study, performed in collaboration with JPL, focused 

on the instrument, a deployment rover, the lander and 

base station, delivered an architecture broadly con-

sistent with the requirements for a Probe mission [2]. 

This notional architecture consists of 128 dipole an-

tennas deployed across a 10 km area by a rover, and 

tethered to a base station for central processing, 

power and data transmission to the Lunar Gateway, 

or an alternative relay satellite (Fig. 2). FARSIDE 

would provide the capability to image the entire sky 

each minute in 1400 channels spanning frequencies 

from 100 kHz to 40 MHz, extending down two or-

ders of magnitude below bands accessible to ground-

based radio astronomy. The lunar farside can simul-

taneously provide isolation from terrestrial radio 

frequency interference, auroral kilometric radiation, 

and plasma noise from the solar wind. It is thus the 

only location within the inner solar system from 

which sky noise limited observations can be carried 

out at sub-MHz frequencies. This would enable near-

continuous monitoring of the closest stellar systems 

in the search for the radio signatures of coronal mass 

ejections and energetic particle events, and would 

also detect the magnetospheres for the nearest candi-

date habitable exoplanets (Fig. 1). Simultaneously, 

FARSIDE would be used to characterize similar ac-

tivity in our own solar system, from the Sun to the 

outer planets, including the hypothetical Planet Nine. 

Through precision calibration via an orbiting beacon, 

and exquisite foreground characterization, FARSIDE 

would also measure the cosmic Dark Ages global 21-

cm signal at redshifts z ~50–100. It would be a path-

finder for a larger 21-cm power spectrum instrument 

by carefully measuring the foreground with high dy-

namic range. The unique observational window of-

fered by FARSIDE would enable an abundance of 

additional science ranging from sounding of the lunar 

 
Figure 1. DAPPER spacecraft with features highlighted. 
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subsurface to characterization of the interstellar me-

dium in the solar system neighborhood. 
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Figure 2. Overview of the FARSIDE observatory after 

deployment of tethers and antennas. Credit: Robin 

Clarke, JPL.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. DAPPER spacecraft with features highlighted. 
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Introduction:  Mafic regions embedded in the 

Lunar highlands have been recently observed [1] and, 

moreover, the presence of an absorption band at ca. 

1250nm, assigned to Fe2+ transition in plagioclase 

(PL), has been detected in central peaks of some im-

pact craters (e.g. [2]). The provence of these mafic en-

richment zones is still an open point, if they are com-

ing from other crater ejecta, are upwelling of mantel 

portion or subcrustal magmantic chambers. 

 

Data & Methods:  We used some M3 (Chan-

drayaan mission) spectral cubes in particular the im-

age (m3g20090202t024131) where a small interesting 

crater (Proclus) is completely present in the image. 

We classified the crater by using the Spectral Angle 

Mapper (SAM) method [3], building our spectral li-

brary directly from the images by means of Purity 

Pixel Index (PPI, [4]). We iteratively chose SAM ac-

ceptance angle to highlight outcrops of well defined 

spectral properties. 

 

Preliminary Results:  Here, we analyze the M3 

(Chandrayaan mission) reflectance spectra of Proclus 

crater (16.1° N, 47.0° E), a 28 km crater located in a 

highland portion on the west of Mare Crisium, were 

high amount of PL have been previously detected 

(e.g. [5]). First, we classified the crater in different 

spectral regions, using the SAM method (Figure 1), 

with a spectral library build by means of PPI, on the 

basis of the different spectral properties in the reflec-

tance data (Figure 2). Then, we related the spectral 

parameters of each region to the mineralogical com-

position. To this purpose, the M3 data have been com-

pared with laboratory spectra acquired on well char-

acterized mixtures of PL and mafic minerals, such as 

pyroxene (PX) and olivine (OL) (e.g. [6] and refer-

ences therein). We recognized regions with different 

spectral behaviors: 1) PL regions located mainly in 

the crater walls; 2) PX regions in both the walls and 

the floor of the crater; 3) OL regions in the southeast 

portion of the crater walls; and 4) PL (90%)+PX re-

gions in the crater wall. Here we have highlighted 

how a comparison with laboratory spectra can 

strongly help to obtain information about the mineral 

content and composition of a planetary surface (Fig-

ure 3).  

 
Figure 1 – SAM classification with 0.1 rad of sensi-

tivity. Orange and yellow represent regolith spectral 

properties. 
 

 
Figure 2 – M3 averaged spectra representative of the 

different units extrapolated by means of PPI. Color 

correspond with figure 1 units. 
 

 
Figure 3 – Comparison between spectral units from 

M3 data and analogue mixture spectra using a band 

depths ratio parameter. 
 



Future works:  A comparison with morphology 

and a 3D reconstruction is ongoing to assess a geolog-

ical setting of this fresh crater and to identify the 

origin of the mafic outcrops. 
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Figure 1. BSE image of apatite in 76255,71 surrounded by 
impact melt and anorthite (top panel); SE image of the 
apatite grain after Xe+ plasma FIB cutting and final polish-
ing (bottom panel). The thin bridge holding the sample is 
annotated. Apatite mass is 0.13 µg. 
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Introduction:  The first lunar crust formed by 

solidification of anorthosites on the top of the Lunar 

Magma Ocean (LMO) [1]. The crustal solidification 

was followed by secondary magmatic processes in 

the lunar interior, which produced magmas that in-

truded into the early anorthositic crust [1]. The tim-

ing and duration of lunar crust formation is still 

poorly constrained, with one of the outstanding ques-

tions being the source and the timing of the so called 

Mg-suite intrusive rocks [2]. The origin of these cu-

mulate rocks that have high abundance of incompat-

ible elements is often debated, either to have its 

source in the lunar interior [3], or alternatively, to be 

impact-related [4]. Nevertheless, numerous geo-

chronological investigations of Mg-suite samples 

have been carried out [summarized in 2]. However, 

in situ age determination in Mg-suite phosphate min-

erals apatite and merrillite that are particularly sensi-

tive to impacts, remain scarce [5]. Here we focus on 

exploring the U-Pb and Pb-Pb ages of apatite and 

merrillite in a set of variably shocked rocks sampled 

by the Apollo 17 mission in the Taurus-Lithrow Val-

ley. The selection of the samples builds on previous 

micro- and nanostructural analyses of the phosphates 

[6]. 

Samples:  In this study, six different samples of 

Mg-suite norite, troctolite and gabbro were selected 

from the Apollo 17 collection, based on increasing 

levels of shock deformation [6]: unshocked S1 troc-

tolite 76535, brecciated S2 anorthositic troctolite 

76335, breccia 76255 with troctolite, norite and gab-

bro clasts (S2, S3-4 and recrystallized grains) within 

impact melt, 73235 S3 shocked troctolite, 72255 

(Civet Cat norite fragment, S3-4), and 78235 & 

78236 S5-S6 shocked norites.  

Methods:  In the first part of the study, we car-

ried out U-Pb and Pb-Pb analyses of ~50 phosphate 

grains from across the six samples using the 

CAMECA 1280 ion microprobe at the NordSIMS 

facility (Stockholm), following established protocols 

[5]. Further on, we identified three individual phos-

phates found in contact with the impact melt of 

76255 breccias for high-precision U-Pb and Pb-Pb 

analyses by ID-TIMS (Jack Satterly Lab, University 

of Toronto). For this purpose we applied a recently 

developed FIB-TIMS approach [7], extracting phos-

phate grains directly from thin sections using a Xe+ 

plasma FIB (FPIB) at CCEM. After the final pFIB 

cutting and polishing, the grains were left in contact 

with the surrounding material via a thin bridge (Fig. 

1). The entire thin-section was then placed in a large 

petri dish before being entirely submerged in etha-

nol. Fine tipped tweezers and custom pipettes (made 

within the Jack Satterly Lab) were used to physically 

knock the PFIB-isolated grain loose under an optical 

microscope, where the individual ~70 x 95 x 20 µm 

or smaller  cuboids of phosphates (0.13-0.4 µg) were 

liberated. Details on ID-TIMS procedure of this ap-

proach are provided elsewhere [7]. 

Results:  As determined by SIMS, 207Pb/206Pb 

systematics of the unshocked or weakly shocked 

apatite in 76535 and 76335 are undisturbed, imply-
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ing cooling of the rock below the closure tempera-

ture of Pb diffusion in apatite (~450 ⁰C) at ~4.2 Ga 

[for more details see 8]. This age is ~100 Ma young-

er than what is interpreted as the rock’s crystalliza-

tion age [9], but is in good agreement with Ar-Ar 

dating [e.g. 10]. Phosphates that experienced similar 

levels of deformation but were in proximity or in 

direct contact with the impact melt in samples 76255 

and 72255 show almost complete age resetting 

(~3.92 Ga, see [8]). In particular, a weighted average 

SIMS age of 15 phosphate analyses in sample 76255 

is 3921.9 ± 6.8 Ma (2σ) (Fig. 3). This agrees with the 

previously published 207Pb/206Pb phosphate ages of 

impact melt breccias collected from the same boul-

der and interpreted to reflect the timing of the Imbri-

um impact [5]. SIMS U-Pb analysis of highly 

shocked phosphates (78235 and 78236) reveal a dis-

cordia line with an upper intercept of ~4.2 Ga and a 

lower intercept of ~0.5 Ga [11]. We interpret this 

new, younger age as a minor thermal event that reac-

tivated existing shock-induced nm-scale grain 

boundaries within the apatite population to allow for 

Pb-loss at ~0.5 Ga. We propose a small crater locat-

ed near the Apollo 17 landing as a possible source of 

this sample.  

The results of one apatite (76255,71) and one 

merrillite (76255,75) ID-TIMS analyses, presented 

in Figure 2. yield Pb-Pb ages with significantly low-

er internal uncertainties than that of the individual 

SIMS measurements, 3917.8 ± 1.8 Ma and 3921.0 ± 

1.3 Ma (2σ), respectively. While the apatite is con-

cordant, the merrillite shows minor discordance (1.5 

%), plotting along a line with an upper intercept 

slightly older than that of the concordant apatite. The 

third phosphate (apatite 78255,68) is significantly 

more discordant (32 %), with an upper intercept of 

3930 ± 25 Ma. As presented in Figure 3, the two 

TIMS ages are within the range of the weighted av-

erage of the 76255 SIMS ages (3921.9 ± 6.8 Ma, 2σ, 

n=15). These two values may represent differing 

degrees of resetting of the phosphates incorporated 

within the impact melt, or perhaps even record mul-

tiple impact events close in time to what is interpret-

ed as the Imbrium event. 

Conclusion:  Apollo 17 Mg-suite rocks show a 

great variability in Pb-Pb and U-Pb systematics, that 

can be related to their complex bombardment histo-

ry. By correlating micro- to nanostructural character-

ization with in situ U-Pb and Pb-Pb systematics we 

show that apatite and merrillite hold great potential 

to be utilized as sensitive thermochronometers of 

impact events. We establish FIB-TIMS as a powerful 

tool for high-precision age determination of single 

phosphate grains that can discriminate between tem-

porally similar events. This can greatly aid in unrav-

elling the bombardment record of the early lunar and 

solar system history, and be helpful when dealing 

with samples of restricted availability, for example 

material obtained by space return missions.  
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Figure 2. ID-TIMS obtained U-Pb concordia diagram of 

pFIB-extracted phosphates, with individual 207Pb/206Pb 

ages (TIMS – white, SIMS – blue) annotated. All quoted 

uncertainties are 2σ.  
 

Figure 3. 207Pb/206Pb ages of the 76255 phosphates. Red 
bars are SIMS ages with the green area indicating the 

weighted average over 15 individual measurements. TIMS 

ages are presented in orange. All bars include 2σ uncer-

tainties.  
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Introduction: The lunar regolith is formed by 

high velocity micrometeorite impacts, which have 

pulverised the lunar surface into highly angular lithic 

fragments and impact melt. The impact melt solidi-

fies to form silica-rich glass rinds around grains, 

which become brittle and shatter, resulting in sharp, 

angular particles that are highly abrasive and can 

interfere with the operation of equipment on the sur-

face [e.g. 1]. Lunar regolith is also easily disturbed 

and electrostatically charged [2], which is particular-

ly problematic when it is necessary to form gas tight 

seals in-situ, as it is highly likely that the sealing 

surfaces would become contaminated with dust. 

ESA’s PROSPECT (Package for Resource Ob-

servation and in-Situ Prospecting for Exploration, 

Commercial exploitation, and Transportation) is due 

to fly on the Russian Luna 27 mission to the lunar 

south pole with the goal of identifying the presence 

and distribution of water in the subsurface. The 

ProSPA (PROSPECT Sample Processing and Analy-

sis) package [3] is a miniaturized chemical analysis 

laboratory consisting of a gas processing system and 

two mass spectrometers, designed to provide infor-

mation on the abundance, nature, and distribution of 

lunar volatiles, as well as to demonstrate In Situ Re-

source Utilization (ISRU). Samples of icy regolith 

will be sealed within miniature ovens, heated and 

then analysed. A wide range of temperatures will be 

experienced, from the approx. -100°C of the lunar 

surface, through to the maximum operating tempera-

ture of the ovens at ~1000°C. However, the oven 

design will allow for the seal to only have to with-

stand up to ~300°C. An effective seal will need to be 

maintained across the temperature range, most likely 

with dust particles embedded on the surface of the 

sealing material. Whilst dust mitigation strategies for 

gas-tight seals do exist (such as those used on 

NASA’s MSL rover [4, 5] and the upcoming Exo-

Mars rover [6]) these involve relatively complex, 

large-scale, heavy sample handling hardware and are 

therefore prohibited by the mass limitations of 

ProSPA (10 kg). Given these limitations, the sealing 

mechanisms are modelled on the Rosetta Philae SD2 

sampling system [7], designed to be small and light-

weight, but meaning only low sealing forces (<400 

N) are able to be exerted. 

 

Methods: Experimental work has been undertak-

en to assess the leak rate of seals using different ma-

terials and a range of sealing forces. This work 

builds on the results from Abernethy et al. [8], which 

assessed the efficacy of Kalrez®7075 and indium as 

a single-use sealing material. Both materials are 

highly deformable, enabling seals to be made at rela-

tively low forces (<400 N), and were tested clean 

and contaminated with the lunar simulant JSC-1A.   

To extend the scope of this work, new measure-

ments of the leak rate of seals have been made. 

These were conducted using two metal alloys manu-

factured by Indium Corporation (Indalloy 164, 

chemical composition 5% indium, 92.5% lead and 

2.5% silver; and Indalloy 171, composed of 95% 

lead and 5% tin), and the fluoropolymer resin Poly-

tetrafluoroethylene (PTFE). The sealing potential of 

these materials has been tested using two different 

circular knife edges, with cross-sectional profile an-

gles of 45° and 90° at the tip of the knife edge (see 

Fig. 1) in order to also assess the effect of seal ge-

ometry on seal quality. 

 

 
Figure 1. Circular knife edges used to perform sealing 

tests. Left 90°, right 45°. Both 10 mm diameter at the peak 

of the knife edge, and 1 mm in height. 

 

A custom rig was used to test the leak rates of 

sealing materials. A force, measured by a load cell, 

was applied to the sealing material against the knife 

edge. The applied force was then gradually increased 

and the sealed volume within the knife edge evacu-

ated, and the leak rate tested incrementally until a 

good quality seal was achieved, as per the methods 

detailed in Abernethy et al. [8]. A leak rate of 10-6 

mbar.l.s-1 is the requirement for the ProSPA ovens, 

and so seals with a leak rate equal to or less than this 

threshold is deemed to be a “good quality” seal. Fig. 

2 depicts the equipment set-up used to pump down 

the sealed volume and then measure the rise in pres-

sure due to leaks in the seal. Valve 1 (V1) leads to a 

vacuum pump; valve 2 (V2) to a 1 Torr Baratron™ 

capacitance manometer; valve 3 (V3) to the seal test-

ing apparatus; and the final valve (V4) is kept 

closed. Once the volume was evacuated, the valve to 

the pump was closed off, leaving the Baratron and 

seal test apparatus valves open. The pressure on the 

Baratron was sampled over a 45s period, or until the 

Baratron reached the maximum pressure reading. 

The leak rate was then calculated from the rise in 

pressure over time within the sealed volume through 

the ideal gas equation.  
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Figure 2. Schematic of equipment used to measure pres-

sure rise in sealing tests [4]. 

 

Results: Leak rate measurements have been un-

dertaken on three candidate seal materials: Indalloy 

164, Indalloy 171 and PTFE. These were performed 

using a circular knife edge of 45° and 90° in profile. 

Measurements were then repeated with the seals 

contaminated by JSC-1A lunar regolith simulant, in 

order to get an initial assessment of how these seals 

could perform in a dusty environment, such as the 

lunar surface (see Fig. 3 for examples of sample ma-

terials after sealing achieved). For these tests the 

extent of dust coverage was not quantified, just visu-

ally assessed to be evenly coated in a thin layer of 

dust. 

 

 
Figure 3. Samples of tested seal materials. Top row: clean 

seals; Bottom row: seals loaded with JSC-1A dust. Left to 

right: Indalloy 164, Indalloy 171, PTFE. 

 

Analysis of the data so far has shown that the 

broader 90° angled knife edge achieves the required 

leak rate of 10-6 mbar.l.s-1 more consistently and at 

lower sealing forces than when using the 45° knife 

edge. Additionally, the 90° knife edge forms a seal 

with a lower leak rate than the 45° knife edge when 

the seals are contaminated with simulant dust. It is 

likely that this is due to the larger surface area over 

which a seal is made with the broader knife edge, 

which causes the simulant grain to be encapsulated 

in the seal completely. Room temperature tests so far 

show that PTFE is the most promising candidate seal 

material, forming a good seal at low sealing forces 

(<300 N) when clean, and requiring ~400 N sealing 

force to achieve the required leak rate when dusty. 

The softer Indalloy 171 performed within the re-

quirements when clean, achieving the leak rate of 10-

6 mbar.l.s-1at a sealing force of ~400 N, but required 

>500 N sealing forces when dusty, whilst the harder 

and least deformable Indalloy 164 performed the 

least consistently across all scenarios. 

 

Further Work: This investigation is ongoing. A 

new sealing rig is being assembled to enable testing 

of seal materials under vacuum conditions and over 

the temperature range from that experienced at the 

lunar pole, to oven operating temperatures. The sys-

tem will be automated for greater reproducibility of 

the results. Different materials may perform better at 

higher or lower temperatures, and so further sealing 

materials will be tested, in addition to the two alloys 

and PTFE tested so far. A range of knife edge seal-

ing geometries will be used, and tested on both sides 

of the seal (the knife edge, as tested here, and the 

oven side of the seal). Additionally, a dust distribu-

tion system has been developed to more evenly dis-

tribute lunar simulant dust onto the samples, and 

assess the quantity and distribution of the dust coat-

ing prior to experiment commencement. 
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Introduction: Vallis Schröteri is located on the Aris-

tarchus Plateau, a block of ancient crust surrounded 

by basaltic maria [1]. Sinuous rilles are typically 20 to 

40 km in length and less than a kilometer wide, how-

ever, the primary rille of Vallis Schröteri is 155 km 

long, up to 6 km in width and on average 500 m in 

depth [2]. The formation of Vallis Schröteri is likely 

the result of both lava thermal and mechanical ero-

sion, where the primary rille was created during a 

large discharge event and the secondary rille formed 

from a smaller discharge event [3-5]. The highly sin-

uous secondary rille meanders across the floor of the 

primary rille, eroding into its steep walls [6]. After 

traversing ~200 km away from the lava source [7], the 

secondary rille terminates in one of the youngest ma-

ria units on the Moon [8].  

The formation time for Vallis Schröteri has been 

of interest due its position on Aristarchus plateau, its 

proximity to Aristarchus Crater and the youngest ma-

ria unit [8]. Although an age has not yet been deter-

mined for the pyroclastic deposits on the plateau, 

model ages derived from crater size-frequency distri-

bution (CSFD) measurements indicate that Aristar-

chus crater is less than 200 Ma [9-12] and the young-

est maria unit P60 is ~ 1.2 Ga. With the secondary rille 

terminating in P60, it seemed plausible that the rille is 

the source of the P60 maria unit. A first attempt at da-

ting the rille was completed by [2] using CSFD tech-

niques on Kaguya images. To better understand the 

geologic history for the area, we obtained CSFD 

measurements for the rille from Lunar Reconnais-

sance Orbiter Camera (LROC) Narrow Angle Camera 

(NAC) images and investigate where the lava that 

carved the rille deposited outside of the plateau.  

Data and Methods: NAC images were processed 

using the Integrated Software for Imagers and Spec-

trometers (ISIS) [13,14], only images with incidence 

angles between 65°-75° were considered [15]. 

ArcGIS, count areas and CSFD measurements were 

defined and generated using CraterTools [15]. The 

CSFDs were plotted and fit in Craterstats [17], using 

the techniques described in [15]. The derived absolute 

model ages (AMAs) are based on the production and 

chronology functions [18], valid for lunar craters >10 

m and <100 km in diameter. 

CSFD measurements (Fig. 1) were conducted on 

three sections of the floor of the primary sinuous rille: 

(A) near the opening of the rille, (B) in the center, and 

(C) adjacent to the source vent (Cobra Head). These 

areas were later combined to estimate the formation 

age of the primary rille. Due to Vallis Schröteri’s 

proximity to Aristarchus crater, we were meticulous 

to omit ejecta rays from the digitized count areas (es-

pecially for Area C). The Buffered Crater Counting 

technique for the primary and secondary rilles was 

considered, however, (1) the primary rille is too broad 

to use the technique, (2) the secondary rille has likely 

undergone a faster rate of resurfacing due to slumping 

from the walls of the primary rille, and (3) the second-

ary rille contains a large amount of blocks making it 

difficult to conduct CSFD measurements. 

Results: Our CSFD derived model age for Vallis 

Schröteri is 2.5 ± 0.5 Ga (Fig. 2). This AMA was de-

termined by combining the CSFD measurements of 

areas A-C (80 km²). Individually, the AMAs for areas 

A-C ranged from 2 to 2.7 Ga, all overlapping within 

their uncertainty estimates.  

A similar age for the rille of 2.5 ± 0.5 Ga was de-

termined by [2], however, the count area was not doc-

umented in that work and therefore, it is unclear what 

sections of the rille, primary or secondary, was used 

for age determination. The resurfacing tool was ap-

plied to CSFDs to account for minor resurfacing due 

to the Aristarchus cratering event. [2] conducted 

CSFD measurements on the Cobra Head, attempting 

to correlate its age to the rille. Although an age of 3.1 

(+0.3, -0.7) Ga was determined, it is likely not a rep-

resentative age due to its proximity to Aristarchus 

Figure 1:  

Vallis Schröteri (cen-

tered: 26°N, -50.9°W) 

shown in LROC Wide 

Angle Camera Global 

Morphologic basemap 

(100 m/pix)[9]. Count 

areas for CSFD meas-

urements are marked in 

yellow boxes (A-C). 

A 

B C 
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Crater and therefore, being affected by ejecta material 

and secondaries.  

Discussion: With the primary rille being 

Erastothenian in age (~2.5 Ga), it is unlikely to be the 

source for the youngest mare basalts on the Moon 

(unit P60 at ~1.2 Ga). The primary rille abruptly stops 

25 km before the edge of the P60 mare unit and is fac-

ing west (Fig. 3), suggesting that the rille terminus 

was covered by the mare unit or the Aristarchus pyro-

clastic deposits (whose age remains unknown). If the 

primary rille had earlier terminated into the maria, 

continuing in a western direction, it is possible that the 

nearby P32 basalts might have been sourced by the 

rille as their age ranges (2.76 +0.3/-0.2 [8]) overlap 

with our estimates for the primary rille. 

At the primary rille terminus (Fig. 3), the second-

ary rille takes a sharp 90º turn to the south, cross-cut-

ting the wall of the primary rille, and eventually fades 

away near the contact or within the P60 mare basalts 

[8]. This course change suggests that the rilles formed 

at two distinct times. 

The area of the terminus of the secondary rille, 

based on Clementine data, is chemically distinct rela-

tive to the surrounding units and may be a complex 

mixture of P60, ash, and Aristarchus ejecta. There-

fore, an additional CSFD measurement on area could 

determine if it has similar age to P60. 

From a morphological standpoint, we find no in-

dication that the primary and secondary rilles are su-

perposed by ash deposits, however, a thin ash veneer 

might not have a strong morphological expression in 

orbital images. Generally, the floor of the primary 

rille has the same Clementine color signature as the 

plateau (suggesting ash on the rille floor). Based on 

our observations, we offer a potential sequence of 

events: (1) the vent opened and a voluminous flow 

event created the primary rille, (2) the primary rille 

was then blanketed in a veneer of ash, 3) the primary 

rille terminus was blocked (ash or other?) (4) the vent 

was reactivated and the secondary rille formed, and 

(5) the Aristarchus impact event redistributed surface 

materials and nearby subsurface materials. Key ques-

tions include a) how was the primary rille terminus 

blocked b) was there a significant time hiatus between 

primary rille formation, the blocking event, and sec-

ondary rille formation? 

Rover-based high-resolution imaging, as well as 

mineralogical and chemical measurements [19] of the 

primary and secondary rille materials as well as of the 

P60 mare unit would clarify the sequence of mag-

matic events. Additionally, magnetic field strengths 

and polarity between the rilles and nearby mare could 

clarify relative age differences. 
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Figure 2: Absolute model age determined from the combined 
CSFD measurement areas on the floor of Vallis Schröteri. A Pois-

son timing analysis was used to fit the CSFDs. Fit shown in cu-

mulative and r-plot.  

Figure 3: Low-incidence angle NAC image showing theend of the 

primary rille (white arrows). The secondary rille (red arrow) con-

tinues south for another ~50 km. 
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Introduction:  The Lunar Discovery and Explo-

ration Program (LDEP), within NASA’s Science 
Mission Directorate, is responsible for several lunar-
related activities. These include 

• Commercial Lunar Payload Services 
(CLPS) 

• Instruments to fly on CLPS missions 
• Instrument Development 
• Lunar Reconnaissance Orbiter 
• Lunar SmallSats 
• Future medium-class landers and rovers 

 
Commercial Lunar Payload Services (CLPS):  

NASA is looking to jumpstart the U.S. commercial 
lunar lander services industry. In November 2018, 
NASA selected nine providers for the CLPS cata-
logue, with an additional five companies added late 
2019.  These companies all have plans to launch 
landers to the lunar surface, selling available payload 
space.  NASA will be one of the early customers for 
these companies.  The fourteen CLPS providers are: 

• Astrobotic Technology Inc. 
• Blue Origin 
• Ceres Robotics 
• Deep Space Systems 
• Draper 
• Firefly Aeronautics Inc. 
• Intuitive Machines, LLC 
• Lockheed Martin Space 
• Masten Space Systems Inc. 
• Moon Express 
• Orbit Beyond 
• Sierra Nevada Corporation 
• Space X 
• Tyvak Nanosatellite Systems 

 
NASA released the first delivery Task Orders in 
2019, with Astrobotic and Intuitive Machines select-
ed to deliver payloads to the lunar surface in 2021.  
LDEP’s goal is to enable at least two CLPS deliver-
ies to the lunar surface every year. 

 
Instruments to fly on CLPS Landers:  NASA 

recently put out two calls for ready (or near-ready) to 
fly instruments to fly on early CLPS missions. 
NASA Provided Lunar Payloads (NPLP).  The 
NASA Provided Lunar Payload call supports ready-
to-fly and the completion of near ready-to-fly sci-
ence and technology payloads. In February 2019 
NASA announced the first 12 NPLP selections. The 
selected payloads include a wide selection of scien-
tific instruments. These instruments provide the ma-

jority of the manifests for the first two CLPS deliver-
ies. 

 
Lunar Surface Instrument and Technology Pay-

loads (LSITP): LSITP was a call to the external 
(non-NASA) science, technology and exploration 
communities for potential payloads to fly on early 
CLPS missions.  12 instruments were selected July 
2019.  These instruments provide the bulk of the 
manifests for the third and fourth CLPS lunar surface 
deliveries 

 
Payloads & Research Investigations on the Sur-

face of the Moon (PRISM): PRISM is an instrument 
solicitation for new PI-led investigations through 
individual or suites of instruments that are either 
destination agnostic or uniquely adapted to study 
specific.  PRISM will generate a catalogof instru-
ments/technology demonstratoons that are available 
from the science community. PRISM will be the 
primary method by which US payloads are selected 
for future CLPS deliveries. 

 
Instrument Development.  It is the goal of LDEP 

to have a healthy supply of instruments ready to fly 
with the CLPS providers.  The Development and 
Advancement of Lunar Instrumentation (DALI) call 
is a lunar instrument development program with the 
purpose of maturing the instrument development to 
TRL-6. 

 
Lunar Reconnaissance Orbiter (LRO): LRO 

has been in orbit around the Moon for a decade and 
continues to acquire key new data sets.  In addition 
to conducting scientific discovery, LRO will be used, 
where possible, to help the CLPS providers with 
landing site reconnaissance. 

 
Small Satellites: The Small Innovative Missions 

for Planetary Exploration (SIMPLEX) is a call for 
small innovative planetary exploration missions.  
Any lunar missions that are selected will be managed 
under LDEP. 

 
Medium Class Landers and Rovers: It is also 

in the LDEP portfolio to study the options for flying 
medium class (~500 Kg payload) landers and poten-
tial accompanying rovers.  An example for such a 
mission could be a polar prospecting mission. 
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Introduction:  Spaceship EAC is a 

multidisciplinary innovation-driven team based 
within the European Astronaut Centre which aims 
to develop and validate operational concepts and 
low-TRL-level technologies in support of lunar 
human exploration scenarios, as part of the ESA 
E3P/EXPERT (European Exploration Envelope 
Programme/Exploration Preparation, Research and 
Technology). In the past the team has focused on 
planetary fabrication approaches with ISRU, 
focusing on utilizing both direct microwave heating 
and indirect susceptor driven heating of regolith 
simulant in order to enable an additive 
manufacturing methodology using this material 
(following from the ESA General Studies 
Programme project concept proposed in 2013 [1]). 

In the past year, the initiative has begun to in- 
vestigate novel O2 production, extraction and cap- 
ture methodologies. Herein we present our progress 
and results on a range of these ongoing activities:  

Novel Oxygen Production Techniques – we are 
investigating distinct novel approaches to Oxygen 
production via processing of regolith simulant. It is 
known that Fluorine is a powerful extracting agent, 
whereby aqueous HF and F2 can readily reduce 
many of the compounds present in regolith. Hereto- 
fore uninvestigated, we report on initial work on 
developing a PFC/SF6 low-pressure plasma activat- 
ed process for extracting O2 from regolith. In addi- 
tion, two electrolysis processes are being compared 
and evaluated for ISRU: one is performed in molten 
Calcium Chloride and the other is done in an 
aequeous NaOH solution. Both processes used in- 
dustrially for the production of titanium and pure 
iron respectively.  

Flexible Toolkit for Lunar Regolith Processing & 
Offgasing (FLOP) - All ISRU oxygen extraction 
processes have one thing in common: They produce 
a gas that contains O2, H2O, CO2 or other oxygen- 
bearing compounds. But the purification and the gas 
treatment to yield in pure oxygen or water requires 
further steps [2]. Therefore, a modular gas 
treatment toolkit is developed by matching gas 
separation and purification technologies with the 
output compositions from oxygen extraction 
processes and the input requirements of user 
technologies such as life support systems and liquid 
fuel engines.  

In all our activities, concept/technology devel- 
opment and demonstration projects are coordinated 
with ESA centres and exploit synergies with EAC 

facilities as well as with the surrounding DLR cam- 
pus, commercial partners and European research 
groups [3].  
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Diverse and specific payload design, prototyping and 
space testing activities were completed in the last 
five years by INFN-LNF, in particular for Moon-
LIGHT-100/NGLR = Moon Laser In-strumentation 
for General relativity High accuracy test. This 100 
mm single, large reflector is intended for direct lunar 
laser ranging from stations in USA, Italy (ASI-CGS) 
and France (Grasse). Its main applications are the 
Lunar Geophysical Network (LGN) and precision 
tests of General Relativity (GR) and new theories of 
fundamental relativistic gravity.  

Since this time and for the very first returning 
mission to the Moon, the deployment of CCRs will 
not be assisted by astronauts, INFN-LNF has been 
designing, prototyping, manufacturing and space-
qualifying a MoonLIGHT Pointing Actuator 
(MPAc). For the correct deployment of ML100 dur-
ing the lunar day, the MPAc must be able to perform 
two continuous rotations. “Azi-muth”: around the 
normal to the (horizontal) lander deck surface on 
which it is installed. “Eleva-tion”: around an axis 
parallel to the lander deck. The MPAc axes will also 
be locked during launch, during the trans-lunar flight 
and lunar landing. The locked state is the default 
condition when the gimbals are not powered. The 
MPAc must work in UH-vacuum space conditions 
and in an wide operating temperature range during 
the lunar day. 

 



 
 
Figure 1. Diviner Christiansen feature (CF) map that has been corrected for soil maturity [11]. 
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Introduction:  Much of what we know today 

about the Moon’s composition comes from orbital 
spacecraft mapping its upmost surface. Instruments 
used to probe the composition of the crust have in-
cluded multispectral imaging systems (NASA’s 
Clementine Ultraviolet/Visible Camera and the Lu-
nar Reconnaissance Orbiter Wide Angle Camera), 
spectrometers (NASA’s Lunar Prospector Gamma 
Ray and Neutron Spectrometers, ISRO’s Chan-
drayaan-1 Moon Mineralogy Mapper, and JAXA’s 
Kaguya Multiband Imager and Spectral Profiler), 
and radiometers (NASA’s Lunar Reconnaissance 
Orbiter Diviner Lunar Radiometer). Particularly, the 
visible to near infrared (VNIR) and thermal infrared 
(TIR) remote sensing measurements have been used 
to identify and characterize the mineralogical diver-
sity of the lunar crust by comparing observations 
with analog materials measured in the laboratory. 
Highlights from these observations include the iden-
tifications of: (1) regions of the primary anorthositic 
crust [e.g., 1-4], (2) a limited number of olivine-rich 
regions (possibly indicative of the mantle) [e.g., 5-6], 
(3) regions of silicic volcanism [e.g., 7-8], (4) a new 
lunar-rock type dominated by Mg-rich spinel [e.g., 
9-10], and (5) the effects of space weathering on TIR 
measurements [e.g., 11].  

With NASA’s Moon to Mars exploration pro-
gram, new observations of the lunar surface are ex-
pected, which should further enable our understand-
ing of the composition. In this presentation we will 
discuss the current understanding of the Moon’s 

composition based on thermal infrared observations 
from Diviner [e.g, 12-13], how Diviner TIR observa-
tions combined with VNIR spectral measurements 
place important constraints on the composition of the 
crust [e.g., 4,6], and what we will learn from thermal 
infrared observations of the Moon at the surface 
(Lunar Compact Infrared Imaging System) and from 
orbit at higher spatial resolutions (Lunar Trailblazer). 

Current TIR Spacecraft Observations of the 
Moon:  The Moon is one of the most well-studied 
Solar System airless bodies at thermal infrared wave-
lengths in large part due to a decade of observations 
from the Diviner Lunar Radiometer [e.g., 12-13]. 
Diviner is a nine band TIR radiometer launched 
onboard NASA’s Lunar Reconnaissance Orbiter 
(LRO) in June 2009.  Three narrow bands near 8 µm 
were specifically chosen to map the Christiansen 
feature (CF), an emissivity maximum in TIR spectra 
indicative of bulk mineralogy, to provide global (see 
Figure 1), and local maps of composition. 

Upcoming TIR Spacecraft Observations of the 
Moon:  The Lunar Compact Infrared Imaging Sys-
tem (L-CIRiS) is a multi-spectral imaging radiome-
ter based on Ball Aerospace’s Compact Infrared Ra-
diometer in Space (CIRiS) cubesat [14]. In July 
2019, L-CIRiS was selected by NASA to go to the 
lunar surface on board a Commercial Lunar Payload 
Services (CLPS) mission where it will map the com-
positional and thermophysical properties of the sur-
face in a polar environment. Radiometric imaging 
will be accomplished in four infrared bands between 



7 and 14 µm at a spatial resolution of < 1cm near the 
lander and ~40 cm at 100 m from the lander. L-
CIRiS’s main science objectives are to (1) determine 
the Moon’s surface composition at small scales, (2) 
determine small-scale thermophysical properties of 
the Moon as well as indicators of rover trafficability, 
and (3) determine the Moon’s volatile cold-trapping 
potential at small scales. New observations from L-
CIRiS will also be critical for ground-truthing orbital 
observations as its in situ measurements will be 
compared to Diviner measurements of the landing 
site. 

In June 2019, NASA selected the SIMPLEx mis-
sion Lunar Trailblazer for Phase A/B development, 
with a Preliminary Design Review in September 
2020 on the path to flight [15]. Lunar Trailblazer’s 
objectives are to (1) detect and map water on the 
lunar surface at key targets to determine its form 
(OH, H2O, or ice), abundance, and distribution as a 
function of latitude, soil maturity, and lithology; (2) 
assess possible time-variation in lunar water on sun-
lit surfaces; and (3) map the form, abundance, and 
distribution of water ice in the PSRs, finding any 
operationally useful deposits of lunar water and loca-
tions where it is exposed at the surface for sampling. 
In all cases, Lunar Trailblazer simultaneously (4) 
measures surface temperature to quantify the local 
gradients and search for small cold traps. Lunar 
Trailblazer includes the High-resolution Volatiles 
and Minerals Moon Mapper (HVM3), an imaging 
VNIR spectrometer, and Lunar Thermal Mapper 
(LTM), a TIR imaging radiometer. LTM will radio-
metrically image the lunar surface using eleven in-
frared bands between 7 and 10 µm at a spatial reso-
lution of < 35 m  [16]. New observations from LTM 
would also be critical for linking higher spatial reso-
lution orbital observations with L-CIRiS in situ ob-
servations of the surface and with orbital observa-
tions from Diviner. 
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Introduction:  The ESA-PANGAEA 

Mineralogical Toolkit aims to enhance the 
recognition of planetary minerals through creating a 
custom structured database containing information on 
all known minerals present on the Moon, Mars and 
other planetary bodies, and to use novel Machine 
Learning methods of data analysis to enable in-situ 
spectroscopic identification of these minerals. 
Developed and tested together, this mineral library & 
the minerals recognition software is conceived as a 
real-time decision support tool for future human and 
robotic planetary surface exploration missions. The 
Mineralogical Toolkit is composed of the PANGAEA 
Mineralogical Database, and Machine Learning (ML) 
software for recognition of minerals from 
multispectral data. 

PANGAEA Mineralogical Database: The 
Mineralogical database [1] can be viewed as two 
distinct products: a catalogue of petrographic 
information and an analytical library. The catalogue 
consists of petrographic information on all currently 
known minerals identified on Moon, Mars, and found 
primarily, or exclusively, within meteorites. The 
catalogue is envisioned to provide essential analytical 
in-field information for each mineral to assist in rapid 
identification and understanding of significance in 
real time geological exploration. Each mineral entry 
includes: IMA recognized Name, Chemical Formula, 
Mineral Group, surface abundance on planetary 
bodies, geological significance in context of planetary 
exploration (occurrence, environmental conditions, 
marker for important processes, etc.), number of 
collected VNIR and Raman spectra and their spectral 
discoverability and the possible spectral features. In 
addition, supplementary characteristics for each 
mineral that may help with its identification are 
included, such as chemical abundances calculated 
from the known empirical chemical formula, as well 
as basic physical properties (hardness, specific 
gravity, crystal system, etc.). The database was 
compiled through systematic literature research, 
followed by the careful cross-validation ("out-of-
sample" testing) of all mineral characteristic 
information (including flagging of doubtful or 
erroneous data).  

 
The second major contribution provided by the 

PANGAEA Mineralogical Database is a customized 
library of analytical data from all known planetary 
terrestrial analogue minerals. This covers four 
analytical methods: reflective Visual-to-Near- & 
Shortwave-Infrared (VNIR), Raman vibrational 
(molecular) spectroscopy, Laser-Induced-Breakdown 

(LIBS), and X-Rays Fluorescence (XRF) atomic 
spectroscopy. This library also includes a set of 
standard spectra, which is used for evaluating the 
detectability of minerals with different analytical 
methods.  

Part of the archive consists of spectra collected 
from available open access on-line catalogues, such 
as experimental Raman (RRUFF) and VNIR (USGS, 
Relab, ECOSTRESS), as well as from our own and 
our collaborators bespoke spectroscopic 
measurements (VNIR, Raman, LIBS & XRF) of 
planetary analogue minerals taken from different 
collections, and synthetic spectral libraries, such as 
LIBS NIST; see [2] and references therein. Only the 
high-quality spectra of confirmed mineral samples are 
included as determined by the quality flag in the 
original database, or by our statistical evaluation of 
the within-class spectra. We removed outliers from all 
available single-method spectra of each mineral by 
finding the average spectrum for each class and 
subsequently removing spectra that have cosine 
distance from the average spectrum higher than 0.5 
[2]. Outlier removal is performed to ensure that the set 
is not skewed by extremely divergent spectra due to 
the random instrumental artefacts or misclassification 
of the sample. The current census of the minerals with 
available molecular spectra is shown on Fig. 1 
(below). This multispectral library is designed to be 
used for the recognition of planetary materials, and 
acts as a training dataset for our mineral recognition 
software.  

 
 
 

Figure 1: The current census of the minerals with 
available Raman or VNIR spectra is shown below. 

 
 
 

Figure  SEQ Figure \* ARABIC 1: A comparison of 
the total number of currently known minerals on 
Earth, Moon, Mars and Asteroids (leftmost bars), with 
those we have obtained Raman and VNIR spectra 
for (included in the PANGAEA Mineralogical 
Database). 



 

 

Figure 2: A simplified flow diagram, depicting our 
method for recognizing minerals from combined 
Raman/VNIR and LIBS spectra. 

 
Machine Learning (ML) software for 

recognition of minerals from multispectral data: 
To utilize the PANGAEA Mineralogical Database for 
identifying minerals in the field from the output of 
analytical tools, we also developed identification 
methods that combine types of material 
characteristics, mineral structure (obtained with 
VNIR and Raman spectra) and its chemical 
composition (derived from XRF and LIBS spectra). 
To achieve this, we chose to use a ML-based 
approach. This was for several reasons: ML is fast and 
accurate when developed properly, can handle 
multimethod datasets, and the accuracy can be 
progressively improved by adding new training data 
to the classification models without losing the 
recognition speed.  

After evaluating various Machine Learning 
approaches used to identify mineral species from 
single analytical methods (Raman, VNIR or LIBS), 
we have developed a flexible and modular algorithm 
that can classify minerals either from standalone 
spectroscopic methods, or using a combination 
thereof. The flow diagram detailing this methodology 
is shown in Figure 2.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Better mineral predictions rates from 
combined Raman and VNIR spectra than from 
single-method spectroscopy. 

Our new approach was then evaluated using our own 
internal archive of analytical data, as well as in some 
cases, on publically available spectroscopic datasets. 
Our cross-validation tests show that multi-method 
spectroscopy paired with ML paves the way towards 
rapid and accurate characterization of rocks and 
minerals [2] (see Figure 3). 

PANGAEA Mineralogical Tookit as an 
Analytical Toolset for Moon Surface Exploration: 
The PANGAEA Mineralogical Toolkit is envisioned 
as a part of the PANGAEA Electronic Fieldbook Tool 
Suite (EFB) [3]. The EFB is a deployable system that 
enhanced scientific outcome of field mission 
operations, enabling scientific documentation of field 
traverses and geological sampling. The EFB enables 
situational interaction with science and mission 
support teams through exchange of contextual data.  
The EFB can interface with handheld instrumentation 
intended for planetary exploration, feeding the 
Mineralogical Toolkit with mineral signatures and 
therefore allowing an efficient categorization of 
samples. Combining within the EFB Tool Suite a set 
of handheld analytical tools and the instrument 
agnostic nature of the PANGAEA Mineralogical 
Toolkit will enable fast and reliable in-situ 
recognition of rocks and minerals, thus becoming a 
crucial decision support tool for future human and 
robotic planetary surface exploration missions. 

References: [1] Drozdovskiy I. et al. (2020, in 
prep); [2] Jahoda P. and Drozdovskiy I. (2020, in 
prep) [3] Turchi L. ELS VIII, Abstract #. 

Figure 3: The cross-validation tests show that the 
pair-combined spectroscopic methods improve the 
classification accuracy when using our analysis 
methods. 
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Introduction: Near-term objectives of the space 

exploration envision the robotic and human survey of 

the inner Solar System, in preparation of long-term 

explorations of worlds that in the future could sup-

port a continuous human presence such as Mars. The 

Moon and the cislunar space, in particular, are cur-

rently designated as training sites to accomplish a 

range of science and exploration objectives with hu-

man crews. Within this framework, one of the main 

capabilities needed for surface robotic and human 

missions is the sampling technique in harsh environ-

ments. 

Lunar sampling shall satisfy both scientific targets 

such as improving the understanding of origin, evolu-

tion and composition of Moon, as well as operational 

needs, which inter alia indicate how to sustain human 

and robotic space explorations using local resources. 

Lunar priority samples are then ancient crustal rocks, 

young effusive materials and water-bearing clastic to 

metamorphic materials and meteoritic remnants. In 

particular, pyroclastic glassy spherules trapping gas 

phases, hydrated silicates, and steady low-

temperature regoliths are considered the main poten-

tial lunar volatile reservoirs [1]. Still, priority sam-

ples include lithologies that have been identified by 

orbital missions but remain unsampled, like mantle 

rocks of the Moon’s far side [2]. 

Sampling accomplished by human-robotic synergies 

in harsh environments aims at a rapid but unambigu-

ous identification of minerals, rocks and soils, as 

well as of a suitable storage of in situ chemical and 

mineralogical data. Those requirements can be fully 

satisfied with a very compact instrument that com-

bines and contextualizes chemical and mineralogical 

analyses. 

FLY-Spec concept:  The UV-VIS-NIR reFLec-

tometrY and laser-induced breakdown Spectroscopy 

(FLY-Spec) instrument consists of a camera, a laser 

induced breakdown spectroscopy (LIBS) unit and a 

NIR imaging reflectometer. This payload aims to 

guarantee a multi-scale analysis of the sampling area, 

which has not been envisaged yet by combined in-

struments with similar tasks. Each routine implies: (i) 

a panchromatic acquisition of the local context, 

which assists the measurement site selection and spe-

cific targets identification, (ii) a first hyperspectral 

image of the targeted sample that provides textural 

and mineralogical information, (iii) a grid of LIBS 

shootings co-registered to the hyperspectral image 

that provides a chemical analysis pattern and (iv) a 

second hyperspectral acquisition over the grid. In 

this way a good quite comprehensive sampling of the 

surface will be accomplished. 

 

 

 
 

Figure 1: The functional block diagram of FLY-Spec 

instrument. 

 

The CPU operates the two main systems, LIBS 

and reflectometer, both independently and synergis-

tically in real time. 

LIBS spectroscopy uses relatively powerful laser 

pulses focused on a target to generate plasma (laser 

produced plasma LPP) that emits radiation in the 

form of discrete lines. The radiation is collected by a 

VIS-NIR spectrometer. Resulting lines are character-

istic of the ions and molecular species, whereas the 

continuous spectrum corresponds to recombination 

and bremsstrahlung emission. The analysis of the 

LPP spectra allows the compositional classification 

of the target materials. LIBS is based on the interac-

tion of relatively powerful laser pulses (typically 10-

100 mJ in a few ns) focused on target materials. The 

laser power density achieved on the target can be in 

the range of GW/cm2, enough to generate a plasma 

(laser produced plasma-LPP). The LPP physical pa-

rameters, high temperature (up to several 100’s of 

eV) and density (up to the critical value for laser 



light), are such that the plasma is highly ionized and 

expands rapidly because of the high pressure. The 

LPP emits radiation in the form of discrete lines, 

characteristic of the ion and molecular species, and 

with continuous spectra corresponding to recombina-

tion and bremsstrahlung emission. This technique has 

been quite recently applied in minerals and rocks 

identification in space exploration [3]. 

NIR Reflectometry is based on the spectral analy-

sis of the light specularly reflected and diffused by 

materials in order to identify the specific spectral 

features due to the elements and chemical compo-

nents of materials [4]. Hyperspectral imaging con-

sists in the spectral observation of a sample area [5]. 

This can be achieved by projecting the entrance slit 

of a spectrometer on a surface so that each point of 

the slit corresponds to different points on a linear 

surface section, then the area can be scanned by con-

tinuously shifting the slit projection. In this way for 

each point of the surface the reflectance spectrum is 

recorded, producing a 3D dataset with local spectral 

characteristics of the surface. 

NIR imaging dataset will be combined with punc-

tual, high-scale LIBS information to obtain a com-

prehensive mineralogical and elemental understand-

ing. The FLY-Spec control and processing unit, in-

deed, is thought to be implemented with a spectral 

signature archive and matching processing system. 

The FLY-Spec suite will therefore be able to recog-

nize and classify minerals giving the correspondent 

reliability degree and producing a prioritization tree 

in function of the scientific objectives of the mission. 

FLY-Spec in the lunar surface: FLY-Spec is 

thought to achieve on the Lunar surface the following 

results: (i) quickly distinguish olivines from pyrox-

enes, which display the same primary elements (Si, 

O, Mg, Fe etc.) but different absorptions in the NIR; 

(ii) detect sialic solid solutions such as plagioclases, 

which are almost featureless in NIR range, but whose 

solid solution constituents (Ca and Na) can be easily 

detected in LIBS spectra; (iii) distinguish mafic solid 

solutions combining elemental detection with the 

exact position of the transition-element absorption 

bands; (iv) distinguish and classify different chon-

drites, iron and stony-iron meteorites; (v) distinguish 

CAI and hydrated carbonaceous material on meteor-

ites; (vi) distinguish the presence of volatile either on 

regolith or trapped in pyroclastic glasses; (vii) evalu-

ate relative phase abundances of the outcrop/soil. 
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Introduction: The SELenological and ENgineer-

ing Explorer (SELENE) “Kaguya” spacecraft mission 
to the Moon from the Japan Aerospace Exploration 
Agency (JAXA) returned several types of data, in-
cluding high-resolution monochrome and color im-
ages and laser altimeter data. Launched in September 
2007, the Kaguya primary mission (PM) was com-
pleted at the end of October 2008 and the extended 
mission (XM) phase started at the beginning of No-
vember 2008. During XM and until the end of the mis-
sion in June 2009, Kaguya was in a lower orbit at 50 
km average altitude compared to 100 km altitude dur-
ing PM. Although data collected during Kaguya XM 
have an increased spatial resolution, the orbit errors 
during this phase are much larger, up to several km 
[1] due to larger gravitational perturbations on the 
spacecraft, a reduction in the amount of tracking after 
the end of the nominal mission, and spacecraft attitude 
control problems associated with loss of the reaction 
wheels. The resulting degraded orbit quality during 
XM severely limits the usability and scientific value 
of these high-quality data (Figure 1). Here we report 
on our work to improve the orbital data for the Ka-
guya mission, update SPICE kernels, develop tools 
for processing and working with the Terrain Camera 
(TC) data in the USGS Integrated Software for Im-
agers and Spectrometers (ISIS3) for building im-
proved mosaics, and archive the resulting products 
and tools. 

Improved XM Orbits: We recently published re-
sults showing a significant improvement for the Ka-
guya XM orbits [2]. These orbits have been redeter-
mined for the main satellite using 1) improved gravity 
field models of the Moon derived from Gravity Re-
covery and Interior Laboratory (GRAIL) mission data 
[3] and 2) adjustments of the spacecraft orbit such that 
the LALT altimetry tracks fit a precise topographic 
basemap based on the Lunar Reconnaissance Orbiter's 
(LRO) Lunar Orbiter Laser Altimeter (LOLA) data 
[4]. Through analysis of orbit overlaps, we developed 
geodetically accurate orbits tied to the precise 
LOLA/LRO frame; the inclusion of altimetry im-
proves the orbit precision from several kilometers to 
several tens of meters. When altimetry data are not 
available, the combination of GRAIL gravity and ra-
dio tracking results in an orbit precision of several 
hundred meters for the low-altitude phase of the ex-
tended mission. Our greatly improved orbits result in 
better geolocation of the Kaguya extended mission 
data set. These orbit data, as updated trajectory data 
(SPICE SPK kernels), along with adjusted LALT 

altimetric and Kaguya LMAG magnetic data are 
served at NASA GSFC (https://pgda.gsfc.nasa.gov/); the 
updated SPKs are also available at the JAXA DARTS 
archive (https://darts.isas.jaxa.jp/planet/pdap/selene/). 

ISIS3 Software for TC: To support the validation 
of these improved orbits, we used ISIS3 to develop a 
test mosaic from Kaguya Terrain Camera (TC) data 
of the Apollo 15 landing site area near Hadley Rille. 
Two ISIS3 programs were developed: 1) an ingestion 
program (kaguyatc2isis) that reads a TC file header 
and imports data into a single-band ISIS3 cube file 
and label, and 2) a linescan camera model for the two 
TC instruments (used in spiceinit). Geometric camera 
models describe the mathematical relationship be-
tween the coordinates of a 3D scene and its projection 
onto the image plane of a camera; for orbital imaging 
systems such models must also account for spacecraft 
coordinates and movements. The goal is to be able to 
treat data from the two TC cameras as ISIS3 cube files 
so that they can be geometrically rectified and map-
projected accurately onto the lunar surface. Both “sin-
glescopic” (L2B0, s) and stereo (L2B0, w) TC data 
are supported. The camera model includes camera pa-
rameters such as focal length, pixel pitch, boresight 
coordinate, affine coefficients for focal plane map-
ping, and optical distortion coefficients. These pro-
grams are publicly released with ISIS3. 

Test Mosaic: We focus in this project on the 
Apollo 15-Hadley Rille area for several reasons: 1) 
The region has been a “standard” test site for many 

 
Figure 1. A LROC NAC image (M1127106676R, 
1.3 m/pixel) of the Apollo 15 landing site area 
overlain on a TC mosaic with original degraded 
quality. We have significantly improved co-regis-
tration of TC images, and their registration to other 
lunar datasets such as LRO/LROC WAC and 
NAC. Red arrows and circles show duplication of 
features. 
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lunar mapping products, with several other publicly 
available mosaics and digital terrain models (DTMs) 
for comparison of our products (see https://astrogeol-
ogy.usgs.gov/maps/moon-lro-dtms-and-mosaics); 2) 
The availability of high-resolution mapping of the 
central portion of this area done under the Lunar Map-
ping and Modeling Project [e.g., 5, 6; these data are 
currently available at the MoonTrek Web site 
(https://trek.nasa.gov/moon/), and will be archived 
with the PDS], including a ~20 x 20 km, 0.50 m/pixel  
image mosaic, and a 1.5 m/pixel DTM [7]. 3) Most 
types of lunar terrain are covered in this area, includ-
ing flat plains to high mountains; 4) Surface photo-
graphs from the Apollo 15 mission are available for 
comparison with any surface image or 3D products; 
and 5) This site contains the largest (105 x 65 cm) of 
the five Lunar Laser Ranging RetroReflector (LRRR) 
arrays. This array serves as the primary target for laser 

ranging to the Moon, with a 3D position measurable 
(relative to the Earth and the other arrays) at the cm 
level and known absolutely to the meter level so that 
it can be used for absolute coordinate system compar-
isons. 

To develop a 10°x10° TC mosaic for the Apollo 
15 site, we first assessed the coverage of the PM and 
XM data from the L2B0 collection, both for morning 
and evening (left- and right-look) illuminations and 
stereo and monoscopic viewing (Figure 2, top). We 
determined that good coverage of the Ap15 site is af-
forded from the morning illumination stereo XM data, 
but completion of a full mosaic requires use of both 
XM and PM stereo and monoscopic coverage (Figure 
2, bottom). Spatial resolution of the input TC images 
vary from 4.5 to ~11.2 m/pixel. 

We are currently completing three regional TC 
mosaics: 1) an uncontrolled mosaic, using the a priori 
SPICE data (Figure 3a); 2) an uncontrolled mosaic, 
using our updated SPK (orbit) data in ISIS3 (Figure 
3b); and 3) a controlled mosaic, where we derive cor-
rections to the SPK and CK (pointing) data and equal-
ize the frame brightness in ISIS3. Our capability to 
construct the controlled mosaic is greatly improved by 
using the updated Kaguya orbits. In total, we expect 
to control about 381 images (268 stereo XM, 91 mono 
PM, and about 16 mono XM), with ~300 of those vis-
ible on top in the controlled mosaic. The third, con-
trolled mosaic will be archived with the PDS as a final 
product.  
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and Flight Mechanics, 247–256, Inst. Space Astro-
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[4] Smith et al. (2017) Icarus, doi:10.1016/j.ica-
rus.2016.06.006 [5] Noble et al. (2009) LEAG Annual 
Meeting, abs. #2014. [6] Rosiek et al. (2012) LPS 
XLIII, abs. #2343. [7] Archinal et al. (2011) LPS XLII, 
abs. #2316. 
 

 

 
Figure 2. (top) TC morning frame coverage, 
10°x10° centered on the Apollo 15 site (~300 km 
across). Purple boxes are XM stereo frames, blue 
boxes are PM monoscopic frames. (bottom) 
Draft uncontrolled TC mosaic using morning, 
monoscopic data from the PM. This will serve as 
a base mapping layer as we add XM data. 

 
Figure 3.  Kaguya TC views of the Apollo 15 landing 
site near Hadley Rille (1.5 km across, 400 m deep), us-
ing extended mission data (~5 m/pixel). (a) Uncon-
trolled, unequalized mosaic before updating the orbits. 
(b) Uncontrolled, unequalized mosaic after updating 
the orbits. 
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Introduction:  Exposure ages of samples col-

lected at the North Ray crater by the Apollo 16 as-
tronauts provide one of the calibration points for the 
lunar cratering chronology [e.g. 1-3]. The data from 
the Lunar Reconnaissance Orbiter Camera (LROC) 
is being used to revise and improve such calibration 
points for the Apollo landing sites, because the lunar 
chronology is used to date unsampled surface across 
the Moon and is modified for use on other terrestrial 
bodes [e.g. 4-6]. Here, we report new crater size-
frequency distributions (CSFDs), N(1) values, and 
absolute model ages (AMAs) for the two young cra-
ters, North Ray and South Ray, and compare the 
results with previous work. 

North Ray and South Ray Craters:  North Ray 
crater (~950 m in diameter) is located 4.2 km north 
of the Apollo 16 landing site. Samples 67015 and 
67016 from near the crater have exposure ages of 
~50 to 51.1 Ma [7,8], which were used to calibrate 
the lunar cratering chronology [1,9]. 

South Ray crater (~700m in diameter) is located 
6 km southwest of the landing site. With sample ages 
of ~ 2 Ma [10], it is one of the youngest sampled 
craters on the Moon. A calibration point has not 
been made for South Ray crater.  

Methods:  LRO Narrow Angle Camera (NAC) 
images were processed using the Integrated Software 
for Imagers and Spectrometers (ISIS) [11] and im-
ported into ArcGIS. The count areas and measure-
ments were done with CraterTools [12] in ArcMap. 
We defined the count areas around the craters using 
albedo and morphological contrast, Clementine 
spectral data, and a NAC digital terrain model 
(DTM). We measured the crater size-frequency dis-
tributions (CSFDs) around the two craters (Fig. 1, 
red and green areas). Noticeable secondary craters 
were excluded, and randomness analysis [13] was 
used to identify and exclude additional crater clus-
tering. The CSFDs were imported into Craterstats 
2.0 and plotted in cumulative and relative forms 
[14,15] using the production function and chronolo-
gy of [9] to derive absolute model ages (AMAs) 
(Fig. 2). 

Results:  The merged areas around North Ray 
crater (Fig. 1a, red areas 1-4) give an average N(1) 
value of 4.26×10-5 km-2, and the area for South Ray 
(Fig. 1b, green area) yields an N(1) = 8.95×10-7  

km-2. Applying the production function and chronol-
ogy function of [9], our newly determined ages are 
50.8 ± 2.5 Ma and 1.07 ± 0.26 Ma, respectively. 

 
 

 
 
 
 
 

 
Figure 1. Count areas around the North Ray (a) and 
South Ray (b) craters near the Apollo 16 landing site. 
(a) The red boundaries mark the four new count areas  
for North Ray crater and show the newly determined 
AMAs (black numbers). (b) The green boundary marks 
the new counting area on the rays of South Ray crater. 
The results of the North Ray crater counts on NAC im-
ages are similar and are consistent with previous re-
sults from [1,3,4]. The AMA of South Ray is younger 
than previous results [16,17]. 
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Discussion:  Previously determined N(1) values 
for North Ray crater include: N(1) = 6.01×10-5 km-2 

[4], 4.4×10-5 km-2 [1], as well as 3.90×10-5 km-2 and 
3.84×10-5 km-2 [3]. These values correspond to ages 
of 50.0 ± 1.4 Ma [1], 50.3 ± 0.8 Ma [16], and 45.8 ± 
3.7 and 46.5 ± 3.7 Ma [3], respectively. Previous 
work also yielded ages for South Ray crater of   
2.04 ± 0.08 Ma [16] or 2.00 ± 0.2 Ma [16]. The re-
sults (Table 1) for the N(1) and AMA values are 
within the error of [1,3,16] for North Ray crater.  

Thus, our values for South Ray crater give 
younger AMAs compared to [16,17]. This could be 
due to a slightly different count area, differences in 
the illumination angles of the images used, or be-
cause of slight differences in the measurement of the 
diameters of the few craters available around South 
Ray.  

Outlook:  We are in the process of correlating 
the collected CSFD data with Apollo 16 sample ages 
related to the craters. This work is part of our ongo-
ing reinvestigation of the Apollo 16 landing site [18]. 
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Table 1. N(1)s and AMAs of  North Ray and South 
Ray craters near the Apollo 16 landing site. The 
seventh line represents the combined four areas 
around North Ray crater. 
 

Unit N(1) (km-2) AMA (Ma) 
North Ray   

1 4.46×10-5 53.2±4.2 
2 5.44×10-5 64.9±7.2 
3 3.55×10-5 42.4±4.6 
4 4.04×10-5 48.2±5.2 

1-4 merged 4.26×10-5 50.8±2.5 
South Ray 8.95×10-7 1.07±0.26  

 

Figure 2. CSFD measurements of our count area(s) 
representative of North Ray (red) and South Ray 
(green) craters, counted on LROC NAC data shown 
in a cumulative plot and fit with absolute model ag-
es. Shown above are the randomness analyses of the 
NAC count areas and, below, the relative crater fre-
quency plot. 
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Introduction: Helium was one of the first spe-

cies discovered in the lunar exosphere, detected by 
the LACE surface mass spectrometer deployed dur-
ing the Apollo 17 mission [1]. With a density of the 
order of 105 atoms cm-3, this noble gas was found to 
be among the most abundant species of the lunar 
surface-bound exosphere. Since then, helium has 
been observed remotely [2-6] by the EUV imaging 
spectrograph LAMP [7] on board the Lunar Recon-
naissance Orbiter (LRO) and in situ [8] by the Neu-
tral Mass Spectrometer on board LADEE. Soon after 
its discovery, it was found that its density correlates 
with the geomagnetic index Kp, a proxy for solar 
wind flux. This correlation suggested that neutraliza-
tion of solar wind alpha particles (He++) impacting 
the lunar surface are the main source for lunar exo-
spheric helium [9]. However, there is a non-
negligible amount  due to outgassing from the interi-
or of the Moon, as 4He is the product of radioactive 
decay of of 232Th and 238U within the lunar crust. 
Estimates of the fraction of this outgassing compo-
nent compared to the solar wind influx vary from 
15% [8] to ~40% [5-6].   

Another source of debate concerns the thermali-
zation of helium with the lunar surface. We express 
this with the accommodation coefficient α = (Eo-
Ei)/(kBT-Ei), where Ei is the energy of the impacting 
helium atom, Eo is the energy of the atom leaving the 
surface, and T is the surface temperature. A value of 
α of 1.00 implies that the atoms are fully thermalized 
with the lunar surface temperature. Therefore, hop 
length and ejection velocity will be maximal, and 
exospheric density minimal, at the subsolar point. 
The debate concerns whether the helium is fully ac-
commodated to the lunar surface (α = 1.00), due to 
the high porosity of the regolith [10], or not (α < 
1.00). In the latter case helium atoms would have a 
“memory” of their energy prior to collision with the 
surface [11]. An intermediate hypothesis is that the 
accommodation coefficient varies with local time, 
e.g., with α=1.00 on the dayside and α=0.75 on the 
nightside [12].  

Observations: To address these outstanding 
questions and to have a better understanding of the 
temporal and spatial evolution of the lunar exo-
sphere, LAMP was used to perform a series of ob-
servations of the HeI emission line of helium at 58.4 
nm from 2013 to 2016, taking advantage of dedicat-
ed off-nadir maneuvers by LRO. LAMP observed the 
HeI line (due to resonant scattering) when He atoms 

were illuminated by sunlight and the instrument’s 
field of view pointed at the nightside lunar surface, to 
minimize the background (Figure 1). 

 
Figure 1 Geometry of observations. LRO was 
pitched off nadir while LAMP line of sight (l.o.s.) 
was pointing at the lunar dark surface. Yellow 
indicates the illuminated portion of the l.o.s., 
where helium atoms resonantly scatter sunlight.  

Method: LAMP brightness is converted into col-
umn density using g-factors from the Solar Dynamics 
Observatory’s EVE (EUV Variability Experiment) 
solar irradiance at 58.4 nm [13]. LAMP column den-
sities are then compared to those predicted by mod-
els of exospheric helium with different values of α 
[6]. 

Results: We find that the model with an accom-
modation coefficient of 1.00 best reproduces LAMP 
column densities (Figure 2), implying that helium 
atoms are fully thermalized with the lunar surface.  

Using the model with α=1.00, we derive a helium 
source rate from the LAMP data and compare it with 
the solar wind alpha particles flux measured in situ 
by the electrostatic analyzer on board the ARTEMIS 
twin spacecraft [14]. The scatter plot (Figure 3) 
shows a linear relationship, but not 1:1. A linear 
least-square fit provides a slope of (0.64±0.02) % 
and an intercept of (1.44±0.13)·106 cm-2 s-1. The 
value (1.0-slope) is the fraction of helium that is not 
detected by LAMP, either because the solar wind 
alpha particles are backscattered as ions, implanted 
deep into the regolith, or released as energetic neu-
tral atoms. The intercept is the amount of helium that 
is outgassing from the interior of the Moon. This rate 
amounts to ~100 ton/year, or 18% of the solar wind 
alpha flux. 
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Figure 2 The model with α=1.00 better reproduc-
es LAMP column densities.  

 

 
Figure 3 Scatter plot of helium source rates. Red 
lines indicate the best linear fit including all the 
points (inside and outside the magnetotail). 

This value further constrains previous in-situ meas-
urements by mass spectrometry [8] and is consistent 
with theoretical grounds [10] which were based on 
the assumption that the pathway for outgassing of 
4He from the interior of the Moon into the exosphere 
is the same as that of 40Ar (a byproduct of radioactive 
decay of 40K in the crust), which has a source rate of 
6.3·104 cm-2 s-1 [15]. 

Finally, we bin our observations by selenographic 
coordinates (latitude and longitude) regardless of 
local time, to search for regions of active outgassing. 
Figure 4 shows the ratio of LAMP/model column 
densities. We find no evidence for such regions. A 
simulation of propagation of helium from a plume 
shows that helium atoms are quickly dispersed. In 
order to be detected by LAMP, a plume would re-
quire an unrealistic amount of helium.  
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Figure 4 Map of ratio LAMP/model column densities for all observations. No regions of active outgassing 
could be identified.   
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Introduction: On airless bodies, the uppermost 

portion of regolith, the “epiregolith”, represents the 

boundary layer between the surface and space that 

dominates spectral observations from far-ultraviolet 

reflectance to far-infrared emission. On the Moon, 

this layer is typically less than 2 mm in thickness and 

is estimated to be characterized by significant ther-

mal gradients (~60K / 100 μm) [1]. These thermal 

gradients make spectral emission from the Moon 

wholly different from Earth and Mars (where the 

epiregolith is essentially isothermal) and complicate 

the interpretation of spectral emission remote sensing 

data. Therefore, thermal infrared (TIR) spectroscopy 

experiments and spectral libraries measured in ambi-

ent laboratory conditions are not comparable to re-

mote sensing datasets of airless bodies that contain 

significant emission components.  

We work to overcome this challenge by measur-

ing TIR emission spectra in a chamber that illumi-

nates and heats particulate samples under vacuum to 

generate a thermal gradient akin to that found in the 

epiregolith of airless bodies. Simulating the lunar 

environment allows us to measure TIR spectra that 

are directly comparable to remotely sensed TIR ob-

servations from the Diviner Lunar Radiometer (Di-

viner) instrument aboard the Lunar Reconnaissance 

Orbiter (LRO). 

Here we characterize the TIR emission spectra of 

two- and three-component silicate mineral mixtures 

with the endmembers plagioclase, pyroxene, and 

olivine. These uniform composition and particle-size 

endmembers bound the typical mineral compositions 

of the lunar surface (Figure 1). By understanding the 

TIR characteristics of these mixtures, we can better 

interpret Diviner and future TIR datasets and their 

implications for surface compositions on the Moon 

and other airless bodies. In addition, we will revisit 

compositional maps of the Moon normalized to illu-

mination conditions similar to those produced in our 

laboratory experiment and compare them to mineral 

mixture and lunar soil spectra. 

Simulated Lunar Environment: In nearly 50 

years of laboratory experiments, it has been estab-

lished that thermal emission spectra measured in a 

simulated lunar environment (SLE) are significantly 

altered from spectra measured under terrestrial con-

ditions [e.g. 1-4]. The data for this study were col-

lected in the Simulated Airless Body Emission La-

boratory (SABEL) chamber at the Johns Hopkins 

Applied Physics Laboratory. The lunar environment 

is simulated by (1) pumping the chamber to vacuum 

pressures (<10-4 mbar), which is sufficient to simu-

late lunar heat transport processes within the sample, 

(2) cooling the chamber with liquid nitrogen to simu-

late a surface radiating into a cold space environ-

ment, and (3) simultaneously heating the sample with 

cup heaters and illuminating the surface with a lamp 

to set up thermal gradients similar to those experi-

enced in the top 100s of microns of the lunar rego-

lith. This study used the environmental conditions 

described in [5], which through groundtruthing of 

Diviner observations and laboratory experiments on 

Apollo soils found the best consistency by matching 

the illumination to the expected flux for the given 

chamber incidence  angle (~50 degrees). 

 

 

 
Figure 1: Lunar mineralogy is well-represented with 

a ternary of three silicate minerals (plagioclase, py-

roxene, and olivine). Lunar soils are generally found 

to have noritic compositions (top; modified after 

[6]). However, lithic fragments and observations of 

crater central peaks (red diamonds) span the full 

range of compositions (bottom; modified after [7]). 
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Figure 2: This study includes 49 total samples: 3 

endmembers, 27 two-component mixtures, and 19 

three-component mixtures (blue dots). All mixtures 

are shown in vol% of the endmembers. 

 

Samples: Our sample suite is composed of terrestrial 

minerals with reasonably similar chemistries to lunar 

minerals. For plagioclase, we use Miyake Jima anor-

thite (~An95) that was manually picked and magneti-

cally purified to remove basaltic coatings. For pyrox-

ene, we use gem-quality Tanzanian enstatite 

(~Mg90). And for olivine, we use gem-quality San 

Carlos olivine (~Fo90). All minerals were crushed 

and sieved to particle size fractions less than 32 mi-

crons. A CAMSIZER was used to verify similar par-

ticle size distributions for each mineral endmember. 

Mixtures with 49 unique compositions were pro-

duced (Figure 2) and measured using SABEL. 

Results: We found that the position of the Chris-

tiansen feature (CF), a TIR emissivity maximum, in 

the two- and three- component mixtures followed 

smooth, generally linear trends across most composi-

tions (Figure 3). The trends became non-linear at the 

highest olivine compositions. Additionally, the slope 

across the ternary was significantly different between 

endmember interpolations and mixture interpola-

tions. An incomplete understanding of these factors 

could lead to an underestimate of olivine abundanc-

es, especially in olivine-rich lithologies. Importantly, 

the uniformity of these measurements lead confi-

dence that mineral compositional constraints can be 

enhanced when both near-infrared and TIR data are 

included. Work to interpret the mineral mixtures as 

analogs to the lunar soil and determine actionable 

spectral trends relevant to producing new composi-

tional constraints is ongoing. 

 

References: [1] Henderson B.G. et al. (1996) JGR, 

101. [2] Logan L.M. et al. (1973) JGR, 78, 4983. [3] 

Thomas I.R. et al. (2012) Rev.Sci.Inst., 83 (12), 

124502. [4] Donaldson Hanna K.L. et al. (2017)  

 

 

 

 
Figure 3: Top panel shows a linear interpolation of 

endmember CF positions. Middle panel shows a lin-

ear interpolation of all two-component mixtures (i.e. 

edges of the ternary). Bottom panel shows a linear 

interpolation including two- and three-component 

mixtures (i.e. edges and interior of the ternary). 

Endmembers and axes match Figure 2. 
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Introduction: In recent year, missions to the 

Moon have indicated that significant amounts of hy-

drogen and potentially water could be found there [1]. 

Especially the Lunar Crater Observation and Sensing 

Satellite (LCROSS) has measured a water content of 

5.6±2.9 w% for the Cabeus crater [2]. Nevertheless, 

confirmation of these findings requires ground-truth 

data. The Lunar Volatiles Scout (LVS), which is cur-

rently developed at the Technical University of Mu-

nich (TUM), can potentially provide this valuable 

ground-truth data [3]. 

Lunar Volatiles Scout: The LVS is an instru-

mented drill designed for future mobile in-situ extrac-

tion, detection and analysis of lunar volatiles. A sche-

matic of the instrument is given in Figure 1. By heat-

ing the regolith to high temperatures, water and other 

volatiles can be extracted and identified with an inte-

grated mass spectrometer. However, accurately deter-

mining the abundance of water in the regolith remains 

difficult. To address this issue, a lunar regolith per-

mittivity measurement could be added to the LVS’ ca-

pabilities. In principal, the change in moisture content 

can be detected by comparison of the LVS’ capaci-

tance between heating rod and drill shell before and 

after heating the regolith. Both liquid water and water 

ice have a significantly higher static relative permit-

tivity (𝜀𝑟,𝑤 ≈ 80 [4]) than both lunar regolith (𝜀𝑟,𝑠 ≈

5 [5]) and vacuum (𝜀𝑟,𝑣 = 1), which results in a 

measureable change in capacitance when water has 

been extracted from the probe volume. The usage of 

permittivity measurements to analyze water content is 

also included in ESA’s PROSPECT instrument pack-

age [6] and has been used for various applications 

[7,8]. 

Theoretical Considerations: In this context, the 

LVS functions a cylindrical capacitor with the heating 

rod and drill shell as electrodes (see Figure 1). The 

capacitance of the system is proportional to the inte-

rior material’s permittivity ε [9], which is a function 

of the interior’s components individual permittivity. 

Multiple mixing rules for the permittivity exist [10]. 

For simplicity, the ideal permittivity of a mixture    

𝜀 = ∑ 𝜀𝑖𝜑𝑖𝑖  was chosen with 𝜑𝑖 being the volume 

fraction of component 𝑖 [11]. The capacitance C of the 

LVS system is then 

𝐶 = 2𝜋
1

ln(
𝑟𝑂

𝑟𝐼
⁄ )

(𝑧𝑠(𝜑𝑠𝜀𝑟,𝑠 + 𝜑𝑤𝜀𝑟,𝑤) + 𝑧𝑣𝜀𝑟,𝑣) (1) 

with component height z, inner radius 𝑟𝐼 , outer radius 

𝑟𝑂, and s denoting sand, w denoting water and v de-

noting vacuum (or air). When charging the capacitive 

system with voltage 𝑈0, the ideal capacitor voltage 

over time is described by 

𝑈(𝑡) = 𝑈0(1 − 𝑒−𝑡 𝜏⁄ ) (2) 

with 𝜏 = 𝑅𝐶 being the time constant. Here, R is the 

charging resistance. The water content can then be de-

termined by measuring the transient charging curve 

and using Equation 1 and 2 to calculate 𝜑𝑤.  

Experimental Setup: The experiment setup is de-

picted in Figure 2. It consists of a concentric metal 

tube and metal rod, which is hold in place by a non-

conductive 3D-printed structure. The rod is insulated 

P1

P0

Ion Trap Mass Spectrometer

Reference Gas 
System

Orifice

Pressure
Sensors

Heating Rod

Augered
Drill Shell 100 mm

38 mmFigure 1: LVS Schematic. Drill Shell (blue) and 

Heating Rod (red) form the capacitive system. 

Figure 2: Experimental Setup: LVS system con-

nected to read-out electronics and on precision 

scale. Quartz sand and distilled water in the back-

ground. 
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towards the interior to prevent parasitic currents. The 

interior of the tube can be filled with material of inter-

est. For simplicity and better availability, we used 

quartz sand as analogue material for the pretests and 

tracked the amount of water in the probe with a preci-

sion scale. Water content was chosen to be in the same 

magnitude as the LCROSS measurements (see Table 

1, [2]). Experiments with lunar regolith simulants are 

planed.  

The electronics consist of a commercial microcon-

troller charging the system with 3.3 V and reading a 

buffered 10-bit analog input, which returns ADC val-

ues n. We used a 5.0 MΩ  charging resistance.  

Experiments were conducted where the LVS sys-

tem was filled with different components. Four cases 

have been selected to demonstrate functionality: (1) 

empty, (2) filled with dry sand and (3) filled with wet 

sand. For each experiment, ten measurements were 

made. Figure 3 shows mean charging curves of the 

system resembling the LVS. Additionally, exponen-

tial curves of form 𝑛(𝑡) = 𝑛0(1 − exp(− 𝑡
𝜏⁄ ) have 

been fitted to the data using a Nonlinear Least Square 

method to get the time constants of the system. 

Results: Mean values and standard deviations for 

the time constants from selected experiments are 

given in Table 1, alongside analytically calculated 

values. Time constant correlates with both more mass 

and higher water content. The experiments’ charging 

curves also display distinct differences (see Figure 3). 

A linear fit to measured over calculated time constants 

returns a nearly unity slope and an offset of around 

80 μs, possibly due to the measurement technique. 

The linear dependency clarifies that the geometry of 

the LVS can be adapted to function as capacitive sys-

tem with a dependency of the time constant to the ca-

pacitance of the contained material. This should in 

principal hold true for moist lunar regolith. By meas-

uring relative change in capacitance instead of abso-

lute values, the system is also quite insensitive to ex-

ternal disturbances and uncertainties, such as geomet-

ric misalignments due to launch.   

Additionally to measuring the water content, the 

capacitance of the empty LVS system could be used 

to determine the amount of regolith in the LVS. Reg-

olith and vacuum themselves have different permittiv-

ities which result in different capacities for different 

filling heights. Experiments investigating this corre-

lation show promising results, while this relevant 

property is otherwise hard to determine.  

In general, the experiments show that the investi-

gated method works and that it can be applied to the 

LVS. By measuring the permittivity before and after 

the heating process, the LVS is able to determine the 

amount of water in lunar regolith. 

Additional Investigations: Nevertheless, there 

are still major issues with the system, which are cur-

rently being analyzed with experiments and simula-

tions. Firstly, proper integration of in the LVS is being 

investigated. Secondly, precise calibration of the sys-

tem with internal parasitic resistances and initial con-

ditions under thermal vacuum conditions can yield 

better insight.  The current read-out electronics are 

neither flight ready nor capable of frequency depend-

ent permittivity measurements. Including analyses of  

frequency behavior could also increase the science 

yield of the instrument. Finally, the selection of the 

mixing rules, especially with water ice, should be re-

vised and a reliable model for the permittivity of lunar 

regolith are being developed to ease result interpreta-

tion.  
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Figure 3: Preliminary Results: Charging Curves. 

ADC read-out over time of the LVS system for dif-

ferent materials. ‘Empty’ and ‘Full’ refers to sand 

filling, ‘Dry’ and ‘Wet’ to its water content with 

the numbers indicating water content.  

Table 1: Experiment data: Measured sand 

mass 𝒎𝒔 and water content 𝝋𝒔. Measured (𝝉𝒎) 

and calculated (𝝉𝒄) time constant for experi-

ments depicted in Figure 3. 

Case ms [g] φw [%] τm [µs] τc [µs] 

Empty 0 0 134±3 43 

Dry 154 0 426±1 345 

Wet 10 154 10 582±5 499 

Wet 17 154 17 719±3 624 
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Introduction:  The Moon’s rich impact history is 

exemplified by an epoch circa 3.9 Gyr ago when the 

terrestrial planets are thought to have experienced 

frequent, large-scale impact bombardment [1-4]. 

During this time, Earth would have experienced nu-

merous, giant, hypervelocity impacts [5], potentially 

ejecting terrestrial material into Moon-crossing or-

bits [6]. This has led to the proposal that such ejecta 

could be preserved on the lunar surface as terrestrial 

meteorites [7-10]. These could provide a geological 

record of terrestrial biomarkers predating the period 

for which the earliest evidence of life exists on 

Earth. Here, we have used the iSALE-2D shock-

physics code [11-13] to determine the pressure and 

temperature regimes of simulated terrestrial meteor-

ites impacting the lunar surface, in order to gauge the 

survivability of biomarkers in the projectiles. Previ-

ous impact modelling has used specific peak pres-

sure thresholds as a proxy for survivability, with 

peak temperature from shock heating assumed to 

correlate with peak pressure. Here, we assess the 

additional influence of shear heating, which has been 

shown to be important, or even dominant, in raising 

temperatures within the projectile at lower impact 

velocities [14]. If this were the case, survivability of 

projectiles and their organic or hydrated mineral 

constituents would be less favourable than previous-

ly thought.   

Methods: We simulated non-porous and porous 

sandstone and limestone projectiles (dia. = 0.5 m), 

vertically impacting a basalt target at 2.5 and 5 km/s, 

the most likely and upper limit of the vertical veloci-

ty component found via analytical methods by [7,8] 

for terrestrial meteorites impacting the Moon, re-

spectively. Oblate and prolate projectiles were also 

investigated but without porosity. Initial porosity 

[13] of the target basalt layer was varied between 0-

70%, based on various locations across the lunar 

surface [15,16] and the porosity of the impactor was 

varied between 0-40%, to investigate a variety of 

sedimentary materials. The strength of the materials 

was modelled using the method described in [12], 

important for resolving both shock and shear heat-

ing. Simulations used lunar gravity (1.62 m/s2) and a 

surface temperature of 273 K. Each model used 100 

cells per projectile radius (cppr), improving resolu-

tion on [10]. Tracer particles recorded pressure and 

temperature in the projectile material during the sim-

ulation. Pressure and temperature regimes were then 

compared to known thermal degradation parameters 

for some example biomarkers (arginine, valine, glu-

tamine, tryptophan [17], and lignin [18]), using a 

modified version of the Arrhenius equation and the 

method described by [19]. Pressures and tempera-

tures for which lycophyte megaspore microfossils 

have survived in metamorphosed rocks were also 

used for comparison [20]. To investigate the influ-

ence of shear heating, we compared simulations of a 

solid sandstone projectile impacting a solid basalt 

target at 2.5 and 5 km/s, both with a strength model 

and without (hydrodynamic).  

Results: In each simulation, pressure and tem-

perature regimes were taken from tracers in the ma-

terials to create survival contour maps for each pro-

jectile in the figures going forward.  

The influence of material strength: Projectiles 

displayed very similar peak pressure contours across 

the projectile for simulations with and without 

strength at both impact velocities. The top of Fig. 1 

shows this for the 2.5 km/s velocity projectile. How-

ever, there is a marked increase in the peak tempera-

tures experienced (bottom, Fig. 1) when a strength 

model is included. This highlights the importance of 

a strength model that can resolve shear heating, 

which provides additional heating to the projectile 

material at these velocities.   

Sandstone projectiles:  Fig. 2 shows the most fa-

vourable conditions for survival of biomarkers, in 

the simulations we modelled. Maximum tempera-

tures in most of the projectile reach only 600 K. In 

terms of thermal degradation of biomarkers, there is 

Fig. 1: Contour maps of peak pressure (top) and tempera-

ture (bottom) for solid projectiles impacting a solid target 

at 2.5 km/s. Left projectile maps used no strength model 

(hydrodynamic), right projectile maps used a Collins 

strength model [12]. 
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essentially no degradation on the timescale of shock 

and shear heating. Therefore, the severity of thermal 

degradation will depend on the post-shock tempera-

ture and cooling rates of projectile fragments. Small 

impactor fragments on the lunar surface will undergo 

quick, radiative cooling into space, therefore experi-

encing the least thermal degradation. Conversely, 

large fragments buried in the well-insulated regolith 

will take longer to cool and biomarkers will undergo 

much greater degradation at prolonged high tempera-

tures. Towards the rear of the projectile in Fig 2., 

lycophyte megaspores would survive with little al-

teration, according to the survival pres-

sures/temperatures (<1 GPa/630 K) of metamor-

phosed examples over timescales of millions of years 

[20]. Fig. 3 shows the least favourable conditions for 

biomarker survival. In this case, temperatures are too 

high (>2000 K) for any substantial proportion of 

amino acids to survive and pressures are too great for 

lycophytes to survive. Results for spherical projec-

tiles between these extremes show a range of bi-

omarker survival. 

Limestone projectile comparison: Limestone pro-

jectiles showed comparable results for their sand-

stone counterparts. Peak-shock pressures in the lime-

stone projectiles were almost identical to those in the 

sandstone projectiles, but peak-shock temperatures 

are lower in the limestone projectiles relative to the 

sandstone projectiles, with the most noticeable dif-

ference in solid projectiles impacting solid targets at 

2.5 km/s (Fig. 4).  

Conclusions: With the aid of numerical model-

ling, we show that including strength in the simula-

tion materials is important for accurately assessing 

the temperature in a projectile impacting at velocities 

expected for terrestrial meteorites. Nevertheless, in 

spite of the higher temperatures that result, we have 

shown that biomarkers within terrestrial meteorites 

can probably survive after impact with the Moon, 

especially at the lower end of the range of impact 

velocities. Increasing projectile porosity is detri-

mental to the survival of biomarkers, whereas in-

creasing porosity in the target increases the chances 

of surviving projectile material. Comparing sand-

stone and limestone projectiles shows similar tem-

perature and pressure profiles for the same simula-

tion, with limestone providing slightly more favour-

able conditions for biomarker survival.   
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Fig. 4: Contour plots comparing pressure and temperature 

regimes in limestone (top) and sandstone (bottom) projec-

tiles. Both sets of plots are the result of a solid projectile 

impacting a solid target at 2.5 km/s.  

 

Fig. 3: Contour maps of peak pressure (left) and tempera-

ture (right) for a 40% porous sandstone projectile impact-

ing a solid (0% porosity) target at 5 km/s. 

Fig. 2: Contour maps of peak pressure (left) and tempera-

ture (right) for a solid (0% porosity) sandstone projectile 

impacting a 70% porous target at 2.5 km/s.  
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Introduction:  The “Big Island” of Hawai`i has 

been shown to be an ideal terrestrial location as a 
analog field testing site for the Moon, Mars and other 
basalt-covered rocky bodies.  Recent volcanic terrain 
creates high fidelity science and technical analog 
sites with comparable geomorphology, regolith simu-
lants and geochemistry. 

 
Heritage from the 1960s into the next 

century:  Dating back to the early Apollo mission 
training in the late 1960s, equipment and geology 
field training brought astronauts to the island.  After 
the shuttle missions, when the Return to the Moon 
paradigm was operative, NASA conducted its only 
In-Situ Resource Utilization (ISRU) field tests in the 
early 2008-10, successfully extracting oxygen, water 
and creating methane rocket propellant from the vol-
canic tephra. Internatioal in scope, the participants 
included CSA and ESA via DLR. Trials of the 
RESOLVE/Lunar Prospector robotic polar mission 
followed. 

 

 

 

Commercial space made its mark with the 
Google Lunar X-Prize teams and field tests for mile-
stones by Hungary and Japan teams. 

Combined Moon and Mars missions:  Volca-
noes National Park was well suited for serveral trials 
and two deployments of BASALT, a Mars Ops-Sim 
with geobiochemistry sampling protocols.  Instru-
ments for Lunar Prospector such as NIRVSS were 
brought onto the lava flows. 

The successful Mars habitat food-study program 
HI-SEAS on Mauna Loa yielded many long duration 
missions.  It has now transitioned to two-week lunar 
campaigns managed by the Internationa MoonBase 
Alliance. 
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Introduction:  Pristine lunar samples returned by 

the Apollo and Luna missions in the 1960s and 

1970s have significantly broadened our understand-

ing of the geological history of the Moon. The mate-

rial these missions returned to Earth, however, were 

collected from an area that represents only a small 

proportion (~5 %) of the entire lunar surface [1]. 

Until new lunar material is returned from the upcom-

ing Artemis, Luna and Chang’e missions, lunar me-

teorites are the only samples that may have originat-

ed from outside of the Apollo and Luna-sampled 

regions. These samples, therefore, provide less bi-

ased representation of the lunar surface’s chemical 

and lithological diversity.  

Northwest Africa (NWA) 12593, is a lunar frag-

mental breccia [2]. The rock is clast-rich, with min-

eral and lithic clasts embedded in a fine-grained ve-

sicular impact melt matrix. Within the lithic clast 

population are crystalline impact-melt breccias, 

highlands, and basaltic clasts. The main minerals 

comprising this rock, in both clastic and isolated 

matrix mineral populations are anorthite, pigeonite, 

augite, olivine, with minor amounts of chromite, 

ilmenite, zircon, apatite and merrillite. The apatite 

grains in this sample are of considerable size (up to 

70 µm in the longest dimension) and in texturally 

pristine condition within both lithic clasts and the 

matrix. As a major volatile-bearing phase in lunar 

samples, apatite in this sample could reveal new in-

sights into the distribution and isotopic composition 

of volatile elements in areas of the Moon not sam-

pled previously. Of the highlands lithologies pre-

served in NWA 12593, a number of them show af-

finities to ferroan anorthosites (FAN) sampled dur-

ing the Apollo missions, but with slight chemical 

variance (more Ca-rich plagioclase (An98) and Mg-

rich mafic silicates (Mg# = ~73). There are also 

highlands-type clasts compositionally distinct from 

Apollo highlands sampled material, re-affirming a 

greater compositional diversity in lunar crustal rocks 

[3]. In this context, chlorine in the apatites of NWA 

12593 could potentially be used to explore the heter-

ogeneity in the distribution and isotopic composition 

of volatiles, as has been highlighted through recent 

work on Apollo samples [4].  

Methods: Apatite grains in NWA 12593 were 

identified using an FEI Quanta 200 Scanning Elec-

tron Microscope (SEM) fitted with an Oxford In-

struments Energy Dispersive X-ray detector, with an 

accelerating voltage of 20kV and beam current of 

0.60nA. The chlorine content (Cl wt. %) and isotopic 

composition (δ37Cl) of the apatites were then meas-

ured using the CAMECA NanoSIMS 50L at The 

Open University, using a 20pA probe current. Fol-

lowing a protocol adapted from [5-10], negative sec-

ondary ions of 13C, 18O, 35Cl, 37Cl and 40Ca19F were 

acquired simultaneously on electron multipliers in 

scanning ion imaging mode. Regions of interest 

(ROIs) were selected within the acquired images 

based on greater Cl abundance and homogeneity in 
18O and Cl images . The isotopic ratio of 37Cl/35Cl of 

the ROIs were then used to calculate the δ37Cl and Cl 

abundances. For calibration of Cl content and isotop-

ic ratios three terrestrial apatite standards Ap004, 

Ap005, Ap018 were used [11]. The isotopic compo-

sition of Ap020 standard, which has the lowest chlo-

rine content among all the standards used [11] was 

analysed to assess reproducibility of the results for 

apatite with low Cl abundances (see [8]). This was 

found to be within error of typical terrestrial values 

reported for Ap004. There is, consequently, no evi-

dence of an extreme background isotopic composi-

tion of the SIMS. Background Cl abundances of the 

system were considered the same as those measured 

in San Carlos olivine (~1ppm). The lack of an ex-

treme isotopic composition and low abundance of 

background Cl would result in an inappreciable dif-

ference in the measured isotopic composition of apa-

tite grains in NWA 12593, and therefore no correc-

tion for background contribution was applied. 

Results: There appears to be two groups of Cl 

isotopic composition in NWA 12593 apatite: a heavy 

δ37Cl group (of ~+55‰) and a lighter δ37Cl group 

(ranging between +10‰ and +24‰) (Fig. 1). It 

should be noted that most of these apatites are pre-

sent within the matrix as isolated grains, with the 

majority of these displaying δ37Cl values between 

+10‰ and +24‰ and, therefore, are assumed to 

represent a similar source region. There is no corre-

lation between measured δ37Cl and Cl contents. 

 
Fig. 1: Cl abundances (wt. %) vs δ37Cl (‰) of apatites in 

NWA 12593 compared to literature data [5-7, 12-15]. 2σ er-

rors on δ37Cl are smaller than the symbol sizes. 

Discussion: Given the elevated Cl contents of the 

heavier δ37Cl group (Ap21a, b in Fig. 1), magmatic 

degassing is unlikely to be the primary fractionation 



mechanisms. Since Ap21 is not associated with any 

clast, and occurs as an isolated grain in the matrix, 

its geological context is not known. Although such 

heavy Cl isotopic compositions have not yet been 

reported from Apollo material, much heavier δ37Cl 

values have been measured in apatite in lunar mete-

orite Dhofar 458 [12] (Fig. 1). This large isotopic 

fractionation was attributed to the giant impact 

which formed the Moon, followed by an extensive 

evaporation of the lunar magma ocean [12, 15]. The 

Moon coalesced from an enriched vapor, as 35Cl 

would be preferentially lost from the vapor phase by 

Rayleigh distillation [12, 17], followed by an ex-

tended LMO liquidus phase that persisted for 10 – 

200 Myr, inducing further isotopic fractionation by 

metal chloride evaporation [12]. It is possible that 

the isotopic composition of Ap21 is indicative of its 

source region, which may have recorded this pro-

cess. The influence of shock effects on the Cl iso-

topes of the apatite grains in NWA 12593 should be 

further assessed (e.g. using Raman spectroscopy 

[12]), as petrographic analysis that has concluded the 

sample is moderately shocked. Notably, Ap21 exhib-

its irregular outlines indicating some degree of high-

temperature interaction with an external melt/fluid 

source, possibly during shock events which formed 

the impact melt matrix. Similarly 37Cl-enriched val-

ues (up to ~+40‰) in Apollo 14 rocks have been 

attributed to vapor metasomatism associated with an 

impact event [14], and it may therefore be reasonable 

to suggest a similar process is responsible for the 

heavy signature in NWA 12593. Further work is 

required to test these hypotheses further.  

Of lithic-clast associated apatites, there is a clus-

tering of values for basaltic apatites around +21‰, 

whereas highlands-type clasts record lower values 

(+16‰) (see ellipses in Fig. 1). The basaltic apatites 

are consistent with the literature data (which range 

from +2‰ to +40‰ [5, 7, 14-15], whereas typical 

highlands rocks are known to have heavier δ37Cl 

(+25‰ to +36‰ [5] than those in NWA 12593 (Fig. 

1). The matrix associated apatites mainly show light-

er δ37Cl values (+13‰ to +24‰). Some of these 

apatites plot very close to those with highlands clas-

tic associations (see Fig. 1), which could indicate 

that these isolated apatites may represent the same 

highlands signature, with the difference in isotopic 

composition (~+24‰ compared to +16‰ for matrix- 

and clast-associated, respectively)  resulting from 

magmatic crystallization or source heterogeneity. 

Other isolated apatites have similar δ37Cl values to 

those mentioned above (+13‰ to +18‰), but with 

elevated chlorine contents (0.69 to 1.25 wt. % vs 

~2000pm). Further analysis of the mineral chemistry 

of the lithic clast with which some of the apatites are 

associated is required to define which highlands li-

thology this signature represents. 

Apatite grains associated with a basaltic clast 

have Cl abundances of ~7000 ppm and δ37Cl values 

of +20‰ to +22‰. A number of isolated apatites 

show comparable δ37Cl (+23‰ to +24‰) but greater 

Cl abundances (1.02 to 1.04 wt. %). Cl concentration 

variation likely reflects partitioning behavior in the 

source region of these apatites, with a limited δ37Cl 

range reflecting the isotopic composition of this re-

gion. 

Conclusion: The measured δ37Cl and Cl contents 

of apatites in lunar meteorite NWA 12593 indicate 

the possibility of multiple fractionation events and 

lithologies recorded in this rock. Possible highlands 

apatites show lighter δ37Cl than previously recorded. 

Further investigations are ongoing to better constrain 

the nature of the heavy δ37Cl reservoir on the Moon.  

References: [1] Warren, P. H., et al. (1989) EPSL, 

91(3-4), 245-260. [2] The Meteoritcal Bulletin, no. 108 

(2019) 

https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12

593&sfor=names&ants=&nwas=&falls=&valids=&stype=

con-

tains&lrec=50&map=ge&browse=&country=All&srt=nam

e&categ=All&mblist=All&rect=&phot=&strewn=&snew=

0&pnt=Normal%20table&code=69536 [3] Gross, J. et al. 

(2014) EPSL, 388, 318-328. [4] Boyce, J. W., et al. (2018) 

EPSL, 500, 205-214. [5] Barnes, J. J., et al. (2019) GCA, 

266, 144-162. [6] Tartèse, R., et al. (2014) MaPS, 49(12), 

2266-2289. [7] Barnes, J. J., et al. (2016) EPSL, 447, 84-

94. [8] Barrett, T. J., et al. (2019) GCA, 266, 582-597. [9] 

Stephant, A., et al. (2019) EPSL, 523: 115715. [10] Bar-

rett, T. J., et al. (2020) LPSC LI, Abstract #2879. [11] 

McCubbin, F. M. et al. (2012) Geology, 40, 683-686. [12] 

Wang, Y., et al. (2019) Scientific Reports, 9:5727. [13] 

Stephant, A., et al. (2019) GCA, 266, 163-183. [14] Potts, 

N. J., et al. (2018) GCA, 230, 46-59. [15] Boyce, J. W., et 

al. (2015) Science Advances, 1, e1500380. [16] Sharp, Z. 

D., et al. (2010) Science, 329, 1050-1053. [17] Warren, P. 

H. (1985) An. Rev. Earth Planet. Sci, 13, 201-240. 

https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12593&sfor=names&ants=&nwas=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=All&mblist=All&rect=&phot=&strewn=&snew=0&pnt=Normal%20table&code=69536
https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12593&sfor=names&ants=&nwas=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=All&mblist=All&rect=&phot=&strewn=&snew=0&pnt=Normal%20table&code=69536
https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12593&sfor=names&ants=&nwas=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=All&mblist=All&rect=&phot=&strewn=&snew=0&pnt=Normal%20table&code=69536
https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12593&sfor=names&ants=&nwas=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=All&mblist=All&rect=&phot=&strewn=&snew=0&pnt=Normal%20table&code=69536
https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12593&sfor=names&ants=&nwas=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=All&mblist=All&rect=&phot=&strewn=&snew=0&pnt=Normal%20table&code=69536
https://www.lpi.usra.edu/meteor/metbull.php?sea=nwa+12593&sfor=names&ants=&nwas=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=All&mblist=All&rect=&phot=&strewn=&snew=0&pnt=Normal%20table&code=69536


SPECTRAL DIVERSITY OF EXPLOSIVE VOLCANIC DEPOSITS IN SCHRODINGER BASIN 
WITH MOON MINERALOGY MAPPER DATA. M.J.B. Henderson1 B. Horgan1 L.R. Gaddis2 and K.A. 
Bennett2. 1Purdue University, 610 Purdue Mall, West Lafayette, IN (marie@purdue.edu), 2Astrogeology Science 
Center, U.S. Geological Survey, Flagstaff, AZ. 

 
Introduction:  Schrödinger is a 320 km diameter 

Imbrium-aged (~3.8 billion years old) impact crater 
located within South Pole-Aitken (SPA) basin on the 
lunar far side at 138ºE and 75ºS [1].  It is believed to 
be the second youngest basin on the lunar surface 
[2]. Pre-Nectarian-aged SPA basin is a 2400 km by 
2050 km impact structure centered at 53°S, 191°E on 
the far side [3]. Schrödinger is a target for future 
human or robotic exploration as sampling its diverse 
lithologies would address a variety of high priority 
lunar science goals. Sample sites might include a 
conical edifice raised 415 m above the floor and an 
associated pyroclastic deposit with an area of 1250 
km2 located near the crater peak ring [4]. Pyroclastic 
deposits on the Moon represent a primitive material 
that could help to characterize the lunar interior and 
to expand our understanding of lunar basaltic mag-
matism and have resource potential in future explo-
ration [5,6]. The proximity of these deposits would 
allow a robotic or human mission to answer ques-
tions about the history of both volcanic and impact 
processes in a single mission, which would address 
goals outlined in the Decadal Survey [7]. Outstand-
ing knowledge gaps at Schrödinger include the rela-
tionship between the volcanic deposits and the extent 
of the pyroclastic deposit. In this study we use spec-
troscopy and inferred mineralogy to assess these 
properties and their implications for the volcanic 
eruption style and history of the deposits. 

 

Figure 1: LROC WAC mosaic of the South Pole showing 
the location of Schrödinger basin. The inset displays the 
topography of the basin from LOLA data. 
Background: Visible wavelength images [8](Figure 
1) reveal that the pyroclastic deposits within Schrö-
dinger crater may be relatively complex, with multi-
ple pyroclastic deposits and an unusually high albedo 
compared to other lunar pyroclastic deposits [LPDs, 
5]. Kramer et al. (2013) previously examined the 

Schrödinger basin with Level 1 M3 hyperspectral 
data [9,10] by studying fresh material exposed by 
impact craters. The pyroclastic deposit was interpret-
ed to be glass-rich, but the inner-Schrödinger mare 
could not be spectrally distinguished from the sur-
rounding basin floor material [9]. Here we use Level 
2 M3 products (which include thermal and photomet-
ric corrections), incorporate spectra from more di-
verse range of sites, and use advanced mineral diver-
sity and mapping methods to expand on these earlier 
results and to assess the mineralogy and likely erup-
tion style of Schrödinger pyroclastics. 

Methods: M3 was an imaging spectrometer on 
the Chandrayaan-1 lunar orbiter operating in the 
visible to near-infrared (0.42-3.0 μm). M3 observa-
tions of Schrödinger have a resolution of 280 
m/pixel in 86 spectral channels [10]. M3 collected 
data during two operational periods distinguished by 
changes in instrument temperature and orientation; 
Schrödinger data were obtained in optical period 2B. 
A M3 mosaic of the basin was constructed with 
bounds 110-155ºE and 82-67ºN in an orthographic 
projection (Figure 2). The spectral continuum was 
removed using a linear convex hull with two seg-
ments between 0.6-2.6 μm. Spectral noise was re-
duced using a median filter and a boxcar smoothing 
algorithm, both with widths of 5 channels [11,12] 

Spectral diversity maps were created by parame-
terizing the shape, position and depth of the 1- and 2-
µm absorption bands in the M3 mosaic. A glass spec-
tral parameter (average band depth below the contin-
uum at 1.15, 1.18, and 1.20 μm) detects the wings of 
the glass iron absorption band, which is centered 
near 1 µm, at much longer wavelengths than other 
Fe-bearing minerals [11]. This parameter does not 
uniquely detect glass but along with other spectral 
parameters, detailed spectral interpretation, and geo-
logic context can infer the presence of glass.  

Results: Spectral mapping of the glass band 
depth, 1-µm and 2-µm band centers are mapped as 
red, blue, and green respectively in a composite im-
age (Figure 2) which highlights the mineralogical 
diversity of the Schrödinger units. Analysis of these 
data reveals that the volcanic terrains of the pyro-
clastic and the inner mare are spectrally distinct from 
impact features as well as the basin floor. The poten-
tial LPDs also have a notably lower albedo. 

The M3 extracted spectra (Figure 3) for Schrö-
dinger units show distinctive iron-bearing absorption 
bands near 1- and 2-µm. The inner-peak ring floor 
exhibits bands centered near 0.93 and 1.8 µm that 
are consistent with orthopyroxene (OPX), typical of 
highlands. In comparison, the inner peak-ring mafic 
units and distinct linear ridges on the floor exhibit 
bands shifted to near 0.97 µm and 1.9-2.0 µm, which 



can be attributed to increased influence of clinopy-
roxene (CPX). Some areas on the ridges and within 
the inner mare show stronger absorption at longer 
wavelengths within the 1-μm band that suggest the 
presence of glass. The conical edifice in Schrödinger 
basin has bands centered near 1.1 and 1.9-2.0 μm, 
and strong shoulders on the 1 μm band representative 
of a mixture of glass and pyroxene [11, 13].  

 
Figure 2: Composite color image of Schrodinger crater. 
Shades of yellow are inferred to indicate significant glass, 
blue indicates CPX, magenta indicates glass/CPX mix-
tures, and greens are dominated by orthopyroxene.  
Discussion: The broad absorption bands in the M3 
spectra of the Schrödinger volcanic cone are con-
sistent with a pyroxene and glass mixture, supporting 
an explosive origin. Inner-peak ring mafic units were 
previously hypothesized to be mare-like deposits 
based on the presence of flow-like morphologies. 
Spectral results show the units are likely dominated 
by CPX, which suggests that they were emplaced by 
a more effusive eruption than the cone, perhaps orig-
inating as a smaller fissure eruption. Some glass may 
be present in the inner mare, so they may still have 
an explosive component. Ridge units exhibit similar 
colors as the LPD (Figure 2), suggesting a contribu-
tion from glass, possibly emplaced as a thin mantle. 
This possibility is supported by the similarity of the 
ridge spectra to the inner peak-ring mare, suggesting 
a limited spectral contribution from glass. 

There are multiple hypotheses for how the small-
er mafic units are connected to the large conical py-
roclastic deposit. A single volcanic vent may have 
produced a large explosive volcanic edifice before 
transitioning to effusive flows that were later seg-
mented by impacts. Alternatively, Schrödinger de-
posits could result from multiple volcanic vents, sim-
ilar to the multiple volcanic pyroclastic deposits 
ranging in crystallinity observed in Oppenheimer 
crater, located farther north within the SPA basin 
[12]. While the largest deposit in Oppenheimer is 
comparable in size to the large deposit in Schröding-
er, it is flat compared to the 415 m conical edifice in 
Schrödinger. This could be consistent with eruption 

of a similar volume of magma from one vent com-
pared to seven. The inner mare deposits of Schrö-
dinger have spectral properties consistent with CPX 
mixed with glass, similar to some Oppenheimer floor 
deposits; both LPDs may have formed during a fire 
fountaining or Strombolian event where large blebs 
of molten magma accumulated near the vent and 
formed a lava flow and crystallized [12]. These re-
sults suggest that complex volcanic eruption styles 
may be typical among SPA pyroclastic deposits.  

 
Figure 3: M3 spectra extracted from the Schrödinger py-
roclastic deposit, inner- peak ring mafic deposits, and 
ridge unit deposits compared to laboratory spectra. 

Future work will examine the band parameter 
maps and spectra for the pyroclastic deposit in more 
detail to assess their distribution relative to vents and 
local topography. Additionally, we will use Diviner 
[14] derived iron content and CF feature position to 
evaluate whether or not the smaller volcanic deposits 
are related to the large LPD in Schrödinger. 
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Introduction:  The Moon is the single most im-

portant planetary body for calibrating the impact record 
of the inner Solar System with absolute ages derived 
from the returned samples. Overall, the Soviet Luna 
and the American Apollo programs returned almost 400 
kg of lunar samples. Thus, the Moon is unique in that it 
allows us to groundtruth and calibrate remote-sensing 
data at the landing sites (e.g., crater size-frequency dis-
tributions [CSFDs], crater degradation, mineralogy, 
composition) with these well-documented samples 
(e.g., ages, geologic context, composition, mineralogy) 
[e.g., 1,2]. On the basis of such studies, a lunar chro-
nology function (CF) was derived, which links the 
CSFD at a certain reference diameter (determined for 
example via the lunar production function [PF]) with 
the radiometric and exposure ages of lunar samples 
[e.g., 3-10]. Commonly, the lunar chronology is shown 
as the cumulative number of the craters ≥1 km in diam-
eter per km2, i.e., the N(1) value (y-axis), plotted 
against the laboratory-derived sample ages (x-axis) 
(Fig. 1). 

CSFD measurements enable us to not only study the 
geology of unsampled regions on the Moon, but also to 
derive absolute model ages (AMAs) of surfaces on 
other planetary bodies. Thus, the lunar chronology 
function and its extrapolation to other planetary bodies 
is a prerequisite for dating planetary surfaces and un-
derstanding the geologic history and evolution particu-
larly for inner Solar System objects. Although it is 
known that SNC meteorites originated from Mars and 
that HED meteorites very likely came from asteroid 
Vesta, these samples do not have known provenance, 
making it impossible to link their radiometric ages with 
CSFDs, i.e., to directly derive chronology functions for 
these planetary objects.  

Ideally, the derivation of the chronology function 
would yield only one uniquely accepted solution. How-
ever, in the process of deriving the chronology func-
tion, several assumptions (e.g., importance of second-
ary craters, target properties, count area size, etc.) have 
to be made. Consequently, several lunar chronology 
functions have been proposed over the last 50 years 
since the Apollo and Luna samples have been brought 
to Earth [e.g., 5,6,8,10]. Some of these chronologies are 
drastically different from each other. The largest dis-
crepancies among the chronologies manifest themselves 
in the time period between about 1 and 3.2 Ga, result-
ing in drastically different model ages for the same 
crater frequency (Fig. 1). Although the chronology of 
[5,6] is widely used, we recognized that many aspects 
of it are not sufficiently documented in the literature. 
One important piece of information that is missing for 
some landing sites are the exact positions and sizes of 
the count areas for the CSFD measurements that were 

originally linked with the sample ages. Furthermore, 
since the derivation of the original lunar chronology of 
[5,6], our understanding of the samples, their geologic 
context, and their ages has greatly improved. Consider-
ing the importance of the CF for dating planetary sur-
faces, it is high time to reevaluate the proposed chro-
nologies. 
 

 
Fig. 1. Proposed lunar chronologies 
 

Results:  At the meeting, we will report on our 
work reevaluating the lunar chronology. Our study has 
produced and is producing new geologic maps, on 
which we selected updated and new homogeneous geo-
logic units for new CSFD measurements. Our geologic 
mapping effort has allowed us to accurately attribute 
samples to a specific geologic unit. On the basis of our 
literature review of laboratory-derived sample ages, we 
correlated these ages with our new CSFDs. Were avail-
able, we also recounted the count areas of [5,6] to 
gauge the quality of the original counts with modern 
high-resolution imaging data. This also allowed us to 
detect and investigate possible differences with our 
newly defined count areas. So far, we re-investigated 
the data points for Copernicus, Tycho, North Ray [11], 
and Cone craters [12], as well as the Apollo 11, 12, 14, 
16, and 17 landing sites [13-18]. For Apollo 15 we have 
available a preliminary geologic map.  

Cone Crater: On the basis of our new CSFD meas-
urements on LROC images, we derived older N(1) val-
ues than previous CSFDs [e.g., 19]. Our results are 
more similar to the older CSFDs than to those of [20] 
and are within the error bars of [21]. The newly derived 
N(1) = 3.26 x 10−5 km−2 is very close to the N(1) of 3.36 
x 10−5 km−2 of [10]. 

North Ray Crater: CSFD measurements for North 
Ray crater were performed by two independent re-
searchers to test potential effects introduced by differ-
ent crater recognition, diameter measurements, number 
of counted craters, etc. Both CSFD measurements agree 
very well with each other and yielded an N(1) of 
3.94x10-5 km-2 and 3.90x10-5 km-2, respectively for 
count areas defined by [5,6]. In [22], we also report on 



CSFD measurements for count areas that were slightly 
adjusted on the basis of our new geologic maps. These 
CSFD measurements resulted in an N(1) of 4.26x10-5 
km-2, hence slightly older. 

South Ray Crater: In [22], we also describe the re-
sults of our CSFD measurements for South Ray crater. 
For this crater, we derived N(1) values that are some-
what younger than previously reported. Our new CSFD 
measurement indicate an N(1) value of 8.95x10-7 km-2. 

Tycho Crater: In our 2012 paper [11], we deter-
mined an N(1) value of 7.12x10-5 km-2 for several count 
areas on the ejecta blanket of Tycho and an N(1) value 
of 2.72x10-5 km-2 for several Tycho melt pools. 

Copernicus Crater: In [5,6], the data point of Co-
pernicus showed an N(1) that was significantly higher 
than one would expect from the lunar chronology, 
which long puzzled researchers. Inspection of the origi-
nal count area revealed that it is heavily contaminated 
with secondary craters. Thus, it seems most likely that 
the high N(1) value of [5,6] resulted from the inclusion 
of secondary craters. Consequently, in [11] we used 
Lunar Reconnaissance Wide Angle (WAC) and Narrow 
Angle Camera (NAC) images to adjust the count area 
location carefully and derived N(1) values of 66.8x10-5 
km-2 and 65.3x10-5 km-2, respectively. Kaguya Terrain 
Camera images yielded a slightly lower N(1) of 
56.8x10-5 km-2. These N(1) values fit the original chro-
nology of [5,6] much better.  

Apollo 11: On the basis of WAC images, Iqbal et al. 
[13] re-investigated CSFDs at the Apollo 11 landing 
site. As a result, we determined an N(1) value of 
6.47x10-3 km-2 for the original count area of [5,6]. 
However, we also recognized that the original count 
area is affected by the deposition of ray material. Tak-
ing this into account, we defined new more appropriate 
count areas. Our new N(1) values are 6.42x10-3 km-2 
(NAC) and 6.88x10-3 km-2 (WAC). On the basis of 
NAC CSFD measurements, [13] determined an N(1) of 
5.74x10-3 km-2.  

Apollo 12: Our CSFD measurements yielded an 
N(1) of 2.81x10-3 km-2 for the mare unit containing the 
Apollo 12 landing site and an N(1) of 6.67x10-4 km-2 for 
the Copernicus ray material [14]. The N(1) values pub-
lished by [5,6] for this landing site are 3.61x10-3 km-2 

and 1.3x10-3 km-2, respectively. [10] determined an 
N(1) of 5.68x10-3 km-2.  

Apollo 14: For the count area of [5,6], we deter-
mined an N(1) value of 4.31x10-2 km-2, thus slightly 
older than the N(1) value of 3.7x10-2 km-2 of [5,6]. Our 
new WAC count area yielded an N(1) of 4.5x10-2 km-2 
and our NAC counts, which combined several smaller 
count areas show an N(1) of 5.39x10-2 km-2. All our 
N(1) values are older than the N(1) values of [8], i.e., 
2.595-2.672x10-2 km-2. 

Apollo 15: Preliminary work on the Apollo 15 land-
ing site was presented in [15] and in a companion ab-
stract. For the count areas A and B defined by [5,6], we 
found N(1) values of 2.99x10-3 km-2 and 2.98x10-3 km-2. 

The N(1) given by [5,6] is 3.2±1.1x10-3 km-2. Our study 
also showed that count area C is heterogeneous, con-
sisting of several geologic units. After adjustment of the 
count area, we determined an N(1) of 1.72x10-3 km-2. 
Count area E exhibits two N(1) values of 3.55x10-3 km-2 
and 7.88x10-3 km-2, representing two mare units. 

Apollo 16: Previous studies determined N(1) values 
of 3.4±0.7×10-2 km-2 [5] and 2.490×10-2 km-2 to 
2.509×10-2 km-2 [8] for the three count areas of [5,6]. 
We re-counted these areas and obtained an N(1) value 
of 1.84x10-2 km-2. However, re-inspecting these count 
areas with modern LROC WAC data, we found the 
count areas to be heterogeneous. Thus, we defined new 
count areas for which preliminary CSFD measurements 
indicate an N(1) value of 1.84x10-2 km-2. Our NAC 
CSFD measurements of several smaller count areas 
within the WAC count areas show N(1) values of 
5.35×10-3 km-2 to 1.66×10-2 km-2 [16] 

Apollo 17: Recently, [11,18] dated the light mantle 
material at the Apollo 17 landing site. As a result, [18] 
derived an N(1) value of 7.04x10-5 km-2. For the mare 
unit and pyroclastics around the landing site, an N(1) 
value of 1.06x10-2 km-2 was found, which is close to the 
N(1) value of [18,23]. 

Conclusions: On the basis of our new CSFD meas-
urements on carefully characterized count areas at the 
Apollo landing sites and at some additional anchor 
points, we do not find large discrepancies in the lunar 
chronology of [5,6]. Thus, on the basis of our CSFDs, 
we do not see the necessity to substantially change the 
lunar chronology function. For the first time, all count 
areas and measured CSFDs are documented in the liter-
ature, which has not been the case for some measure-
ments in the publications of [5,6].  
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Introduction: The Moon is continually bom-
barded by on the order of 106 kg/y of interplanetary 
dust particles (IDP) that are micrometeoroids of 
cometary and asteroidal origin. Most of these projec-
tiles range from 10 μm to about 1 mm in size and 
impact the Moon with speeds in the characteristic 
range of 10 to 72 km/s. At Earth, the passage 
through the atmosphere ablates most of these parti-
cles turning them into “shooting stars”. However, 
they directly reach the surface of the Moon, generate 
secondary ejecta particles and leave a crater record 
on the surface from which the micrometeoroid size 
distribution has been deciphered [1]. Most of the 
ejecta particles have initial speeds below the escape 
speed from the Moon (2.4 km/s) and following bal-
listic orbits return to the surface, blanketing the lunar 
crust with a highly pulverized and impact gardened 
regolith with ≫ 1 m thickness. Micron and sub-
micron sized secondary particles that are ejected at 
speeds up to the escape speed form a highly variable, 
but permanently present, dust cloud around the 
Moon. Such tenuous clouds have been observed by 
the Galileo spacecraft around all lunar-sized Galilean 
satellites at Jupiter [2]. Our understanding of the 
lunar dust exosphere is based on  NASA’s Lunar 
Atmosphere and Dust Environment Explorer mission 
(Fig.1)  [3]. The findings provide a unique oppor-
tunity to map the composition of the lunar surface 
from orbit and identify regions that are rich in vola-
tiles, providing opportunities [4] for future in situ 
resource utilization (ISRU). 

 
In Situ Resource Utilization is a key element in 

establishing human habitats on the Moon. The ex-
pected availability of water ice, and other volatiles, 
in Permanently Shadowed Regions (PSR) makes the 
lunar poles of prime interest. However, the relative 
strength of the various sources, sinks, and transport 
mechanisms of water into and out of PSRs remain 
largely unknown. The quantitative characterization 
of the temporal and spatial variability of the influx of 
IDPs to the polar regions of the Moon is critical to 
the understanding the evolution of volatiles in PSRs. 
A dust instrument onboard a polar orbiting lunar 
spacecraft could make fundamental measurements to 
assess the availability and accessibility of water ice 
in PSRs. Water is thought to be continually delivered 
to the Moon through geological timescales by water-
bearing comets and asteroids and produced continu-
ously in situ by the impacts of solar wind protons of 
oxygen-rich minerals on the surface. IDPs are an 
unlikely source of water due to their long UV expo-

sure in the inner solar system, but their high-speed 
impacts can mobilize secondary ejecta dust particles, 
atoms and molecules, some with high-enough speed 
to escape the Moon. Other surface processes that can 
lead to mobilization, transport and loss of water mol-
ecules and other volatiles include solar heating, pho-
tochemical processes, and solar wind sputtering. 
Since the efficiency of these are reduced in PSRs, 
dust impacts remain the dominant process to dictate 
the evolution of volatiles in PSRs.  

 
Fig.1 The dust ejecta cloud observed by LDEX for 
each calendar month LADEE was operational in 
2014 (left), and the modelled average lunar dust 
density distribution for particles with radii  
(right panel) shown in a reference frame where the 
Sun is on the left [5]. 
 
In the absence of an atmosphere, each incoming IDP 
directly hits the lunar surface and generates a copi-
ous number of secondary particles, with sufficient 
speeds, reaching  over 200 km altitude before most 
of them returns to the surface. The continually pre-
sent dust ejecta cloud was observed by 
LADEE/LDEX. A more capable dust instrument, in 
addition to the size and speed of an impacting parti-
cle, can also measure the composition of secondary 
ejecta particles, resulting in a surface composition 
map with a spatial resolution comparable to the 
height of the spacecraft. This talk will describe the 
available instrumentation, its testing and calibration 
using the SSERVI /IMPACT dust accelerator  facili-
ty at the University of Colorado, Boulder.		
	
						Summary: A polar-orbiting spacecraft could 
directly sample the lunar ejecta, providing the criti-
cal link between IDP bombardment and the evolu-
tion of water ice in PSRs. 
						References:		[1]		E.	Grün,		et	al.,	Icarus,	62:244,	
1985.	[2]		H.	Krüger,	et	al.,			Icarus,	164:170,	2003.	[3]	
	R.	C.	Elphic,	et	al.,	Space	Sci.	Rev.,	185:3,		2014.	[4]	F.	
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A permanent, asymmetric dust cloud around
the Moon
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Interplanetary dust particles hit the surfaces of airless bodies in the
Solar System, generating charged1 and neutral2 gas clouds, as well
as secondary ejecta dust particles3. Gravitationally bound ejecta
clouds that form dust exospheres were recognized by in situ dust
instruments around the icy moons of Jupiter4 and Saturn5, but
have hitherto not been observed near bodies with refractory rego-
lith surfaces. High-altitude Apollo 15 and 17 observations of a
‘horizon glow’ indicated a putative population of high-density
small dust particles near the lunar terminators6,7, although later
orbital observations8,9 yielded upper limits on the abundance of
such particles that were a factor of about 104 lower than that neces-
sary to produce the Apollo results. Here we report observations of a
permanent, asymmetric dust cloud around the Moon, caused by
impacts of high-speed cometary dust particles on eccentric orbits,
as opposed to particles of asteroidal origin following near-circular
paths striking the Moon at lower speeds. The density of the lunar
ejecta cloud increases during the annual meteor showers, especially
the Geminids, because the lunar surface is exposed to the same
stream of interplanetary dust particles. We expect all airless plan-
etary objects to be immersed in similar tenuous clouds of dust.

The Lunar Atmosphere and Dust Environment Explorer (LADEE)
mission was launched on 7 September 2013. After reaching the Moon
in about 30 days, it continued with an instrument checkout period of
about 40 days at an altitude of 220–260 km. LADEE began its approxi-
mately 150 days of science observations at a typical altitude of 20–100
km, following a near-equatorial retrograde orbit, with a characteristic
orbital speed of 1.6 km s21 (ref. 10). The Lunar Dust Experiment
(LDEX) began its measurements on 16 October 2013 and detected a
total of approximately 140,000 dust hits during about 80 days of
cumulative observation time out of 184 total days by the end of the
mission on 18 April 2014. LDEX was designed to explore the ejecta
cloud generated by sporadic interplanetary dust impacts, including
possible intermittent density enhancements during meteoroid
showers, and to search for the putative regions with high densities of
0.1-mm-scale dust particles above the terminators. The previous
attempt to observe the lunar ejecta cloud by the Munich Dust
Counter on board the HITEN satellite orbiting the Moon (15
February 1992 to 10 April 1993) did not succeed, owing to its distant
orbit and low sensitivity11.

LDEX is an impact ionization dust detector (Methods subsection
‘The LDEX instrument’). When pointed in the direction of motion of
the spacecraft, LDEX recorded average impact rates of about 1 and
about 0.1 hits per minute of particles with impact charges of q $ 0.3
and q $ 4 fC, corresponding to particles with radii of a> 0.3 mm and
a> 0.7 mm, respectively (Fig. 1). Approximately once a week, LDEX
observed bursts of 10 to 50 particles in a single minute. Particles
detected in a burst are most likely to originate from the same well-
timed and well-positioned impact event that happened just minutes
before their detection on the ground-track of LADEE. Several of the

yearly meteoroid showers generated sustained elevated levels of LDEX
impact rates, especially those where the majority of the incoming
meteoroids hit the lunar surface near the equatorial plane, greatly
enhancing the probability of LADEE crossing their ejecta plumes.
The Geminids generated the strongest enhancement in impact rates
for 61.5 days centred around 14 December 2013.

The distribution of the detected impact charges remained largely
independent of altitude, and throughout the entire mission it closely
followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
approximation, independent of their initial speed and angular distri-
butions (Methods subsection ‘Dust ejecta clouds’), and that the num-
ber of ejecta particles generated on the surface per unit time with
mass greater than m follows a power law: N1(.m) / m2a. The
LDEX measurements indicate a < 0.9, surprisingly close to the value
aG 5 0.8 suggested by the Galileo mission at the icy moons of Jupiter12
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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and q $ 4 fC, corresponding to particles with radii of a> 0.3 mm and
a> 0.7 mm, respectively (Fig. 1). Approximately once a week, LDEX
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detected in a burst are most likely to originate from the same well-
timed and well-positioned impact event that happened just minutes
before their detection on the ground-track of LADEE. Several of the
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impact rates, especially those where the majority of the incoming
meteoroids hit the lunar surface near the equatorial plane, greatly
enhancing the probability of LADEE crossing their ejecta plumes.
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followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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Engineering Sciences, University of Colorado, Boulder, Colorado 80309, USA.

G2015 Macmillan Publishers Limited. All rights reserved

a > 0.7

LETTER
doi:10.1038/nature14479

A permanent, asymmetric dust cloud around
the Moon
M. Horányi1,2,3, J. R. Szalay1,2,3, S. Kempf1,2,3, J. Schmidt4, E. Grün1,3,5, R. Srama6 & Z. Sternovsky1,3,7

Interplanetary dust particles hit the surfaces of airless bodies in the
Solar System, generating charged1 and neutral2 gas clouds, as well
as secondary ejecta dust particles3. Gravitationally bound ejecta
clouds that form dust exospheres were recognized by in situ dust
instruments around the icy moons of Jupiter4 and Saturn5, but
have hitherto not been observed near bodies with refractory rego-
lith surfaces. High-altitude Apollo 15 and 17 observations of a
‘horizon glow’ indicated a putative population of high-density
small dust particles near the lunar terminators6,7, although later
orbital observations8,9 yielded upper limits on the abundance of
such particles that were a factor of about 104 lower than that neces-
sary to produce the Apollo results. Here we report observations of a
permanent, asymmetric dust cloud around the Moon, caused by
impacts of high-speed cometary dust particles on eccentric orbits,
as opposed to particles of asteroidal origin following near-circular
paths striking the Moon at lower speeds. The density of the lunar
ejecta cloud increases during the annual meteor showers, especially
the Geminids, because the lunar surface is exposed to the same
stream of interplanetary dust particles. We expect all airless plan-
etary objects to be immersed in similar tenuous clouds of dust.

The Lunar Atmosphere and Dust Environment Explorer (LADEE)
mission was launched on 7 September 2013. After reaching the Moon
in about 30 days, it continued with an instrument checkout period of
about 40 days at an altitude of 220–260 km. LADEE began its approxi-
mately 150 days of science observations at a typical altitude of 20–100
km, following a near-equatorial retrograde orbit, with a characteristic
orbital speed of 1.6 km s21 (ref. 10). The Lunar Dust Experiment
(LDEX) began its measurements on 16 October 2013 and detected a
total of approximately 140,000 dust hits during about 80 days of
cumulative observation time out of 184 total days by the end of the
mission on 18 April 2014. LDEX was designed to explore the ejecta
cloud generated by sporadic interplanetary dust impacts, including
possible intermittent density enhancements during meteoroid
showers, and to search for the putative regions with high densities of
0.1-mm-scale dust particles above the terminators. The previous
attempt to observe the lunar ejecta cloud by the Munich Dust
Counter on board the HITEN satellite orbiting the Moon (15
February 1992 to 10 April 1993) did not succeed, owing to its distant
orbit and low sensitivity11.

LDEX is an impact ionization dust detector (Methods subsection
‘The LDEX instrument’). When pointed in the direction of motion of
the spacecraft, LDEX recorded average impact rates of about 1 and
about 0.1 hits per minute of particles with impact charges of q $ 0.3
and q $ 4 fC, corresponding to particles with radii of a> 0.3 mm and
a> 0.7 mm, respectively (Fig. 1). Approximately once a week, LDEX
observed bursts of 10 to 50 particles in a single minute. Particles
detected in a burst are most likely to originate from the same well-
timed and well-positioned impact event that happened just minutes
before their detection on the ground-track of LADEE. Several of the

yearly meteoroid showers generated sustained elevated levels of LDEX
impact rates, especially those where the majority of the incoming
meteoroids hit the lunar surface near the equatorial plane, greatly
enhancing the probability of LADEE crossing their ejecta plumes.
The Geminids generated the strongest enhancement in impact rates
for 61.5 days centred around 14 December 2013.

The distribution of the detected impact charges remained largely
independent of altitude, and throughout the entire mission it closely
followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
approximation, independent of their initial speed and angular distri-
butions (Methods subsection ‘Dust ejecta clouds’), and that the num-
ber of ejecta particles generated on the surface per unit time with
mass greater than m follows a power law: N1(.m) / m2a. The
LDEX measurements indicate a < 0.9, surprisingly close to the value
aG 5 0.8 suggested by the Galileo mission at the icy moons of Jupiter12
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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Figure 1: Impact rates observed by LDEX through-
out the LADEE mission. The daily running average
of impacts per minute of particles with radii > 0.3µm
and a > 0.7µm recorded by LDEX. Four of the sev-
eral annual meteoroid showers generated elevated impact
rates lasting several days. The labelled annual meteor
showers are: the Northern Taurids (NTa); the Geminids
(Gem); the Quadrantids (Qua); and the Omicron Centau-
rids (oCe) [9].

Compositional Mapping of the Lunar Surface: The
dust particles comprising the lunar ejecta cloud are small
samples from the surface and could be used to map the
chemical composition of the Moon from orbit [5], and
could be used to identify regions that could be most valu-
able for In Situ Resource Utilization (ISRU), a key ele-
ment in establishing human habitats on the Moon. The
expected availability of water ice, and other volatiles, in
Permanently Shadowed Regions (PSR) makes the lunar
poles of prime interest. However, the relative strength
of the various sources, sinks, and transport mechanisms
of water into and out of PSRs remain largely unknown.
At high latitudes, the lunar surface is exposed to the
continual bombardment from the northern and southern
toroidal meteoroids as well as intermittent, intense mete-
oroid showers [11]. Impact bombardment produces tran-
siently large quantities of lunar dust ejecta, which serves
to re-blanket and cover the surrounding terrain, and also
produces impact vapor from the volatile distribution at
the surface.

Water is thought to be continually delivered to the
Moon through geological timescales by water-bearing
comets and asteroids, and produced continuously in situ
by the impacts of solar wind protons of oxygen-rich min-
erals exposed on the surface. IDPs are an unlikely source
of water due to their long UV exposure in the inner solar
system, but their high-speed impacts can mobilize sec-
ondary ejecta dust particles, atoms and molecules, some
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Figure 3. The annually averaged lunar dust density distribution, given
in equation (2), for particles with a � 0.3 �m in a reference frame where
the Sun is in the �x direction and the apex motion of the Moon about
the Sun is in the +y direction.

and shown in Figure 4. Using the
turning point approximation to calcu-
late F(�, a) via equation (3) introduces
�10–20% error compared to using
the true velocity distribution [Horányi
et al., 2015, Methods] for a similar cal-
culation. Integrating equation (3) over
all local times, we derive an average
flux for all sizes (a�a0),

F = F0

�
a0

ath

��3�

, (4)

where F0 =1.2 ± 0.7 m�2 s�1. The error
is calculated by incorporating a 20%
error from the turning point approx-
imation with the average 35% error
from the fitted and observed values
of n(h).

To determine the impact gardening
rate, the characteristic cross-sectional
area for this flux is calculated by inte-
grating over the distribution function,

� = �
amax

a0

f (a)�a2da = 3��
3� � 2

�
a�(3��2)

0 � a�(3��2)
max

a�3�
0 � a�3�

max

�
� 3

3� � 2
�a2

0 (5)

where the approximation has been made for amax � a0. The accumulation timescale, after which the surface
will be entirely covered by a single layer of impact ejecta is

� = 1
F�

= 3� � 2
3�F0a3�

th

a3��2
0 (6)

with a characteristic thickness of d �
�
�. Therefore, the depth accumulation rate is

� = d�� = F�3�2 = F0a3�
th

� 3�
3� � 2

� 3
2 a3(1��)

0 (7)

Figure 4. The total number flux of ejecta particles onto the surface as
a function of local time. The dashed line shows the average value of
1.2 m�2 s�1 and the grey portion indicates the error of 0.7 m�2 s�1.

The size distribution for lunar regolith
has been accurately measured down
to a few microns [Heywood, 1971; Görz
et al., 1971], and recent analysis indi-
cates that the lunar fines are lognor-
mally distributed with a peak at radius
0.1 to 0.3 �m [Park et al., 2008], indi-
cating that a0 is lower than the LDEX
observation threshold ath. However,
determining the size distribution for
grains with a < 1 �m remains chal-
lenging [Liu and Taylor, 2011]. Labora-
tory impact experiments found impact
ejecta fragments down to 50 nm in
radius [Buhl et al., 2014]; therefore, we
investigate the impact gardening rates
for a0 in the range of 0.05 to 0.3 �m.
Table 1 shows � and � for critical radii
of 0.05, 0.1, and 0.3 �m.
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Figure 2. The average cloud density for each calendar month LADEE
was operational in 2014. Each color ring corresponds to the density
every 20 km.

constraint, the ratio between the HE and
AH mass production values directly yields
their flux ratio and we find FHE�FAH =M+

HE�
M+

AH�2.1 ± 0.2 on average, from January
to April 2014.

3. Annual Variation and
Synodic Modulation

From January to April 2014, the cloud
structure was observed to vary (Figure 2).
The changes in the observed densities are
caused by changes in the relative contri-
butions of the three dominant sources.
To investigate this temporal dependence,
we find the best fit for each M+

s through-
out 2014 in a sliding window of 30 days
(Figure 3).

The flux ratio FHE�FAH decreases by a
factor of two from �2.7 at the beginning
of 2014 to �1.5 in mid-April. Ground-
based measurements indicate a similar
factor of two decrease in this ratio, how-
ever, for a smaller range of �1.7 to 1.0
[Campbell-Brown and Jones, 2006].

In addition to its sensitivity to the variation of each source flux, the lunar ejecta cloud density is also sensitive
to changes in the impact velocity of incoming meteoroids, since M+ � v�

imp. The impact velocity of each source
is modulated by the Moon’s 1 km/s orbital velocity around the Earth, hence vs(�) = vs,av + cos(� ��s), where
� is the lunar phase and has a value of 0� at full moon. Hence, the mass production of each source peaks at
�s,peak = �s and oscillates throughout the Moon’s synodic period. Since the AP and HE sources dominate the
mass production over the AH source, the lunar dust cloud is expected to peak during the waning gibbous
phase between �AP,peak = 0� and �HE,peak = 65�.

Figure 4 shows the observed lunar dust cloud distribution for lunar phases in increments of 45�. Each depicted
lunar phase is averaged from 1 January 2014 to 18 April 2014. The lunar dust cloud is found to wax and

Figure 3. (top) The best fit M+
s for the HE (blue), AP (green), and

AH (red) sources. (bottom) The flux ratio between the HE and
AH sources from LDEX (solid) and ground-based measurements
(dashed) [Campbell-Brown and Jones, 2006]. Errors for each of
the M+

s sources are no greater than 0.02.

wane with lunar phase as expected, peaking
when the Moon is in its waning gibbous phase.
The phase of this peak further validates the con-
clusion that the HE source dominates over the
AH source for the period of measurement.

4. Discussion

We are able to estimate the HE/AH flux ratio as
a function of time, noting a factor of 1.5–2 dis-
crepancy from radar based observations. Mete-
oroids impacting the lunar surface generate
ejecta in a mechanism entirely di!erent than
how they ablate and ionize in the Earth’s atmo-
sphere. Detecting the signatures of primary
impactors in each scenario relies on signifi-
cantly di!erent parameters. The discrepancy in
FHE�FAH between this method and radar-based
methods is most likely due to the di!erence
between these two very di!erent mechanisms.
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Figure 2: left: The average dust ejecta cloud density
observed by LDEX for each calendar month LADEE was
operational in 2014. Each color ring corresponds to the
density every 20 km [16]. right: The modeled annually
averaged lunar dust density distribution for particles with
a � 0.3µm. These plots are in a reference frame where
the Sun is on the left (-x direction) and the apex motion
of the Moon about the Sun is towards the top of the page
(+y direction) [17].

with high-enough speed to escape the Moon. Other sur-
face processes that can lead to mobilization, transport
and loss of water molecules and other volatiles include
solar heating, photochemical processes, and solar wind
sputtering. Since none of these are at work in PSRs, dust
impacts remain the dominant process to dictate the evo-
lution of volatiles in PSRs. The mobilized atoms and
molecules can get trapped in PSRs, and the accumula-
tion of water in these regions has been suggested since
the early days of the space age [12, 13]. While there are
several processes leading to the accumulation of volatiles
in PSRs, the only recognized and possibly significant
loss mechanism is due to IDP impacts. The competing
effects of dust impacts are: a) ejecta production lead-
ing to loss out of a PSR; b) gardening and overturning
the regolith; and c) the possible accumulation of impact
ejecta, leading to the burial of the volatiles. The compe-
tition between the volatile influx and these dust impact
induced processes determine the ability of a PSR to ac-
cumulate volatiles, as well as their accessibility for ISRU
[14]. Hence, the measurement of the temporal and spa-
tial variability of the dust influx, and the characteristics
of the impact generated secondary dust particle plumes
are critical to assess the availability of water in PSRs.
A polar-orbiting spacecraft (Figure 3) could directly
sample the lunar ejecta, providing the critical link be-
tween IDP bombardment and the evolution of water
ice in PSRs [5, 15].

Near-surface Dust Transport Observations: In addi-
tion to bombardment by interplanetary dust, the exposure
of airless surfaces to ultraviolet radiation and solar wind

! 0.3 !m



 

 

DIVERSE ROCK TYPES DETECTED IN THE LUNAR SOUTH POLE-AITKEN BASIN BY THE 
CHANG'E-4 LUNAR MISSION.  Jun Huang1,2*, Zhiyong Xiao3,2,4*, Long Xiao1,2,4*, Briony Horgan5, Xiaoyi Hu1, 
Paul Lucey6, Xiao Xiao1, Siyuan Zhao1, Yuqi Qian1, Hao Zhang1, Chunlai Li7, Rui Xu7, Zhiping He7, Jianfeng Yang8, 
Bin Xue8, Qi He1, Jie Zhong9, Hongyu Lin10, Changning Huang10, Jianfeng Xie11. 1 State Key Laboratory of Geological 
Processes and Mineral Resources, Planetary Science Institute, School of Earth Sciences, China University of Geosci-
ences (Wuhan), China. 2 CAS Center for Excellence in Comparative Planetology, China. 3 Planetary Environmental 
and Astrobiological Laboratory, School of Atmospheric Sciences, Sun Yat-sen University, China. 4 State Key Labor-
atory of Lunar and Planetary Sciences, Space Science Institute, Macau University of Science and Technology, China. 
5 Department of Earth, Atmospheric and Planetary Sciences, Purdue University, USA. 6 Hawai‘i Institute of Geophys-
ics and Planetology, University of Hawai‘i at Manoa, Honolulu, USA. 7 Key Laboratory of Space Active Opto-Elec-
tronics Technology, CAS Shanghai Institute of Technical Physics, China. 8 CAS Xi’an Institute of Optics and Preci-
sion Mechanics, China. 9 CAS Institute of Optics and Electronics, China. 10 CAST Beijing Institute of Space Mechanics 
and Electricity, China. 11 Beijing Aerospace Flight Control Center, China  (junhuang@cug.edu.cn). 

 
 
Introduction: South Pole-Aitken (SPA) basin, lo-

cated between the South Pole and Aitken crater on the 
far side of the Moon, is the largest confirmed lunar im-
pact structure. The pre-Nectarian SPA basin is a 2400-
km-by-2050-km elliptical structure centered at 53ºS, 
191ºE, which should have exposed lower crust and up-
per mantle due to enormous excavation depth. Olivine, 
the dominant mineral in the Earth’s mantle, has only 
been identified in small and localized exposures in the 
margins of the SPA basin and the dominant mafic com-
ponent is, instead, pyroxene. The mineralogical charac-
teristics could be explained by the recent hypothesis that 
the lunar upper mantle is dominated by low-calcium py-
roxene (LCP), not olivine. Here we present observations 
from imaging and spectral data of China’s Chang’E-4 
(CE-4) mission in the first 4 synodic days, especially the 
first in-situ visible/near infrared spectrometer (VNIS) 
observation of an exposed boulder. We have identified 
a variety of rock types, but not the recently reported ol-
ivine-rich materials in the landing region.  The results 
are consistent with orbital observations. The obtained 
mineralogical information provides a better understand-
ing of the nature and origin of SPA materials.  

 
Figure 1. PCAM and VNIS visible observations of 

Qi Yuan(meaning “unexpected encounter” in Chinese), 
the first lunar rock for which a VNIS spectrum was ob-
tained. (a) A group of relatively light-toned rocks. The 
half-buried rocks are likely exposed due to long-term 

mass wasting. Qi Yuan is indicated by the yellow arrow. 
(b) A blow-up view of Qi Yuan. It looks like a coherent 
igneous rock, and the bright spots on its relatively fresh 
surface are plagioclase phenocrysts or pits created by 
micro meteorite impacts. (c) VNIS visible image of Qi 
Yuan. The red circle indicates the footprint of the VNIS 
SWIR detector. 

 
Figure 2. VNIS spectrum of Qi Yuan compared to 

Apollo samples and M3 spectra. (A) Reflectance spec-
trum of Qi Yuan, showing parabolic continuum fit 
(dashed line). (B) Comparison of continuum removed 
spectra of Qi Yuan and spectrally similar Apollo sam-
ples. Dashed vertical lines indicate band centers for Qi 
Yuan. (C) Regional NAC mosaic showing locations 
where M3 spectra were extracted. (D) Comparison of 
continuum removed spectra of Qi Yuan and M3 spectra 
from locations shown in (C). Qi Yuan is most similar to 
M3 spectra from the crater rim and proximal ejecta. 

Notes: For the full text of this study, please refer to 
Huang et al., (2020). Diverse Rock Types Detected in 
the Lunar South Pole-Aitken Basin by the Chang’E-4 
lunar mission. Geology, accepted. doi: 
10.1130/G47280.1  
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Introduction: Historical data from the Apollo 

program improved knowledge of lunar geology tre-

mendously in many aspects. Nevertheless, the geo-

logical maps that were completed before the missions 

can and should now be updated with new data [1-6] 

and revisited with knowledge regarding geological 

processes that has been gained in the ~50 years since 

the mission [e.g., 7]. As part of a large project, we 

are using recent lunar datasets to produce compre-

hensive geological maps around the Apollo landing 

sites. These new maps are being used to test the cali-

bration [8] of the lunar cratering chronology [9,10] 

by pinpointing the sampling sites of the collected 

samples [11] and reevaluating their position within 

and relevance for  lunar stratigraphy. The maps can 

also be used for planning future missions [e.g., 12].  

Methods: Detailed mapping is achieved using 

data with different spatial resolutions. Albedo differ-

ences are mapped using images from the Lunar Re-

connaissance Orbiter (LRO) Wide Angle (WAC; 100 

m/pixel) and Narrow Angle (NAC; ~0.5-1.2 m/pixel) 

cameras [1], as well as Selene/Kaguya Terrain Cam-

era image mosaics. We use various digital elevation 

models (DEM) to map structures with topographic 

differences. These DEMs include the LRO WAC-

derived (100 m/pixel) [2], LOLA (100 m/pixel), and 

LOLA/Kaguya merged (60 m/pixel) [3] DEMs. Geo-

logical units are also mapped on the basis of spectral 

differences in Clementine [4], Chandrayann-1 Moon 

Mineralogy Mapper (M3) [5], and Kaguya Multiband 

Imager (MI) data [6].  

The stratigraphic system of Wilhelms (1987) [7] 

is adapted in our new geological maps. The symbol-

ogy used for geological units follows the standards of 

the Federal Geographic Data Committee (2006) [13] 

and harmonized with  the PlanMap mapping stand-

ards, and the nomenclature is adapted from the Gaz-

etteer of Planetary Nomenclature (1999) [14]. 

Geological units: The highlands contain units 

such as IpIt-Imbrian pre-Imbrian terrains (which are 

Nectarian terrains covered or mixed with the Imbrian 

materials), Fra Mauro Formation Imbrium basin 

ejecta units (Ifm-Imbrian Fra Mauro formation and 

Ifs-Imbrian Fra Mauro smooth plains), and Ip-

Imbrian plains. Mare units are mapped on the basis 

of spectral differences [e.g., 4-6] using the same ap-

proach as [15], thus the contacts between the mare 

units are mapped as approximate spectral boundaries. 

In a few places, the stratigraphy of the mare units 

was identified through crater densities derived from 

crater size-frequency distribution (CSFD) measure-

ments [e.g., 16-18]. The different generations of cra-

ters are mapped as Cc-Copernican craters, Ec-

Eratosthenian craters, Ic-Imbrian craters, and Nc-

Nectarian craters or pIc-preImbrian craters. 

Implications: The lunar cratering chronology is 

based on CSFD measurements that are calibrated 

with the radioisotopic and exposure ages of the lunar 

 

Figure 1. The detailed geological maps of the Apollo 11[16], 12 

[17], and 14 landing sites [19]. (a) The Apollo 11 landing site 

lies in southwestern Mare Tranquillitatis. (b) The Apollo 12 

landing site lies south of Copernicus crater in Oceanus Procella-

rum. (c) Preliminary geological map of the Apollo 14 landing 

site on the Fra Mauro formation (Ifm), east of  the Apollo 12 

landing site. Locations of the landing modules are marked by 

green triangles. 



samples [9,10]. It is used to derive absolute model 

ages (AMAs) of unsampled geological units across 

the Moon, as well as on planetary bodies throughout 

the Solar System [e.g., 15]. On the basis of our new 

geological maps [16-21], we defined and refined 

homogeneous geological counting areas for measur-

ing CSFDs and deriving accurate N(1) reference val-

ues and AMAs, which are necessary to test and im-

prove the lunar cratering chronology [9]. 

In addition, the new geological maps can be used 

to examine and understand potential landing sites for 

technology demonstration missions. For example, 

van der Bogert (2020) [12] used our detail geological 

map [18] in an analysis of landing sites for an end-to-

end in situ resource utilization demonstrator mission 

concept for ESA.  

The new geological maps provide new and re-

fined perspectives on the locations and relationships 

between the Apollo samples and remotely-sensed 

compositional and morphological differences. Our 

geological maps can be used to investigate the exact 

origin of the collected samples [e.g., 11] and further 

enhance our knowledge about the history of the geo-

logical processes that took place on the Moon.  
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Figure 2. Preliminary new geological maps of the Apollo land-

ing sites 15 [21], 16 [20], and 17 [18]. (a) The Apollo 15 land-

ing site lies at the eastern rim of the Imbrian Basin. (a’) Inset 

shows a local geological map around the Apollo 15 landing site. 

(b) Map around the Apollo 16 landing site. (c) The Apollo 17 

landing site near the eastern rim of the Serenitatis basin. (c’) The 

local geological map of the Taurus Littrow valley around the 

Apollo 17 landing site. The green triangles show the locations of 

the landing sites. 
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Introduction: We are testing and improving the 

the lunar cratering chronology [1,2] within a series of 

studies [3-8] where we are performing detailed inves-

tigations of the geology, sample collection, and 

crater size-frequency distribution (CSFD) measure-

ments at Apollo landing sites. The correlation of 

CSFD measurements with radioisotopic and expo-

sure ages of Apollo and Luna samples form the basis 

for the lunar cratering chronology, which is used to 

derive absolute model ages (AMAs) of unsampled 

surfaces of planetary bodies throughout the inner 

Solar System [e.g., 1-11]. 

The Apollo 15 landing site is located at the rim of 

the Imbrian basin, is covered by mare units from late 

Imbrian to Eratosthenian period, and provides a wide 

range of samples from various geological periods. 

Using recent data, we produced a new geological 

map of this site and updated CSFDs for the described 

geologic units. The newly derived N(1) (cumulative 

number of the craters ≥1 km in diameter) values will 

be correlated with updated sample ages [e.g., 12], 

resulting in a reevaulated calibration point for the 

lunar cratering chronology [1]. 

Methods: The used image data include LROC 

Wide Angle (WAC; 100 m/pixel) and Narrow Angle 

Camera (NAC; ~0.5 m/pixel) images [13] with inci-

dence angles between 55-80°, and SELENE (Ka-

guya) Terrain Camera morning, evening, and ortho 

mosaics. The topographic features were mapped us-

ing a LOLA/SELENE merged digital elevation mod-

el (DEM) [14] and LRO NAC-derived DEMs. The 

spectral boundaries were defined on Clementine data 

[15] and Kaguya Multiband Imager (MI) data [16]. 

The geologic units were mapped using ArcGIS. The 

CSFDs of the mapped units were measured using 

CraterTools [17] in ArcGIS, and were plotted and fit 

in cumulative and relative plots using pseudolog bin-

ning in Craterstats [18]. Randomness analyses [19] 

were used to avoid contamination from clusters and 

chains of secondary craters. 

Geological Events: The Apollo 15 landing site 

contains geologic units of Imbrian, Eratosthenian, 

and Copernican ages. Previous studies [e.g., 20,21] 

identified the massifs in highlands as preImbrian 

material, in contrary, we identified them as a part of 

Imbrium basin rim. The highlands in the mapping 

area exhibit the Imbrium basin rim (Icr), Imbrium 

basin ejecta units (Ifm-lt, Ifm-st, and Ifs, which are 

topographically different), and Imbrian plains (Ip). 

The mare units in the mapping area belong to the 

 
Figure 1. Preliminary geological map of the Apollo 15 landing site showing Imbrium basin units such as: Imbri-

an basin rim (Icr), Imbrium basin ejecta (Ifm-lt. Ifm-st), a few mare units, young material in Hadley Rille, a net-

work of the rilles and various generations of craters and their materials. The green triangle represents the posi-

tion of the landing site. 



Eratosthenian and Imbrian periods [22]. The Coper-

nican-aged Aristillus crater and apparently Eratos-

thenian Autolycus crater [21,22] rays and secondary 

craters cover a large area around the landing site. 

The young Copernican-aged crater to the southwest 

of the landing site also contributed to the resurfacing 

of the study area.  The section of the Hadley rille to 

the west of the landing site is morphologically 

younger than the rille in the north. Other rilles in the 

mapping area are older than the deposited mare units.  

CSFD Measurements: Count areas were careful-

ly selected on the basis of our new geological map. 

First, we modified the areas selected by Neukum 

(1983), because his areas were found to cross geo-

logical unit boundaries in some cases, and discussed 

the results in [6]. The CSFD of this area (blue, Fig. 

2a) was measured using LRO WAC data, which re-

sulted in an N(1) value of 2.98x10-3 km-2 and an ab-

solute model age (AMA) of ~3.22 Ga. Next, we used 

the Kaguya ortho-image mosaic to measure the 

CSFD around the landing site (magenta, Fig. 2a), 

which gives an N(1) value of 3.07x10-3 km-2 and an 

AMA of ~3.25 Ga. The CSFD measured on LRO 

NAC data (black, Fig. 2a) resulted in an N(1) value 

of 2.94x10-3 km-2 and an AMA of ~3.21 Ga. The 

three measured values are consistent with the N(1) 

value of 3.2±1.1x10-3 km-2 and age ~3.28 Ga, which 

was used by Neukum (1983) to calibrate the lunar 

cratering chronology [3]. Moreover, the recently 

determined isotopic age for the olivine normative 

basalts found at the landing site is ~3.26 Ga [12], 

which is also consistent with the obtained AMAs. 

Our measured N(1) values and the recently deter-

mined isotopic ages of the samples can be used to 

confirm and slightly update the calibration point for 

the lunar cratering chronology [3,4]. 
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Figure 2. Selected counting areas and the resulting abso-

lute model ages around the Apollo 15 landing site. (a) The 

blue area was measured on the LRO WAC mosaic, the  

magenta area on the Kaguya mosaic, and the black area 

on an LRO NAC image. (b) CSFD measurements and 

absolute model ages of selected areas are shown in cumu-

lative form. The panel above shows the randomness anal-

ysis of the count area, which is used to avoid contamina-

tion by clusters of secondary craters at the smallest di-

ameters.  

a 
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Introduction:  The existence of physisorbed water 
(H2O) [1] or the water equivalent in the form of solar 
wind implanted hydroxyls (-OH) [2] in lunar surface 
soils and rocks was postulated decades ago. Regret-
tably, initial analysis of Apollo samples indicated 
that water was absent and that previous observations 
of water were a result of atmospheric contamination 
[3]. However, attention to water on the moon was 
revived in response to latest remote sensing data 
culminating in the identification of OH/H2O by the 
Moon Mineralogy Mapper (M3) [4], Visual and In-
frared Mapping Spectrometer (VIMS) [5], and Deep 
Impact Extended Investigation (DIXI) [6]. In gen-
eral, the sources of lunar water widely accepted by 
the community include: primordial water, water de-
livered via comets and meteorites, released during an 
impact event, and implantation from solar wind. 
However, we propose that an additional source term 
of water is prevalent and occurs on a daily basis on 
the lunar surface. Here, a small amount of molecular 
water is formed thermally (either diurnally or from 
an impact event) from recombinative desorption of -
OH defects from implantation of solar wind protons.  
Experimental Details:  Second order (water for-
mation) recombinative desorption activation ener-
gies of highland Apollo sample 15221 were deter-
mined utilizing temperature program desorption 
studies. Desorption at the grain/vacuum interface 
with re-adsorption as water transports though the 
porous medium and activated sub-surface diffu-
sion/penetration were found to reproduce the exper-
imental TPD signal. Signal from the grain/vacuum 
interface yielded the second order desorption activa-
tion energies and site probability distributions. The 
sample analyzed was Apollo 15 lunar sample 15221 
and is a highland reference. Sample 15521 is consid-
ered mature with an Is/FeO = 63. Briefly, sample 
15221 has an average grain size 54 µm with olivine 
and pyroxene as the dominate minerals with a large 
percentage (37%) of agglutinate glass.  
Results:  Water production via recombinative de-
sorption was assumed to have coverage dependent 
activation energies. Highland sample 15521 exhibit-
ed a broad distribution of binding site energies peak-
ing at 120 kJ mol-1 extending to 300 kJ mol-1 at zero 
coverage limit with 100 kJ mol-1 at full coverage, as 
shown in Figure 1, corresponding to an onset tem-
perature of 350 K for water production. The devel-
opment and progression of the 2.8 µm optical signal 
on the Moon was simulated employing the measured 
experimental temperature driven water formation 
and desorption data. The results are shown in Figure 
2 and display a latitude dependent OH signal with a 
very minor diurnal change.  

 
Figure 1: Recombinative desorption energies for 
Apollo Sample 15521.  Inset displays site probability 
distribution. 
Summary: The second order desorption activation 
energies were measured for lunar regolith samples.  
Utilizing a chemical kinetics model and the deter-
mined recombinative desorption energies, the evolu-
tion of –OH on the Moon was simulated and is 
shown in Figure 1. A balance between the second-
order thermal processes and the proton implantation 
rate from the solar wind is the prevailing mechanism 
directing the latitude-dependent signal. Overall, the 
model is consistent with spatial (latitude) trends in 
the observed 2.8 µm feature on the Moon (Figure 2).  

 
Figure 2: Hydroxyl concentration after simulating 
the solar wind-induced water cycle 3600 lunar days. 
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Introduction:  I am convinced that if ESA and 

NASA were to disappear tomorrow, if we never put up 

another Hubble Space Telescope, never put another 

human being in space, people in Europe would be pro-

foundly distraught. Americans and Europeans would 

feel that we had lost something that matters, that our 

best days were behind us, and they would feel them-

selves somehow diminished. Yet I think most would be 

unable to say why. 

 

There are many good reasons to continue to ex-

plore space, which most Europeans have undoubtedly 

heard: for purposes of scientific discovery, economic 

benefit, and national security.  

 

But these are not reasons that would make Europe-

ans would miss our space program. They are merely 

the reasons we are most comfortable discussing. I think 

of them as “acceptable reasons” because they can be 

logically defended. When we contemplate committing 

large sums of money to a project, we tend to dismiss 

reasons that are emotional or value-driven or can’t be 

captured on a spreadsheet. But in space exploration 

those are the reasons—what I think of as “real rea-

sons”—that are the most important. 

 

The return the cathedral builders made on their in-

vestment could not have been summarized in a 

cost/benefit analysis. They began to develop civil en-

gineering, the core discipline for any society if it wish-

es to have anything more than thatched huts. They 

gained societal advantages that were probably even 

more important than learning how to build walls and 

roofs. For example, they learned to embrace deferred 

gratification, not just on an individual level, where it is 

a crucial element of maturity, but on a societal level, 

where it is equally vital. The people who started the 

cathedrals didn’t live to finish them. The society as a 

whole had to be dedicated to the completion of those 

projects. We owe Western civilization as we know it 

today to that kind of thinking: the ability to have a con-

stancy of purpose across years and decades. 

 

It is my contention that the products of our space pro-

gram are today’s cathedrals. The space program satis-

fies the desire to compete, but in a safe and productive 

manner, rather than in a harmful one. It speaks abun-

dantly to our sense of human curiosity, of wonder and 

awe at the unknown. Who can watch people assem-

bling the greatest engineering project in the history of 

mankind—the International Space Station—and not 

wonder at the ability of people to conceive and to exe-

cute the project? 
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Introduction:  Germany’s commercial lunar lander 

company, Planetary Transportation Systems (PTS) 

GmbH is developing its next iteration of our lunar 

lander in the ALINA lunar spacecraft series. ALINA 

will be capable of transporting 150 kg of commercial 

payloads from GTO to the lunar surface. Several key 

enabling technologies are employed on ALINA-2. A 

newly designed propulsion system provides the neces-

sary thrust for the Power Descent Maneuver (PDM) to 

the lunar surface and a total v of 3700 m/s for all ma-

neuvers. The motors can be pulsed to vary the thrust 

level and improve the controllability of the lander. 

During the PDM, ALINA’s GNC utilizes a combina-

tion of radar, laser altimeters, and crater navigation 

technology to facilitate a soft and accurate landing. 

Carbon fibre reinforced polymer is used strategically to 

lower the weight of ALINA’s main structure and land-

ing legs, while phase changing materials are employed 

on units with high heatloads.  

This important presentation will new updates to the 

community on the PTS’ current status of lunar landers 

and Moon missions within Europe.  
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Introduction:  Currently, lunar poles are in focus 

of future exploration missions to the Moon. Recent in-

vestigations of remote sensing data suggests the pres-

ence of volatiles and water ice at or near the surface 

at the poles. [1-3]. In-situ measurements can provide 

precise data about volatile species on the Moon and 

their chemical composition. These measurements are 

important for both, science and exploration purposes. 

Sending exploration rovers to the poles of the Moon 

is the obvious choice in order to access different loca-

tions at the vicinity of a landing site for in-situ meas-

urements. Sophisticated selection of waypoints is 

mandatory for a successful mission. However, plan-

ning of a feasible traverse along those waypoints rep-

resent a demanding challenge. Illumination condi-

tions may vary drastically throughout a mission as 

well as the thermal environment for a rover. Conse-

quently, an automatic optimisation of a traverse, 

which considers the thermal and energy state of the 

rover dynamically along the traverse, promises great 

potential to increase the chances of success of a mis-

sion. 

Method:  At the chair of Astronautics at the Tech-

nical University of Munich, a tool exists for the ther-

mal simulation of the surface of the Moon (TherMoS) 

[4]. Its capabilities have been extended with a traverse 

optimisation of a rover system powered by solar en-

ergy (TherMoS-X). It can determine a short traverse 

between two points at a given start time under consid-

eration of the energy state of a rover system. This in-

cludes amongst others the energy needed for thermal 

control as well as the energy needed for driving. This 

chapter describes the method for derivation of a near-

optima traverse. 

Simulation of temperatures of the lunar surface.   

The first step is the simulation of temperatures of 

the lunar surface during the intended period of the in-

vestigated mission. An implementation of the thermal 

model of Hayne et al. [5] allows TherMoS-X to cal-

culate those temperatures with topographic data from 

LRO LOLA for a selected region on the surface of the 

Moon. A more precise topography of co-registered 

LRO LOLA data is available for simulation at the 

south pole [6, 7]. A mesh of triangles represents the 

shape of the topography and a ray tracing defines the 

solar heat load on the triangles and their net infrared 

radiation. Resulting temperatures are stored at an in-

terval of 30 min during the simulation. 

Creation of optimisation maps   

The second step is the creation of maps that the 

optimisation algorithm requires. Infrared heat fluxes 

and solar heat fluxes are calculated for a sphere that is 

placed on every centre of the triangles of the topogra-

phy. TherMoS-X determines these heat fluxes at 

every position in the map every 30 min during the pe-

riod of investigation. The shape of the rover defines 

how those heat fluxes are distributed amongst its ge-

ometry. 

Creation of rover model 

In the third step, the user has to define a thermal 

and power model of the rover. The power model can 

consider power demand for on board computer, for 

communication, and for driving where power depends 

on the mass of the rover, its speed, the amount of 

wheels, and the slope of the rover [8]. Solar cells pro-

vide energy to the rover system that consist also of 

rechargeable batteries. The thermal model is a stand-

ard lumped parameter model and depends on the rover 

system. The chosen approach for creation of maps 

with a sphere restricts the outer geometry of the rover 

to simple shapes. 

Run optimisation 

The last step is to run the optimisation algorithm. 

TherMoS-X uses the classic approach A* [9] for op-

timisation in an adapted version where the algorithm 

loses its capability to find the global optimum in fa-

vour of handling dynamic states of the rover system. 

Solutions converge to the shortest traverse possible by 

varying the capacity of the battery in steps. All solu-

tions fulfil the criterion that the rover has sufficient 

power along the entire traverse. 

Results and Discussion:   

A region of interest between Faustini and Nobile 

[10] is investigated in this chapter. Figure 1 shows the 

region as used by TherMoS-X with the slope colour-

ing the terrain.  

 
Figure 1:  Investigated region between craters 

Shoemaker, Faustini and Nobile 
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Overall, slopes are benign in the area between start 

and goal point where slopes are below 10° most of the 

time. The solar powered rover drives with constant 

speed of 0.1388 m s-1. It has a mass of 200 kg, solar 

cells with the size of 0.96 m² and varying battery ca-

pacity. The start date of driving is set to 9th of March 

2022 at 16 o´clock. Investigation of illumination con-

ditions during the year 2022 at the landing site re-

vealed that this is a preferred period with favourable 

lighting conditions. TherMoS-X defines the traverse 

between the start point (green) and the goal point (red) 

if one exists where enough energy is provided to the 

rover system at any given time. 

Figure 2 highlights resulting traverses of the opti-

misation algorithm. The green line is the shortest trav-

erse possible when the energy state of the rover is ne-

glected. It is the same that A* produces. All red lines 

are traverses determined by TherMoS-X with the 

adapted version of A*. They belong to different bat-

tery capacities. The one marked with white circles is 

the traverse with the lowest battery capacity possible 

for driving between both points. White crosses mark 

the second shortest traverse possible. It serves for 

comparison to the shortest traverse with respect to to-

tal distance and required battery capacity. The shape 

of traverses looks quite similar and so is the total 

length of them all. This is because the region has be-

nign slope conditions together with nearly overall so-

lar illumination in the investigated period. However, 

no traverse exist with permanent solar illumination of 

the rover. As a result, the rover requires having a bat-

tery of at least 70 W h. 

 
Figure 2:  Resulting traverses of optimisation 

with TherMoS-X 

 

Comparison of data in Table 1 shows that the lowest 

battery capacity needed to drive from start to goal is 

70 W h whilst 260 W h are required to follow the 

shortest traverse. However, the shortest traverse is 

only 160 m shorter than the one with the lowest bat-

tery capacity. TherMoS-X even finds a traverse that is 

equal in total length to the shortest on but the required 

battery capacity is only 110 W h. 

 

Table 1:  Results of traverse optimisation 

Traverse Battery ca-

pacity [W h] 

Total length 

[km] 

Shortest (=A*) ≥ 260 14.93 

Lowest Capacity 70 15.09 

Second shortest 110 14.93 

 

Conclusion: With the presented method, it is possible 

to find short traverses under consideration of the en-

ergy state of the rover. Results prove that sometimes 

a small detour of only ~1% of total length can reduce 

the required battery capacity tremendously. This is es-

pecially true at the lunar south pole with its rough to-

pography and extreme lighting conditions. A careful 

selection of start date of operation seems to be man-

datory for a mission to the lunar poles. Accurate and 

automated traverse planning represents a novel and 

beneficial addition to mission planning. The optimi-

sation process within TherMoS-X will be able to han-

dle multiple waypoints with time slots for operation 

in the future rendering TherMoS-X an even more 

powerful tool. 
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Figure 1. Graphic of the simultaneous composition and temperature data that will be acquired by Lunar Trailblazer. The HVM3 

imaging spectrometer acquires data in 100’s of infrared channels (0.6-3.6 µm) and nested within are simultaneous 14-channel LTM 
thermal IR multispectral data for temperature and silicate composition. 

 

DIRECTLY MEASURING THE DISTRIBUTION OF SURFACE HYDROXYL/WATER ON THE 
MOON WITH LUNAR TRAILBLAZER. R.L. Klima1, B.L. Ehlmann2,3, L. Bennett4, D. Blaney2, N. Bowles5, 
S. Calcutt5, M. Cannella6, J. Dickson2, K. Donaldson Hanna7, C.S. Edwards8, R. Evans5, W. Frazier3, R. Green3, 
G. Helou4, M.A. House9, C. Howe10, B. Marotta6, J. Miura2, C. Pieters11, M. Sampson6, E. Scire4, R. Schindhelm6, 
C. Seybold3, K. Shirley5, D. Thompson3, J. Troelzsch6, T. Warren5, J. Weinberg6. 1JHU Applied Physics Lab, 
Laurel, MD,  2Div. Geological & Planetary Sciences, California Institute of Technology, Pasadena, CA, 3Jet 
Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 4IPAC, California Institute of Tech-
nology, Pasadena, CA 5Univ. of Oxford, United Kingdom, 6Ball Aerospace & Technologies Corp., Boulder, 
CO 7Univ. of Central Florida, Orlando, FL 8Northern Arizona Univ., Flagstaff, AZ 9Pasadena City College, 
Pasadena, CA, 10Science & Technology Facilities Council, RAL Space, Didcot, United Kingdom 11Brown 
Univ., Providence, RI 

 
Introduction: Water on the Moon was one of 

the most exciting discoveries of the late 2000s. In 
2008, [1] measured Apollo lunar glasses indicating 
magmas enriched in water. In 2009, OH and poten-
tially H2O were detected on the sunlit surface of the 
Moon by shortwave-infrared (SWIR) spectrometers, 
Chandrayaan-1/Moon Mineralogy Mapper (M3), 
EPOXI/HRI-IR and Cassini/VIMS [2,3,4]. The 
LCROSS mission impact into a permanently shad-
owed region (PSR) in Cabeus crater detected H2O 
ice [5], confirming inferences from a variety of re-
mote sensing measurements and modeling [summa-
rized in 6].  

Key questions remain about lunar water, as well 
as the water cycle on airless bodies more generally, 
highlighted in the Decadal Survey [7]. Some PSRs 
have water ice, including those directly detected 
with M3 using terrain-scattered light [8], while oth-
ers show detections in some datasets and not others 
[6]. M3 provided the best spatially-resolved (70-280 
m/pixel) coverage for OH/water detection; however, 
because the discovery of water on the sunlit Moon 
was not expected, M3 was not optimized to rigorous-
ly quantify its abundance. M3’s 3-μm cutoff wave-
length results in ambiguities in the strength, shape, 
and exact position of the absorption band, which are 
critical for quantifying the abundance and form of 
hydrated species. Thermal emission further compli-

cates the data, as thermal radiance needs to be re-
moved from reflectance to accurately quantify the 
water band depth. Discrepancies exist between dif-
ferent thermal correction techniques, leading to con-
flicting results about whether the species is more 
likely water or hydroxyl, where it is concentrated, 
its abundance and whether it migrates over the 
course of the lunar day [e.g., 9-13].   

Mission Objectives: In June 2019, NASA se-
lected the SIMPLEx mission Lunar Trailblazer for 
Phase A/B development, culminating in a Prelimi-
nary Design Review in September 2020 and follow-
on decision to proceed to flight. Lunar Trailblazer is 
optimized to make targeted measurements of the 
infrared properties of the lunar surface to directly 
measure the form, distribution, abundance and pos-
sible migration of water/OH on the lunar surface by 
acquiring compositional data to distinguish hydrated 
materials at the same time as data to derive surface 
temperature (Fig. 1). Lunar Trailblazer’s objectives 
are to (1) detect and map water on the lunar surface 
at key targets to determine its form (OH, H2O, or 
ice), abundance, and distribution as a function of 
latitude, soil maturity, and lithology; (2) assess pos-
sible time-variation in lunar water on sunlit surfac-
es; and (3) map the form, abundance, and distribu-
tion of water ice in the PSRs, finding any operation-
ally useful deposits of lunar water and locations 



Figure 2. A schematic of the 
Lunar Trailblazer observing 
geometry, HVM3 instrument, and 
LTM instrument. 

 
 

Table 1. Current best estimate Lunar Trailblazer science ob-
serving parameters from 100±30 km orbit   
HVM3  
Spatial Sampling ≤ 100 m/pixel 
Swath Width ≥ 20 km 
Spectral Range 0.6 – 3.6 µm 
Spectral Sampling 10 nm 
SNR >200 at 3-µm for low sun (85°) scene 
Uniformity >90% cross track 
# Data Cubes* 1000 
LTM  
Spatial Resolution ≤ 35 m/pixel 
Spatial Width ≥ 10 km-swath 
Thermal Temp. retrieval 110-400K (± <5 K) 

4 broad bands, 6-100 µm 
Composition 7-10 mm 

11 channels; < 0.5 mm 
SNR  > 50 when sunlit 
# Data Cubes* 1000 
*optional greater (near-global) coverage under Data En-
hancement Option 
 
 

where it is exposed at the surface for sampling. In 
all cases, Lunar Trailblazer simultaneously (4) 
measures surface temperature to quantify the local 
gradients and search for small cold traps. These 
measurements advance understanding of volatiles on 
airless bodies by study of the lunar water cycle and 
incorporation of water into the lunar crust. Trail-
blazer will also—particularly if NASA selects a 
proposed communications system enhancement op-
tion—provide reconnaissance for candidate landing 
sites and provide the highest spatial and spectral 
resolution shortwave infrared and mid-infrared maps 
of lunar lithologies across the surface (e.g., irregular 
mare patches, silicic domes, spinel-rich locations, 
“dunite regions”, pyroclastic deposits).  

Spacecraft, Mission Design & Instruments: 
Lunar Trailblazer is the first generation of ride-

along planetary smallsats, selected under SIMPLEx. 
An ESPA Grande craft, compatible with most ESPA 
Grande rideshare opportunities to GTO/GEO and 
beyond, Lunar Trailblazer’s schedule baseline is to 
be delivered for launch by end of 2022. During the 
Phase A/B study, NASA directed Trailblazer to 
baseline a launch opportunity with NASA’s Inter-
stellar Mapping and Acceleration Probe (IMAP), 
launching in 2024. From its separation with the pri-
mary, Trailblazer uses its solar electric propulsion 
system to enter into a ~100-km polar orbit around 
the Moon. In pushbroom mode, the spacecraft ac-
quires data with its two science instruments: the 
High-resolution Volatiles and Minerals Moon Map-
per (HVM3), similar to M3 but explicitly designed to 
measure hydrated materials, as well as the Lunar 
Thermal Mapper (LTM), a thermal infrared (TIR) 
mapping instrument to measure the temperature, 
composition, and thermophysical properties within 
each HVM3 pixel (Fig. 2; Table 1). 

 HVM3 is a MatISSE-developed, JPL-built, mod-
ernized version of the successful M3 imaging spec-
trometer and has been optimized to identify and 
quantify water [14]. LTM is a UK-contributed, Uni-
versity of Oxford/STFC RAL Space-built miniatur-
ized TIR multispectral imager optimized to simulta-
neously measure temperature, composition, and 
thermophysical properties [15]. Over Trailblazer’s 
1-year primary science mission, each instrument 
will acquire ≥1000 targeted images.  Targets include 
measurements to determine the composition of all 
PSRs using terrain-scattered light, and coverage of 
multiple latitudes at 3 times of lunar day.  

Lunar Trailblazer is a PI-led mission at Caltech, 
managed by JPL with industry partner Ball Aero-
space integrating the spacecraft. Science and mis-
sion operations will be 
led from Caltech. A 
student collaboration 
at Caltech and Pasa-
dena City College 
involves undergradu-
ate students—as well 
as graduate students 
and postdocs of the 
Co-Is—in all aspects 
of mission design and 
operations. 
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Introduction:  Several competing processes 

would have affected the deposition and survival of 
volatile constituents, such was water ice, in the polar 
regions of the Moon. Here I briefly examine the con-
sequences of ballistic sedimentation of impact ejecta 
into potential volatile-bearing regolith surfaces. 

Evolving Volatile Sources:  Sources of volatiles 
currently being explored are (i) impacting asteroids 
and comets, including micrometeoritic fractions, (ii) 
volcanic venting of lunar interior volatiles in flood 
basalt and pyroclastic eruptions, (iii) leaking of vola-
tiles from the crust following moonquakes and im-
pact events, and (iv) the solar wind.   

Those sources operate on different timescales 
and/or operated at different times in lunar evolution. 

Impact bombardment of asteroids and comets 
was more frequent during the first billion years of 
lunar evolution, although smaller objectis, including 
micrometeoritic debris, continues to pelt the surface 
today.  (See sidebar for other impact cratering pro-
cesses relevant to in situ resource utilization.)  Vol-
canic venting occurred >4 Ga based on cryptomare 
and may have had two large surges of activity 3.8 
and 3.5 Ga.  Crustal leaking has occurred throughout 
lunar history, as has solar wind emplacement.   

Evolving Catchments:  Volatiles are potentially 
trapped in permanently shadowed regions (PSRs) 
where temperatures are below 100 K.  PSRs are con-
centrated in the polar regions where dramatic topog-
raphy shields areas from a Sun that is always low on 
the horizon.   The floors of craters are often shad-
owed and suspected sites of volatiles are Haworth, 
Shoemaker, Faustini, de Gerlache, Amundsen, Ca-
beus, and Shackleton craters.  Those craters do not 
have the same age.  They were produced sequentially 
over about one billion years and, thus, were not al-
ways available to “catch” volatiles that were trans-
ported to the south polar region. 

Potential Stratigraphy of Polar Ice Deposits:  
Because the sources of volatiles evolved over time 
and because catchments were created as a function of 
time, a stratigraphy of volatile deposits may have 
been created.  A notional sequence is illustrated in 
Figure 1 for the craters Haworth, Shoemaker, and 
Faustini.     

Let’s examine Faustini as an example.  The crater 
was produced in the midst of the late heavy bom-
bardment of the Moon.  Once it had formed, volatiles 
delivered by impacting objects may have been 
trapped on its floor – if at that time Faustini was in 
the south polar region – over a period of about 200 
Myr.  Subsequently, the Amundsen crater was pro-

duced.  It deposited ejecta over a broad region, in-
cluding Faustini.  Ice  potentially accumulated again 
for about 100 Myr, possibly from a combination of 
sources (bombardment and volcanism), before ejecta 
from the Nobile impact event blanketed the area.  Ice 
accmumulation may have resumed during an interval 
of about 650 Myr, before a trace of ejecta from the 
Shackleton crater landed on the floor of Faustini.  
Since that time, any volatile deposition was probably 
dominated by solar wind and sporadic impact events. 

Missing from that notional stratigraphic picture is 
the consequences of ballistic sedimentation, when 
ejecta from younger, nearby craters lands.  In Figure 
2, the speed of impacting ejecta is plotted as a func-
tion of ballistic flight distance.  Three cases are 
shown: for ejecta landing in Haworth, Shoemaker, 
and Faustini.  Continous ejecta blankets may be ex-
pected if those craters are within one crater diameter 
of source craters.  For example, Faustini may have 
been within the continuous ejecta fields from 
Amundsen and Nobile (green lines) and possibly 
within the continuous ejecta fields from Scott and 
Cabeus craters (yellow lines).  

The speeds of the ejecta are of order 1000 km/hr, 
which should have eroded and mixed underlying 
material (i.e., ballistic sedimentation).  When the 
impact debris landed at such high speeds, did it va-
porize any volatiles in the regolith?  If so, did the 
volatiles escape and get trapped elsewhere in the 
polar region?  Or were the volatiles incorporated into 
the mixed ejecta blanket?   

Discontinuous ejecta from more distant impact 
craters landed at higher velocitites.  In the case of 
Faustini again, ejecta from Idel’son and Cabeus B 
landed with speeds between 2000 and 3000 km/hr. 

The thickness of the continuous ejecta blankets 
were not inconsequential relative to the thickness of 
any ice-bearing regolith that may have accumulated 
between those events.  Simple calculations suggest 
that in Haworth, ejecta layers from Shoemaker and 
Cabeus were 22+11

-8 m and 61+23
-17 m thick, respec-

tively, before mixing with the substrate.  In Shoe-
maker, ejecta layers from Faustini, Amundsen, and 
Nobile were 14+9

-5, 28+17
-10, and 33+17

-10 m thick, 
respectively.  In Faustini, ejecta layers from Amund-
sen, Nobile, and Slater were 108+28

-22, 36+17
-11, and 

4+3
-2 m thick, respectively.  Those are thicker than 

regolith horizons that would probably have been <5 
m thick, if not <1 m thick, based on a standard pro-
duction rate and taking into account it may have been 
higher ~4.1 to 4.2 Ga when the craters formed. 



 
1. The topography of impact craters in 

the polar regions produces the  
permanently shadowed regions 
(PSRs) where volatiles can be 
trapped. 

2. Impacting asteroids (and, to a lesser 
degree, comets) were a source of 
the volatiles that could be trapped 
in those PSRs. 

3. The largest impact events altered 
the spin axis of the Moon and, thus, 
the locations of PSRs where vola-
tiles could accumulate. 

4. The largest impact basins thinned 
the crust, allowing large volumes of 
magma to reach the surface and 
vent volatiles, providing another 
source of volatiles that could be 
trapped in PSRs. 

5. Impact ejecta from cratering events 
covered (and potentially reworked 
via ballistic sedimentation) hori-
zons of ice deposited in PSRs, pro-
ducing a stratigraphic succession. 

6. Ancient impact basins provided 
catchments for flood basalts (mare) 
that contain ilmenite that can be 
chemically modified to produce ox-
ygen. 

7. Ongoing impacts, including micro-
meteoritic impacts, have infused the 
regolith with meteoritic-derived 
volatile abundances.  Those vola-
tiles, when combined with volatiles 
from the solar wind, provide a re-
coverable reservoir everywhere on 
the Moon.  They have also infused 
the soil with meteoritic metal, 
which is another potential resource 
for a sustainable exploration pro-
gram. 

8. The largest of the impacts produced 
melt sheets that may have differen-
tiated, potentially forming ore de-
posits of metal and sulfide. 

 

Impact cratering is the single 
most important geologic pro-

cess affecting ISRU prospects. 
 

 
Figure 1. Notional stratigraphy of ice deposition 
and impact ejecta on the floors of three south po-
lar craters: Haworth, Shoemaker, and Faustini.  
The topography is derived from LOLA data.  A 
breccia lens is assumed to underly the original 
surface of the crater floor, based on observations 
of terrestrial craters. 

 

 
Figure 2.   Speeds of ballistically emplaced ejecta 
in Haworth, Shoemaker, and Faustini craters 
from nearby craters (Scott, Amundsen, Nobile, 
Cabeus, Slater, and Shackleton).  If a receiving 
crater is within a crater diameter of a source 
crater, a continuous ejecta blanket is likely and 
indicated with a green line.  If a receiving crater 
is within two crater diameters of a source crater, 
then it is indicated with a yellow line.  Speeds are 
scaled in kilometers per hour.  For those who pre-
fer to think in kilometers per second, 0.1 km/s is 
360 km/hr and 1 km/s is 3600 km/hr.  The escape 
velocity of the Moon is ~2.4 km/s 
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Introduction:   
Assessing the chemical composition of the Moon 

is a key part of its investigation. Elements can be 
grouped according to their condensation and geo-
chemical behavior, and thus chemical abundances of 
key elements can be used to asses both the origin and 
the evolution of the body. 

The relative abundance of the surface (down to a 
few µm) major elements with atomic number ≤20 
can be estimated using X-ray fluorescence, using 
solar X-rays to excite element’s atoms (both quies-
cent Sun X-ray emission, in particular during solar 
maxima, and solar flares).  

Only an handle of successful X-ray fluorescence 
experiments have been flown so far, including Apol-
lo15 XRFS, Chandrayaan-1 C1XS, SMART-1 D-
C1XS at the Moon, Messanger-XRS, BepiColombo-
MIXS at Mercury, and NEAR-XRS at EROS, Haya-
busa-XRS at Itokawa, OSIRIS-REX/REXIS at Ben-
nu (Allen et al. 2013, arXiv:1309.6665 and refs. 
therein).  

The main goal of fluorescent X-ray spectroscopy 
of asteroids is to determine the intensity of Fe-L, Fe-
K, Al-K, Mg-K, Si-K complexes and S-Ka, S-Kb 
fluorescent lines. From these lines mass abundance 
ratios can be determined [Mg/Si], [Fe/Si]. The com-
parison of these abundance ratio to those of meteor-
ites can understand whether the surface of the Moon 
resembles a particular chondritic meteorite.  

Gamma-ray spectroscopy of nuclear lines can al-
so be used to assess abundances of elements in the 
planetary surface (down to 10-20cm, e.g. Reedy et al. 
1978, Proc. Lunar Planet Sci. Conf. 9th 1978). The 
main source of gamma-ray lines are: decay of natural 
radionuclides, reaction induced by energetic cosmic 
rays, capture of low-energy neutrons, and solar-
proton induced radioactivity. Gamma-ray spectros-
copy can provide information on many elements, 
including those with high atomic number, hardly 
accessible to X-ray fluorescence spectroscopy. Sev-
eral successful gamma-ray experiment have been 
performed so far, including early spectroscopy of the 
Moon (Luna10, Apollo15, 16), Mars (Mars-5). More 
recently, Kayuga gamma-ray spectrometer obtained a 
detailed mapping of radioactive elements on the 
Moon (K, Th, U), as well major elements, O, Al, Mg, 
Si, Ca, Ti, Fe (Yamashita et al. EPSC Abstracts Vol. 
5, EPSC210-580, 2010, Hasebe et al. Proc. Int. 
Workshop Advances in Cosmic Ray Science J. Phys. 
Soc. Jpn. 78, 2009). Other lunar experiments include 
Lunar prospector and Chang’E. Other experiments 
include more Mars spectroscopy (MARS Odyssey) 

Mercury (Messenger) and the asteroids EROS 
(NEAR) and 4 Vesta (Dawn). 

 
The K/Th ratio is a diagnostic of the body bulk 

composition and provide information about where 
and when the body was formed.  

 
The collecting area of most X-ray and gamma-ray 

spectrometers used for planetary observations is 
quite small, a few cm2. The REXIS instrument work-
ing today at Bennu as a collecting area of 25cm2. 
The largest instrument flown so far is the Kaguya-
XRS with a collecting are of 100cm2.  

 
A new miniaturize payload is here proposed, cur-

rently under development for astrophysics goals and 
to be installed on a 3U cubesat platform; the sensors 
uses GAGG scintillator crystals and Silicon Drift 
Detectors to both detect direct X-ray photons and 
optical photons produced in the scintillators by inter-
action with gamma-rays, and can cover a unique 
wide band, from a few keV to several MeV, provid-
ing at the same time both X-ray fluorescent spectros-
copy and gamma-ray spectroscopy. The collecting 
area of a compact instrument (~3-4kg) can be con-
servatively ~100cm2. A passive collimator can shield 
the SDD from most Cosmic X-ray Background, re-
ducing the background at energies <20keV, where it 
is largely dominated by the CXB. Laboratory calibra-
tion in the next few months will provide more precise 
numbers on the resolution achievable.  

The gamma-ray line sensitivity of this instru-
ments with collecting area ~ 100 cm2 and active an-
ticoincidences (efficiency  ≈ twice that of Kayuga 
spectrometer) should therefore be a factor several 
better than that of other planetary gamma-ray spec-
trometers. 

The paper shows the proposed scientific mission 
goals around which the miniaturized payload is de-
signed, and its possible embarking on a cubesat like 
space segments, 6U large; the whole feasibility study 
for a smallsat scientific mission is presented, show-
ing the generality of the approach and its applicabil-
ity also for small bodies exploration as well.  
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Introduction:  At the end of this decade the 

world is preparing to come back to the Moon with  
more specified scientific interests and with the per-
spective to bring humans back to the lunar surface to 
perform exptensive exploration of our satellite.  

To this end a well structured techonology devel-
opment shall be put in place which, to be credible, 
must include activities focused on verifying and vali-
dating on ground many different aspects of the lunar 
scenario.  

Surface activities and science on the Moon are 
strongly affected by the regolith features, the peculiar 
material the lunar surface is made of. It is, then, ob-
vious that the ground verification asks first for a sim-
ulant material availability which replicates the real 
planetary sand at te most. This is the case, for the 
highlands regions, of the NU-LHT-2M, considered in 
this paper, the production of which is standardised 
from both mineralogic composition as well as granu-
larity.  

However, many activities foreseen to occur on 
the Moon surface, ask for a more detailed soil fea-
tures definition as a obliged step to run reliable tests 
on ground.  

In particular, soil movimentation and interaction 
with robotics asks for the reology and electrical fea-
tures regolith characterisation; volatiles or oxygen 
and metal extraction, as well as 3D printing perform-
ing, ask for the thermo-mechanical and electrical 
properties identification. 

At Politecnico di Milano, together with the sup-
port of many different external labs, the NU-LHT-
2M simulant has been fully characterized in terms of 
granularity, mineralogy,chemical composition, elec-
trical and thermal conductivity and permissivity and 
floability to address at the best a facility implementa-
tion for different lunar surface activities feasibility 
assessment, technological challenges addressing and 
science goals reachability verification.  

In particular, the information got from the simu-
lant characterisation, drove the design of a plant and 
its operational procedures, for oxygen extraction 
from regolith with reduction processes. Each critical 
aspect of this kind of plant, risen by the feedstock 
characteristics, is discussed and the rationale for a 
specific plant component design highlighted.  

The paper starts presenting the performed charac-
terisation tests and discussing the results in terms of 
most relevant effects in driving anyt tool in strinct 
interaction with the soil.  

Then, the charbothermal and hydrogen reduction 
processes fot oxygen extraction are introduced, tog-
hether with their kinetic numerical modelling, and 

Gibbs free energy identification. This analysis, which 
consider the real feedstock mineralogy composition, 
helps understanding how to tune the different pro-
cesses in terms of feedstock preparation, reactant ( if 
any) fluxes, process temperature to maximize the 
yield.  
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 Introduction: NASA’s Moon Trek 

(https://trek.nasa.gov/moon/) is one of a growing 
number of interactive, browser-based, online portals 
for planetary data visualization and analysis 
produced by NASA’s Solar System Treks Project 
(SSTP). Moon Trek continues to be enhanced with 
new data and new capabilities enabling it to 
facilitate the planning and conducting of upcoming 
lunar missions by NASA, its commercial partners, 
and its international partners. 

A Comprehensive Online Web Portal: 
Developed at NASA’s Jet Propulsion Laboratory 
(JPL) and managed as a project of NASA’s Solar 
System Exploration Research Virtual Institute 
(SSERVI) at NASA Ames Research Center, Moon 
Trek is a browser-based web portal. There is 
nothing additional to buy or install. Moon Trek 
provides a suite of interactive tools that incorporate 
observations from past and current lunar missions, 
creating a comprehensive lunar research Web 
portal. The online Web portal allows anyone with 
access to a computer to search through and view a 
vast number of lunar images and other digital 
products. The portal provides easy-to-use tools for 
browsing, data layering, data product blending, and 
feature search, including detailed information on 
the source of each assembled data product and links 
to NASA’s Planetary Data System. Interactive 
maps, include the ability to overlay a growing range 
of data sets including topography, mineralogy, 
abundance of elements and geology. In 2020, SSTP 
introduced a new and improved release of Moon 
Trek featuring capabilities such as spatial search, 
tools and layers that are now consistent across polar 
and global projections, and a more intuitive layout 
for interfacing with Trek data.  

A Diverse Lunar Analysis Toolkit: Moon Trek 
features a generalized suite of tools facilitating a 
wide range of activities including the planning, 
design, development, test and operations associated 
with lunar sortie missions; robotic (and potentially 
crewed) operations on the surface; planning tasks in 
the areas of landing site evaluation and selection; 
design and placement of landers and other 
stationary assets; design of rovers and other mobile 
assets; developing terrain-relative navigation (TRN) 
capabilities; deorbit/impact site visualization; and 
assessment and planning of science traverses.  

Its baseline visualization and analysis tools, 
available to all users, allow users to measure the 
diameters, heights and depths of surface features. 

Users can plot Sun angles (altitude and azimuth for 
user-specified points over user-specified time/date 
ranges and time intervals). Custom 2D 
visualizations can be easily rendered based on polar 
and equatorial projections. Visualizations in 3D are 
equally easily rendered and provide the capability 
for interactive flyovers of lunar terrain. A virtual 
reality component allows the user to draw a path 
using the web client, and then fly along that path in 
virtual reality using VR goggles. User-specified 
bounding boxes can be used to generate STL and/or 
OBJ files to create physical models of surface 
features with 3D printers. In addition to visualizing 
a vast range of data products in multiple ways, users 
can access the metadata for the individual data 
products and can download any of our served data 
products for use in other applications. 

More advanced account-level tools allow users 
to perform more computationally-intensive 
analyses. These include ray-traced lighting analysis 
for user-specified areas over user-specified 
time/date ranges and time intervals. Lighting 
analyses also produce maps of watts per square 
meter for the area specified. Electric surface 
potential analyses can also be generated for user-
specified areas and intervals. Machine learning-
based hazard analyses include boulder detection and 
distribution, crater detection and distribution, and 
slope analysis. Large data products can be 
subsetted, allowing users to download regions of 
specific interest. The LRR/LLR Geometry 
Calculator will allow researchers to find, visualize, 
and analyze images taken by the Lunar 
Reconnaissance Orbiter (LRO) that are applicable 
to Lunar Laser Retro-Reflector (LRR) and Lunar 
Laser Ranging (LLR) studies and planning [1].  

Important new tools are currently being 
integrated into Moon Trek. A Convolutional Neural 
Network (CNN) is being implemented, trained to 
automatically detect rockfalls in LRO NAC 
imagery, and integrated into Moon Trek. Such 
rockfalls are interesting because they enable remote 
analysis of tectonic activity, surface evolution, and 
mechanical surface properties [2]. A new line-of-
sight tool will support detailed studies of solar 
illumination, line-of-sight communications with the 
Earth, and communications with assets in lunar 
orbit. 

Significant advantages are afforded by Moon 
Trek’s features facilitating collaboration among 
members of distributed teams. Team members can 



share visualizations and add new data to be shared 
either with the entire Moon Trek community or only 
with members of their own team. Sharing of multi-
layered visualizations is made easy with the ability 
to create and send URL-encoded visualization links.  

Moon Trek continues to be enhanced with the 
addition of additional data products and new tools. 
Enhanced integration with the growing number of 
other portals of SSTP has been provided by its 
incorporation into the new SSTP home site 
(https://trek.nasa.gov). This site provides a common 
entry point into the various Trek portals as well as a 
number of additional supporting features.  

Diverse Applications for Lunar Exploration:  
Moon Trek is being used for growing number of 
mission planning, mission support, technology 
development, and lunar science applications. Using 
an in-house stereo workflow, SSTP is able to 
produce new NAC-based high-resolution mosaics 
(Fig 1) and DEMs. These are particularly useful in 
our work with Commercial Lunar Payload Services 
(CLPS) providers using Moon Trek in site 
characterization for landing and surface operations. 
Moon Trek is able to significantly enhance the 
value and utility of mission data by putting it in the 
context of a vast collection of other data products 
gathered from many instruments on many missions. 
We are taking advantage of this as we plan specific 
enhancements optimizing Moon Trek for use as a 
support tool for the science backroom of NASA’s 
upcoming VIPER mission. SSTP continues to work 
with the Italian National Institute of Nuclear 
Physics in enhancing Moon Trek’s capabilities for 
LRR/LLR studies. The South Korean Space Agency 
is planning the use of Moon Trek as a mission 
planning tool for their Korean Pathfinder Lunar 
Orbiter, and as a testbed for development of terrain 
relative navigation systems. SSTP is working with 
NASA’s Astromaterials Acquisition and Curation 
Office to integrate their database of Apollo lunar 
samples into Moon Trek. This will allow 
researchers to enter a catalogue number for a 
specimen into Moon Trek, and have the portal take 
them to the collection site where they can study the 
sample’s setting and geological context. We are 
currently extending the capabilities of the Solar 
System Treks to facilitate terrestrial analog studies 
that support human lunar exploration missions. 
Moon Trek is the direct successor to the Lunar 
Mapping and Modeling Portal (LMMP). While 
LMMP was built to support landing site 
characterization for the Constellation Program, 
Moon Trek greatly enhances those capabilities and 
extends that heritage into the age of Artemis.  
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Fig. 1. Moon Trek Orthophoto mosaic of the Lacus 
Mortis CLPS target site 
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Introduction:  A sustainable and affordable ex-

ploration of the Solar System cannot rely solely on 
Earth’s resources and must use materials obtained and 
processed in situ. The current Solar System explora-
tion road map, put together by a consortium of inter-
national space agencies envisage a longer-term pres-
ence on the Moon by 2028. Thus, the development of 
In-Situ Resource Utilisation (ISRU) to offset the need 
to transport all materials from the Earth is essential 
and timely. Based on our expertise in lunar science 
and building space instrumentation at the Open Uni-
versity, and by working in partnership with our indus-
trial partners, we have established a consortium to de-
velop a microwave heating-based 3D printing tech-
nique as a fabrication method for extra-terrestrial con-
struction process and resource extraction, including 
oxygen, water and metal (e.g. iron). Alignment of our 
proposed work with the Global Exploration Roadmap 
(GER) is shown in Figure 1.  
 

 
Fig 1: Alignment of our proposed research on lunar 
construction and ISRU activities (green) with GER 

and ESA’s ISRU mission roadmap (blue boxes).  
 

For an extended stay on the Moon, humans will 
require habitation with substantial shielding for pro-
tection from radiation and micrometeorites. Lunar 
regolith (soil) is a readily available in-situ resource, 
which can be thermally treated to extract oxygen and 
water, as well as for construction. For example, lunar 
habitats and infrastructure can be built by robots using 
additive manufacturing techniques [1]. Due to the vol-
umetric heating characteristic, intrinsic to microwave 
heating, it is a more energy-efficient process than so-
lar or laser sintering for large-scale manufacturing and 
construction purposes. Proof of concept experiments 
[2-4] have demonstrated that microwaves couple effi-
ciently with lunar regolith simulants; therefore, 

microwaves could be an efficient mechanism to sinter 
and melt lunar regolith to build 3D structures, and also 
enable the extraction of volatiles. 

These experiments are based on simulated condi-
tions and materials; thus, there is missing information 
on microwave heating of lunar regolith, which in-
cludes the effects of nanophase iron (np-Fe0) pro-
duced via space weathering, the highly electrostatic 
nature of the particles, and irregular particle geome-
tries of the real lunar soil. Through a UK Space 
Agency (UKSA) grant (NSTP GEI) we are develop-
ing a conceptual design of the Microwave Heating 
Demonstrator (MHD) payload that could be delivered 
to the lunar surface for in-situ experiments via the 
ESA’s HERACLES mission or NASA’s CLPS pro-
gramme. Here, we provide further details of our con-
ceptual design of a MHD payload. 
 

Microwave heating of lunar regolith: Our sim-
ulation [2] and lab experiments [3,4] have demon-
strated that lunar regolith (highlands and mare) and 
simulant JSC-1A can be sintered and melted using as 
low as ~200-250 W input power under ambient at-
mospheric conditions while experiencing severe ther-
mal runaway. It was found that (i) microwave energy 
couples well with both highlands and mare lunar reg-
olith (numerical modelling) and their simulants JSC-
1A (numerical modelling and experiments), and (ii) 
the temperature threshold of thermal runaway exists 
between 600 and 700 °C depending on the phase tran-
sition of the material. Further, through lab experi-
ments under various input powers, it was confirmed 
that temperature (but not input power) is the main cri-
terion for thermal runaway in microwave heating.  

 

  
Fig 2: Microwave heated JSC-1A under (a) ambient 

pressure, and (b) low-pressure (4.6e-5 hPa). 
 

In the context of a MHD operating at the lunar sur-
face, it is important to investigate the microwave 



heating behaviour of lunar material under reduced 
pressues. In this respect, our preliminary lab experi-
ment involving microwave heating of lunar simulant 
JSC-1A under lower-pressure generated plasma due 
to the ionized volatiles, and a highly porous molten 
specimen, resulting in a lower yield rate of the sin-
tered and melted specimen (13 g out of 50 g) than that 
of the specimen treated under a standard ambient 
pressure (50 g out of 50 g) as shown in Fig 2. Some-
what speculative, but possible, reasons include (i) less 
microwave energy absorption due to the plasma for-
mation, and (ii) severe porosity of the specimen due 
to the rapid release of volatiles which possibly re-
stricts the spread of the hotspot region due to poorer 
heat transfer through the porous regions. 
 

Microwave Heating Demonstrator (MHD):  In 
order to design the MHD, the payload requirements 
were first reviewed. These included the available 
power, interface, and mass/volume of the payload, 
from a potential lunar ISRU lander. Pre-defined com-
putational simulations using COMSOL Multiphysics 
software were also conducted to determine the opti-
mal input power, heating time, specimen mass and 
crucible shape for the experiment, which maximises 
the energy absorption while minimising the total en-
ergy input between room temperature and melting 
point. Then, a sequential operation of each experiment 
was carefully planned, followed by developing a con-
ceptual hardware design for the MHD payload based 
on the functional diagram of MHD (Fig. 3). The MHD 
payload consists of a solid-state microwave generator, 
bespoke cavity, mass spectrometer, pyrometer, data 
logger, telemetry and crucible delivery unit with an 
optional material collection unit. 

 

 
Fig 3: Functional diagram of MHD 

 
The main functions of MHD and the sequence of 

experiment are to (i) collect up to ten lunar regolith 
samples (50 g each) depending on the lander mission 
and the lander path/destination, (ii) heat each speci-
men with 250 W of input power for up to 60 minutes, 
and (iii) measure the temperature of the specimen and 
released volatile profiles every second. The measure-
ment of the specimen temperature is continued until it 
is cooled down to ambient temperature. More specific 
functions and a 3D CAD model of a MHD conceptual 
design of MHD will be presented at the meeting. 

 
The MHD payload will produce scientifically in-

valuable findings in their own right. The outcomes of 
the experiments would also fill the knowledge gaps in 
Space Science and Engineering disciplines by reveal-
ing the physicochemical characteristics of thermally 
treated lunar regolith using microwave energy under 
the real lunar environment. It will provide useful in-
sight into the properties of materials which have been 
thermally treated material properties by microwave 
energy on the Moon and potential opportunities on 
other airless bodies with near-vacuum atmospheres, 
e.g. Martian moons and asteroids, which are of inter-
est to exploration communities worldwide. Ulti-
mately, our research will lead us to realise lunar con-
struction and ISRU mission activities, as indicated in 
Figure 1. 
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Introduction: At the Moon, the regolith (soil) is 

a readily available resource, which can be thermally 
treated for extracting oxygen and water, as well as, for 
fabricating construction components [1]. Due to the 
volumetric heating characteristic, intrinsic to micro-
wave heating, it is considered as a more energy-effi-
cient process than solar or laser sintering for large-
scale manufacturing and construction purposes. Proof 
of concept experiments and numerical modelling [2-
4] have demonstrated that microwaves couple effi-
ciently with lunar regolith simulants. Therefore, mi-
crowaves could be an efficient mechanism to sinter 
and melt lunar regolith to build 3D-printed structures, 
while also enabling the extraction of volatiles. In the 
context of In-Situ Resource Utilisation (ISRU) to off-
set the need to transport all materials from Earth, it is 
highly desirable and timely to align with the current 
Solar System eploration road maps of international 
space agencies.  

At the Open University we have been leading the 
development of a microwave heating-based 3D print-
ing technique to be used as a preferred fabrication 
method in extra-terrestrial construction processes and 
resource extraction, including oxygen, water and iron. 
As part of this research, a series of experiments were 
conducted to understand the microwave sinter-
ing/melting behaviour of lunar regoith [2] and simu-
lants [3,4]. In this contribution, we describe different 
microtextures that were observed in microwave 
heated lunar simulant JSC-1A specimens under dif-
ferent input powers. This is important because it 
would allow us to utilise a specific input power of mi-
crowave for specific applications. 
 

Comparison of heated specimens by input 
power: Although a higher input power of microwave 
energy will cause a faster and higher yield of sin-
tered/melted part from a specimen, the differences in 
micro-structures as a function of input power has not 
been previously investigated. In this study, we have 
used five different input powers for heating JSC-1A 
with the same total input energy of 900 kJ, allowing 
for a meaningful comparison. The heating conditions 
for each input power were (a) 900 seconds at 1,000W, 
(b) 1,125 seconds at 800 W, (c) 1,500 seconds at 600 
W, (d) 2,250 seconds at 400 W, and (e) 3,600 seconds 
at 250 W. The thermally treated specimens were ana-
lysed using a Quanta200 SEM equipped with Oxford 
Instruments EDS technique for textural/mineralogical 
analysis. In addition to examining specific 

areas/zones at high-resolution (e.g. ~5,000-10,000x 
magnification), the Large Area Mapping (LAM) fea-
ture of SEM (Figure 1) was also utilised to image the 
whole sample while maintaining a high resolution.  

As mentioned above, adjusting input power 
causes the change in yield rate (sintered/melted mass). 
For example, with a starting mass of 50 grams in each 
case, for condition (a) the resultant sintered/melted 
specimen weighed 50 g (i.e. 100 % yield) at 1,000 W. 
Similarly, for condition (b) 45 g (90 % yield) at 800 
W, condition (c) 41 g (82 % yield) at 600 W, condition 
(d) 35 g (70 % yield) at 400 W, and condition (e) 22 
g (44 % yield) at 250 W. Based on this dataset, we 
infer that the longer heating time leads to higher en-
ergy loss to the surroundings, resulting in a poorer 
yield.  

 

 
Figure 1: Backscatter Electron images with 5 mm 
scale bar (Large Area Map) of microwave heated 

JSC-1A under various input power. (a) 1,000 W, (b) 
800 W, (c) 600 W, (d) 400 W, (e) 250 W. 

 
The density of the molten specimens vary from 

3.01 g/cm3 (1,000 W) to 2.82 g/cm3 (250 W) showing 
a linear trend, while the bulk density of JSC-1A used 
in this experiment is 1.54 g/cm3 with 47 % of porosity. 
The Young’s Modulus and hardness measured using 
a nano-indentation method are from 85.2 GPa / 8.4 
GPa (800 W) to 40.7 GPa / 3.4 GPa (250 W). The 
1,000 W specimen shows lower strength than 800 W 
specimen despite the higher density because the 1,000 
W specimen experienced thermal runaway for one mi-
nute less than 800 W specimen. Due to the high tem-
perature of thermal runaway, 1,700 ~ 2,200 °C for the 
lunar regolith according to our simulation [2], the 
specimen could achieve higher strength when it expe-
riences thermal runaway for a longer period of time 
even if the input power is slightly lower.  

The micro-textural features of thermally treated 
JSC-1A using microwave energy can be categorised 
in three parts: fully-melted, partially-melted and sin-
tered zones, as shown in Figure 2. Several unique fea-
tures have been identified across the three categories. 
Notably, a feature was observed in the partially-



melted with less temperature zone of the 250 W spec-
imen in the form of abundant iron oxide (magnet-
ite/haematite) particles arranged in a roughly circular 
pattern (Fig 3), which is not seen in other specimens 
with higher input powers. Interestingly, this observa-
tion suggests that microwave heating could also be 
used to beneficiate/extract iron from lunar regolith.  

 

 
Figure 2: Backscatter Electron images with 5 mm 
scale bar (Large Area Map) of microwave heated 

JSC-1A at 250 W of input power.  
 

 

Figure 3: A circular pattern exhibited by iron oxides 
in the partially-melted area of the 250 W specimen. 

 
Discussions: While several interpretations and 

hypotheses could be developed from the above obser-
vations, a few issues need further investigation. 

Firstly, thermal runaway is a phenomenon that 
needs to be avoided in industrial applications, in gen-
eral, due to the uncontrollable, rapid and extreme tem-
perature increases. In our case, however, thermal run-
away seems favourable as it allows instant sinter-
ing/melting at a ‘hotspot’. Moreover, it was found that 
thermal runaway can be predicted or even controlled 
by a temperature threshold, which could be applied 
for other industrial applications.  

Secondly, the circular patterned iron oxides in the 
partially-melted with less temperature area of the 250 
W specimen could possibly have happened due to the 
magnetic field created by a microwave generator. 
When the iron oxides are formed out of other minerals 
such as olivine and pyroxene, and the partially-molten 
area is still not solidified, the iron-oxides could easily 
align to a magnetic field. Alternatively, the circular 
pattern could have formed as a result of convection 
currents in the melted material. If true, then this phe-
nomenon is not expected in the lunar environment.  

Thirdly, the above findings indicate that a differ-
ent input power can potentially be used for different 
purposes, e.g., higher input power for fabricating con-
struction components, and lower input power for min-
ing/beneficiating metallic elements and extracting ox-
ygen. 
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The Analog-1 (A1) project is aimed at testing 

telerobotic geological exploration. It focuses on a lunar-

gateway scenario, where a rover on the surface of the 

moon would be controlled from an orbiting station. As 

an analogue for this scenario, a rover was operated from 

ISS by ESA astronaut, Luca Parmitano, who had to 

complete several science objectives such as collecting 

rocks that had been exposed to volatiles. 

To prepare for this experiment, the A1 field campaign 

and data collection started in November 2018, within the 

ESA PANGEA-X campaign [1] in Lanzarote (Canary 

Islands). During the campaign, several sites were 

identified that could act as exploration points for the 

rover (one of the sites shown in Fig. 1). The sites, 

including prospective sample locations, were 

documented in 3D through photogrammetric and Lidar 

data (Fig. 4). Compositional and spectral analyses were 

performed  on collected samples [2] using VNIR 

TerraSpec Halo spectrometer, raman Inspector300, 

LIBS Z-300, and XRF Epsilon 1.   

Figure 1: Above: Field setup with samples characterised 

during the Pangaea-X 2018 campaign. Below: Rendering of 

the digital outcrop model reproducing the outcrop and sample 

locations. 

 

Based on this field experience and setup [see 3], as 

well as characterised samples, an artificial geological 

environment was then  set up in an indoor hangar facility 

of the former Valkenburg airfield (Katwijk, NL), in the 

vicinity of ESA ESTEC, for the implementation of the 

project on November 25th 2019. The hangar was set up 

to reproduce some aspects of the Moon , characterized 

by boulders and other possible obstacles (Fig. 2). Three 

sites were prepared with a variety of samples (Fig. 3) 

including massive, amygdaloidal or vesicular basalts, 

scorias, gabbros, anorthosites, peridotites with 

xenoliths, impact breccias and pyroclastic materials as 

regolith.  

Figure 2: Top view of the ESTEC hangar in Valkenburg. The 

three sites are indicated.  

Figure 3: Samples available in the three sites (above) and 

collected samples (below).  

 

Site 1 

Site 2 

Site 3 



Figure 4: 3D model of site 1 

 

 

The astronaut on board the space station Luca 

Parmitano was given a set of science objectives to help 

guide his sample collection efforts. These were to collect 

different types of basaltic material, degassing structures, 

xenoliths and rocks that looked out of context. 

Supporting Luca was a  science backroom team located 

at the European Astronaut Centre (EAC) in Cologne, 

who interacted with the astronaut discussing the most 

interesting samples to collect. The actual sample nature 

and location was unknown to both the science backroom 

personnel and operating astronaut. The in-scenario team 

on site had independently placed samples in advance. 

    The minimum success threshold of the experiment 

was  to have Luca navigate to the first site and collect 

two specimens there within the allotted time period (90 

minutes). The experiment exceeded this expectation, 

with Luca being able to collect two samples from each 

of the three sites (Fig. 3, 5). 

 

 
Figure 5: the view from the rover’s head camera showing part 

of the first geological site. The arm is opened and approaching 

the sample to collect. 

 

Collected samples from the first geological site (Site 

1) were a vesicular and a massive basalt; the samples 

from the Site 2 were a welded scoria and a gabbro with 

large feldspars; in the third and last site Luca collected 

an impact breccia and, as suggested by the Science 

Team, the representative loose pyroclastic materials of 

the regolith for the context (Fig. 3).  

Interactions both internally in the science backroom 

and between the crew and ground teams is being 

analysed and recommendations made for future work. 

Some examples include improving the ability for the 

science backroom to accurately point out a particular 

sample and easily relay that to the astronaut without 

excessive voice communications, and improvements to 

the camera system to enable better image quality in high 

contrast scenarios. 

Overall, the performance of the astronaut matched and 

exceeded expectations, from the high quality voice 

descriptions of the sites and samples to the choice and 

logical order of sampling, all demonstrating effective 

geologic training has been received [4]. In addition, the 

efficiency and speed of the experiment was enhanced by 

the user interface of the robot control station and 

astronauts proficiency with it.  
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Introduction: During crater formation ballistic
excavation of ejecta covers the surrounding impact
plane with rock fragments, granular material, glass, and
melt [1, 2, 3]. The excavation physics ensures that larger
rocks overlie the continuous ejecta close to the rim (up
to a distance of one-diameter (D) from the crater rim),
with ejecta thickness and rock sizes decreasing radially
outwards [4]. Exposed to micrometeorite bombardment
and thermal stresses, rocks break down into smaller
rocks till finally they comminute to regolith fines. As
rock sizes decrease, so do their bulk thermal properties
- larger rocks preserve heat longer than smaller rocks,
and are more thermally visible during nighttime. The
discrepancy between nighttime brightness temperatures
for warmer rocks and cooler lunar soil is observed in
the thermal channels of the LRO Diviner instrument
[5], leading to model based estimation of the areal frac-
tion of each scene in the Diviner FOV occupied by ex-
posed rocks 1 m and larger (termed rock abundance,
or RA) [6]. Since large rocks break down to fine re-
golith particles over time, RA at the crater ejecta de-
creases with time. A relationship between estimated RA
and crater size-frequency distribution (CSFD) based ab-
solute model age (AMA) can be thus derived for young
craters [7] with known, independently estimated AMAs.
In this work, we show examples of Copernican craters
Wiener F and Lalande whose RA statistics do not fol-
low the description above and their (RA, AMA) values
strongly deviate from proposed models. We then offer
possible reason for the discrepancy and outline implica-
tions of such cases.

Methods and Observations: RA obtained from
the Diviner global rock-abundance map [6]is used here
to show the high RA regions (RA > 0.01) for six craters
(Figure 1). In Giordano Bruno, Moore F and Tycho the
high RA regions appear over the proximal ejecta while
for Wiener F , Lalande and Kepler the high RA regions
are mostly limited within the crater rim. All numbers for
the RA statistics represent the 95th percentile values.

LROC NAC images with incidence angles between
65◦to 75◦were considered [8] to obtain AMA estimates.
CSFD measurements were obtained using CraterTools
[9] and and fit in Craterstats [10], using the techniques
described in [11, 12]. The derived AMAs are based on
the production and chronology functions [13], valid for
lunar craters D > 10m and D < 100km. Previously,
[14] conducted CSFD measurements on three different
types of rock material: ejecta blanket, melt ponds on the
wall terraces, and the hummocky crater floor of Lalande.

Figure 1: Rock abundance shown for Giordano Bruno (A),
Wiener F(B), Moore F (C), Lalande (D), Tycho (E), and Ke-
pler (F). RA of higher than 0.01 is shown in magenta. Gior-
dano Bruno, Lalande, and Kepler are all similar in size of
20km.

The melt ponds (∼ 38Ma) and crater floor (∼ 44Ma)
CSFDs were close in age however, the age determined
for the ejecta blanket was twice as old (∼ 90Ma). The
differences in ages could be due to target properties [15]
or because the ejecta blanket near the crater rim has
been heavily populated by self-secondary craters [16].
Furthermore, the two ejecta count areas hug the crater
rim where there is an abundance of rock populations.
RA and AMA for the craters are compared (Figure 3)
against the power law regression [7] to show the two
outliers Wiener F and Lalande. The predicted age for
Lalande is from another related work [17].

Results and Discussions: The craters Lalande and
Moore F are nearly similar in size, the RA on Moore F is
higher than Lalande. Kepler, which is a Copernican but
older crater, shows a ejecta RA spatial distribution sim-
ilar to Lalande but the estimated age of Kepler is more
than an order of magnitude larger than Lalande. Clearly,
the RA statistics for Lalande is not representative of its
young age. At AMA ¡ 50 My, majority of meter-sized
rocks should still be visible on the ejecta and close to the
rim of Lalande [18], but this is not the case. Wiener F,
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Figure 2: CSFD plots for craters Lalande and Wiener F

twice as large as Lalande shows similar behavior and the
95th percentile statistics outside the rim is lower than
Lalande and close to the typical background RA values
of impact craters [7].

In the case of Wiener F, it formed over a larger, older
crater, and its northern rim is substantially lower than
the southern rim. The spatial distribution of rocky ejecta
could have been effected due to the tilt in the pre-impact
plane, or from the melt spills, particularly at the north-
ern rim. Still this does not justify an overall low RA.
Lalande is formed over a flat pre-impact topography, yet
has low RA. Target properties could be one of the con-
tributing factors for these anomalies. If the pre-impact
subsurface has low rock concentration, the excavation
process would also yield less rocks. Neither the sub-
surface rock size distribution below the lunar regolith
nor the regolith thickness is expected to be globally uni-
form, and can moderate the excavated rock size fre-
quency and spatial distribution. For example, frequen-
cies of rocks larger than one meter across are higher
on rough mare than on smooth mare [19]. Burial of
rocks during the crater formation or immediately af-
ter formation by melt flow, volcanic or tectonic pro-
cesses is also possible, altering the RA statistics. Low
RA statistic (< 0.01) does not necessarily mean an
AMA > 200My (conservative, with a margin of ap-
proximately 100 My).

High RA within the proximal ejecta boundary does
not necessarily indicate excavated rocks either, and
arises over impact melts. Typically, impact melt is
found deposited over the proximal continuous ejecta,
and the RA computed over impact melts is low (e.g. ex-
tensive impact melt at King crater [6, 7]). At places
where RA is high, excavated rocks are generally visible
over melt deposits. Accordingly, in studies involving
RA measures, impact melt areas are typically excluded
to preserve the overall statistics [7]). However, fractures
in relatively thin layers of impact melt are found to be
spatially correlated with large values of RA and appears
to distinguish between fractured and relatively smooth

Figure 3: Chart showing RA (95th percentile) versus
AMA. The green shaded region indicates RA < 0.02 and
an AMA < 50Ma.

impact melt [20]. Fractured sections of impact melt ve-
neers show similar response as other areas on the con-
tinuous ejecta with higher rock populations.

Conclusion: Rock abundance over the proximal
ejecta and crater model ages are related, but the relation-
ship is complex and effected by pre-impact topography
and target properties. AMA predictions from simple RA
vs. AMA models can have large deviations. Inclusion
of additional variables like spectral maturity, crater size
and target properties in modeling the crater age can be
useful and will be discussed in our future work.
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Introduction: The Mercury Radiometer and Ther-

mal Infrared Spectrometer (MERTIS) is part of the ESA 

BepiColombo Mercury Planetary Orbiter (MPO) pay-

load and consists of a push-broom IR-spectrometer (-

TIS) and a radiometer (-TIR) [1]. MERTIS-TIS and -

TIR make use of the same optics, electronics, and in-

flight calibration components [2, 3]. MERTIS-TIS oper-

ates at wavelengths of 7-14 µm, has 78 spectral chan-

nels, and a spectral resolution of λ/∆λ=78-156. The 

radiometer operates between 7 and 40 µm with 2 spec-

tral channels. Depending on surface characteristics, 

MERTIS spectral resolution is adapted to optimize the 

S/R ratio. Thus, the instrument is capable of resolving 

weak spectral bands with less than 1% contrast. 

During the long cruise to Mercury, and before its ar-

rival on December 5th 2025, BepiColombo will perform 

9 flybys: among them, the Earth/Moon flyby on April 

10
th

 2020. Due to the flight configuration, not all the 

instruments onboard BepiColombo are able to operate 

during cruise and flybys. Among the instruments that 

can operate is MERTIS. The MERTIS imaging spec-

trometer will provide the first hyperspectral observation 

of the Moon in the thermal infrared (TIR) wavelength 

range from space. 

At the Planetary Spectroscopy Laboratory (PSL) of 

DLR in Berlin, a spectral library for lunar analog rocks 

in the TIR spectral range, measured under simulated 

Moon surface conditions, has been built to help the in-

terpretation of MERTIS’ Moon spectra. 

BepiColombo Earth/Moon flyby: Shortly after 

launch, MERTIS underwent a Near-Earth Commission-

ing Phase on Nov. 13-14 2018 during which the instru-

ment was turned on for the first time in space. The goal 

of this phase was to verify the instrument functionality 

and science performance by using the in-flight calibra-

tion devices and to verify their performance. As a result 

of the commissioning, MERTIS was found to be fully 

operational [4]. The radiometer was also found fully 

functional with an excellent correspondence of the 2013 

preflight sensitivity measurements and the 2018 in-flight 

measurements. 

Although most instruments on the BepiColombo 

MPO are blocked by the Mercury Transfer Module 

(MTM) during cruise and flyby operations, including the 

MERTIS planetary baffle, MERTIS will be able to ac-

quire data through its space baffle. In fact, the MERTIS 

pointing device allows viewing the planet (planet-

baffle), deep space (space-baffle), and two internal black 

bodies at 300 K and 700 K temperature, respectively. 

We adapted the MERTIS operations software to allow 

for this unique opportunity. Especially the Earth/Moon 

fly-by is of interest, as the surface composition of the 

Moon and Mercury have been frequently compared in 

the literature [5-10]. Observing the Apollo and Luna 

landing sites with MERTIS, in combination with labora-

tory studies, will provide extremely valuable ground 

truth for our MERTIS measurements. 

The attitude profile for the flyby has been already 

generated by ESA Mission Control. The time allocated 

for MERTIS pointing to the Moon is 4 hours and starts 1 

day before closest approach. During this slot it is feasi-

ble to have the Moon in the FoV of MERTIS. The 4 

hours visibility slot is divided in 4 segments of 1 hours 

approximately connected by short slews. The attitude in 

each segment will be quasi inertial (no tracking, keeping 

the Sun within illumination constraints) with the Moon 

slowly drifting in the FoV such that it is aligned with the 

boresight right in the middle of the segment. Within the 

4 hours allocated for observations the Moon is nearly 

fully illuminated; the angle between Moon and Earth 

(from limb to limb) is 8.5 in the beginning and increases 

up to 10.64 degrees; the apparent size of the Moon starts 

at 0.268 degrees and increases up to 0.2927 degrees. The 

Moon moves 1.6 degrees in these four hours. 

Lunar surface analogs: In the last decades orbital 

spectroscopic observations of the lunar surface have 

greatly advanced our understanding of the global distri-

bution of different rock types and their chemical compo-

sitions. This vast dataset is now complemented by the 

first in situ reflectance spectra from the lunar surface 

obtained by the recent Chang’E 3 and current Chang’E 4 

missions, which provide more detailed information 

about the mineralogy of local surface materials and the 

geological context of the landing sites. 

The material analyzed by Yutu-2 at the Chang’E 4 

landing site includes not only regolith but also a frag-

ment of rock with a small- to medium grained plutonic 

texture, that has most likely been excavated by a nearby 

impact crater [11]. Due to its deep-seated origin, the 

composition of such a rock fragment is of particular 

importance for understanding the underlying stratigra-

phy of the landing site. 

A reliable quantification of mineral modal abun-

dances from measured reflectance spectra requires the 

availability of laboratory spectra of comparable samples. 

However, current spectral databases primarily contain 

spectra measured on powder samples, while spectra of 

coarse grained rock samples are rare. Since reflectance 



spectra are sensitive to grain size and surface roughness 

[12], the available powder spectra might not be suffi-

cient for a quantitative interpretation of measured rock 

spectra. 

Rock samples obtained during the Apollo missions 

indicate that lunar anorthosites are typically coarse 

grained and can reach grain sizes of more than 1 cm. 

Hence, the global abundance of anorthosite as the domi-

nant rock type of the lunar surface suggests that such 

coarse grained rocks are ubiquitous. 

Therefore the extension of the current spectral data-

bases by new spectral data of whole rock samples is 

crucial for the interpretation of current remote and in-

situ measurements. 

Set-up description: The Planetary Spectroscopy La-

boratory (PSL) of DLR in Berlin is a spectroscopy facili-

ty providing spectral measurements of planetary ana-

logues from the visible to the far-infrared range for 

comparison with remote sensing spacecraft/telescopic 

measurements of extraterrestrial surfaces [13-17]. Three 

identical FTIR instruments are operating at PSL, in an 

air-conditioned room (Figure 1). The spectrometers are 

Bruker Vertex 80V (high-end model) that can be evacu-

ated to ~.1 mbar. One spectrometer is equipped with 

aluminum mirrors optimized for the UV, visible and 

near-IR, the second features gold-coated mirrors for the 

near to far IR spectral range. 

Spectral measurements: External simulation cham-

bers are attached to the FTIR spectrometer to measure 

the emissivity of solid samples. One chamber features a 

high efficiency induction system to heat the samples 

under vacuum to temperatures from 320K up to above 

900K, while keeping the chamber at almost ambient 

temperature. A shutter allows separating the spectrome-

ter from the external chamber. Sample cups are made of 

stainless steel and have elevated rims enclosing the sam-

ples heating it from all sides, effectively supressing 

thermal gradients within. A sample carousel driven by a 

highly precise stepper motor allows measuring several 

consecutive samples without breaking the vacuum. A 

large number of temperature sensors in the emissivity 

chamber are allocated to measure the sample tempera-

ture as well as monitoring the range of equipment and 

chamber temperatures. A webcam is mounted in the 

emissivity chamber to monitor the heated sample and its 

vicinity.  

With the Bruker A513 accessory bi-directional re-

flectance of samples, with variable incidence and emis-

sion angles between 0° and 85° (minimum phase angle 

is 26°) is measured. Integrating spheres (with gold or 

PTFE mirrors) allow for hemispherical reflectance 

measurements. Bi-directional and hemispherical reflec-

tance are measured under purging or vacuum conditions, 

covering the 0.2 to above 200 µm spectral range. 

Sample preparation and measurements: The ini-

tial suite of samples selected for this work includes: - 

slabs and stone chunks of plagioclases bearing rocks 

such as anorthosite, diorite, monzodiorite, gabbro and 

diabas; several basalts, rhyolite, olivine, granite, ande-

site, labradorite, obsidian. 

Samples are placed in the emissivity chamber at PSL 

and heated in vacuum slowly and gradually up to 400° 

C. Measurements were taken at 100° C, 200° C, 300° C 

and 400° C in the MIR and FIR spectral ranges. 

Each sample has been cooled in vacuum down to 

Troom. Thermally processed samples are measured in 

hemispherical and bi-directional reflectance in the full 

spectral range from UV to FIR. 

A sample of graphite measured in emissivity at in-

creasing T, adopting the same configuration and proce-

dure used for the samples was used as blackbody for 

emissivity calibration. 

Conclusion: MERTIS on ESA BepiColombo will be 

the first instrument to obtain hyperspectral measure-

ments of the Moon in the TIR spectral range from space. 

Here we present the first results combined with a spec-

tral library of emissivity for lunar analog rocks measured 

under simulated Moon conditions. 
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Einstein’s theory of General Relativity provides a 

comprehensive and coherent description of space, 
time, gravity and matter at the macroscopic level. 
Classical tests of General Relativity (such as perihe-
lion precession of Mercury, deflection of light and 
gravitational redshift) have affirmed that the theory is 
well founded. But they are valid essentially in a weak 
field. In the last thirty years several shortcomings of 
Einstein’s theory were found and scientists began 
wondering whether GR is the only fundamental theo-
ry capable of successfully explaining the gravitation-
al interaction, at all scales. This new point of view 
comes mainly from the study of cosmology and of 
quantum field theory. Therefore, various alternative 
gravitational theories were proposed which attempt 
to formulate at least a semiclassical scheme in which 
GR and its successes could be replicated [1]. There 
are possible many experiments for testing General 
Relativity and its extensions but most of them are 
complex (atomic clocks, interferometers, etc.). 
Hence, it is very important to work within the best 
possible theoretical framework to compare models 
with observations. An example is the Parametrized 
Post Newtonian (PPN) formalism. It contains a set of 
ten parameters whose values differ from one theory 
to another [2]. Solar System experiments, like Laser 
Ranging, allow us to measure some of these PPN 
parameters, and thereby to determine which theory of 
gravity best describes the observed physical phe-
nomena (GR, scalar tensor theories, f(R) or some-
thing else). 

Over the past 50 years, Lunar Laser Ranging 
(LLR) to the Apollo Cube Corner Retroreflector 
(CCR) arrays have supplied almost all the significant 
tests of General Relativity in the Solar System, just 
providing the PPN parameters, as we said before. 
The LLR technique consists in a ToF (Time Of 
Flight) measurement of short laser pulses fired by 
stations of the ILRS (International Laser Ranging 
Service) on Earth to payloads of CCRs on the Moon. 
However, arrays with a multi-CCR structure located 
on the lunar surface have some limitations. The main 
problem that affects the Apollo arrays in longitude is 
the lunar librations, that result from the eccentricity 
of the Moon’s orbit around Earth. Then the accuracy 
of the ranging measurements cannot go below few 
centimeters (for a single normal point). In order to 

solve this problem, the SCF (Satellite/lunar laser 
ranging/altimetry and cube/microsat Characterization 
Facility) group, in collaboration with the University 
of Maryland, indicates a new design of lunar CCR 
whose performance is unaffected not only by lunar 
librations, but also by regolith motion, due to its very 
large thermal cycle. MoonLIGHT (Moon Laser In-
strumentation for General relativity High accuracy 
Tests) CCR has the same design style as the Apollo 
cubes but with a diameter of the front face of 100 
mm. In this way, final ranging accuracy is improved 
by a factor ten [3], [4]. 

MoonLIGHT is the result of an international col-
laboration among LNF, UMD, ASI-CGS (Centro di 
Geodesia Spaziale), the University of California at 
San Diego (UCSD) and the Harvard-Smithsonian 
Center for Astrophysics (CfA). The latter provides an 
open source sophisticated software package, named 
PEP (Planetary Ephemeris Program), to estimate the 
orbits of the Solar System natural bodies and of 
many artificial satellites. But it is also used to com-
pare model with observations, by placing limits on 
the PPN parameters β and γ, geodetic precession and 
the variation of the gravitational constant. 

INFN-LNF built a new operative experimental 
apparatus and created a new industry-standard test 
procedure (SCF-Test) to characterize and model the 
detailed thermal behaviour and the optical perfor-
mance of CCRs in space conditions accurately simu-
lated in the laboratory, for industrial and scientific 
applications. The key experimental innovation is the 
concurrent measurement and modelling of the optical 
Far Field Diffraction Pattern (FFDP) and the temper-
ature distribution of retroreflector payloads under 
thermal conditions produced with a solar simulator 
[3], [4].  

Optical simulations of the CCR response is per-
formed with Code V. It is an optical design software 
used to model, analyse and simulate optical systems. 

The combined use of Code V and MatLab allows 
us to obtain the FFDP and the Optical Cross Section 
(OCS) plot of the CCR in analysis. In particular, for 
MoonLIGHT simulation, a laser beam with a wave-
length of 532 nm was considered. The position of the 
first minimum in the OCS plot is in agreement with 
the value given by the Airy disk equation.  Further-
more, since MoonLIGHT CCR is uncoated, the in-



tensity is calculated taking into account that the re-
sulting far-field diffraction pattern has a central in-
tensity only 26% that of the perfect reflector case [5]. 
These simulations allow us to check the results ob-
tained in the laboratory with the SCF-test. But above 
all, they allow us to understand what the behavior of 
the CCR could be once launched into space. At the 
moment, there is agreement between optical simula-
tions and laboratory tests. 

Therefore, a good theoretical framework, simula-
tions and precise laboratory tests are the fundamental 
ingredients for the success of a space mission. 
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Introduction:  
The duration of mafic magmatic activity on the 

Moon,which is essential to understand the chemical 
evolution of the lunar mantle through time, remains 
poorly constrained. As a consequence, determining 
precise and reliable ages and initial isotopic compo-
sitions of mafic lunar meteorites is a critical step in 
defining the periods of magmatic activity that oc-
curred during the history of the Moon and to con-
strain the chemical characteristics of mantle compo-
nents involved in the sources of the magmas. 

Samples and methods:  
To achieve this goal, we investigated lunar gab-

bros and basalts using the in-situ Pb–Pb SIMS ap-
proach demonstrated in previous studies [1]. Anal-
yses of K-rich feldspars, phosphates and sulphides 
present in the samples allow us to use the 204Pb/206Pb 
vs 207Pb/206Pb isochron method, which has the ad-
vantage of yielding precise ages, constraining initial 
Pb initials while also screeninf for the presence of 
terrestrial Pb contamination. In this study we have 
analysed lunar meteorites from the Northwest Africa 
(NWA) 773 clan (NWA 2727, NWA 3333, NWA 
2977, NWA 773 and NWA 3170), LAP 02224, 
NWA 4734 and Dhofar 287A. These samples have 
been selected because they all belong to the domi-
nant chemical group of low-titanium mare basalts for 
which there has, to date, been no clear agreement on 
their age.  

Results:  
We have obtained ages of 2978 ± 13 Ma for 

LAP02224, 2981 ± 12 Ma for NWA 4734 and 3208 
± 22 Ma for Dhofar 287. Four samples of the NWA 
773 clan (NWA 2727, NWA 773, NWA 2977, 
NWA 3170) yielded isochron ages that are identical 
within uncertainty with an average age of 3086.1 ± 
4.8 Ma. The gabbro NWA 3333 yielded an age of 
3038 ± 20 Ma suggesting that two distinct magmatic 
events are recorded in the meteorites of the NWA 
773 clan. Finally, we obtained a reliable age of 3882. 
9 ± 0.6 Ma for the coarse grained basalt MIL 05035 
(Figure 1). To establish a reliable time frame of the 
mafic magmatism, the entire published age dataset 
from lunar mafic meteorites was screened to identify 
data that are problematic from an analytical view-
point and/or show evidence of resetting and terres-
trial contamination.  
 
 

Figure 1: 204Pb/206Pb vs 207Pb/206Pb isochron for 
MIL05035 meteorite. 

Interpretations and conclusions:  
The new and refined dataset combines the ages 

of mafic lunar meteorites and Apollo samples and 
suggests pulses in magmatic activity, with two main 
phases between 3350 and 3100 Ma and between 
3900 and 3550 Ma followed by a minor phase at 
3000 Ma (Figure 2). 
The evolution of the Pb initial ratios of the low-Ti 
mare basalts between 3400 ma and 3100 Ma can be 
interpreted as a progressive mixing of a compenant 
represented by the 3400 Ma low-Ti basalts (low-Ti 
mantle component) with a KREEP-like component. 
This suggests that a KREEP component can be 
traced in the lunar mantle for at least 800 myrs (3900 
Ma-3100 Ma). 
 

 
Figure 2: Probability density plot representing the 
age distribution of mafic lunar rocks (meteorites and 
Apollo samples). Age dataset for Apollo samples 
after [2] and meteorite ages filtered database from 
[3].  
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Introduction:  Sustainability of space explora-

tion is bound to the development of technologies and 

processes that can make use of space resources. In-

situ Resource Utilisation (ISRU) could potentially 

create the paradigm of the production of resources at 

the point of need, changing the way we design space 

exploration missions today, starting with the lunar 

surface missions.  

In this context, extracting the oxygen present in 

the lunar soil would be extremely valuable for life 

support systems and refuelling rockets. Past studies 

have mainly focussed on gas/solid reactions at high 

temperature, using hydrogen or methane to reduce 

ilmenite and potentially other iron-bearing minerals 

[1-4]. Yet, thermodynamics limits the amount of ox-

ygen recoverable by hydrogen and carbothermal pro-

cesses at temperatures <1000°C. These processes 

cannot reduce major lunar minerals such as plagio-

clase and pyroxene, thus leaving a lot of oxygen in 

the processed material. In this work, the authors will 

present the latest experimental results of a molten 

salt electrolysis process for reducing lunar soil simu-

lants. This process is based on the FFC-Cambridge 

process and has demonstrated a full reduction of lu-

nar regolith simulants [5]. 

FFC-Cambridge process:  The Fray-Farthing-

Chen process is an electrochemical process working 

with molten salts as electrolyte, typically CaCl2 at 

900°C. The oxides to reduce are placed in a basket 

or pelletised to form the cathode. The anode is made 

of carbon or of an inert material (e.g. SnO2). As cur-

rent is applied to the electrodes, direct de-oxidation 

of the oxides occurs. O2- evolves at the anode to form 

CO and CO2 with a carbon-cased anode, or O2 with 

an inert one.  

 
Figure 1:  A diagram showing the basic concept 

of the FFC-Cambridge process, whereby a metal 

oxide (MOx) is reduced to the corresponding metal 

with the co-generation of CO/CO2 (at a graphite 

anode) or O2 at an inert anode [5]. 

 

Towards a use in space:  Research work at 

ESA-ESTEC aims at developing the FFC process 

further towards an application on the lunar surface. 

On-going work is focussing on materials selection, 

electrolyte composition, anode and cathode configu-

ration, salt and regolith ratios, and scalability. Analy-

sis of the extracted gas by mass spectrometry pro-

vides information regarding the purification system 

required for larger systems (e.g. pilot plant). Results 

of this work are expected to refine the requirements 

for the oxygen production demonstration mission 

planned to launch in 2025.  

Understanding reduction mechanisms:  More 

fundamental research is also targeted. Full and partial 

reduction of LMS-1 and LHS-1 lunar soil simulants 

by molten salt electrolysis allow for investigation of 

the reduction pathways of major lunar miner-

als/phases and their respective intermediates. A bet-

ter understanding of these reduction mechanisms will 

help with optimisation of electrolysis parameters for 

a given location and characterisation of the by-

product of the process, a mix of metal alloys that 

could potentially be used for additive manufacturing. 
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Introduction:  Although we have more than 400 

kg of lunar samples that were either brought back by 

the Apollo astronauts, Luna robotic sample return, or 

were delivered in the form of lunar meteorites, new 

lunar samples are required to expand our knowledge 

of the geological history and evolution of the Moon. 

Mare Moscoviense, especially the eastern mare unit, 

is a good candidate landing site for future rover-

based sampling missions, similar to the previously 

proposed young mare basalts NE of Mons Rümker, 

and the sites close to the lunar South Pole [1-5]. 

Moscoviense basin is located on the northern hemi-

sphere of the lunar farside at 27°N, 148°E with a 

diameter of 445 km [6]. Mare Moscoviense largely 

fills the impact structure with volcanic material of 

Eratosthenian age. 

Data/Methods: Prior studies have used multi-

spectral data and images [6-18] to examine the nature 

and origin of mare volcanism. We used recent Lunar 

Reconnaissance Orbiter Camera (LROC) datasets to 

generate a new geological map for the Moscoviense 

basin and to examine possible landing locations for 

future lunar missions. With Clementine [6, 7] and 

Kaguya [8, 9] spectral data we examined composi-

tional differences in the exposed rocks and regolith. 

Kaguya mineral maps [9], multispectral Clementine 

FeO and TiO2 data [6], and LROC datasets [12] were 

used to define morphological and compositional 

units within the Moscoviense basin. Using digital 

terrain models [13], slope maps, and LRO Diviner 

rock abundances [11,18], we examined the topogra-

phy and rock distributions inside Mare Moscoviense. 

We also derived absolute model ages (AMAs) from 

crater size-frequency distributions (CSFDs) meas-

urements for one of the prominent dark plains (mare) 

units and an old impact crater between two mare 

units using the production and chronology functions 

of [14]. 

Results:  Moscoviense basin is located in a heav-

ily cratered undivided pre-Nectarian region on the 

lunar farside (pNtm). The basin itself can be divided 

into two sub units. The first subunit contains the units 

associated with the rim of Moscoviense and the basin 

forming units. The second subunit is associated with 

the younger dark materials, which fill the basin floor 

of Moscoviense. Both units are also affected by cra-

 
Figure 1.: Geological map of the Moscoviense basin in the northern hemisphere of the lunar farside. The red circle marks the Nectarian 

crater Titov between the INpm and Emm1 units. 



ters and secondary crater chains of different ages. 

Moscoviense Rim and basin forming units.  The 

oldest part of the basin is the steep, heavily cratered 

outermost rim of Moscoviense (Nbmm; Fig. 1). This 

unit is superposed by the less steep Nblm unit 

(Fig. 1). Nblm consists of mainly landslide material 

and blocks and lineated features at the western edge 

of the basin. The next unit, Nbm, overlays the older 

Nblm unit. Nbm (Fig. 1) is steeper and rougher than 

the aforementioned unit and consist of mainly blocks 

and massif material. The Nbm unit marks the second 

ring of the Moscoviense basin. Nbm is superposed by 

the younger and less steep Ntm unit(Fig. 1). Ntm is 

dominated by landslide material and has a smooth 

surface. The steep and rough Nbrm unit overlays the 

Ntm unit (Fig. 1). The Nbrm unit is presumably the 

central ring of Moscoviense basin. 

Moscoviense basin floor and basin filling units.  

The first unit associated with the basin floor is the 

Npm unit (Fig. 1). It is characterized by a smooth 

surface and cratered with secondaries. It consists of 

mainly anorthositic material. The unit is superposed 

by a younger light plains unit (INpm; Fig. 1). The 

unit is flat, consist of small craters and has a higher 

anorthosite compostion than the Npm unit. The dark 

plains unit Emm2 (Fig. 1), which overlays the INpm 

unit is characterized by a smooth surface with few 

craters and a FeO-rich, TiO2-poor composition. The 

Emm2 unit also fills some of the older craters inside 

the basin (Ifm; Fig. 1). The CSFD measurement for 

this unit results in an AMA of 3.0 Ga (Fig 2). The 

Emm2 unit is superposed by the younger Emm1 unit 

(Fig. 1). It is characterized by a FeO-rich and TiO2-

high compostion. The surface is smooth and butcra-

tered and the albedo is lower compared to the Emm2 

unit. Emm1 also embays a large Nectarian impact 

crater, Titov, inside Mare Moscoviense (Ncmt; 

Fig. 1, Fig. 3). 

Impact crater, secondary crater and crater 

chains.  All of the previous mentioned units are af-

fected by impact craters, secondary impact craters 

and also secondary crater chains of different geologi-

cal age (Fig. 1).  

Discussion: Although the southeastern part of 

Emm1 has the lowest abundance of rocks compared 

to the other flows and is better suited as a landing 

site with a rock abundance of ≤0.05 %, the eastern 

part of the Emm1 unit is the more scientifically inter-

esting landing site. Spectral data reveal that the east-

ern part is covered by a mare unit with different min-

eralogical composition than the underlying older 

unit. The eastern flow also provides access to older 

impact craters, e.g., Titov, a 25 km wide Nectarian 

crater that may expose parts of the original basin 

floor (Ncmt; Fig. 1,Fig. 3). A landing site on the 

eastern part of Emm1 provides access to at least two 

different mare units, ray material on one of the mare 

units, several wrinkle ridges and would allow in-

sights in the small scale mare volcanism on the lunar 

farside as shown by [16, 17, and this work].  

Conclusion/Future work:  We identified at least 

three mare units inside Moscoviense basin and dated 

two of them in this updated geological map of the 

Moscoviense basin region. As our next step, we will 

investigate several possible landing ellipses on the 

Emm1 unit of the eastern part of Mare Moscoviense 

and will define a rover traverse for potential mis-

sions. Access to several mare units, possible old 

crater material and the vicinity of wrinkle ridges 

makes the eastern part of Moscoviense basin a prom-

ising site for getting a better understanding in the 

timing of young mare volcanism, examination of 

lunar cooling processes, and the formation of wrinkle 

ridges. 
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Figure 2. Crater size-frequency distribution and absolute model 

age for the eastern Eratosthenian mare unit Emm2 of Mare 

Moscoviense. 

 
Figure 3. Crater size-frequency distribution and absolute model 

age for the Nectarian crater Titov inside Mare Moscoviense. 



Experimentally Exploring Factors Affecting Water Ice Sublimation Rates to Inform Development of 

ESA’s PROSPECT Package.  J. I. Mortimer1, H. Chinnery1, S. J. Barber1 and M. R. Leese1, 1School of Physi-

cal Sciences, The Open University, Walton Hall, Milton Keynes, Buckinghamshire, United Kingdom, MK7 

6AA, UK. (James.Mortimer@open.ac.uk).  

 

Introduction:  ESA’s PROSPECT package, 

which is due to fly to the south polar region of the 

Moon on board Russia’s Luna 27 mission in 2024, 

consists of two main elements: the ProSEED sample 

drill, and the ProSPA volatile analysis instrument 

[1].  After drilling down to a depth of up to 1 metre, 

the ProSEED drill will then collect icy regolith mate-

rial and bring it up to the lunar surface, before trans-

ferring it to the ProSPA oven carousel.  From there, 

it will be rotated and positioned under a sample im-

aging system (SamCam) to work out the volume of 

the sample material in the oven, then rotated again to 

a tapping station, where it will be sealed, ready for 

heating and thus volatile release for analysis in the 

ProSPA instrument mass spectrometers. However, 

these processes of sample retrieval, positioning, 

transfer, imaging, and sealing all take time, during 

which the icy regolith sample is exposed to radiative 

and conductive heat sources, thereby potentially rais-

ing the temperature of the icy sample.  Exposed to 

the high vacuum conditions of the lunar surface en-

vironment, such temperature rises may result in ice 

mass loss caused by sublimation, and this is im-

portant to quantify with some confidence in advance 

of lunar surface operations. 

Previous studies conducted in support of 

PROSPECT have indicated that significant isotopic 

fractionation of the remaining water ice is unlikely 

until more than approximately 30% of the starting 

water ice mass has been lost [2].  Despite this, it is 

still necessary to have as much ice content remaining 

for analysis as is reasonably possible, whilst not 

overly constraining the volatile preservation re-

quirement such that it excessively drives the associ-

ated engineering requirements (such as temperature 

control and speed of operations). This limit on the 

amount of permissible mass loss then provides con-

straints on the maximum temperatures of different 

parts of the PROSPECT systems and so is of high 

importance to the thermal design of the entire pack-

age. Computer numerical simulation can model the 

expected water ice mass losses at various stages of 

this sample handling pathway, but these need to be 

verified by an experimental approach.  This abstract 

outlines some of the laboratory experiments already 

conducted at The Open University in order to inform 

the inputs to the modelling efforts being undertaken 

elsewhere, and highlights the ongoing activities in 

this area being conducted through the PROSPECT 

Science Team. 

Experimental Procedure:  In brief, the set‐up 

comprises a large vacuum chamber with a 

side‐mounted hinged quick access door, on top of 

which is affixed (via a hermetic seal) a microbalance 

(CI Precision Recording Microbalance). The micro-

balance can take loads up to 5 g and is capable of 

measuring differences in mass between the counter-

balance and the sample of up to a maximum of 500 

mg to an accuracy of 0.1 μg. The microbalance is 

controlled via its associated electronics and display 

box, or through its computer software, through 

which mass and temperature data (from a K‐type 

thermocouple) are recorded at chosen time intervals 

(up to 60 measurements per minute) for any user‐set 

experimental duration. Hanging down into the 

chamber from the microbalance head are two fine 

NiCr wires, one of which supports the counterbal-

ance, and the other the sample weighing pan, con-

taining an aluminium sample crucible manufactured 

to replicate the internal size and geometry of a 

ProSPA oven.  This is suspended mid‐way into a 

temperature‐controlled copper jacket (cooled by liq-

uid nitrogen and heated by a PID‐controlled water-

proof heating wire circuit) and is cooled from above 

by a liquid nitrogen cooled copper canopy. Both the 

jacket and the canopy are thermally isolated from the 

room‐temperature metal walls and floor of the 

chamber as much as practical by the use of PTFE 

stilt legs and sheets of multi-layer insulation. 

 
Figure 1: Schematic Diagram of the Sublimation Chamber and 

Microbalance Set-up 

Results: Water ice losses as percentages of the 

starting ice mass, for various experimental condi-

tions, conducted with both JSC-1A and NU-LHT-

2M regolith simulants display much higher loss rates 

than the current models predict.  Crucially, there is 

also variation in the scale of the difference between 

laboratory tests and model iterations, of up to an 

order of magnitude.  Therefore, a series of different 

experimental campaigns was carried out in order to 

examine both the potential sources of unintended 

variability within the experimental samples, and also 

to derive ‘real-world’ measured values for key as-

pects of the model, such as the diffusivity coefficient 

of water vapour through the lunar simulants used, at 

different densities (since the models were construct-



ed using several initial assumptions for certain fac-

tors and assume physical properties derived from 

Apollo lunar soil core data rather than those of the 

NU-LHT-2M simulant used for experiments). 

Sample Temperature Tests 

It was important to first constrain how accurately the 

experimental set-up measures the temperature of the 

subliming icy regolith sample; if the sample turned 

out to be much warmer than the measured value, 

then this could account for the discrepancy between 

what the model predicts and what is measured in the 

laboratory.  Accepting that mass loss measurements 

would be compromised in order to investigate this 

potential temperature issue, a series of experiments 

was conducted using two thermocouples, one in the 

original position above the sample, and the other 

embedded a few mm into the sample.  This revealed 

that both thermocouples agree, with only a slight 

offset of a maximum of 4K between the two (Fig.2); 

this therefore cannot explain the much higher rates 

of mass loss measured in the experiments. 

 
Figure 2: Comparing icy regolith sample temperatures as read 

above the sample, and within the sample mass 

Effect of oven filling level on water ice loss rates 

It was observed that, for multiple experiments at 

similar temperatures, mass loss rates varied consid-

erably.  Looking further at the data, this is correlated 

with how much of the total oven crucible volume the 

sample takes up; crucibles with more in them lose 

water ice faster than those with less inside.  This can 

be explained by the cold trapping effect of the cruci-

ble walls extending upwards around the sublimation 

surface of the sample; a lower level of filling means 

a greater area of cold crucible wall is exposed, which 

in turn traps some of the sublimating water vapour 

and so reduces the overall mass loss rate. 

 
Figure 3: Effect of crucible filling on net mass loss rate 

Effect of dry regolith density on diffusion. 

The models use Apollo lunar soil values for particle 

size distributions, porosity, and regolith densities. 

Although these are the most relevant values to use 

when considering the true lunar mission scenario, 

they may not be applicable to laboratory experiments 

conducted using NU-LHT-2M simulant. If, for ex-

ample, the experimental samples are of a lower den-

sity than the model assumes, then the diffusion of a 

water molecule through the sample could be much 

faster, giving rise to much more rapid ice loss rates 

than the model would predict. A suite of experiments 

was conducted where the crucible was half filled 

with pure water ice, overlain by dry regolith simulant 

compacted to different densities. 

 
Figure 4: Layered samples to investigate diffusion 

 
Figure 5: Water ice mass loss at varying densities of regolith 

simulant 

Using these data, diffusion coefficients were derived 

for the experimental samples; some were close to the 

Apollo values already in use in the models, and so 

this alone cannot explain the discrepancy seen be-

tween mass loss rates in the models and lab tests. 

Next Steps: As the development of PROSPECT 

enters the next phase, it is vital that a more compre-

hensive understanding of likely water ice losses from 

lunar surface operations is reached, requiring the 

models to be more confidently backed up by labora-

tory data.  Therefore, the PROSPECT Science Team 

plan to target specific aspects of this question over 

the coming months, with laboratory tests tailored 

specifically to measure desorption and diffusivity of 

water vapour through regolith, and to experimentally 

asses sublimation rates using mass spectrometry to 

corroborate the mass loss data recorded by the mi-

crobalance set-up. 

References: [1] Trautner R. et al. (2018) 69th International 
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Introduction:  In the context of widespread re-

newed interest in the exploration of the Moon and the 

volatile inventory of the lunar surface, it seems timely 

to reassess the existing returned lunar soil samples for 

evidence of not only their volatile content, but also the 

isotopic composition of such volatiles, from which can 

be inferred their likely sources.  Such information may 

prove highly useful to future missions intending to 

utilize such volatiles as resources to support human 

activity at the lunar surface in the coming decades.  

Although similar studies of the hydrogen content and 

isotopic compositions of lunar soils were conducted in 

the years following the return of the Apollo samples, 

new instrumentation available in the laboratory today 

means that around 30x less material is needed to make 

a measurement, enabling a wide-ranging study to be 

performed whilst using minimal irreplaceable sample 

mass. 

Samples:  In this study, we have focused on a suite 

of Apollo lunar soils, covering a range of missions and 

collection sites, and representing different lithologies 

and regolith maturities. Most samples were run at least 

3 times, however, soils 12070 and 69921, having pre-

viously been analysed for C. N, He, Ne, and Ar at the 

Open University, only had enough sample mass re-

maining for one run each. 

Table 1: Apollo lunar soil samples analysed in this study. Is/FeO 

values taken from [12] and maturity indices from [13]. 
 

Given the relatively low hydrogen contents ex-

pected based on historical studies [1-9, 11], and taking 

into account the known H content of standard materials 

and their associated mass spectrometer signal strength, 

it was decided to use 25-40 mg of soil per subsample 

run, although for very immature soil 61221, a larger 

sample load of around 50 mg per run was used in order 

to ensure a sufficiently strong signal on the mass spec-

trometer.   

Sample Preparation:  Bulk soil samples were 

handled and weighed out in a cleanroom environment, 

using tools (spatulas, tweezers etc) that had first been 

cleaned by sonicating in isopropyl alcohol for 45 

minutes, followed by further sonication in deionised 

water for 45 minutes, and then baked out in an oven at 

100 °C overnight prior to use.  Tools were wiped clean 

between use with different samples using lint-free 

cloths and isopropyl alcohol, gloves were replaced, and 

any benchtop surfaces the weighed samples might 

come into contact with were covered with fresh alu-

minium foil sheets to avoid the possibility of cross-

contamination between different soil samples. 

Using a spatula, small amounts of bulk soil were 

transferred from the main sample mass vial into a pre-

made silver foil capsule, and then, using tweezers, the 

filled capsule was placed onto the weighing pan of a 

sensitive balance and the mass recorded to an accuracy 

of 0.0001 mg.  When the desired sample mass had 

been added to the silver foil capsule, the final mass 

was noted and the silver foil capsule sealed by folding 

over the open top edge using tweezers.  The filled cap-

sule was then crushed into a small (≤ 2 mm diameter) 

round pellet using two sets of tweezers, ready for load-

ing into the autosampler of the analytical instrument. 

Analytical Method:  A Thermo Flash HT Ele-

mental Analyser, coupled to a Thermo Conflow IV and 

a Thermo MAT 253 mass spectrometer was used to 

measure the bulk hydrogen content and isotopic com-

position of the prepared lunar soil subsamples.  The 

Thermo Flash HT EA consists of an autosampler, 

which sits on top of a furnace containing an outer ce-

ramic tube, with layers of silver wool, quartz wool, and 

glassy carbon chips at the base, and into which is in-

serted a glassy carbon tube, also containing silver wool 

and glassy carbon chips at its base.  Into this whole 

assembly is placed a small removable graphite cruci-

ble, into which the samples drop from the autosampler.  

The furnace is held at 1450 °C and has a flow of heli-

um carrier gas through it of 250 ml/min during an 

analysis.  The high temperature of the furnace tube, in 

the presence of so much carbon, releases any H-

bearing species from the solid sample materials and 

reduces them to pure H2 gas.  This hydrogen gas is 

then carried by the flow of helium, through a GC col-

umn held at 85 °C, and into the MAT 253 mass spec-

trometer for analysis.  Hydrogen reference gas, from a 

Mission Sample 
Is/FeO 

(maturity) 

No. of  

runs 

Total  

Sample  

Mass Used 

(mg) 

Apollo 11 10010 75 (mature) 3 76.25 

 10084 78 (mature) 3 128.21 

Apollo 12 12070 47 (submature) 1 30.59 

Apollo 14 14163 57 (submature) 4 168.20 

 14259 80 (mature) 3 81.66 

Apollo 15 15030 68 (mature) 3 90.32 

 15040 94 (mature) 3 87.66 

Apollo 16 60500 80 (mature) 3 101.05 

 61221 9.2 (immature) 3 151.28 

 69921 90 (mature) 1 17.10 



lab tank determined to have a δ2H value of -157.00 ‰ 

compared to VSMOW, is also fed into the mass spec-

trometer interspersed with sample gas, with the flow 

being controlled by the ConFlow IV and held at 100 

ml/min.  The H3 factor is determined at the start of 

each analytical sequence using this reference gas and 

the mass spectrometer’s performance when measuring 

it.  In addition to assessing the mass spectrometer per-

formance using the hydrogen reference gas, a set of 

known isotopic and abundance reference materials and 

standards are run alongside the samples; this permits a 

3-point (or more) isotopic calibration, and an abun-

dance regression to be calculated for each sequence of 

samples run in the EA, and to monitor for any memory 

effects or anomalous measurements by the mass spec-

trometer during the analysis of a suite of different soil 

samples.  Standards and reference materials used in 

these analyses include USGS57 (Biotite), USGS58 

(Muscovite), EMA-P2 (sourced from Elemental Mi-

croanalysis Ltd), IAEA-CH-7 (polyethylene), and IA-

R002 (laboratory standard, mineral oil, sourced from 

Iso-Analytical). 

Results:  

Table 2: Measured δ2H and Total H contents for all samples in this 

study. *calculated from data in [1] 
 

In general, there is a weak positive correlation be-

tween total hydrogen content and δ2H values; samples 

with the lowest total hydrogen content also have the 

lightest, most D-depleted isotopic compositions 

(Fig.1). This may suggest that a small contribution for 

an extremely isotopically-light source of hydrogen is 

being progressively masked by mixing with at least 

one and maybe more isotopically heavier sources of 

hydrogen.  There is also a weak positive correlation 

between total H content and soil maturity, with more 

mature soils generally containing greater abundances 

of total H., although there is no correlation between 

soil maturity and δ2H.  A notable exception to these 

trends is Apollo 16 soil 61221, which has both an 

anomalously heavy isotopic composition of -156.2 ± 

8.0 ‰ for its H content, and also an unexpectedly high 

total H content of 84.8 ± 2.0 ppm, considering its ex-

treme immaturity (Is/FeO = 9.2).  61221 has long been 

noted to be an unusual soil sample, with its unusually 

high volatile abundances (considering its immaturity) 

and the unusually low release temperatures of said 

volatiles leading researchers to suggest it may contain 

cometary or chondritic volatiles [10, 4]. 61221 was 

collected from the bottom of a trench, below 30 cm 

depth [12], and was thus had been shielded from iso-

topically-light solar wind H contributions; this could 

explain its unusually heavy isotopic composition com-

pared to the other, mostly surface, soils in this study.  

Furthermore, it was brought back to Earth in container 

ALSRC#1, which did not seal properly and so was 

exposed to the moisture-bearing atmosphere inside the 

spacecraft and Pacific Ocean air back on Earth; this 

may have enabled the sample to adsorb much more 

water than it initially contained when collected, ex-

plaining both the relatively high total H content of 

61221 and its terrestrial atmospheric-like isotopic 

composition. 

 

 

 

 

 

 

 

 

 

 
Figure 1: Positive correlation between measured isotopic composi-

tion and measured total H content of Apollo soil samples. 
 

Since this technique permits only bulk total H to be 

analysed, the next step is to analyse the same soil sam-

ples using a recently established quantitative evolved 

gas method (Q-EGA; Verchosky et al., 2020), in order 

to measure the exact contributions from molecular H2 

gas vs. H2O (and any other H-bearing species) to the 

total H contents measured so far.  This will then permit 

the mixed isotopic compositions measured here to be 

deconvoluted via multiple component mixing calcula-

tions, to assess the likely source(s) of the various H-

bearing compounds present. 
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 Is/FeO 
δ2H  

(‰) 
± 

Total H Content  

(ppm) 
± 

10010 75 -225.6 26.2 195.0 28.5 

10084 78 -377.1 11.4 119.0 6.0 

  -385.1* 34.1* 136.8* 6.4* 

12070 47 -314.3 - 112.3 - 

14163 57 -405.2 13.8 59.3 23.1 

14259 80 -348.8 14.6 177.8 9.7 

15030 68 -334.8 16.3 153.7 4.2 

15040 94 -355.4 5.4 146.7 9.5 

60500 80 -392.5 10.5 130.7 12.1 

61221 9.2 -156.2 8.0 84.8 2.0 

69921 90 -269.3 - 194.6 - 

https://curator.jsc.nasa.gov/lunar/lsc/


Lunar elemental abundances from X-ray spectroscopy: Chandrayaan-2 Large 
Area Soft X-ray Spectrometer 

S. Narendranath, Netra S Pillai, K. Vadodariya and the CLASS team 

Space Astronomy Group, Indian Space Research Organisation 

Lunar surface composition has been studied remotely and insitu primarily by the 
techniques NIR spectroscopy, X-ray spectroscopy and gamma ray spectroscopy. Each of these 
have different ways of estimating the abundances. X-ray fluorescence spectroscopy is  one of 
the most direct approaches to mapping surface elemental abundances . Solar X-rays trigger 
X-ray fluorescence (XRF) lines from the lunar surface. Major elements ( >1 wt%) can be 
detected unambiguously and quantitative abundances derived using fundamental equations 
(Shirawai and Fujino, 1969).  The X-ray spectra are not sensitive to environmental factors like 
surface temperature and space weathering.    

 The mare-highland dichotomy in composition was clearly observed by the Apollo 15 and 
16 XRS experiments in the service command module (Adler et al, 1973). DCIXS on SMART-1 
measured Mg, Al, Si, Ca, Ti and Fe during intense solar activity (Grande et al, 2003, Swinyard 
et al, 2009). C1XS (Grande et al., 2009) on Chandrayaan-1 using the same technique provided 
elemental maps  (Narendranath et al, 2011, Weider et al, 2012, Athiray et al, 2014) of 50 km 
to several hundred kilometers for ~ 5% of the Moon. Chandrayaan-2 Large Area Soft x-ray 
Spectrometer (hereafter CLASS) (Radhakrishna et al, 2020) is a continuation of C1XS but with 
about four times the geometric area.  From the 100 km altitude polar orbit, the instantaneous 
ground pixel is 12.5 km x 12.5 km, the best spatial resolution ever flown.  A Solar X-ray Monitor 
(XSM) (Shanmugham et al, 2019) simultaneously measures the varying solar X-ray spectrum 
in the 1- 15 keV energy range which is a crucial input for determining the elemental 
abundances from the lunar surface.  During the six months of operations, CLASS has mapped 
O, Mg, Al and Si in several regions including high latitude and far side highlands. Na is also 
detected at several regions. We will present these initial results from CLASS and also highlight 
its capabilities for the benefit of potential users.  
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Introduction:  It is well known that space weather-
ing of solar system bodies in the inner and outer so-
lar system involves medium velocity (> 3 km/sec) 
micrometeorite impact events, solar wind electron 
and ion bombardment, magnetospheric plasma inter-
actions, cosmic ray irradiation, and thermal excur-
sions [1].  Investigating these energetic and thermal 
processes at a fundamental level is crucial to devel-
oping an understanding of the chemical and physical 
transformations of the surface materials typically 
observed in spectroscopic campaigns. In addition, 
space weathering and impact events can produce 
volatiles such as water that can be present in both the 
regolith and the exosphere.  

In the past, interactions with energetic ions and 
electrons have been easily simulated in the laborato-
ry and high power pulsed laser irradiation is purport-
ed to simulate impact events. Though the thermal 
spike and melting can be simulated with lasers, the 
momentum transfer, initial electronic excitations, 
and subsequent chemistry involving the impactor 
may not be simulated with this approach. It is there-
fore useful to compare the results of experiments 
using laser irradiation and particle impact approach-
es directly using the same “table-top” apparatus and 
the same sample. 

Experimental Details:  Though developing ta-
ble-top micrometeorite bombardment systems re-
mains a challenging task, laser-based technique that 
can dynamically accelerate grains exist [2-4]. Specif-
ically, a laser induced microparticle accelerator 
(LIMA) or laser induced particle impact testing 
(LIPIT) system utilizes a high energy pulsed 1064 
nm Nd:YAG laser to irradiate the backside of a thin 
nanostructured foil target or a thin metal foil/film 
covered with an elastic polymer as shown in Figure 
1. Mineral and lunardust grains that are deposited on 
the front face of the launching target are accelerated 
off the substrate toward a collision target of interest, 
e.g. a lunar mare or highland slab. The velocity dis-
tributions of the grain projectiles are measured either 
directly using a fast-frame camera or optically using 
a stroboscopic approach.  The latter utilizes a second 
532 nm laser that passes through an optical delay.   

The molecules produced and desorbed during a  
laser and particle impact are detected by either 
phase-locked detection quadrupole mass spectrome-
try or laser resonance-enhanced multiphoton ioniza-
tion time-of-flight mass spectrometry (REMPI-
TOF).  The latter has detection sensitivities of ~106 
or 108 molecules per quantum state depending upon 
the optical transitions used. 

 
Figure 1: Left side: photo of the LIMA set-up showing the 
YAG laser (1064 nm) used to launch particles (A), part of 
the beam path for the second laser (532 nm) used for ve-
locity measurements (B), main chamber with the launch-
ing substrate inside (C), the ancillary camera (D) used to 
image the substrate through a dichroic mirror, and the 
detection camera to photograph the moving particles (E). 

Results: The experimental design of LIMA and 
its first results involving comparing laser irradiation 
and silicate grain impact events on lunar regolith are 
presented.  Laser irradiated lunar breccia produces 
vibrationally excited molecular water with a cross 
section of 6.4×10-20 cm2 [5].  This process likely 
occurs via a process known as recombinative de-
sorption and should be prevalent during impact [6]. 
The water, oxygen and hydrogen formed during im-
pact will desorb, however, depending upon the re-
crystallization rate in the impact zone, some water 
can be trapped within the glassy agglutinate.  The 
relative ratios of these will be probed using direct 
analysis of the desorption products and optical prob-
ing of the laser irradiated and particle impact zone 
with micro-FTIR and micro-Raman microscopy. 

Overall, the laser and microparticle acceleration 
testing system will allow quantitative measurement 
of the production of gas phase water, hydroxyl, oxy-
gen and hydrogen during realistic grain impact 
events involving both mare and highland samples 
that are saturated with solar wind hydrogen.  Being 
aware of the chemical evolution of the volatiles on 
the Moon will help further the understanding of how 
to find, process and utilize in situ resources such as 
water, hydrogen and methane.   

References: [1] Bennett et al. Chem. Rev. 2013, 
113, 9086; [2] Lee et al. Nat. Commun. 2012, 3, 
Article number: 116; [3] Lee et al. Science 2014, 
346, 1092; [4] Veysset et al. Sci. Rep. 2016, 6,  
25577; [5] DeSimone and Orlando, JGR, 2014, 119, 
884; [6] Jones, et. al.GRL, 2018, 45, 10,959 

Acknowledgments: This work was directly sup-
ported by the NASA Solar System Exploration Re-
search Virtual Institute (SSERVI) under cooperative 
agreement numbers NNA17BF68A (REVEALS). 



PERSPECTIVES FOR RADAR REMOTE SENSING OF THE MOON.  R. Orosei1, E. Flamini2 and G. 

Mitri2, 1Istituto Nazionale di Astrofisica, Istituto di Radioastronomia, Bologna, Italy (roberto.orosei@inaf.it), 
2Università degli Studi "G. D'Annunzio", International Research School of Planetary Sciences, Pescara, Italy. 

 

 

Background:  Radars in planetary exploration 

have been employed to map topography, to measure 

properties such as dielectric permittivity and rough-

ness, to produce images of the surface, and to probe 

the subsurface down to depths of a few kilometers. 

The first radar orbiting around the Moon was the 

Apollo 17 Lunar Sounder Experiment (ALSE) [1], 

operating at 5, 16, and 158 MHz for subsurface 

probing and surface imaging. This experiment de-

tected geologic structures beneath the surface down 

to depths of 1.6 km. Beginning in 2007, the Lunar 

Radar Sounder (LRS) onboard the SELENE (Ka-

guya) Japanese mission, operating at 5 MHz, re-

vealed the existence of subsurface stratification at 

depths of a few hundred meters in several lunar ma-

ria [2]. 

In the following years, the mini-synthetic aper-

ture radar (Mini-SAR) onboard the ISRO Chan-

drayaan-1 spacecraft at 13 cm wavelength and the 

Lunar Reconnaissance Orbiter (LRO) Mini-RF at 13 

and 4.2 cm wavelengths have been imaging the lu-

nar polar areas searching for ice deposits in perma-

nently shadowed craters, through the study of the 

polarization properties of surface echoes [3]. More 

recently, data from LRS have been analyzed to de-

tect lava tubes a few tens of meters below the surface 

[4]. The Moon has also been imaged from Earth by 

transmitting radar signals at 12.6 cm from the 

Arecibo radio telescope, and by receiving echoes 

either through Mini-RF [5] or terrestrial radio tele-

scopes [6]. 

Perspectives:  Past experiments have probed the 

subsurface down to depths of more than a kilometer 

at MHz frequencies, and measured the properties of 

the first meters of Lunar regolith in the GHz fre-

quency range. The full capabilities of radar experi-

ments have yet to be realized, however, as illustrated 

for example by the SHARAD sounder at Mars [7]. A 

radar sounder with capabilities similar to those of 

SHARAD would be able to penetrate deep enough in 

the subsurface to detect lava tubes, and would have 

the resolution to characterize them in much greater 

detail compared to LRS. Also, it would be capable to 

map the layering of the lunar regolith and the inter-

face between regolith and bedrock at a global scale, 

but with resolution and penetration comparable to 

those of the ground penetrating radars on board the 

Yutu and Yutu 2 rovers [8]. 

A global SAR imaging of the Moon has not yet 

been achieved. The use of SAR at higher frequen-

cies compared to Mini-SAR and Mini-RF would 

allow the characterizaton of small-scale surface 

roughness and near-surface regolith density, at 

scales that are relevant to human exploration. Also, 

data acquired by radars operating at different fre-

quencies in the GHz range can be used to character-

ize the upper meters of the regolith at different hori-

zontal and vertical scales, allowing the study of its 

properties as a function of depth. As SAR is capable 

of imaging areas in permanent shadow such as polar 

craters, such information would also help character-

izing the distribution of volatiles at depths that are 

accessible to human explorers. Interferometric SAR 

is now being proposed for the exploration of Venus 

[9]. Such technique has the potential to map the 

Lunar topography at much greater resolution than 

that of existing datasets, and repeated observations 

of the same area in different epochs can potentially 

measure millimeter-scale deformations of the sur-

face occurring over time. 

Several mission concepts based on radar instru-

ments for the remote sensing of the Moon have been 

proposed in the last years, although none has been 

yet approved. Current plans for the return of hu-

mans to the Moon and the building of a permanent 

outpost there provide several types of opportunities 

for flying such experiments in the coming years. 
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Figure 1: Context image showing the location of the Linné 

crater (2.2 km diameter, centred at 27.74° latitude, 11.8° 

longitude) in the Mare Serenitatis. 
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Introduction: The first boulders discovered on a 

non-terrestrial surface were observed on the Moon in 

1965, thanks to the Ranger probe photographs [1]. In 

1977, the Viking spacecraft photographed the first 

Martian boulders [2], hence suggesting that they might 

be present on other solid planetary surfaces too. 

Afterwards, by means of an increasing number of high 

resolution images of different Solar System targets it 

has become clear that boulders surrounding impact 

craters are present not only on the surface of the Earth 

[3], Moon [4] or Mars [5], but also on icy satellites [6], 

asteroids [7], as well as on the actively reshaping 

cometary surfaces [8]. By studying the boulder size-

frequency distribution (SFD) it is possible to 

investigate a wide range of processes that occurred or 

are still occurring on a planetary/minor body surface. 

Indeed, boulders are the remnant of the excavated 

rocky interiors showing the underlying mineralogical 

composition [9] and their SFD, as well as the 

maximum generated sizes, are directly related to the 

impactor composition and velocity, to the impact site 

morphological, geological and mechanical properties.  

or the Moon's case, the study of the boulder SFD 

identified on different maria is a fundamental mean to 

study the distribution and layering thickness of the 

lunar volcanic basalts [10] and the superimposed 

regolith thickness present at the impact site [11]. 

 

The Linné crater: The Linné crater is located at 

27.74° latitude and 11.8° longitude in northwestern 

Mare Serenitatis, a basaltic smooth basin located on 

the nearside of the Moon (Fig. 1). It is a simple crater 

with a diameter D of 2.194 km, a depth d of 0.52 km 

and a d/D ratio of 0.237 [12]. It likely formed in the 

late Copernican period, within the last 10 Ma [13], and 

lays on top of a complex stratigraphic sequence of 

distinct volcanic events that piled up to form an 

homogeneous unit, as shown in the geological map 

reported by [10]. The Mare Serenitatis stratigraphic 

sequence is characterised by piled up lava flows that 

could reach a few kilometers of depth from the maria 

surface, and each of these geological units can be up to 

several hundred metres thick [14].  

In order to identify and map the ejected boulders 

surrounding the Linné crater we used two publicly 

available (http://wms.lroc.asu.edu/lroc/) Lunar 

Reconnaissance Orbiter Camera (LROC) mosaics 

made of two Narrow Angle Camera (NAC, [15]) 

images each characterised by a spatial resolution 

ranging between 1.1-1.3 m. For the global boulder 

SFD analysis, we considered a circular area with a 

radius of 5.3 km outside the craters' rim, i.e. 6.4 km 

from the crater's centre. Beyond this distance the 

identifiable boulders are so few that a statistical 

analysis would be hardly meaningful. Over this area, 

124.01 km2 wide, we identified 46273 boulders 2.2 

m, 12067 of which being 4.4 m (i.e. 4 pixels). The 

corresponding density of boulders 4.4m per km2 is 

137.85. As it is expected from impact cratering 

dynamics [16], the biggest sizes (>15 m) are all located 

in close proximity to the crater's rim, while their 

frequency radially decreases with increasing distances 

from the rim. At distances >3.5 km from the Linné’s 

rim the ejected boulders are all <10 m in size. By 

studying the radial ejecta abundances, we found that, 

as the distance from Linné’s rim increases, the boulder 

SFD power-law index steepens, ranging from -3.42 in 

the first 500 m to -3.82 at distances 10 times larger. 

This means that the relative abundance of the biggest 

sizes is largest within the first km from the rim, hence 

resulting in a shallower power-law index. On the other 

hand, at bigger distances the relative abundances of the 

smaller boulder sizes increases, becoming dominant 
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with respect to the full statistics and hence steepening 

the SFD.  

The Linné high-resolution geological map we 

prepared (Fig. 2) shows that its proximal ejecta blanket 

is slightly asymmetrical in the NE-SW direction. This 

is confirmed by our boulder surface density analysis. 

Such behaviour can be either the result of an oblique 

impact emplacement of the original impactor, that 

ejected more boulders in the impact direction causing 

this preferential distribution, or the result of a 

perpendicular impact in the Mare Serenitatis location, 

but on a surface characterised by an interface between 

maria basalts with different local mechanical 

properties. We consider both scenarios equally likely 

to explain the ejecta distribution anisotropies we 

observe. 

Eventually, we investigated the possible relation 

between the boulders ejecta distribution and the 

regolith thickness at the Linné impact site, since local 

variations of such blanket may affect the boulders' 

travel distance [11]. By exploiting our boulders 

statistics and our Linné geological map, coupled with 

Eq. 9 of [11], we estimated that the corresponding 

regolith thickness at the Linné impact site should be 

~4.75 m [17], hence supporting the previously 

indicated Mare Serenitatis' evaluations [18]. 
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Figure 2: Geological map of the Linn_e crater showing the different identified units. Stereographic projection centred at 

27.74_N; 11.8_E. Top-left: Extent of the NAC_ROI_LINNECTRHIA_E279N0118 image, the 

NAC_ROI_LINNECTRLOA_E282N0119 image, and the NAC_DTM_LINNECRATER_E280N0120 with the red circle 

indicating the extent of the geological map.  
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Introduction:  The VISTA instrument, been de-
veloped by a consortium of institutes leaded by 
IAPS-INAF, plans to characterise the lunar envi-
ronment and potential in situ resources to identify 
their implications for future human exploration. 
In the framework of Moon Exploration Programme, 

e.g. Artemis, Deep Space Gateway etc., VISTA can 

accomplish the following scientific objectives:  

- measure the properties of lunar dust and the pro-

cesses of charging and levitation by using a variable 

Electric Field and capacitors cascade;   

- measure the volatiles content in the regolith (e.g. 

water ice and light organics) by using the TGA tech-

nique on accumulated samples; 

- identify potential resources, which might be ex-

ploited in future exploration missions, such as water 

or organic rich material. 

Scientific issues and VISTA working princi-

ple: the characterization of volatiles in lunar dust and 

the charging and levitation has significant implica-

tions both from the scientific point of view and for 

enabling future long-duration human lunar missions. 

In particular, the measurement of water and organic 

rich materials is extremely important to understand 

the resources available on the Moon and what kind 

of processes acts to originate and/or destroy Lunar 

volatiles. In addition, an instrument able to monitor 

the lunar dust inside the cabin leackege could be 

useful, specially to avoid problems to the crews in 

terms of safety and instrumentation [1] (during the 

Apollo missions it was noted that lunar dust, d<20 

mm, easily entered the cabin after astronauts Extra 

Vehicular Activity). 

VISTA is based on two micro-oscillator modules 

whose detecting sensitive section is made up of pie-

zoelectric crystals with a conductive electrode that 

acts as a collector of micron and sub-micron size 

particles. The Piezoelectric Crystal Microbalances 

(PCMs) are widely used chemical sensors in 

gas/particle, in biological applications [2,3] and are 

able to convert mass changes into fundamental reso-

nance frequency variations, by following the Sauer-

brey equation [4]:  

                                  
2

0ff m
A

    

 

which states that the change in resonance frequency 

f of a thin quartz crystal is proportional to the addi-

tional mass m deposited on it, f0 being the reso-

nance frequency of the uncovered quartz and A the 

sensitive area. 

The two main challenge of VISTA are:  

1) the possibility to manage the PCM temperature by 

using bult-in RTDs and performing 

Thermogravimetric analysis (GA): this tech-

nique allows to infer the abundance of the desorbed 

volatile compound (from the mass variation) and its 

composition (by desorption rates with temperatures 

and enthalpy of sublimation, ΔHsub [5]) (Figure 1);  

 

 
 

Figure 1: Volatiles desorption from PCM by using 

the built-in RTD.  

 

2) the development of a new generation of microbal-

ances able to attract charged dust grain by means of a 

variable Electric Field (EF), generated locally by the 

instrument itself:  the EF will break the equilibrium 

between the Electric and the Gravity Fields on the 

Moon [6], allowing the electrically charged dust 

grains to be attracted toward the microbalance (Fig-

ure 2).  

 

 
Figure 2: Dust deposition on the PCM (in red) when 

an electric field (EPCM) is applied. 

  

Instrument Concept and technical characteris-

tics: VISTA is composed by three following units 

 

1) Unit 1: the electronic box or MEU;  

2) Unit 2: a Thermal-PCM (T-PCM), for meas-

urements of volatile content in the regolith and water 

mailto:ernesto.palomba@inaf.it
mailto:fabrizio.dirri@inaf.it


ice detection. PCM should be heated up to 280-330 

K to allow desorption of water and light organics  

[7,8] while at low temperatures can be heated up to 

160K to detect the water ice sublimation;  

3) Unit 3, an Electric Field-PCM (EF-PCM) cou-

pled with an electric field generator for measure-

ments of electric properties of the dust. PCM placed 

inside a capacitor held at a voltage V. Dust particles 

passing through the capacitor will deposit on a PCM 

in a time depending on their charge-to-mass-ratio. 

 Unit 2 and Unit 3 require low mass, low size and 

are low power-consuming. The Unit 1 (Main Elec-

tronics) can be easily shared with other instruments.  

VISTA technical characteristics are summarized 

in Table 1. 

 

Mass  <500g 

Volume < 300 cm3 

Average data rate 0.5  kbps 

Average required power < 2 W 

Table 1: VISTA technical characteristics. 

 

The heritage of VISTA [9] and the concept applied 

for Moon come from previous ESA ITT Projects and 

ESA Cosmic Vision 2015-2025 proposed mission:  

- Marco Polo and Marco Polo – R (where VISTA 

was selected for Phase A): cometary-like activity of 

asteroids, water and organic content in the asteroid 

regolith, contamination assessing;  

- Penetrator for JUICE (JUpiter ICy moon Explorer) 

[10]: organics and clathrate hydrates revelation, 

composition of non-ice materials of the Europa and 

Ganymede surfaces; 

- CAM (Contamination Assessment Microbalance), a 

ITT-ESA funded study for the development of a new 

QCM based device for contamination monitoring in 

space [11];  

- CAMLAB (Contamination Assessment Microbal-

ance for LABoratory), a ITT-ESA funded study for 

the development of a quartz crystal microbalance for 

laboratory use.   

 

Currently, the TRL is 6 for VISTA Unit 2 while 

the TRL is 3 for the Unit 3. In particular, the tech-

nology for VISTA Unit 2 is mature and has been 

tested in relevant environment while new improve-

ments concerning the Unit 3 are demonstrated in 

their basic principles and the performances will be 

evaluated experimentally. 
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Introduction:  NASA’s Mini-RF instrument on 

the Lunar Reconnaissance Orbiter (LRO) is currently 

operating in concert with the Arecibo Observatory 

(AO) and the Goldstone deep space communications 

complex 34 meter antenna DSS-13 to collect bistatic 

radar data of the Moon. These data provide a means 

to characterize the scattering properties of the upper 

meter(s) of the lunar surface, as a function of bistatic 

angle, at S-band (12.6 cm) and X-Band (4.2 cm) 

wavelengths. These data are being collected to 

address LRO science objectives related to: the 

vertical distribution of lunar water; the form and 

abundance of lunar water ice; how impacts expose 

and break down rocks to produce regolith on the 

Moon and other airless bodies; the present rate of 

regolith gardening; and how lunar volcanism has 

evolved over time. 

Background:  The transmitters for Mini-RF 

bistatic observations are AO (S-band) and DSS-13 

(X-band). For each observation, the lunar surface is 

illuminated with a circularly polarized, chirped 

signal that tracks the Mini-RF antenna boresight 

intercept on the surface of the Moon. The Mini-RF 

receiver operates continuously and separately 

receives the horizontal and vertical polarization 

components of the signal backscattered from the 

lunar surface. The resolution of the data is ~100 m in 

range and ~2.5 m in azimuth but can vary from one 

observation to another, as a function of the viewing 

geometry. For analysis, the data are averaged in 

azimuth to provide a spatial resolution of 100 m. 

This yields an ~25-look average for each sampled 

location. 

The data returned provide information on the 

structure (i.e., roughness) and dielectric properties of 

surface and buried materials within the penetration 

depth of the system (up to several meters for Mini-

RF) [1-4]. The bistatic architecture allows 

examination of the scattering properties of a target 

surface for a variety of bistatic angles. Laboratory 

data and analog experiments, at optical wavelengths, 

have shown that the scattering properties of lunar 

materials can be sensitive to variations in bistatic 

angle [5-7]. 
Operations:  Collecting data in the Mini-RF 

bistatic architecture requires significant advance 

planning with both the LRO operations team and 

ground-based facilities. As a result, no more than a 

few collects per month are feasible. The first Mini-

RF bistatic campaign (2012-2015) included 28 AO 

S-band observations of the lunar surface – polar and 

nonpolar. Those observations provided data used to 

suggest the presence of water ice within floor 

materials of the crater Cabeus [8] and to characterize 

the weathering of Copernican crater ejecta [8,9]. 

The current bistatic campaign (2017-present) 

includes an additional 5 AO S-band observations and 

48 DSS-13 X-band observations of the lunar surface 

(Figure 1). A variety of lunar terrains are being 

targeted to address science objectives for the 

ongoing LRO extended mission. They include 

collecting data of: the floors of south polar craters to 

search for signatures indicative of the presence of 

water ice; Copernican crater ejecta blankets to 

characterize rates of regolith breakdown/weathering;  

the ejecta of newly-formed craters to characterize the 

size-distribution and density of wavelength-scale 

scatters as a function of distance from the impact; 

mare materials within the Imbium basin to provide 

important information on the locations, extents, and 

depths flow units and deposits; and irregular mare 

patches (IMPs) and pyroclastic deposits to 

characterize their radar properties. In concert with 

the collection of these data, modeling work is being 

conducted to characterize the response of surface 

materials to variations in incidence angle and to 

address LRO science objectives with Mini-RF 

monostatic data. 

Results: Initial analysis of south polar targets 

acquired at X-band do not appear to show the 

potential water ice signature detected at S-band [8]. 

This would indicate that, if water ice is present in 

Cabeus crater floor materials, it is buried beneath 

~0.5 m of regolith that does not include radar-

detectible deposits of water ice. Observations of 

Copernican crater ejecta materials at S- and X-band 

wavelengths continue to show variations that can be 

attributed to the age of the crater. Differences 

between S- and X-band observations of the same 

crater are also present, providing new insight into the 

size-distribution of radar scatters within the ejecta. 

Two craters that formed during the LRO mission 

have been identified in X-band  Mini-RF data 

acquired in the current bistatic campaign. Analysis 

of these data suggest enhanced wavelength-scale 

surface roughness to radial distances of 100s of 

meters from the crater centers. S- and X-band 

observations of mare materials in the Imbrium basin 

and pyroclastic deposits in the Montes Carpatus, 

Aristarchus, and Taurus Littrow regions have been 

acquired and, combined with ground-based P-band 

observations, are providing important information on 

the locations, extents, and depths to individual flow 

units and deposits. 
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Figure 1: S-band (red) and X-band (blue) radar 

coverage in the second bistatic campaign for the 

lunar nearside (top; 90°W to 90°E) and south pole 

(bottom; 60°S to 90°S) 
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Introduction: Ground Penetrating Radar (GPR) 

is one of the most suitable geophysical techniques 

for Moon exploration, as it is potentially capable to 

image the shallow subsurface at great resolution. 

This instrument can be hosted onboard an orbiting 

spacecraft, be accommodated on a rover or directly 

used on the lunar surface by a human operator. The 

technique has been tested for the first time onboard 

the Command Module of the Apollo 17 during the 

Apollo Lunar Sounder Experiment (ALSE) [1]. 

ALSE was a coherent surface penetrating radar oper-

ating at three different frequencies band (5–5.5, 15–

16.5, and 150–166MHz); it has been able to image 

the bottom of various buried craters and to detect 

several subsurface geological units like, for example, 

those located within Mare Crisium, up to a depth of 

about 1000–1400m [2]. More than thirty years later 

(2007), a new subsurface radar sounder equipped 

with a 5MHz antenna (the Lunar Radar Sounder—

LRS) was hosted on board another spacecraft, during 

the Japanese SELENE mission (JAXA). LRS exten-

sively explored the Moon subsurface for more than 

2363 hours, reaching a maximum depth of about 

2000m [3].  

Yutu rovers: Recently, two surface coupling 

GPR instruments have been deployed on the Moon 

by CNSA. In 2013, Chang’e-3 (CE-3) landed on 

Mare Imbrium, deploying the Yutu rover that was 

equipped with two separated radar systems, a high 

frequency (500MHz) and a low frequency (60MHz) 

system [4]. On 3 January 2019, Chang’e-4 (CE-4) 

landed on Von Kármán crater within the South Pole-

Aitken Basin, deploying Yutu-2 rover, which is 

equipped with the same radar systems employed for 

the CE-3 mission. The fate of the two rovers has 

been quite different: Yutu rover landed on Mare Im-

brium and was able to only acquire about 100m of 

radar data, whereas Yutu-2 rover is still in operation 

and up to now have collected more than 300m of 

data.  

Data and Methods: In this paper, we present 

and compare the data collected at the two landing 

sites using the high frequency antennas. Indeed, the 

low frequency antennas, installed on the back of the 

rovers, are electromagnetically coupled with the rov-

er’s metallic body. In this configuration, the antennas 

generate strong disturbances that largely overlap the 

signals coming from the subsurface preventing a 

reliable interpretation of the reflectors [5].   

The signal penetration in the two sites is very dif-

ferent (with a maximum penetration in time that is 

about three time larger at Aiken Basin than at Mare 

Imbrium), suggesting a completely different geolog-

ical context. Because both radar sections were af-

fected by a large amount of volume scattering, we 

processed the data using an advanced approach 

based on microwave tomography [6]. This approach 

solves a linear inverse scattering problem and the 

buried features are estimated as “electromagnetic 

anomalies” with respect to the background (homo-

geneous soil). We obtained tomographic images of 

the subsurface where the buried targets (layers, lo-

calised objects) were detected, localized and geomet-

rically outlined in terms of areas characterised by a 

significant contrast with respect to the electromag-

netic properties of the subsoil.  

Results: The tomographic approach allowed us 

to reconstruct the detailed stratigraphy of the first 

40m of the subsurface at the CE-4 landing site. We 

found that the subsoil is primarily made of low-loss, 

highly porous, granular materials (regolith) with 

embedded boulders of different sizes distributed in a 

stratigraphic sequence that well represents an ejecta 

deposit [7]. 

For the CE-3 landing site, the tomographic re-

construction shows the presence of a very fine layer 

of regolith which covers a chaotic layer of large 

boulders and rocks having a dimension of 1m or 

larger. This layer has a thickness of about 2m and 

produces a strong signal attenuation that prevents the 

detection of the deeper structures. These results sug-

gest that CE-3 radar data were collected above a 

field of large ejecta blocks (edge of a crater) or on a 

layer of fractured basalt. 
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Introduction:  The character of the lunar poles 

and their potential resources (volatiles) are of great in-
terest to space-faring countries and commercial or-
ganiztions as plans are made for future exploration of 
these enigmatic regions. At polar latitudes, average 
solar radiation onto the surface is weak since illumi-
nation is largely incident at near grazing incidence 
and some polar areas are in permanent shadow (Fig-
ure 1). Currently, useful compositional data derived 
from remote sensing spectroscopic techniques that 
rely on solar illumination is sparse to non-existant.  

   
Fig. 1. LROC Wide Angle Camera (WAC) image 
mosaics of the lunar South Pole, width ~600 km, lat-
itude ranges from 80° to the pole.  
 

Nevertheless, two available data sources can be 
used to assess the bulk composition of lunar polar re-
gions: a) LOLA global laser albedo maps (acquired 
with an active laser @ 1 µm) [1] and b) Lunar Pro-
spector gamma ray iron abundance maps [2]. Both are 
relatively low spatial resolution, but are well suited to 
evaluate first-order composition properties based on 
knowledge from Apollo and Luna landed sample re-
turn sites at lower latitudes. 

Integrated Data. Shown in Figure 2 is a LOLA 
albedo map of the lunar nearside. This general view is 
very familiar to Earth-based observers measuring the 
Moon at ‘Full-Moon’ geometry when the sun is di-
rectly behind the observer and therefore casts no shad-
ows visible from Earth. LOLA albedo maps are ob-
tained at 1 µm, a slightly longer wavelength than typ-
ical optical albedo images (commonly acquired at 
0.55-0.60 µm). Three fundamental types of lunar ter-
rain are readily recognized: A) the low albedo basaltic 
maria (dark largely due to the presence of abundant 

Fe-bearing minerals), B) the high albedo ‘highlands’ 
that are now known to consist largely of low-iron feld-
spathic breccias [e.g. comparable to materials found 
at Apollo 16], and C) materials that have not been 
heavily affected by long exposure to the space envi-
ronment (space weathering) and are relatively bright 
compared to surrounding materials. These unweath-
ered areas typically have been  recently exposed by 
events such as an impact crater (e.g. Tycho). 

LOLA laser albedo maps can be prepared for other 
projections such as the hemisphere centered on the 
South Pole (Figure 3). Unlike solar illuminated polar 
images (Fig. 1), these shadow-free laser albedo maps 
now provide the same general compositional infor-
mation as describd for Fig. 2. The feldspathic crustal 
terrain sampled at Apollo 16, although heterogene-
ously altered, is seen to extend across the entire South 
Pole region.  

The compositional information associated with lu-
nar albedo is largely dependent on the amount of FeO 
in lunar soils as well as the variety of ongoing local 
surface processes that alter the physical form of sur-
face materials. This approximate relation between al-
bedo and FeO provides a first order assessment of the 
entire south pole terrain composition as feldspathic in 
character. This interpretation is readily validated by 
fully independent measurements of FeO by gamma-
ray spectroscopy [2] shown in Figure 4. The LOLA 
laser albedo map and the Lunar Prospector FeO meas-
urements both show the lunar South Pole terrain to be 
low in mafic minerals (low FeO) and comparable to 
the feldspathic breccias sampled at Apollo 16. 

Fig. 2. LOLA laser albedo map (@ 1 µm) of the lunar near-
side hemisphere [1] similar to a ‘Full Moon’ perspective.  



 
Fig. 3. LOLA laser albedo map [1] of the lunar hemisphere 
centered on the South Pole. The feldspathic Apollo 16 re-
gion is near the top. The south polar region is seen to be a 
continuation of the crustal feldspathic terrain.  
 

 
Fig. 4. Lunar Prospector FeO gamma ray data [2] for the 
hemisphere centered on the South Pole (same projection as 
Fig. 3). The lowest values of FeO are shown in dark purple 
shades.  
 

Shown in Figure 5 is a closer look at the LOLA 
laser albedo for the South Pole. The area within the 
black circle allows comparison to be made with the 
shadowed WAC optical image of Fig. 1. The bulk 
composition of the entire South Pole region is compa-
rable to the feldspathic breccias sampled by Apollo 
and Luna. Although the low-albedo area of pyroclas-
tic material in Schrödinger basin [e.g. 3] can be seen, 
it is readily recognized that mafic-rich materials asso-
ciated with basaltic terrain or SPA are located several 
100s km distant from the South Pole.  

Given the extended impact history of the surface 
of the Moon, it is recognized that materials can be 
transported great distances and mixed with terrain of 
a different composition. For example, returned 

samples of Apollo 16 mature feldspathic soils show 
geochemical signatures of ~6% mare derived material 
[4]. Thus, a small amount of foreign materials from 
distal areas such as Tycho, SPA, or Australe basalts 
could occur in the South Pole region, but such mate-
rials will be quite rare. Identifying such exotic lithol-
ogies will require careful training of geologist-astro-
nauts (as was done in Apollo) and adding capable 21st 
century tools and approaches, including modern 
higher spectral/spatial resolution remote sensing 
along with rapid in-situ assessment of rock and soil 
compositions. 
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Fig. 5. LOLA laser albedo map centered on the unexplored 
lunar South Pole. The black circle outlines the 600 km WAC 
image of Fig. 1. The red circle outlines Schrödinger basin (as 
in Fig 3.). 
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Introduction:   

We build on the previous works carried out 

[e.g.,1,2] to document at best the compositional vari-

ation of olivine from diagnostic absorption features 

across the visible and near-infrared wavelengths due 

to electronic transitions of Fe2+ in the crystal struc-

ture. Based on an advanced MGM deconvolution 

approach, the behavior of the three primary olivine 

absorptions near 1 m (referred to as M1-1, M2, M1-

2) is revisited. This improved modeling is then ap-

plied to orbital observations made with Chan-

drayaan-1 Moon Mineralogy Mapper (M3) over Co-

pernicus and Eratosthenes craters. 

  

MGM implementation:  

The principle of the Modified Gaussian Model is 

to deconvolve overlapping absorptions of mafic min-

eral spectra into their fundamental absorption com-

ponents. Spectra are modeled in the logarithm of 

reflectance space as a sum of modified Gaussian dis-

tributions superimposed on a baseline continuum 

[e.g., 3,4].The current procedure is described in 

[5,6]. 

 

Olivine Spectra Deconvolution / Methodology: 

MGM inverse modeling provides with band cen-

ter, band width and band depth estimates. Band cen-

ters are used to determine trend line equations for 

each individual absorption band, with an assessment 

on the regression performance (rms spectral distance 

between bandcenter estimate from MGM and the one 

from the trend line).  

The olivine composition (Molar Forsterite Fo#) is 

then predicted based on minimizing the deviations in 

band centers from the established trends for the three 

absorptions simultaneously, using the integrated rms 

spectral distance to trend quantity (sdt). 

As presented in [5,6,7], our MGM procedure has 

been implemented on both synthetic and natural oli-

vine samples spanning the forsterite – fayalite solid 

solution series [7].  

Though not discussed here, the possible influence 

of the presence / absence of an absorption feature in 

the spectral range 600-700 nm linked to electronic 

transitions of minor elements Cr3+, Ni2+ and/or 

Fe2+/Fe3+ spin-forbidden crystal field transitions is 

assessed. 

 

An example is given hereafter (Fig.1) for a syn-

thetic spectrum (Fo#20 case) from [2]. 

 
Figure 1. Case of C1DD96 (Fo#20). Measured spectrum 

(light grey crossed line) and MGM modeled one (thick 

black solid line) with the Gaussians (solid black lines) and 

polynomial (hatched line) and the residuals line along the 

spectral domain. Position of the local maxima along the 

spectrum used for the process of initialization (anchor 

points found at 670, 1985, 2310nm). For clarity, the resid-

uals (observed – modeled quantity) are shifted by +0.1 

which means that a perfect fit is displayed with a 0.1 flat 

line (rms : 0.005). 

 

M3 orbital observations:  

 Copernicus: This procedure is then imple-

mented on M3 spectra with the objective of docu-

menting the petrology at Copernicus crater from 

spectra acquired over exposed outcrops (e.g., central 

peaks, inner walls and rims). The present study has 

been made on a subset of the 

M3G20090416T122951_V01_RFL hyperspectral image 

(140m/pixel) acquired during the OP2A optical peri-

od. Based on a previous selection of olivine-bearing 

spectra across Copernicus [5], we consider 5 spectra 

(Fig. 2) taken in the central peaks and northern wall 

and derive their composition (Molar Forsterite Fo#). 

 
Figure 2. Selection of 5 spectra taken from the central 

peaks and the north wall of Copernicus crater. 
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As an example, the result of the MGM deconvo-

lution  for the blue spectrum  (from Copernicus Pk3 

peak, Fig. 2) is displayed and detailed (Fig. 3).  From 

these deconvolutions, the olivine composition (Molar 

Forsterite Fo#).is derived for the 5 spectra (Fig. 4). 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Copernicus Pk3 peak measured spectrum (light 

pink curve below the green one) and MGM modeled one 

(green solid line) with the Gaussians (solid blue lines) and 

polynomial (red hatched line) and the residuals line (black 

line) along the spectral domain. Position of the local max-

ima used for the process of initialization (anchor points 

found at 750, 1560, 2500nm). Residuals (see Fig.1) (rms : 

0.007). 

 
Figure 4. Olivine Composition estimates derived  from 

our MGM for the 5 spectra shown on Fig. 2 in Molar % 

Forsterite vs band center  (nm) graph. 

 

A very interesting result is that for all spectra  

Fo# is found in the range of 0.70+/- 0.05 consistent 

with the idea that there is no obvious local/regional 

variability in the subsurface petrology of the target. 

 

Eratosthenes: We perform the same type of 

analysis (Fig. 5) on spectra acquired, during the 

OP1B optical period of M3-Chandrayaan mission, 

over Eratosthenes crater [8], in its central peak re-

gion. This crater (diameter: 65km, depth: 6.5km) 

formed about 3.2 Ga and  is located on the southern 

edge of Mare Imbrium, about 250 km N-E of Coper-

nicus. From this modeling, we produce an olivine 

composition estimate (Fig.6). Fo# is found in the 

range of 0.68+/- 0.05. 

 
 Figure 5. Eratosthenes measured spectrum (see 

fig. 3 caption). Position of the local maxima used for the 

process of initialization (anchor points found at 750, 1820, 

2500nm). Residuals (see Fig.1) (rms : 0.008). 

 
Figure 6. Olivine Composition estimates derived for 

the modeled spectrum shown on Fig. 5 in Molar % For-

sterite vs band center  (nm) graph. 

Conclusions: The band center positions of the  

three primary olivine absorptions near 1 m  can be 

used simultaneously to produce a well-constrained  

prediction across an extended range of olivine solid 

solution composition from spectra measured on syn-

thetic, natural samples and from orbital observations. 

The current results obtained for both Copernicus and 

Eratosthenes craters indicate that the olivine compo-

sition is rather Mg-rich and homogeneous, in favor of 

a plutonic origin with a single mantle source. This 

approach is of great interest for preparing the selec-

tion of potential landing sites and in situ characteri-

zation of samples to be collected for addressing the 

exploration and identification of primitive mantle 

lunar rocks (e.g., Heracles, Chang’e-4 mission and 

following ones, …). 
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Cubesats for Space Science missions have been 

recently conceived as important means to comple-
ment, and sometimes replace, the investigations per-
formed by traditional larger probes. Modularity, 
standardization, intensive use of state-of-the art 
COTS technologies allow to manage cheaper mis-
sions in shorter timeframes, thus providing more 
opportunities to access near Earth and deep space, to 
a wider technical and scientific community. Since 
several years, the Italian Space Agency (ASI) has 
promoted, funded and coordinated the national initi-
atives in this promising sector, both for autonomous 
missions and in international cooperation. The first 
Italian satellite to the Earth-Moon environment will 
be ArgoMoon [1] [2], a 6U cubesat designed manu-
facture by the Italian company Argotec. It will be 
launched in November 2020, during the NASA 
Space Launch System (SLS) maiden flight “Artemis 
1”, with the aim to collect pictures of SLS Interim 
Cryogenic Propulsion Stage (ICPS) and of the other 
piggy-back nanosatellites. After the first mission 
phase, few orbital maneuvers will move the satellite 
in a geocentric highly elliptic orbit, with apogee high 
enough to allow flybys and imaging of the Moon 
and of the surrounding environment. Taking ad-
vantage of a Moon fly-by, after approximately six 
months this second part of the mission will be termi-
nated with the injection into a heliocentric trajectory. 
A similar cubesat platform equipped with specific 
payloads, named “Light Italian Cubesat for Imaging 
of Asterods” (LICIACube), will join the NASA 
Planetary Defense mission “Double Asteroid Redi-
rection Test” (DART) towards the binary asteroid 
system Didymos. The 6U cubesat, whose develop-
ment is again under Argotec srl responsibility, will 
fly as DART piggyback and will separate from the 
main satellite five days before DART impact with 
Didymos B. Argotec srl is in charge of the satellite 
design, while Istituto Astrofisica e Planetologia Spa-
ziali (INAF-IAPS) guides the payload customization 
and scientific case identification. The mission team 
is enriched by University of Bologna team, perform-
ing orbit determination and the satellite navigation, 
Polytechnic of Milan, for mission analysis and opti-
mization. LICIACube on board optical payloads will 
capture images of impact effects, primarily the 
plume of ejecta, and of the non-visible side of the 
secondary body, thus supporting the validation of 
kinetic impactor technique for trajectory deflection. 
Both these cubesat-based initiatives will make use of 

the NASA Deep Space Network (DSN) stations for 
Ground Communications. 
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Introduction:  The South Pole-Aitken (SPA) ba-

sin is located on the lunar farside and is centered at 
~53° S, 191° E. It is the largest [1-5] and oldest ob-
servable basin [6,7] on the Moon. Therefore, the 
timing of SPA formation gives valuable information 
on the formation and evolution of the lunar crust.  

Here, we provide a comprehensive map (1:500K) 
of the SPA basin, including the South Pole region 
and parts of the Orientale basin, which is an exten-
sion of a map of the Apollo basin region [8]. The 
SPA basin and the South Pole are targets for future 
and ongoing robotic and human missions [e.g., 9–
13], since the area potentially includes exposed man-
tle material [14, 15], sources of volatiles (e.g., pyro-
clastic deposits [6]), and permanently shadowed re-
gions that may harbor ice or other volatiles [16]. For 
such missions, detailed studies of the geological his-
tory and setting of the region are necessary. Our map 
provides a comprehensive overview of the geology in 
the region (Fig. 1). 

Methods:  For large-scale mapping, we used the 
Lunar Reconnaissance Orbiter (LRO) Wide-Angle 
Camera (WAC) basemap (100 m/pixel). We used 
Narrow Angle Camera (NAC; 0.5 m/pixel) [17] and 
Kaguya (10 m/pixel) data for more detailed, smaller 
areas and for identifying specific features. We also 
used Clementine [18], M3 [19], and Kaguya MI [20] 
data for spectral/compositional information. Topo-
graphic features were identified using Lunar Orbiter 
Laser Altimeter (LOLA) digital elevation products 
[21, 22] and a LOLA/Kaguya merged digital eleva-
tion model with a resolution of 59 m/pixel [23]. To 
mitigate the effect of low solar illumination angles at 
the pole, which cause significant shadows, we pro-
duced hillshade maps with various illumination con-
ditions. We used PLANMAP mapping standards 
[24], an extension of USGS standards [25]. 

To begin with we used morphological appearance 
and albedo contrasts for identifying units and fea-
tures. We determined relative ages for the units using 
morphological and stratigraphic evidence. In addi-
tion to relative dating of geologic units, we per-
formed crater size-frequency distribution (CSFD) 
measurements and from these determined absolute 
model ages (AMAs) using the production and chro-
nology functions of [26]. CSFD measurements were 
made using CraterTools [27] in ArcGIS, and we fit-
ted the AMAs with Craterstats [28]. Detailed de-
scriptions of the technique are given by [26, 29].  

Geology:  In our study area we defined three 
classes of geologic features: Basin materials, crater 
materials, and plains-forming materials. 

Basin materials are related to the formation of 
the large basins in the area with the oldest and most 
dominant being the SPA basin. We also identified 
materials related to the Apollo, Schrödinger, and 
Orientale basins. 

Crater materials are divided into different classes 
according to the state of degradation and shape of the 
craters. We dated several craters to obtain a frame-
work for both the relative and absolute stratigraphy 
across the mapped area. 

Plains-forming materials are characterized as 
relatively flat, smooth surfaces, and can be further 
divided into dark and light plains based on their al-
bedoes. 

SPA’s rim is obscured by various later impacts 
and is degraded due to its old age. It appears most 
distinctively in the NW part of SPA, close to the 
Apollo basin. Here, we identify two topographic 
rings of SPA rim massifs. Around the South Pole, the 
morphological features become more difficult to 
interpret due to the low sun angle and extensive 
shadowing. We were able to find traces of the outer 
massif, but most of the inner massif seems to be de-
stroyed by younger craters, if it existed in this area.  
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Figure 1. Preliminary geological map of the lunar South Pole and the South Pole-Aitken basin at a scale of 
1:500,000 in Lambert projection centered at 157.5° S and 53° E. The background image is a hillshade map com-
piled from a LOLA global DEM. 
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Introduction:  Copernicus Crater is a relatively 

young impact crater of ~800 Ma with a diameter of 

~100 km and it is located on the lunar near side. 

Developed within the PlanMap H2020 project, we 

hereby present two geologic maps, at a broad and 

local scale, and the technical evaluation as a landing 

site with possible traverse paths and sampling sites. 

The scientific rationale guiding this study is that 

Copernicus is pivotal to refine the lunar time scale and 

because of its particular composition. Sample returns 

could provide absolute ages useful to improve both 

the lunar crater chronology and, by extrapolation, that 

of other inner solar system terrestrial bodies. 

Moreover, olivine spectral signature was detected [1], 

and this can provide information about the lunar crust 

and mantle. The whole central peak represents, in fact, 

exhumed deep olivine-rich troctolite [1]. This work is 

timely given the foreseen human assisted robotic 

missions proposal and Artemis programs that both can 

benefit from the outcomes of these analyses. 

 

Data and methods:  As base maps for broader 

scale geologic mapping of the crater we made use of 

the merged DEM of LOLA+Kaguya at 59 m of grid 

spacing and LROC WAC 100m/pixel mosaic. This 

was integrated with spectral observations in order to 

recognize lithological variations and to better define 

the geologic units.  

To do that, the Clementine UVVIS color ratio 

mosaic was used: the band ratios combined in an RGB 

mosaic were used to determine the relative abundance 

in titanium, olivine and mafic minerals in general, and 

volcanic glasses. 

Higher resolution geologic mapping, landing site 

and traverse definition analysis  were carried out on 

mosaics of LROC NAC images, with high and low 

incidence angles scaled at 5 m/pixel.This resolution 

was chosen as a compromise between the need of high 

detail for landing and traverse definition and the need 

of a first screening of a relatively large area.The 

images with low incidence angles were used, together 

with the Clementine band ratio mosaic to identify the 

compositional units, whereas the higher incidence 

was used to better constrain the morphologies and 

obstacles. 

Mapping and traverse definition: The geologic 

mapping was at first performed at a broad scale of 

1:400.000 both on Clementine, WAC images, and 

DEM shaded relief in order to detect the broad 

geologic context in terms of smoothness of terrains, 

obstacles, general morphologies and potentially 

interesting areas in terms of composition. As a second 

step, to assess the possibility of landing in Copernicus 

maximizing safety and scientific return we used the 

LROC NAC mosaic. We mapped in higher detail 

landforms previously identified at a larger scale, 

aiming to plan rover traverses and scientific stops (for 

potential in-situ analysis and/or sampling) as well as 

to define possible obstacles and hazards. Therefore, a 

second geologic map at higher resolution (1:100.000) 

of NW quadrant of Copernicus was produced. We 

selected this location for its relatively high 

smoothness, low number of obstacles and significant 

hazards. Three different landing ellipses were 

selected: sizes were derived from the NASA Mars 

rovers MSL Curiosity and Mars2020, since to date no 

constraints are available for the Moon and their 

location was chosen in order to avoid obstacles and to 

be as meaningful as possible in terms of sites of 

interest in the surroundings. 

Hazards related to rock abundance wew 

investigated within the landing ellipses according to 

[2] as well as for small impact craters together with 

overall surface slope. Following the constraints 

defined for Schrödinger crater exploration in the 

HERACLES program [3] six traverses were defined: 

three long and three short traverses, of 32 and 16 km 

respectively. The sampling sites/stops within all the 

foreseen traverses (from a minimum of 13 to a 

maximum of 19 per traverse with a variable time 

duration from 6 to 18 days [3]) were chosen to 

maximise the scientific return, following the future 

science goals in in situ lunar exploration [4]. 

 

a 



 
Figure 1: in a) the geomorphologic mapping of 

Copernicus crater at a scale of 1:400.000 overlaid in 

transparency on LOLA-Kaguya shaded relief DEM. 

For the units description we forward to the PlanMap 

data repository 

https://data.planmap.eu/pub/moon/PM-MOO-MS-

Copernicus_01/. In white it is marked the area of 

higher resolution mapping at 1:100.000 shown in b). 

Here more landforms were characterized and 

proposed rover traverses are visible in  red, cyan and 

pink. The dashed lines identify the short traverses.  

 

 

Conclusions: This work represent a first 

assessment for landing on the near side of the Moon 

in a well-known location that would provide insights 

in the lunar crust composition and evolution as well 

as new constriaints to the lunar chronology. This 

investigation could provide a baseline for future and 

more detailed analyses as soon as more engineering 

and scientific constraints will be provided for 

unmanned or manned landings on the lunar near side 

both from the Heracles and Artemis programs aiming 

to return to the moon in this decade. 
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Introduction: OHB Italia (OHB-I) and its part-

ners have been participating in a Phase-A ESA study 

for the development of a payload to demonstrate the 

chemical extraction of oxygen from lunar regolith. 

The activities are part of a wider effort of the Agency 

for the definition of a set of lunar missions devoted to 

the development and testing of in situ resource utili-

sation (ISRU) technologies. 

Here, we address a selection of possible ISRU pro-

cesses that could be used on the Moon, mainly in 

terms of their implementation into a payload system. 

Aspects of these processes differ, such as yield per-

formance and technical complexity, hence requiring 

dedicated investigations for determination of the most 

promising reactor configuration and the technological 

feasibility of each payload and mission.  The work ad-

dresses, in a broader way, all aspects related to the 

payload definition, including regolith excavation, pre-

processing and handling, thermal aspects such as the 

high temperatures required, the overall integration of 

an ISRU plant into a payload system, and the concept 

of operations. 

Of particular interest are the challenging techno-

logical developments required by an ISRU demon-

strator payload, for instance handling quantities of 

regolith on the order of kilograms, thermal issues de-

riving from reaction temperatures up to 1000 °C, 

mechanisms operating at unusual temperatures (some 

hundreds of °C) as part of the reactor unit, regolith 

flow valves to provide gas-tight sealing when closed, 

and handling of molten salt. 

The reasons: The Moon has two primary geolog-

ical regions: mare and highlands. The mare are domi-

nated by four minerals: plagioclase (mostly anorthite 

CaAl2SiO8), orthopyroxene (Mg,Fe)2SiO3, olivine 

(Mg,Fe)SiO4, and ilmenite (FeTiO3). The highlands 

are dominated by anorthite with minor pyroxene and 

olivine. Seven elements represent ~98% of the lunar 

crust: O, Mg, Al, Si, Ca, Ti, and Fe. In all soils, oxy-

gen and silicon concentrations are similar to within 

10% [1]. Thus, regolith across the Moon possesses 

large amounts of oxygen which can be extracted and 

collected through selected thermochemical processes. 

In addition, extracting oxygen from metal oxides pro-

duces metal dust as a (waste) byproduct. 

The capability for harvesting oxygen on the Moon 

is the foundation for establishing a future human set-

tlement: oxygen (and consequently water) for life sus-

tainment, and metals as a byproduct for fabrication of 

habitats and structures to host the settlers. 

The processes: Separating oxygen from the metal 

species that constitute the oxides requires great 

amounts of energy, i.e. usually high temperatures. 

Three different processes have been identified as 

promising for this purpose: the Hydrogen Reduction 

process (HR), the Carbo-Thermal Reduction process 

with regolith in solid phase (CTR), and the Fray-Far-

thing-Chen (FFC) process. Each of these processes 

has distinguishing characteristics and peculiarities. 

In the HR process, the ilmenite (FeTiO3) fraction 

of the lunar regolith reacts with hydrogen at tempera-

tures of 800-900 °C at 1 bar pressure, generating wa-

ter as reaction byproduct. Because this process is re-

stricted to the ilmenite fraction of the lunar regolith, it 

can only be used at ilmenite-rich mare basalt and py-

roclastic deposits. The efficiency of the process is 1-

3% of the feedstock mass [2]. 

The CTR process is a different technique which 

was investigated originally by Politecnico di Milano 

and OHB Italia in 2009/2010 in a modality which al-

lows the extraction of oxygen without reaching the 

melting temperature of the minerals. The metal oxides 

fraction of the solid phase regolith are first reduced 

through the intervention of methane at a temperature 

of about 950 °C [3] and 1 bar pressure, then the result-

ing carbon oxides react with hydrogen (brought from 

Earth) at a lower temperature (~250 °C) in a second 

reactor named methanator. The resulting products are 

the process target – i.e. water – and methane again, 

which can therefore be recycled. The efficiency of the 

process with regards to water generation is of 5-7% of 

the feedstock mass [4]. 

The FFC process involves an electrochemical 

stage. Instead of processing gases flowing in the reg-

olith bed, a molten salt of calcium chloride (CaCl2) 

operates as process medium. The regolith feedstock is 

compacted and integrated in the reactor cathode. The 

application of a specific voltage at the anode reduces 

the metal oxides at the regolith cathode and oxygen 

ions are released in the molten salt bath. The reaction 



takes place at temperature of about 900-1000 °C. The 

extraction efficiency of oxygen in this case is the 

highest, potentially all the oxygen could be extracted, 

up to 40% by mass [5][6].  

The missions: ESA has developed a framework 

plan for a sequence of missions with the goal of fully 

demonstrating the capability of extracting oxygen 

from lunar regolith. Three separate missions are fore-

seen in this framework and are reflected by a pro-

gramme called “Commercial In-Situ Resource Utili-

sation Demonstration Mission Preparation Phase” un-

der which OHB Italia and its partners are performing, 

since 2018, the development of a Phase-A payload. 

The three different missions are: a technological 

demonstration mission (TECH) aiming at demonstrat-

ing the capabilities of the implied critical technolo-

gies; a scientific characterization mission (CHAR) 

with the purpose of characterizing the compositional 

and geotechnical properties of previously unsampled 

feedstock materials; and an End-to-End mission 

(E2E) to demonstrate the feasibility of oxygen extrac-

tion on the Moon. For each of these missions, OHB 

Italia is coordinating the development of a payload so-

lution to fulfill the purpose of the mission in partner-

ship with Politecnico di Milano, Leonardo S.p.A, 

OHB System A.G., University of Münster. Partici-

pants at the University of Münster examined potential 

landing sites for both CHAR and E2E missions [7]. 

The technologies: Under said contract, the team 

led by OHB Italia is developing a Phase-A solution 

for each of the three missions, trading-off between the 

different processes and evaluating two different com-

mercial landing platforms. The technological solu-

tions identified in the frame of the project are suitable 

with little to no adaptation for two of the three chem-

ical processes (HR and CTR), which requires the reg-

olith to be heated up in a closed furnace with the oxy-

gen consequently collected from the byproducts of the 

reaction. After a trade-off, the CTR was identified as 

the most promising to be further developed, because 

of certain characteristics, such as a lower required 

temperature and the possibility of using it on different 

mineralogical species besides ilmenite (thus relaxing 

certain requirements on the landing site). The team 

has therefore designed the payload solution that al-

lows the implementation of the CTR process on the 

two considered landers. The heart of the payload is the 

reactor, which must operate under extremely harsh 

conditions. In particular the greatest challenges are 

the very high temperatures and lunar dust contamina-

tion, which strongly affects gas sealing capabilities. In 

order to perform the chemical reaction needed for the 

extraction to happen, a mixture of different gases must 

be used and fluxed into the crucible, and then recy-

cled, analyzed or discarded (depending on the chemi-

cal species). To overcome these challenges, an inno-

vative sealing mechanism, capable of providing gas 

tightness while dealing with regolith containment and 

dust resistance has been designed and developed. 

Over time, different designs have been considered and 

improved, reaching the current stage of development. 

This last design evolved in the frame of a contract 

OHB-I has in place with ESA called “ISRU System 

Demonstrator – Oxygen Extraction from Lunar Reg-

olith” for which a reactor demonstrator is being con-

structed, based on the CTR process with solid phase. 

In this project, the sealing mechanism is being manu-

factured for a demonstration campaign which will 

take place in early 2020. 

As per the third process (the FFC), OHB-I is now 

developing a payload design that takes into account 

several criticalities such as the contamination of the 

molten salt bath, the introduction/extraction of the 

regolith cathode, and the thermal environment. 

By mid-2020, the Phase-A will be completed with 

a payload design for each of the three processes. 
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Introduction:  The present abstract describes the 

results and discussions of the EMMIHS-III lunar-

analogue campaign, which took place between 18th 

January – 1st February, 2020, at the HI-SEAS Habitat 

on the Northern slope of the Mauna Loa Volcano 

(Hawai’i, USA). The crw onsisted of 6 members (3 

males and 3 females, all under the age of 32). The 

mission focussed on scientific research on robotics 

and lava-cave exploration techniques. 

 
Fig 1. EMMIHS-III crew 

Background: The HI-SEAS (Hawai’i Space Ex-

ploration Analog and Simulation) is a Habitat on an 

isolated Mars-like site on the Mauna Loa side of the 

saddle area on the Big Island of Hawaii at approxi-

mately 8200 feet above sea level. HI-SEAS is 

unique, in its setting in a distinctive analog environ-

ment, where geological, physical, and psychological 

factors are as close to the Moon as possible. The 

International Moonbase Alliance (IMA)’s founder, 

Henk Rogers, is its owner. As of 2018, IMA, an or-

ganization dedicated to building sustainable settle-

ments on the Moon, has been organising regular sim-

ulated missions to the Moon, Mars or other planetary 

bodies at HI-SEAS. Dr. Michaela Musilova is the 

Director of HI-SEAS and she also takes part in mis-

sions as a Crew Commander, Flights Director or 

CAPCOM. 

 
Fig 2. Analogue-astronaut with the HI-SEAS habitat 

in the background 

The International Lunar Exploration Working 

Group (ILEWG) is a public forum sponsored by the 

world's space agencies (including NASA and ESA) 

to support international cooperation towards the ex-

ploration and utilization of the Moon. As part of re-

search efforts towards the colonization of the Moon 

and creation of a Moon Village, ILEWG founded the 

EuroMoonMars initiative, which comprises of field 

campaigns in Moon-Mars analogue environments. 

The EMMIHS campaigns are a collaboration be-

tween EuroMoonMars, IMA and HI-SEAS, and con-

sist of scientific research, field tests, training and 

outreach activities. 

Experiments and results:  The The six crew 

members (M. Musilova, M. Heemskerk, K. Edison, 

L. Brasileiro, P. Das Rajkakati, R. Heemskerk) fo-

cused on different fields of investigation, depending 

on their fields of expertise, including domains such 

as geology, robotics, nutrition, crew psychology and 

cultural aspects. The main projects and investigations 

are described below: 

Lunar-analogue Simuation. The crew proposed 

and tested novel methods of water conservation and 

was officially termed as the most water-efficient 

crew at HI-SEAS. The crew also simulated EVA 

protocols when quitting the habitat to go out into the 

“lunar terrain”, including the use od spacesuits, hel-

mets and adapted communication devices. Lastly, the 

crew worked on emergency protocols and waste-

limitation. These activities are some of the active 

areas of research towards developing a sustainable 

Moon Village. 

 
Fig 3. Lava cave exploration and mapping during an 

EVA simulation 

Geosciences experiments. A magnetometer from 

GeoMetrics was used to read the magnetic profile of 

the subsurface and estimate cavities, notably by 

mapping the absence of magnetic conductors in the 

iron-rich basalts of Mauna Loa, which was then used 

to deduce the structure of the lava tubes. This was 

then verified through analogue-astronaut-style expe-

ditions inside the lava tubes, and several new en-

trances and tunnels were hence discovered, success-

fully mapped and documented. An RGB-D (depth-



sensor) camera was tested for usability inside the 

low-light environment of lava tubes. 

 
Fig 4. The GeoMetrics Magnetometer 

 
Fig 5. RGB-D CAM depth image (left), 2D (right) 

Robotics. The crew tested three rovers for studies 

on autonomous navigation and human-robot inter-

face. The Helelani, a rover loaned by the Pacific In-

ternational Space Center for Exploration Systems 

(PISCES) and the Zebro rover, developed at TU 

Delft, were used for testing rover deployment for 

experimental human-robot interface,. Lastly, the 

Rover of EuroMoonMars (REMM) was used for 

outreach purposes, exploration, and Remote-Control 

tests. 

 
Fig 6. Analogue-astronaut driving the Helelani rover 

Materials Science experiments. Studies regarding 

metallic material sciences in inter- and intra-habitat 

conditions were conducted., including sintering bas-

alt at high altitudes to test the viability of sintering on 

the Moon and Mars. Characterization of Mauna Loa 

basalts based on mineral abundances was performed. 

Human Factors. Several human-factor experi-

ments and tests on crew psychology and crew dy-

namics were implemented, including medical wellbe-

ing of the crew derived by basic body measurements 

such as heart rate and blood pressure. 

Art-EMMIHS axperiments. Cultural activities 

were carried out during the analogue mission and the 

impact of such activities on crew morale was investi-

gated. The ILEWG MoonGallery, which aims to 

bring art to the Moon, was also exhibited for out-

reach purposes. 

 
Fig 7. Moon Gallery 

Outreach activities. The crew regularly shared 

their discoveries on multiple platforms, focusing on 

extending the EMMIHS-network and international 

scientific presence. The crew did a live session with 

MoonKids, a Netherlands-based outreach and educa-

tional platform to teach and inspire young kids from 

ages 4 – 11. 

 
Fig 8. Analogue-astronaut in lunar-simulation (out-

reach photo example) 
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Introduction:  Continued exploration of our 

Moon will rely both on institutional missions, such as 

through national space programs and agencies, and on 

a strong commercial element. Several private actors 

are in advanced stages of developing lunar orbital and 

landing spacecraft for uncrewed missions. Of all these 

commercial lunar mission actors, SpaceIL, with Israel 

Aerospace Industries (IAI), was the first to launch a 

privately funded lunar landing spacecraft with their 

Beresheet lander [1]. In January 2019, OHB System 

and IAI signed a teaming agreement to offer a Lunar 

Surface Access Service (LSAS) based on the “Israeli 

Lunar Lander” (ILL) platform, itself derived from 

Beresheet [2]. 

The first LSAS mission:  During the second half 

of 2019, the OHB-IAI consortium held a so-called 

“user’s workshop” with lunar scientists and instru-

ment developers and subsequently downselected a 

payload suite of technological and scientific instru-

ments, amounting to roughly 40 kg in mass. This pay-

load suite focuses on cutting-edge demonstrations of 

several new techniques intended to use the lunar reg-

olith as feedstock for resource extraction and manu-

facturing physical components, achieving important 

In-Situ Resource Utilization (ISRU) milestones in the 

very near term. Since then, detailed accommodation 

of this payload suite was established, the necessary 

adaptations of the ILL platform addressed, and launch 

scenarios investigated with launch service providers. 

Talks with a commercial customer, private support-

ers, and with space agencies are at an advanced stage. 

OHB will lead the project, manage the payload in-

strument teams, and integrate the payload suite into 

the platform at OHB’s premises. 

This talk will describe the LSAS first mission def-

inition and its programmatic status. 

The key advantage of the LSAS under the OHB-

IAI collaboration is the already available flight herit-

age through Beresheet, providing a significant edge in 

terms of risk and schedule. 

 

 
 

Fig. 1: Configuration of LSAS lander with pay-

load of first mission accommodated 
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Introduction: Water is one of the most critical re-

sources required to enable long term space exploration. 

Lunar water could not only provide the life support 

needs of crew members, but its constituents hydrogen 

and oxygen can also be used as rocket propellant. The 

use of local resources such as water is known as in situ 

resource utilization (ISRU). Arguably, there are water 

ice deposits at the lunar poles. However, the majority 

of these ice deposits are thought to be in areas known 

as permanently shadowed regions (PSRs). These PSRs 

experience temperatures as low as 30 K and, therefore, 

accessing water-ice deposits in these regions will be 

technologically challenging. There are other potential 

ways of producing water on the Moon, such as through 

hydrogen reduction of iron-oxide-bearing minerals. 

Hydrogen can reduce iron-oxides such as ilmenite in 

an equilibrium reaction when heated to temperatures of 

at least 900˚C [1] as in eq. 1: 

FeOx + xH2 ↔ Fe + xH2O                      (1) 

A hydrogen reduction experiment is to be per-

formed on the lunar surface using the ProSPA instru-

ment on-board Luna-27 in 2025 [2]. A breadboard of 

ProSPA was successfully used to produce water from 

the hydrogen reduction of ilmenite and the procedure 

was optimized [3]. ProSPA is expected to land in a 

highlands-like region which is likely to be ilmenite-

poor. However, iron-bearing silicates such as pyroxene 

and olivine can also be reduced by hydrogen, although 

at much lower efficiencies than ilmenite [4].  

A handful of previous studies have successfully 

produced water from lunar minerals [e.g. 1,5]. Howev-

er, there is currently a resurgence in ISRU studies and 

Apollo soils are not available for routine large-scale 

destructive ISRU experiments. Therefore, lunar simu-

lants are being used as a proxy for lunar materials [e.g. 

6,7]. However, certain requirements must be met by a 

simulant to realistically replicate the behavior of lunar 

material for each type of extraction technique. In this 

study a highland simulant, a lunar meteorite, and two 

Apollo soils were reduced in a ProSPA breadboard to 

determine the feasibility of the reduction experiment 

on lunar soils and to identify any key differences be-

tween the samples that should be considered when 

performing ISRU studies.  

Methodology: The ProSPA instrument is static in 

that it does not utilize a flow of carrier gas to remove 

reaction products from the reaction site. Instead, sam-

ples are reacted in a furnace which operates in a closed 

system that contains hydrogen. Produced water is con-

densed on a cold finger, and the resultant pressure gra-

dient created ensures the diffusion of water away from 

the reaction site and towards the cold finger. Conse-

quently, the equilibrium reaction can continue for-

wards and reduction can continue. 

A breadboard model (ISRU-BDM) of the ISRU-

relevant components of ProSPA was built at The Open 

University. Samples of ~45 mg were reacted in a fur-

nace at 1000 ℃ for 4 hours in the presence of 

~420 mbar of hydrogen, while the cold finger was set 

to -80 ℃ [3]. Quantification of the yield was deter-

mined by pressure changes within the system.  

Materials: Four different materials were reacted in 

the ISRU-BDM. The FeO content of each material is 

shown in Table 1, along with the estimated maximum 

ilmenite content, as derived from the TiO2 content.  

Lunar Simulant: NU-LHT-2M is the chosen simu-

lant which aims to replicate some of the characteristics 

of Apollo 16 highland soils [8]. The simulant contains 

only trace amounts of ilmenite so it will be used to 

represent the ‘worse-case-scenario’ material that could 

be expected on the lunar surface at the Luna-27 land-

ing site. The NU-LHT-2M was also doped with 10% 

ilmenite (‘Sim & Ilm’ in Table 1) to understand how 

beneficiation would influence the yields. 

Lunar Meteorite: Northwest Africa 12592 is classi-

fied as a fragmental breccia and chosen as a repre-

sentative of the bulk lunar regolith at feldspathic lunar 

highlands terrain, albeit with no reported ilmenite [9]. 

To eliminate the effects of iron-oxide weathering 

products, some of the meteorite samples were treated 

with EATG which is commonly used to remove sec-

ondary iron-oxides [10].  

Apollo Soils: 10084 is an Apollo 11 mare soil [11]. 

With high ilmenite concentrations of up to 14.33 wt.%, 

10084 was considered suitable for an initial reduction 

experiment. If 10084 produced measurable yields of 

water, then a series of follow up experiments on 60500 

were planned. The sample 60500 is from the Apollo 16 

highland soils and has low ilmenite content of up to 

1.14 wt.% [12]. The two Apollo samples analysed in 

this study represent two very different compositions of 

the major lunar terrains from which we currently have 

samples. 

Results: The pressure rise from the release of wa-

ter from the cold finger was used to quantify the yields. 

Yields are shown in Table 1 as the wt.% oxygen pro-



duced. The 1σ uncertainty was derived from the three 

repeats for each experiment. The results for a pure il-

menite sample are also shown, as taken from [3]. All 

samples were successful in producing water, with 

those containing high ilmenite contents producing the 

highest yields. 

Table 1 Yields from the reduction of lunar simulant and sam-

ples, as compared to pure ilmenite 

Sample FeO 

(wt.%) 

Est. Ilmenite 

(wt.%) 

Avg. yield 

(wt.% O2) 

Ilmenite 45.0 95 3.43±0.14 

NU-LHT-2M 3.59 0.7 0.29±0.04 

Sim & Ilm 7.73 10.13 0.89±0.04 

NWA 12592 

- treated 
3.89 0.32 

0.07±0.02 

NWA 12592 

- untreated 
0.08±0.01 

10084 15.81 14.33 0.94±0.03 

60500 5.53 1.14 0.18±0.02 

Scanning electron microscope (SEM) images were 

obtained from a random selection of grains of each un-

reacted and reacted sample. Evidence of reduction was 

identified in all samples by the appearance of the pure 

iron (Feo) blebs in ilmenite, pyroxene, and olivine 

grains. 

Discussion: A comparison of ilmenite content with 

yield is shown in Fig. 2 for the samples used in this 

work and other lunar or lunar-like materials reacted at 

1000 ℃ with hydrogen in previous studies [1,5,6,7]. It 

should be noted that the results from literature were 

obtained from fluidized systems with various H2 pres-

sures. Generally, the more FeO rich a material, the 

higher the O2 yield. However, if the FeO is bound 

mostly in ilmenite, it would produce higher yields. 

Therefore, ilmenite content is a more accurate predic-

tor of yield of oxygen than FeO content alone. For 

example, the doped simulant (Sim & Ilm) contains less 

than half the FeO content of the Apollo 11 soil, how-

ever has similar ilmenite contents. Consequently, the 

doped simulant produces almost as much water as the 

lunar soil.  

There was no significant difference between the 

un-treated and treated meteorite sample, suggesting 

minimal weathering products present that would influ-

ence the reaction. The meteorite samples produced 

particularly low yields, probably because they contain 

no ilmenite, but also because they have a larger aver-

age grain size than the other materials, a consequence 

of the manual crushing of the sample (i.e., smaller ar-

ea/volume ratio compared to lunar soils). Larger grain 

sizes limit the movement of reactants and products to 

and from the reaction site.  

Most lunar soils are a mixture of feldspathic and 

mafic components. As a result, ilmenite is often likely 

to be present as a component in lunar soils [6]. Also, 

finer soils contain more ilmenite than larger size frac-

tions [13]. Thus, fine soils, even those found in more 

highland-like regions, are likely to produce higher 

yields than some lunar rocks, such as the genesis rock, 

that contains very little FeO and no ilmenite [14] 

Conclusions: Ilmenite content is a good indicator 

for potential oxygen yields in hydrogen reduction ex-

periments and should be considered when using simu-

lants as a proxy for lunar material. Lunar simulant or 

crushed meteorite containing relatively low ilmenite 

contents would be recommended to represent the likely 

soils that will be sampled by ProSPA. As grain size 

also significantly influences reaction rates, the grain 

size distribution of any proxy material should also be 

representative of the expected lunar material at the 

proposed landing site.  
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Introduction: The Artemis programme aims to 

send astronauts back to the lunar surface by 2024. 
These missions, and other future Moon and Mars 
missions, will require astronauts to perform science-
focused surface exploration in complex geological 
environments. Although astronauts currently 
participate in Extra Vehicular Activities (EVAs) and 
science experiments in low Earth orbit (LEO), 
scientific exploration of a planetary surface by humans 
has not been carried out since the Apollo missions. 
Consequently, much of the scientific expertise required 
for these activities has not been systematically trained 
at the same level into the astronaut corps. Moreover, 
many astronauts and mission developers participating 
in the planning of future missions to planetary bodies 
have limited knowledge of the scientific disciplines 
underpinning them. Field geology and astrobiology 
will be the focus of scientific exploration of 
Moon/Mars, meaning that for the individuals involved 
to effectively contribute to the preparatory and 
execution phases of these missions, varied levels of 
training in such disciplines is required. PANGAEA 
(Planetary ANalogue Geological and Astrobiological 
Exercise for Astronauts) is a geological and 
astrobiological field training course of the European 
Space Agency (ESA) that seeks to address some of 
these areas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Cosmonaut, Sergey Kud-Sverchkov, examines 
an outcrop during PANGAEA training. 

 
Goals and structure: PANGAEA has been 

running since 2016, with participants including ESA 
and Roscosmos astronauts/cosmonauts, mission 
designers and engineers. The course forms part of the 
basic and pre-assignment training for European 
astronauts, and is open to trainees from other agencies.  

Whilst the course intends to impart core theoretical and 
practical knowledge of geology and geo-biology to the 
trainees, significant focus is given to skills in areas 
relevant to future missions, such as scientific decision-
making, the ability to provide clear scientific descriptions 
of geological features and efficient documentation. For 
this reason, although minor portions of the course are 
taught in classrooms, significant focus is given to 
developing field skills in analogue geological 
environments, an important learning from the Apollo 
mission training [1, 2]. Trainees also have the opportunity 
to practice conducting field science under the additional 
constraints imposed by realistic spaceflight operational 
conditions. 

A significant strength of the PANGAEA course is that it 
integrates both geology and astrobiology (including 
planetary protection) training into its field trips. As both 
disciplines inform each other, teaching them together 
enables overlapping concepts and ideas to be explored 
thoroughly.  

Teaching in analogue sites: The primary field sites 
selected for the course are Permo-Triassic terrigenous 
sequences in the Italian Dolomites, impact lithologies in 
the Ries Crater, Germany, and a comprehensive suite of 
volcanic deposits in Lanzarote, Spain. Each is used as a 
base to deliver the main learning sessions, respectively; 
1) Earth geology, rock recognition and sedimentology 
on Earth and Mars, 2) Lunar geology and impact 
cratering, and 3) volcanism on Earth, Moon and Mars, 
execution of geological traverses, and sampling 
techniques. This roster of analogues has been expanded 
to include a new field session in Lofoten, Norway, 
where anorthosites and other lunar highlands analogue 
rocks are present. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Science support team examining scientific data 
taken by astronauts in the field. 



 
Classroom lessons are conducted at these field sites 
using local facilities. For the field work component, 
trainees are initially shown the basics of field geology 
and astrobiology during the first two sessions. In the 
third session they begin a process of becoming 
independent field scientists. This is enabled by having 
trainees conduct geological traverses with realistic 
scientific goals, such as determine the contact 
relationship between geological units and the relative 
timing of events, recognise stratigraphic and tectonic 
structures, and sample rocks that were exposed to high 
temperature fluids. Trainees are initially accompanied 
by their instructors, to help them achieve these goals. 
The coaching is then progressively reduced until the 
field crew is supported by a remote science team, 
simulating a science back room in mission control, 
through voice communications. 

Integrated testing for exploration beyond LEO: 
Whilst PANGAEA’s primary focus is training, where 
appropriate and complementary, technologies being 
developed for future missions are used and tested by 
the trainees during geological traverses. This provides 
an opportunity to examine the performance of new 
equipment and software in analogue field 
environments, whilst also providing trainees with 
experience using technology that might support future 
missions. For example, trainee’s use the Electronic 
Fieldbook (EFB) system to collect scientific data. This 
is a suite of hardware, software and networking tools 
being developed at the European Astronaut Centre 
(EAC) to support scientific fieldwork in the context of 
astronaut analogue field training and future missions 
beyond LEO. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. Astronaut, Matthias Maurer, using the EFB 
during a mock EVA to transfer data back to the science 
team for analysis. 

 
 
 
 

 
The logistical framework established by the training 
course also provided the opportunity for establishing a 
more extensive technological testing separate from the 
core training focus. This resulted in the creation of the 
PANGAEA-X (PANGAEA-eXtension) campaign, which 
focuses on testing technologies and operational concepts 
with applications to future Moon and Mars missions. To 
date, this has involved two campaigns in 2017 and 2018, 
with a host of research institutions, space agencies, 
commercial companies and ESA projects utilising the 
Lanzarote analogue for testing. This has included 
examining EVA science operations in preparation for 
lunar activities, and developing a geological test scenario 
for testing a tele-operated rover. 

Conclusion: Preparations for human missions back 
to the Moon have already started. Improvements to 
surface mobility and extended surface exploration times 
enabled by the technological advancements made since 
Apollo, mean the time for scientific exploration will be 
extended significantly during future missions. It is 
therefore more important than ever to have astronauts 
capable of acting as independent field scientists, who 
can also understand and communicate efficiently with 
ground based science teams. These astronauts will also 
be heavily involved in the planning, preparation and 
implementation of such missions, meaning even if they 
do not actually travel to the Moon or Mars, proficiency 
in geology and astrobiology will help them perform in a 
variety of roles related to such missions. In order to get 
the best return from these expensive and high-risk 
endeavours, training key personnel in the scientific 
disciplines driving these missions will be essential to 
their success. Utilising terrestrial analogues will ensure 
the best training.  
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Introduction: Lunar in-situ resource utilization 

(ISRU) is of great interest to the lunar exploration 

community since it is necessary for the sustained pres-

ence of humans on the Moon.  ISRU requires a fun-

damental knowledge of the chemical compositions 

and transformations of lunar material and it is an im-

mense engineering challenge.  Several technologies 

have been proposed with some more advanced than 

others. Among the more important resources for hu-

man habitation are H2, H2O, O2 and metals.  

H2O extraction research: A promising technol-

ogy to harvest H2O is by thermal extraction (thermal 

mining) [1]. Gas transport is an important aspect of 

thermal extraction of H2O, and an experimental appa-

ratus was fabricated to study gas transport in regolith 

under lunar-like conditions [2]. The study evaluated 

Ar and N2 gas flow within JSC1A, a surrogate lunar 

medium. It provided a framework for moving towards 

complex volatiles like H2O and showed that the ad-

vection diffusion model, typically applied to bulk vol-

atile transport for ISRU, needs to be verified even for 

the simplified cases (Ar and N2) studied.  Currently, 

an experimental campaign is underway to study H2O 

transport and a verifiable model is being developed as 

a critical system design component. 

O2 and metal extraction research:  Lunar rego-

lith consists of metal oxides that form complex min-

erals, resulting in regolith that is ~45%  O by weight 

[3].  Thus, in addition to water, lunar regolith can also 

be a potential source of O2 and reduced metals.  Since 

O-metal bonds are strong and require high tempera-

ture and significant energy to break [4], a research ef-

fort is currently underway at Georgia Tech. to explore 

the thermal reduction of lunar regolith at elevated 

temperatures (also known as pyrolysis) [5]. Chemical 

equilibrium modeling was performed to forecast 

chemical compositions as a function of temperature 

and pressures on the Moon. Gibb’s Free Energy min-

imization (ΔG = 0) was used to predict equilibrium 

compositions for isobaric processes. The pressure on 

the Moon was ~ 3×10-15 bar, and the equilibrium com-

positions of each species were normalized per unit 

mass of regolith.  

Equilibrium predictions for oxygen are shown in 

the Figure 1. A small temperature range is present for 

favorable O2(g) evolution due to the extremely low 

pressure. A dramatic increase in O2(g) favorability oc-

curs at ~800°C and peak at ~ 950°C before dissociat-

ing to O(g). This corresponds to the thermolysis of 

O2(g) to O(g), where trace amounts of O(g) are pre-

dicted at 900°C, displacing the O2 at equilibrium.   

 
Figure 1. O(g) and O2(g) equilibrium predictions as a 

function of temperature at 3×10-15 bar. (HL-Highland, 

HTM and LTM –high and low titania samples)  

Lunar solar mapping: ISRU methods will re-

quire heat to drive any proposed process. A promising 

approach utilizes concentrated solar irradiation. As 

there is no wind and less gravity, the infrastructure 

necessary to deploy a concentrating solar infrastruc-

ture on the Moon is likely significantly less than on 

Earth. Other advantages are no atmospheric reduction 

of solar radiation via attenuation (the direct-normal 

solar irradiation on the Moon is ~1365 W/m2 com-

pared to ~1000 W/m2 on the earth); the declination an-

gle on the Moon is small compared to on the earth, 

leading to very little seasonal variations; and a lunar 

day equals ~14 earth days.  To optimize ISRU process 

efficiencies, locations on the Moon should be chosen 

considering both solar resources and regolith compo-

sitions. Using maps of lunar chemical and mineral 

spatial distributions, solar resources, and lunar topog-

raphy, we have tried to identify the optimal locations 

for concentrated solar-driven ISRU. 

Conclusions:  A research effort is underway to 

study solar driven H2O, O2, and metal extraction. The 

multidisciplinary program involves modeling and ex-

perimental efforts to evaluate and develop lunar ISRU 

technology, specifically, solar mediated thermal ex-

traction of volatiles and reduction of lunar regolith.  
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Figure 1: Team of our Lightweight Rover Units 
(LRUs) [4] at a Moon-analogue site on Mt. Etna 
 

Introduction: Teams of autonomous mobile robots 
operating on extraterrestrial surfaces will play a cru-
cial role in future lunar and planetary missions. 
When exploring previously unknown hard-to-access 
environments, such as craters, pits, and subterranean 
caves, taking scientific samples is a challenging and 
expensive task. In contrast to past and ongoing sin-
gle-robot missions, future teams of robots will in-
crease the efficiency and scientific output via an ex-
tended level of autonomy and parallelization, im-
prove robustness via functional redundancy, and 
benefit from collaboration in heterogeneous teams by 
exploiting the robots’ complementary capabilities. 
Local robot autonomy is required to operate in the 
light of large communication round-trip times of sev-
eral seconds (Moon) to minutes (Mars), as well as 
unreliable communication links. In the Helmholtz 
Future Project ARCHES [1], we aim to develop het-
erogeneous, autonomous, and interconnected robotic 
systems to operate in challenging environments. In 
the ARCHES space demonstration mission, we will 
deploy a team of flying and driving robots in two 
collaborative exploration and sampling scenarios at a 
Moon-analogue site on the volcano Mt. Etna (Sicily, 
Italy) in June and July 2020. In Figure 1, we give an 
impression of two of our rovers demonstrating their 
skills for autonomous exploration and sampling in 
previous experiments at the Moon-analogue site [2]. 
 

     
Figure 2: Robots and infrastructure elements: 
ARDEA, LRU1, LRU2, lander and payload box 
 

Heterogeneous Robotic Team: Our robotic 
team consists of three flying and driving autonomous 
robots that interact with static and mobile infrastruc-
ture elements, as shown in Figure 2. The robots have 
complementary capabilities: Our drone ARDEA [3] 

can scout far-away and hard-to-reach places such as 
caves or craters. Our planetary exploration rover 
LRU1 [4, 5] has a landing and transport platform for 
ARDEA. Furthermore, with its ScienceCam [6], it 
can take thermal and spectral images for close-up 
inspection of geological features. Our second rover 
LRU2 [4, 7] features a robotic manipulator arm with 
a docking interface to attach tools and to transport 
standardized payload boxes. These boxes can contain 
support infrastructure elements such as communica-
tion relays as well as scientific instruments, e.g., ra-
dio receivers to set up a low-frequency radio array 
(LOFAR) and a laser-induced breakdown spectros-
copy (LIBS) instrument to perform elemental analy-
sis of rocks and soil. The LIBS module prototype for 
planetary in-situ exploration weighs about 1kg and 
can scan a small surface in close distance at rates of 
up to 30Hz. The tools include a shovel and a robotic 
hand to take soil and rock samples [7]. The lander 
serves as a base station with payload box storage and 
as a global landmark for all robots. Each robot per-
ceives its environment via stereo cameras and runs 
on-board localization, mapping, and task execution 
software in order to enable local autonomy. The ro-
bots collaborate to create a joint dense model of their 
environment [8, 9] for navigation and mission plan-
ning. These multi-robot 3D maps built during each 
exploration session are transmitted to a control center 
to be aligned and merged into a complete representa-
tion of the environment [10]. The high-level mission 
control for robot autonomy is based on hierarchical 
state machines modeled in RAFCON [11]. When 
necessary, e.g., for challenging sampling tasks, the 
robots can also run in shared autonomy mode with a 
human operator utilizing a haptic human-machine 
interface with six actuated degrees of freedom [12]. 

Scientific Sampling Scenarios: We define two 
scenarios for the ARCHES demonstration mission: 

Low-Frequency Radio Array (LOFAR). Setting 
up astronomical instruments such as distributed 
LOFARs on the Moon allows probing the universe to 
unprecedented depth as the Moon lacks a dense ion-
osphere and its far side is the most radio-quiet area in 
the inner solar system [13]. In the ARCHES mission, 
first ARDEA and LRU1 explore and map a target 
area to find suitable locations for instrument place-
ment. LRU2 then grabs sensor boxes from the lander 
and places them in a network formation. After 
placement, our novel radio communication, position-
ing, and time-synchronization system (Radio-CPT) is 



used to precisely locate the boxes, and hence, the 
distributed antenna array elements. The LOFAR is 
calibrated online and the pre-processed received sig-
nals are visualized for scientists in mission control. 

Geological Exploration and Sampling.  Geologi-
cal exploration of lunar and planetary surfaces is 
crucial in the search for signs of life, potentially hab-
itable areas and exploitable resources. In the 
ARCHES mission, sketched out in Figure 3, a team 
of scientists and operators selected a landing spot 
based on prior satellite imagery located near three 
geologically interesting sites marked as points of 
interest (POIs). After landing, LRU1 ( ) drives with 
autonomous obstacle avoidance to the first POI, with 
our drone ARDEA carried on the rover’s back. As 
the POI is located inside a crater, ARDEA ( ) is 
then sent to explore and map it from the close up. At 
the same time, LRU2 ( ) places a radio relay to ex-
tend the robots’ communication range towards the 
other two POIs. Afterwards, LRU1 ( ) drives to the 
second POI and uses its spectral cameras to identify 
individual rocks for further inspection. Thus, mission 
control sends LRU2 ( ) to deploy a LIBS instrument 
for laser spectroscopy. The most promising sample is 
then collected by LRU2 with its robotic arm and 
hand and returned to the lander ( ). In the meantime, 
ARDEA ( ) inspects and maps the third POI with its 
fisheye camera setup to estimate the scientific gain of 
sending the other robots there. Afterwards, it returns 
to the lander ( ) to recharge. 

Recent & Future Steps: In 2017, we successful-
ly demonstrated an autonomous single-robot mission 
to deploy a network of seismic instruments at the 
Moon-analogue site on Mt. Etna as part of the 
ROBEX project [2]. In ARCHES [1], we showed an 
autonomous sample-return mission as well as a col-
laborative multi-robot mapping with ARDEA and 
LRU1 in more than 35 live demonstrations each at 
the International Astronautical Congress (IAC) in 
2018 [6, 9]. In summer 2020, we will demonstrate 
both ARCHES mission scenarios with our three ro-
bots at the challenging Moon-analogue site on 
Mt. Etna. In addition, we are adapting parts of our 
hard- and software components for real space mis-
sions, in particular to develop a small rover to be 

sent to Phobos in 2024 as part of the Martian Moons 
eXploration mission (MMX) [14]. 
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Introduction: Estimates  of  the  bulk  silicate
Moon  (BSM)  composition  have  been  proposed
based  on  a  number  of  different  geochemical,
petrological  and  geophysical  arguments  but  have
yet to arrive at  a general  consensus.  Most notably
the  amount  of  FeO  in  the  lunar  interior  is  still
poorly constrained with estimates varying between
~9-17 wt% FeO [1, 2]. In addition, seismic velocity
data  indicate  that  the  lunar  mantle  is  possibly
stratified with a pyroxenitic, FeO-rich upper mantle
and dunitic, FeO-poorer lower mantle [3]. However,
the  quality  of  the  available  seismic  data  is
insufficient  to  resolve  a  potential  gradient  of  the
FeO  content  with  depth  [3]  and  distinct
compositional  reservoirs  in  the  lunar  mantle  are
hence typically not explicitly considered in seismic
studies. The compositions and radial distribution of
different mantle reservoirs is also relevant for other
physical properties like the bulk Moon density and
moment  of  inertia,  which  provides  further
constraints on the BSM FeO content. 

Information  about  possible  compositions  and
relative volumes of distinct mantle reservoirs can be
obtained  by  modeling  the  formation  and
modification  of  these  reservoirs  by  differentiation
and mixing processes during early lunar evolution.
The  differentiation  of  distinct  mantle  reservoirs
likely occurred during fractional crystallization of a
global  lunar  magma  ocean  (LMO),  which  also
produced the anorthositic lunar crust. Convection of
the  solid  mantle  during  and  after  LMO
solidification and related mixing and partial melting
of  the  primary  mantle  reservoirs  further  modified
the compositional structure of the lunar mantle. 

We  modeled  the  formation  of  primary  mantle
reservoirs during LMO solidification to investigate
the effect of the BSM FeO content on the reservoir
compositions  and  relative  volumes  and  tested  the
consistency  of  different  overturn  scenarios  with
observed bulk moon physical properties. 

Methods: Lunar Magma Ocean Crystallization.
We modeled  LMO cumulate  mineralogies  using a
combination  [4]  of  crystallization  algorithms from
the  software  packages  alphaMELTS  [5]  and
SPICES [6], that has been validated against recent
experiments  on  LMO fractional  crystallization  [7,
8].  Thereby  we  assumed  pure  fractional
crystallization  of a  deep  LMO that  extends to the
core-mantle  boundary  so that  the  LMO comprises
the whole BSM.  The bulk LMO composition was
chosen based on the estimate of [9], who assumme
an FeO content of 12.4 wt%. FeO/MgO ratios of the
bulk  LMO  composition were  varied  (8.0-13  wt%

FeO) to investigate the effect of the FeO content on
the  densities  and  mineralogies  of  individual
cumulate  layers.  All  crystals  forming in the LMO
were assumed to sink and equilibrate with the liquid
at  the  bottom  of  the  magma  ocean  prior  to
fractionation,  except  for  plagioclase,  which  was
assumed  to  float  to  the  surface  to  form  an
anorthositic crust. The average lunar crust thickness
was assumed to be 40 km in accordance with recent
GRAIL  data  [10].  Any  excess  plagioclase  that
formed after that final  crust thickness was reached
was  assumed  to  remain  in  the  mantle  due  to
imperfect plagioclase floatation. 

Mantle Mixing and Overturn. As a consequence
of the higher compatibility of lighter Mg compared
to  denser  Fe  in  the  LMO cumulate  minerals,  the
density of the cumulate increases with progressing
LMO solidification. Since the LMO solidifies from
bottom  to  top,  this  results  in  a  gravitationally
unstable  cumulate  stratification  that  facilitates
convective  overturn,  during  which  dense  material
sinks  towards  the  core  mantle  boundary  while
lighter  material  migrates  toward  the  surface.  The
respective  changes  in  pressure  and  temperature
experienced by individual cumulate layers,  as well
as  mixing  and  chemical  equilibration  of  different
layers  during  overturn,  can  affect  the  mineralogy
and  physical  properties  of  the  lunar  mantle.  To
investigate these effects, we calculated equilibrium
mineral  parageneses  of  different  cumulate  layers
using Perple_X [11]. For simplicity we considered
five  homogeneous  cumulate  reservoirs  (olivine-
dominated,  pyroxene-dominated,  IBC, KREEP and
crust),  whose compositions were  derived  from the
results  of  the  LMO  crystallization  models  by
averaging  the  compositions  of  adjacent  cumulate
layers with similar mineralogies.  The mineralogies
and densities of each reservoir were calculated as a
function of depth along different selenotherms [12,
13]. To evaluate the effect of mixing and chemical
equilibration,  we also  made  the  same  calculations
for a homogeneous mixture containing the olivine-
and  pyroxene-dominated  mantle  layers  and  a
second  mixture  containing  all  three  mantle  layers
(olivine,  pyroxene  and  IBC). The  results  of  these
calculations were used as input in a simple density
structure model in order to investigate the effect of
mantle  overturn  on todays  bulk  lunar  density  and
moment  of  inertia. Lunar  core  sizes  and  densities
were  thereby  varied  within  the  range  of  proposed
values [14, 15]. 

Results: Effects of BSM FeO content on mantle
reservoir properties. The compositions and volumes



of  the  early  formed  olivine-  and  pyroxene
dominated  reservoirs  remain  almost  unaffected  by
the   FeO/MgO ratios  assumed for  the  bulk LMO.
Instead,  higher  BSM FeO contents  lead  to  higher
concentrations of FeO in the rest melt and an earlier
appearance of Fe-rich minerals in the crystallization
sequence.  This  earlier  appearance  and  higher
abundance of Fe-rich minerals leads to an increased
thickness of the late formed, dense ilmenite bearing
cumulate  (IBC) reservoir,  which  we  have  defined
not on the basis of mineralogy but due to its high
density compared to underlying cumulate layers. As
a  consequence,  IBC  thickness  correlates  linearly
with the assumed LMO FeO content, varying by a
factor of about 4 (from 7-28 km) over the assumed
range of FeO contents. In addition, changing LMO
FeO contents affect the bulk IBC mineralogy in that
the  fraction  of  fayalitic  olivine  increases  with
increasing FeO content. 

Effects  of  reservoir  mixing. Lunar  mantle
models  assuming  only  moderate  mixing  and
chemical  equilibration  (i.e.  assuming  separate
reservoirs of olivine,  pyroxene and IBC cumulates
in  the  lunar  mantle)  have  systematically  higher
densities  than  more  strongly  mixed  models  (i.e.
assuming that the olivine and pyroxene layers have
mixed  and  chemically  equilibrated).  This  is
primarily due to differences in the distribution of Ca
and  Al  in  the  cumulate.  In  moderately  mixed
models,  local  Ca  and  Al  concentrations  in  the
pyroxene-dominated  reservoir  are  high  enough  to
facilitate  the  local  formation  of  dense  garnet  at
larger depths, especially if plagioclase floatation is
impeded, so that plagioclase is partially trapped in
the cumulate. In strongly mixed models Ca and Al
are sufficiently diluted to impede garnet formation,
which leads to lower bulk densities. 

Discussion:  Linking  bulk  Moon  physical
properties  and  BSM  FeO  content. The  modeled
bulk  Moon  density  depends  on  several  factors,
including  BSM  FeO  content,  the  assumed
selenotherm and the assumed core size and density.
The uncertainties in present-day temperatures of the
lunar  interior  and the  properties  of  the  lunar  core
make it difficult to unambiguously link bulk Moon
density  and  BSM FeO content  without  additional
constraints.  Due  to  its  high  density  the  radial
distribution of IBC material in the lunar interior has
a significant effect on the BSM moment of inertia,
even though its volume is comparatively small. The
effect  of  the  distribution  of  IBC  on  the  BSM
moment  of  inertia  increases  systematically  with
increasing IBC volume,  which is in turn linked to
the FeO content.  Dynamical  models of the sinking
of IBC in a  cooling Moon suggest  that  at  present
most  of  the  IBC material  is  located  either  at  the
core mantle boundary or got stuck in the lithosphere
right  beneath  the  crust  [16].  This  distribution

suggests that  the  low seismic  velocity  zone at  the
core mantle boundary [14, 17] might consist largely
of IBC material. Hence, the thickness and density of
this low seismic velocity zone [14, 17] can be used
to estimate  the amount  of IBC that  has sunken to
the  core  mantle  boundary.  This  establishes  a
relation  between  the  total  volume  of  IBC  (and
hence BSM FeO content) and the BSM moment of
inertia. 

Constraints  on  the  BSM  FeO  content. To
determine realistic ranges of BSM FeO contents and
fractions  of  sunken  IBC  from  our  data,  we
systematically  varied  BSM  FeO  contents  and
calculated  the  corresponding  degree  of  IBC
overturn required to fit the observed BSM moment
of  inertia  and  bulk  Moon  density  for  each
stratigraphic  model  and  assumed  selenotherm.The
resulting  FeO  contents  for  all  considered  models
range from 8.3 – 12.8 wt%. Seismic data suggest a
mantle stratigraphy with a pyroxenitic upper mantle
and a dunitic lower mantle, which further limits the
range of plausible stratigraphic models. Considering
this additional  constraint,  our model  favor a BSM
FeO content of about 8.5 – 11.5 wt% and exclude
FeO  contents  >  12.8  wt%  for  the  selected
selenotherms.  This  range  of  FeO  contents  is
generally consistent with petrological constrains on
lunar mantle compositions and could be determined
more  precisely  given  tighter  constraints  on  the
present  day  selenotherm  and the  properties  of  the
lunar core. 
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Introduction:  The Package for Resource Ob-

servation and in-Situ Prospecting for Exploration, 
Commercial exploitation and Transportation 
(PROSPECT) is a payload in development by ESA 
for use at the lunar surface. Current development is 
for flight on the Russian-led Luna-Resource Lander 
(Luna 27) mission, which will target the south polar 
region of the Moon. PROSPECT will perform an 
assessment of volatile inventory in near surface 
regolith (down to ~ 1 m), and elemental and isotop-
ic analyses to determine the abundance and origin 
of any volatiles discovered [1]. Lunar polar vola-
tiles present compelling science and exploration 
objectives for PROSPECT, but solar wind-
implanted volatiles and oxygen in lunar minerals 
(extracted via ISRU techniques) constitute potential 
science return anywhere on the Moon, independent-
ly of a polar landing site. PROSPECT is comprised 
of the ProSEED drill module and the ProSPA ana-
lytical laboratory plus the Solids Inlet System (SIS), 
a carousel of sealable ovens (for evolving volatiles 
from regolith)  (Fig. 1). 

 
Figure 1: Renderings of PROSPECT aboard Luna 
27 polar lander, including the ProSEED drill mod-
ule (left), and ProSPA (right). ProSPA comprises 1) 
the Solids Inlet System (lower right) to receive sam-
ples from drill sampling mechanism, with sample 
camera assembly (SamCam [2]) and carousel of 
ovens for volatile extraction from regolith samples, 
and 2) the analytical laboratory (upper right) con-
taining a gas processing system, and magnetic sec-
tor plus ion-trap mass spectrometers. 

In ensemble, PROSPECT has a number of sen-
sors and instruments (ion-trap and magnetic sector 
mass spectrometers, imagers, and sensors for tem-
perature, pressure, and permittivity) that form the 
basis for a range of science investigations that are 
(almost all) led by the PROSPECT Science Team: 

• Imaging, Surface Modelling and Spectral 
Analysis  

• Drilling, Geotechnics and Sample Han-
dling  

• ProSPA ISRU Precursor Experiments 
• ProSPA ISRU Prospecting 
• ProSPA Light Elements & Isotopes 
• ProSPA Noble Gases 
• Thermal Environment and Volatile Preser-

vation 
• Permittivity (ESA-led) 

Development status and current activities: 
PROSPECT Phase C, ‘detailed definition’, began  
in December 2019. In parallel to the industrial 
schedule undertaken, an associated plan of research 
activities has been formulated to gain from and 
guide ongoing development, build strategic scien-
tific knowledge, and to prepare for operation of the 
payload. 

Drill Testing. A plan of tests of the ProSEED 
Development Model was carried out in December 
2019 as part of the final Phase B activities. Test 
procedures were formulated to demonstrate drilling 
and sampling functionality in ambient, cryogenic (at 
Leonardo laboratories) and thermal vacuum labora-
tory conditions (at CISAS, University of Padova). 
Tests included drilling into, and sampling from, 
well-characterized NU-LHT-2M simulant mixed 
with anorthosite inclusions of various sizes. Materi-
al in the test container was prepared according to a 
layered scheme that describe depth-density profile 
and distribution of inclusions. The scheme was de-
rived by the Sample Analogue Curation Facility 
(SACF) at ESA ECSAT [3] to cover a plausible 
range of lunar regolith characteristics, and was in-
formed by parameters measured from Apollo cores 
and retrieved from thermal infra-red orbital obser-
vations [e.g. [4]]. For tests in thermal vacuum, ma-
terial was prepared for cases with water content 
representative of regolith targtetted water contents 
ranging from ‘dry’ to ‘saturated’ (0-~10 wt. %). 

The outcome of drill tests was positive: the main 
functionalities of the drill system were demonstrat-
ed and required performances were achieved over 
the range of laboratory and representative condi-
tions. This included: delivery from the drill sam-
pling mechanism to ProSPA dummy ovens, delivery 
of a larger sample for analysis by Russian instru-
ments, and successful drilling through/into a block 
of anorthosite (a single large inclusion deliberately 
placed in the drill path). 



Simulants sampled during drill tests were col-
lected and will be received at ECSAT [3] for cura-
tion and distribution to the Science Team, for anal-
ysis of materials to determine the extent of modifi-
cation to regolith during handling. 

ProSPA Bench Development Model (BDM). The 
BDM of the ProSPA analytical lab at the Open 
University has been tested to demonstrate science 
performance against measurement requirements. 
Dedicated efforts in 2019 focused on verification of 
evolved gas analysis (EGA) via measurement of 
meteorite standards, constraint of oxygen yield via 
demonstration of ISRU capabilities [5, 6] improving 
understanding of sensitivity of science requirements 
to regolith volatile abundance and possible contam-
ination, and understanding the performance of oven 
seal materials [7]. 

Volatile Preservation: Particular efforts since 
2018  have focused on understanding the capability 
of PROSPECT to sufficiently preserve volatile con-
tent in regolith throughout the sampling-analysis 
chain: from drilling to sealing of the ovens, and 
until measurement of evolved gases in ProSPA’s 
ion-trap and magnetic sector mass spectrometers. 
PROSPECT’s ability to meet science requirements 
must persist for the range of possible volatile con-
tents expected in near-surface regolith at landing 
sites in the lunar south polar region, e.g. [8]. 

In 2020, a detailed plan of modelling and exper-
imental work has been formulated and is being co-
ordinated between the Science Team, industrial 
consortium and ESA project team to better under-
stand water sublimation rates in realistic lunar sur-
face operational environments, regolith structures, 
and geometries (such as those representative of 
ProSPA ovens [9]), and better constrain the poten-
tial effect on measured D/H of sublimation of lunar 
water ice (for example, elaborating from [10]). Re-
sults stemming from this collection of work will 
ensure that even in a ‘hot operational case’, e.g. 
where local illumination and thermal conditions at 
the landing site cause non-trivial sublimation before 
regolith samples can be sealed in ProSPA ovens, the 
original inventory and isotopics can be determined 
with sufficiently compact uncertainties. 

Landing Sites: Locations accessible to solar-
powered landers seeking a volatile-rich subsurface 
must meet a complex combination of low mean so-
lar illumination (leading to metrics of volatile sta-
bility [8, 13] and abundance [14]), sufficient solar 
energy for the lander, safe landing site characteris-
tics, and suitable communication geometry to sup-
port data links. Such trade-offs constitute the core 
of lunar polar landing site studies [e.g. 15, 16]. 

In the event of landing at a location that does 
not contain cold-trapped volatile content in the ac-
cessible subsurface, we find that roughly half of 
PROSPECT's science and exploration objectives 

would be affected only negligibly, but the remain-
der would suffer a reduced degree of achievement. 
We are assessing the spatial distribution of favoura-
ble landing sites. These are identified as locations 
where landing ellipses (defined by the performance 
of ESA’s PILOT precision landing package) contain 
sufficiently high fractions of terrain that meet a 
suite of operational requirements and scientifically 
favourable criteria. 

PROSPECT Ion-Trap Mass Spectrometer 
(PITMS): A variant of the ion-trap mass spec-
trometer in the ProSPA analytical laboratory has 
been selected for flight on the Astrobotic Peregrine-
1 mission, which will fly to Lacus Mortis in mid-
2021. The instrument part of PITMS is supplied by 
the Open University and procured by ESA. PITMS 
is developed through the NASA-Provided Lunar 
Payloads (NPLP) Program, and part of NASA’s 
Commercial Lunar Payload Services (CLPS). 
PITMS will monitor the decay in the local exo-
spheric pressure following landing, providing 
knowledge on lander-sourced contamination by 
scanning up to m/z 150 at up to 10 Hz, and time-
integrating mass spectra in-situ to build S/N [11]. 
PITMS is the second payload confirmed in the 
PROSPECT series (also see [12] regarding the lunar 
‘i-Drill’) and will add strategic value to interpreting 
results of future lunar volatile detection instru-
ments/payloads. 
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Introduction:  Several regions on the lunar sur-

face have been identified as red spots, spectroscopi-

cally distinct areas characterized by deep ultraviolet 

absorptions, high albedo, and low FeO and TiO2 con-

centrations [1-4]. Additionally, morphologic and mid-

infrared (MIR) spectroscopic studies of some of these 

spots have indicated more evolved volcanism than is 

typical for the Moon [e.g. 5,6].  

Here we use Diviner Lunar Radiometer Experi-

ment data in the fashion of [5] to further examine the 

utility of the MIR in interpreting the composition of 

these red spots. Diviner uses its narrow bands (3, 4 & 

5) centered at 7.8, 8.25, and 8.55 µm to identify the 

Christiansen Feature (CF), which directly indicates 

the silica polymerization of a material [7]. Because 

highly polymerized silicic material has CF  positions 

short of the Diviner bands, concavity (c) and slope (I) 

indices were created to better constrain the spectral 

shapes. The c index describes the concavity between 

bands 3 and 5, where positive values indicate a con-

cave up shape. The I index indicates the slope be-

tween bands 3 and 4. Positive I values are indicative 

of more silicic materials, and highly silicic regions 

display positive c. 

In this study, we examine the Gruithuisen Domes 

and compare their Diviner spectra with laboratory 

spectra of silicic rocks. The Gruithuisen Domes have 

been well studied and have been identified as silicic 

extrusive domes [e.g. 1,5,6]. Here, we use laboratory 

data of terrestrial volcanic rocks to further constrain 

the composition. We build off of laboratory work pre-

sented in [8], in which we examine the spectra of ob-

sidian, pumice, and rhyolite, which are several possi-

ble materials that may comprise the red spots. We 

compare the MIR spectra, CF values, and indices of 

these rocks to Diviner spectra at the Gruithuisen 

Domes.  

Methods: Samples of rhyolite, pumice and obsid-

ian were obtained from Wards Natural Science, 

ground and sieved into seven size fractions: <32 µm, 

32-63 µm, 63-90 µm, 90-125 µm, 125-180 µm, 180-

250 µm, and >250 µm. We measured MIR emissivity 

spectra using the Planetary and Asteroid Regolith 

Spectroscopy Environment Chamber at Stony Brook 

University to acquire spectra under both terrestrial 

ambient and simulated lunar environment (SLE) con-

ditions following the methods of [9]. Because the 

thermal environment on the lunar surface is so ex-

treme, it is important to have MIR emissivity spectra 

measured under similar thermal conditions to have 

data comparable to Diviner spectra [e.g. 8-10]. These 

SLE spectra were then down-sampled to Diviner res-

olution for direct comparison. 

CF value, c index, and I index datasets were gen-

erated covering 35.2-37.5°N, 318.8-321.2°E to en-

compass the Gruithuisen Domes. Figure 1 shows a CF 

value map of the region. Subsections covering each 

dome (Gamma, Delta, and Northwest) were used to 

look at the spectral shapes in depth shown in the boxes 

on Figure 1.  

Figure 1. CF value map for the Gruithuisen Domes 

overlain on LRO WAC mosaic (35.2-37.5°N, 318.8-

321.2°E). Dark blue indicates low CF values which 

correspond to more felsic composition and red higher 

CF values/more mafic composition. Red boxes sur-

round portions of the domes used in this study.  

 
Figure 2. Spectra from the Northwest dome (green), 

and Diviner resolution SLE spectra of obsidian 

(black), rhyolite(blue), and pumice (red). Spectral 

groups are normalized to band 1, and offset for clar-

ity. Shown are the 32-63 µm, 63-90 µm, 90-125 µm, 

and 125-180 µm size fractions. 

Results/Discussion: Figure 2 shows a sampling of 

spectra at Diviner resolution of the terrestrial rocks 

and from the Northwest Dome. The overall spectral 



shape tends to best match the obsidian and pumice 

spectra better than the rhyolite, and of those, the mid-

dle range of size fractions (63-125 µm).  

Because the CF values for the domes mainly fall 

outside of the Diviner range, we relied more heavily 

on the slope and concavity indices for analysis. Figure 

3 shows a plot of the concavity versus slope for the 

domes and the laboratory data, which shows that the 

majority of the dome pixels (Fig.1 large red boxes) 

have positive slope spectra, and the ‘peaks’ (Fig.1 

small red boxes) and laboratory data all have both 

positive slope and positive concavity. Having both 

positive indices indicates highly evolved and/or 

glassy material [5], however, the peak data cluster dif-

ferently which could indicate slightly different com-

positions among the domes. There is only a small off-

set between the terrestrial rocks, so the higher c values 

of the NW Dome cluster could indicate that it is more 

obsidian rich.   

The effect of particle size is obvious in the labor-

atory data, which have a positive trend in both indices 

with decreasing particle size. The most overlap of in-

dices with the Gruithuisen data is therefore with the 

larger particle size materials, and the higher index val-

ues for Gamma Dome could indicate finer material 

there. 

Figure 3. Comparison of the slope and concavity in-

dices for the Gruithuisen Domes (Fig.1 large red 

boxes), peaks of the domes (Fig.1 small red boxes), 

and the laboratory felsic rocks. Positive values for 

both indicate highly silicic or evolved materials 

There are several other variables that we will ex-

amine to better constrain the compositional differ-

ences seen here. Notably, we will look into the effects 

of space weathering. The domes were formed ~3.8 Ga 

[6], so we need to account for these effects over so 

long a time. One of the significant effects of space 

weathering on emissivity spectra is the decrease in al-

bedo because it alters the thermal gradient in the reg-

olith. Space weathered soils tend to have slightly 

shifted CF values and lower spectral contrast [e.g. 

11,12], which will change the c and I indices. The 

rocks used in the laboratory study were pristine, there-

fore not exactly comparable.  

To account for the decrease in spectral contrast 

due to space weathering, we scaled the laboratory data 

by 50% to better match the Gruithuisen data (Figure 

4) and recalculated the indices for the scaled spectra 

(Figure 5).  The scaled laboratory data fall to values 

closer to the range of Gruithuisen, which could sup-

port more fine grained material at the domes. Further 

investigation is needed to best approximate the effects 

on spectra for a more comparable dataset.  

Overall, these terrestrial rocks appear to be good 

analogues for the Gruithuisen Domes, and will be 

compared to other red spots for continued analysis. 

Further work combining laboratory studies with lunar 

datasets will help us better constrain and quantify the 

composition of the lunar silicic volcanics.  

  

Figure 4. Diviner resolution laboratory spectra 

scaled by 50% to better compare spectral contrast to 

the Gruithuisen dataset.  

Figure 5. Comparison of the slope and concavity in-

dices with the scaled values of the laboratory spectra. 
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Introduction:  The Apollo 14 and 16 missions 

returned several ~3800-3850 Ma basaltic impact 

melt samples. Previous work has suggested that these 

rocks formed in one or more pre-Imbrium basin 

forming impact(s), and therefore provide an upper 

limit of the Imbrium event [1]. In contrast, recent 

ages determined for a range of breccias collected at 

all but the Apollo 11 landing site provide compelling 

evidence that the Imbrium basin was formed at 

~3920 Ma [2-4]. Here, we have used an approach 

previously demonstrated in lunar basalts [5] to de-

termine Pb-Pb isochron ages for two of the impact 

melt samples. 

Samples:  Both samples have crystalline textures 

dominated by networks of plagioclase laths (64% 

modal abundance in 14078 [6]; 82% in 68415 [7]) 

up to 3.0 mm in length. The interstices of these pla-

gioclase networks comprise pyroxene (26% in 14078 

[6]; 12% in 68415 [7]) and olivine (7% in 14078 [6]; 

3% in 68415 [7]), with minor amounts of ilmenite 

(<1% [6,7]), mesostasis assemblages (2% [6,7]) and 

trace amounts of other accessory phases. The 

mesostasis assemblages in each sample include oc-

currences of K-rich glass, large enough (10-50 µm in 

size) to be targeted by Secondary Ion Mass Spec-

trometry (SIMS) analyses. In addition to this, the 

section of 14078 studied here included K-feldspar 

and sulphide grains, which were also analysed. 

Results:  For 14078, an isochron was defined by 

a combination of analyses in K-rich glass, K-

feldspar, plagioclase, sulfide and fine-grained 

mesostasis areas, which corresponds to a date of 

3853±6 Ma (95% confidence level; Fig. 1a). Fur-

thermore, the five least radiogenic Pb isotopic com-

positions measured (all in plagioclase) are similar 

within their analytical uncertainties, and can be com-

bined to calculate a weighted average, which is inter-

preted to provide a good estimate of the initial Pb 

isotope composition of the sample (Fig. 1a).  

The isochron determined for 68415 comprises 

entirely K-rich glass analyses and corresponds to a 

date of 3835±13 Ma (95% confidence level; Fig. 1b). 

A single K-rich glass analysis at the unradiogenic 

end of the isochron represents the most primitive Pb 

isotopic composition analysed, but the lack of other 

such analyses precludes placing a confident estimate 

on the initial Pb composition of the sample. Never-

theless, this single K-rich glass analysis is interpreted 

as representing the minimum possible 
207

Pb/
206

Pb and 
204

Pb/
206

Pb ratios of the initial Pb composition. 

 

Figure 1:
 207

Pb/
206

Pb vs 
204

Pb/
206

Pb plots of the 

data sets for the impact melt samples 14078 (a) 

and 68415 (b). Isochrons are clearly defined for 

both samples and, in the case of 14078, the least 

radiogenic analyses were used to determine a like-

ly initial Pb isotope composition. Error bars rep-

resent 2σ uncertainties. 
 

Discussion: The ages determined for these sam-

ples clearly indicate that they crystallised after the 

Imbrium basin forming impact (~3920 Ma [2-4]). 

The two ages are only just within error of each other 

at the 95% confidence level. Based on these ages 

alone, it is not clear whether the samples could have 

been formed by a single large impact or not. 

The initial Pb isotope composition of 14078 is 

similar to that presented previously for the high-Al 



Apollo 14 basalt, 14072 (3904±7 Ma [5]) and a 

number of feldspathic clasts in Apollo 14 breccias 

[8]. While it was not possible to determine an equiv-

alent value for 68415, the gradient of the isochron 

determined for the sample, and the composition of 

the least radiogenic K-rich glass analysis (i.e. the one 

with the highest 
207

Pb/
206

Pb ratio), indicate that the 

sample was derived from lithologies with lower 
238

U/
204

Pb (µ-value) sources than those of 14078, 

resulting in an initial Pb composition more similar to 

that measured in the Apollo 16 breccia 66095 [2]. 

Similarly, previous studies identified that, despite 

having some mineralogical and major element simi-

larities to Apollo 14 basaltic impact melts, 68415 has 

much lower abundances of rare earth elements [7]. 

Given these compositional distinctions, the sim-

plest explanation for these two samples appears to be 

that they formed during two separate, post-Imbrium 

impacts that resulted in the melting of lithologies 

already present at the Apollo 14 and 16 landing sites. 
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Introduction:  In-Situ Resource Utilization 

(ISRU) technologies pave the way for a sustainable 

colony on the Moon (Fig. 1). Above all, the con-

struction of structures using only the available re-

sources is an important factor in reducing costs and 

logistical effort. The MOONRISE project aims to 

melt lunar regolith using lasers on mobile platforms 

for the Additive Manufacturing of structures [1][2]. 

This process is called Mobile Selective Laser Melt-

ing (M-SLM) and has the advantage that only elec-

trical energy and a moving system are required.  This 

paper presents details about the laser system intended 

for melting regolith [3], the regolith simulants pro-

duced to test the manufacturing process [4], the ex-

periments setup in the drop tower “Einstein Eleva-

tor” and finally experimental results of the laser melt-

ing. 

 

 
Fig. 1: Artistic illustration of the construction of a 

Moon Village. (M. Grasshoff, ITD) 

 

Development of the Moonrise Payload: For 

reasons of cost-efficiency, the hardware development 

approach is to profit as much as possible from com-

ponents commercial off-the-shelf (COTS), i.e. com-

mercially available components, which have no for-

mal space qualification. These components, e.g. built 

for automotive or military application, often with-

stand harsh environments or even have space herit-

age without the costly and long-lasting process of 

formal space qualification. COTS parts – partly 

based on space heritage - have been screened in envi-

ronmental tests and selected for Moonrise. 

A detailed preliminary design of the Moon-

rise payload was conducted in 2019. It mainly con-

sists of printed circuit board (PCB) for a system 

communication, a fiber coupled diode laser, electri-

cal diode driver, beam focusing optics, and an LED 

illumination. For baseline operation, a laser power of 

typically 70 W will be applied for 6 s to the lunar 

surface at a distance of about 25 cm. The LED illu-

mination is required for visualization of the molten 

regolith by external cameras. The Moonrise payload 

can be accommodated to a rover or a robotic arm to 

guaranty mobility for the melting experiments.  

Following that, an Engineering Model (EM) 

has been assembled and tested for functionality. The 

dimension of the payload is 1.5 U CubeSat and it has 

a mass of about 2.5 kg with further reduction poten-

tial towards flight model (FM) development. In  next 

step environmental tests, such as vibration and ther-

mal-vacuum cycling, will be carried out with the EM. 

Regolith simulants: In order to be able to test 

different ISRU technologies a modular regolith simu-

lant system (Fig. 2) is currently under development at 

the TU Braunschweig (Germany). For that, the two 

regolith simulants TUBS-M and TUBS-T were de-

veloped which represent different locations on the 

Moon, respectively, the mare and the highland [5]. 

By adding agglutinates, volcanic glass and other 

supplements (such as olivine, ilmenite, titanium and 

iron), a regolith simulant can theoretically be repro-

duced from any known location on the Moon. Add-

ing the necessary particle fractions with the basic 

simulants makes it possible to adapt the particle size 

distribution and particle morphology depending on 

the lunar location. The characteristics related to min-

eralogy, chemical composition and physical proper-

ties have been determined and published [4]. The 

simulants were also developed to support scientific 

and commercial institutions working on lunar science 

and exploration. 

 

 
Fig. 2: Components of the modular regolith simulant 

system for the processing of the required simulants 

 

Experimental Setup: In order to validate the la-

ser melting of the regolith simulants, a vacuum 

chamber was designed to host powder material at 



pressures of around 10
-2

 mbar. Laser exposure and 

high speed monitoring were performed through a 

window. Prior to finalizing the payload design, the 

type of laser source, appropriate spot size, power, 

and duration of exposure were determined by means 

of experimentation. The power threshold for melting 

the regolith with the diode laser is 70 W for an expo-

sure time of 3 s and a spot size of about 1 mm. More 

material can be fused using higher power and longer 

exposure.  

As laser melting of regolith under vacuum condi-

tions produced dense material, tests were continued 

under low gravity conditions. The large-scale re-

search device Einstein-Elevator at the HITEC in 

Hannover(Germany) is a further development of a 

classical drop tower with which experiments are car-

ried out under conditions of microgravity 

(Fig. 3) [6]. It allows experiments under zero gravity 

conditions for about four seconds. The flight can be 

repeated up to 100 times per day [7]. The Einstein-

Elevator also enables adjustment of the gravity level 

from 0 – 5 g, a feature that was used to carry out 

experiments under lunar gravitation conditions. 

 

 
Fig. 3: Einstein-Elevator[7] 

 

Experimental Results: 

Regolith simulants were melted with 100 W laser 

exposure during the first 3 s of 0 g in the Einstein 

Elevator. The crucial cooling phase with a duration 

of 1s after exposure still took place in 0 g. This 

means that one  melting test can be carried out during 

the four-second 0 g phase of the Einstein Elevator. 

Melted samples under 0 g are shown in Fig. 4. 

 

Fig. 4: Melted globules from regolith simulant as 

results from laser melting experiments (70 W for 6 s 

at 1 g and a pressure of 1 mbar)  

 

TUBS-I was used for the experiments, a 50/50 mix-

ture of two basic simulant TUBS-M and TUBS-T. 

This mixture is an intermediate simulant, which rep-

resents the lunar surface better than a pure mare or 

highland simulant regarding mineral and chemical 

composition. Experiments were carried out at differ-

ent gravitational conditions (1 g, 0 g and moon gravi-

ty). This made it possible to verify the functionality 

of the MOONRISE experiment under these different 

gravity conditions. In addition, the examination of 

the samples produced, globules of melted and solidi-

fied simulant, allows a detailed investigation of pro-

cesses during the melting and an assessment of the 

characteristics of the materials that can be produced 

with the M-SLM. These samples are currently being 

evaluated and the results will be presented at the con-

ference. 
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Introduction:  Since the first report of the detec-
tion of water in lunar volcanic glasses (LVG) [1], in-
situ measurements on various lunar phases, such as 
LVG [1-3], apatites [4-9], olivine-hosted melt inclu-
sions (MIs) [10-13] and plagioclases [14-15] have been 
carried out to ascertain the water content and hydrogen 
isotopic composition of the lunar interior.  

While volcanic glasses are rare in the lunar sample 
collection, apatite was the first mineral in the limelight 
on account of its widespread occurrence across almost 
all lunar lithologies and its relatively H2O-rich nature. 
Despite being present in small sizes (often < 10 µm x 5 
µm), which can even be challenging for SIMS analy-
sis, apatite has become a prime target for establishing 
H2O-dD composition of lunar samples [4-9]. Such 
studies have revealed that apatites in mare basalts rec-
ord magma degassing signatures that could account for 
their measured dD values of > +500 ‰ [7]. In addition, 
apatite in mare basalts are generally more H2O-rich 
than highlands samples, which also typically display 
lower dD values [8]. Some workers have postulated the 
presence of distinct reservoirs in the lunar interior to 
reconcile these differences [e.g. 9]. However, apatites 
are late-formed minerals, and therefore, while some 
could still record the initial signatures of their parent 
magmas, others might record or be influenced by 
magmatic and secondary processes during crystalliza-
tion of a melt. Estimating water contents of the paren-
tal magmas and their source regions using apatite data 
is fraught with difficulties because of the complex par-
titioning behavior of H2O between the apatite and melt 
[16]. Therefore, other phases must be investigated in 
the sample in order to identify lunar samples in which 
apatites potentially retained initial H2O-dD signature 
versus the one that recorded degassing. This will allow 
us to develop a robust understanding of the history of 
water in each case as well as to apprehend the petro-
genesis of sample’s parental melt and source region.  

With recent improvements in the SIMS instrumen-
tation and analytical methods it has become possible to 
target less-water-rich but more primitive phases in 
lunar samples (i.e. MIs [10-13] and nominally anhy-
drous minerals (NAMs) [14-15]). Melt inclusions are 
expected to provide more accurate information about 
the history of H in the lunar interior, as they are 
thought to be more robust for preserving pre-degassed 
volatiles signatures compared to later-formed phases 

such as apatite. Based on MIs and LVG of Apollo 17 
samples, the initial dD signature of the Moon has been 
estimated to be +180 to +270 ‰ [2-3]. However, syn- 
and post-eruption processes such as post-entrapment 
crystallization, degassing of H as well as secondary 
processes such as solar wind implantation may have 
also altered their dD-H2O signatures [13,17]. Among 
the Nominally Anhydrous Minerals (NAMs), so far 
only plagioclases have been studied from two Apollo 
samples, 15415 and 60015 [14-15], advocating H2 de-
gassing of the Lunar Magma Ocean.  

Overall, the existence of multiple lunar reservoirs 
and processes have been highlighted, with dD values 
estimated for the lunar interior ranging between -300 
and +300 ‰ [2-3; 9; 15]. Here, we demonstrate that a 
combined H2O-dD analysis across multiple phases in 
the same sample is preferable in order to unravel the 
juvenile signatures of water in the lunar mantle. We 
present H2O-dD data for apatites, MI and NAMs from  
two mare basalts, which highlight multiple processes 
affecting H isotopic signatures of lunar samples and 
potentially some degree of heterogeneity in their man-
tle source regions. 
 

Samples: The samples selected are low-Ti Apollo 
mare basalt, 12004 and high-Al mare basalt, 14072. 
Both samples have a relative young cosmic ray expo-
sure ages (60 and 21 Ma, respectively). We previously 
reported the H2O-dD values for MI and apatites in 
these samples [17]. Here we report on our recent work 
focusing on NAMs.  

 
Analytical methods:  Measurements of D/H ratios 

and H2O concentrations in pyroxenes and olivines 
were performed using the Cameca NanoSIMS 50L at 
The Open University. The H-, D-, 13C- and 18O- second-
ary ions were measured using a Cs+ primary beam of 
~1.4 nA. 13C- was used to monitor any terrestrial con-
tamination. The primary beam was rastered over a 8×8 
µm². Beam blanking was used and only the 4×4 µm² 
(25%) interior of the surface area was analyzed, with 
each measurement consisting of 2000 cycles.  

 
Results: Apatite in 12004 has a H2O content of 

746±56 ppm with associated dD value of +961±449 ‰ 
while apatites from 14072 are less-water-rich, with 
H2O contents ranging from 68±4 to 323± 19, and asso-



ciated dD values ranging from +13±410 ‰ to 
+437±308 ‰. Melt inclusions in 12004 exhibit a range 
of water contents from 8±5 to 29±17 ppm, while py-
roxenes and olivines in this sample have H2O contents 
ranging from 1±0.5 to 4±1 ppm. Melt inclusions and 
NAMs dD lie in the same range between -478±217 ‰ 
and -10±318 ‰, with an outlier (pyroxene dD at 
+767±335 ‰). On the other hand, melt inclusions and 
NAMs in 14072 have H2O contents ranging from 
14±12 to 73±44 ppm and from 5±1 to 20±5 ppm, re-
spectively. In this case as well, these two set of miner-
als share a similar range of dD values, from -614±218 
‰ to -108±26 ‰ (Fig. 1). 

Figure 1 –dD in apatites, melt inclusions and nominal-
ly anhydrous minerals (i.e. pyroxenes and olivines) of 
Apollo 12004 and 14072.  
 

Discussion: The apatite in 12004 exhibits a dD 
signature typical of mare basalts, which has been inter-
preted as reflecting fractionated D/H ratios in late-
stage basaltic melts after extensive H2 degassing from a 
melt containing water of carbonaceous chondrites-like 
H isotopic composition. Indeed, the dD values of both 
MIs and NAMs of 12004 suggest a chondritic dD val-
ues, with an average of -156 ‰ and -169 ‰, respec-
tively. As such, MIs and NAMs seem largely unaffect-
ed by any H2 degassing, with an exception of one py-
roxene (i.e. +767±335 ‰). However, sample 14072 
appears to have recorded a different petrogenetic histo-
ry. Indeed, its apatites are less D-rich than 12004 
(+192 ‰ on average); suggesting that either 14072 
melt suffered a less intense H2 degassing, or that apa-
tites formed much earlier in the crystallization se-
quence, and recorded a more “pristine” signature of the 
parent magma. Nevertheless, both NAMs and MIs of 
14072 exhibit the same range of low dD values, with 
average of -345 ‰ and -323 ‰ for NAMs and MIs, 

respectively. These values are lower than chondritic 
values, and cannot be explained by any H degassing 
starting from an initial chondritic value. Indeed, H or 
H2 degassing would induce an increase of dD, as 
seems be the case for apatites, while H2O degassing 
would induce a decrease in dD, but limited to ~100 ‰. 
Therefore, it seems more likely that NAMs and MIs 
from 14072 record a D-poor reservoir. Apollo sample 
14072 is one of the most reduced lunar samples [18], 
for which solar wind has been hypothesized as a reduc-
ing agent. Indeed, the positive trends recorded by both 
NAMs and MIs in H2O-dD space could indicate mix-
ing with D-poor solar wind, as has been suggested for 
12040 [19]. 

 
Conclusion: The combination of apatites, melt in-

clusions and nominally anhydrous minerals dataset 
allows us to establish a more robust understanding of 
the volatile history of the lunar samples than has been 
possible previously. In case of sample 12004, exten-
sive H2 degassing of the parent magma appeared to 
have taken place between the crystalliza-
tion(entrapment) of NAMs(MI) and apatites. NAMs 
and MIs record a chondritic primitive signature for 
12004 parent magma. In contrast, sample 14072 ap-
peared to have formed from a different melt reservoir, 
which underwent only limited degassing but which has 
been reduced by solar wind hydrogen, resulting in 
lighter dD values as recorded in both NAMs and MIs.  
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Introduction:  Nowadays, the ESA’s Heracles 

and NASA’s Artemis programs have laid the 

groundwork for resuming the robotic and human ex-

ploration of the Moon. Although their main target 

site is the lunar South Pole, other compelling sites 

should not be excluded a priori.  

Here, we focus our attention on the less explored 

far side of the Moon, and in particular on the 180-km 

diameter Late Imbrian Tsiolkovskiy crater (20.4°S, 

129.1°E). 

What could make Tsiolkoskiy crater a possible 

future landing site for a rover-based exploration is its 

particularly smooth resurfaced crater floor formed by 

multiple eruptive events that led to the formation of 

one of the few mare exposures on the lunar far side 

[1, 2, 3]. The detection of pure anorthosite [4, 5] and 

olivine [6] on the central peak of the crater, moreo-

ver, could help in bringing new insights on the lunar 

crust origin and composition. 

Data and methods:  In order to perform a geo-

logical study of Tsiolkovskiy as potential landing 

site, the area has been geo-morphologically mapped 

by means of the ~100 m/pixel Lunar Reconnaissance 

Orbiter Wide Angle Camera [7] global mosaic to-

gether with the Lunar Orbiter Laser Altimeter and 

Kaguya Terrain Camera merged DEM with horizon-

tal and vertical resolution respectively of ~59 

m/pixel and 3-4 m [8]. A geo-spectral mapping, in-

stead, has been performed on the Clementine UVVIS 

Warped Color Ratio mosaic with a resolution of 

~200 m/pixel [9]. 

Results and descriptions:  

Morphological mapping. In the area delimited by 

the rim of Tsiolkovskiy its was possible to distin-

guish three units ascribable to the crater floor, name-

ly the well-preserved central peak rising ~3 km over 

a very smooth material characterized by a sharp 

boundary with respect to the adjacent hummocky 

material, and three units corresponding to the crater 

walls, namely the rough and collapsed material cha-

raterizing the crater rim in which it is possible to dis-

tinguish ponds of smooth material and steep scarps 

with slopes >40°. The upper panel of Fig. 1 shows 

the morphological mapping. 

Spectral mapping. The false color band ratioed 

composite image allowed to distinguish several units 

characterized by different colors ascribable to com-

positional variegations which are mostly correlated 

to the morphological units. In particular, it is possi-

ble to discerne the yellow-orange basaltic composi-

tions corresponding to the smooth crater floor op-

posed the blue hues of anorthosites, norites and troc- 

 

 
Fig. 1: Morphological mapping (upper panel) 

and spectral mapping (bottom panel). 

 

tolites correlated to the central peak and the steep 

scarps. The hummocky floor, the rim of Tsiolkov-

skiy and its smooth ponds, instead, are characterized 

by the red color of the mature highland soil. The 

spectral mapping is shown in the bottom of Fig. 1. 

Landing site analysis. A high resolution mapping 

performed on a Lunar Reconnaissance Orbiter Nar-

row Angle Camera [7] mosaic (~0.5 m/pixel but here 

scaled at 3 m/pixel) allows the planning of broad 

traverses for a rover-based exploration from  poten-

tial landing ellipses. Along the traverses, the rover 

will have the possibility to come across different ba-

saltic soils generated by distinct eruptions and to col-

lect materials in proximity of sites where olivine and 

purest anorthosite have been detected. The location 

of the traverses along steep scarpes, moreover, could 

allow the analysis of collapsed material that other-

wise would not be possible to sample. In addition, 

the results of the investigation of potential deep 

structures hidden underneath Tsiolkosvkiy per-

formed by means of Kaguya Lunar Radar Sounder 

data could be integrated in the rover traverses for 

further in situ analysis. 

Conclusions:  The hereby presented data are the 

current results of the geo-morphological and geo-

spectral mappings performed for the geologic char-

acterization of the lunar Tsiolkosvkiy crater. Its 

morphology and composition provide at the same 



time an optimal and safe place to land and a scientif-

ically interesting area as possible landing site for a 

rover-based exploration. 
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Introduction:  The Lunar Meteoroid Impact 

Observer (LUMIO) is a CubeSat mission to observe, 

quantify, and characterise the meteoroid impacts by 

detecting their flashes on the lunar far-side. This 

complements the knowledge gathered by Earth-

based observations of the lunar nearside, thus 

synthesising a global information on the lunar 

meteoroid environment. LUMIO envisages a 12U 

CubeSat form-factor placed in a halo orbit at Earth--

Moon L2 to characterise the lunar meteoroid flux by 

detecting the impact flashes produced on the far-side 

of the Moon. The mission employs the LUMIO-

Cam, an optical instrument capable of detecting light 

flashes in the visible spectrum. LUMIO is one of the 

two winner of ESA's LUCE (Lunar CubeSat for 

Exploration) SysNova competition, and as such it is 

being considered by ESA for implementation in the 

near future. An independent assessment of the 

mission has been performed by ESA's CDF team. In 

this work, the latest results on the assessment of the 

scientific output of LUMIO will be shown, with a 

focus on how they will impact the currently existing 

knowledge of meteoroid models. An overview of the 

current LUMIO CubeSat design will be also given. 

LUMIO Science:  Meteoroids are small Sun 

orbiting fragments of asteroids and comets [1]. Their 

formation is a consequence of asteroids colliding 

with each other or with other bodies, comets 

releasing dust particles when close to the Sun and 

minor bodies processing. Understanding meteoroids 

and associated phenomena can be valuable for the 

study of asteroids and comets themselves. Since the 

Earth and Moon are impacted by the same meteoroid 

streams and swarms, studying the meteoroid flux at 

the Moon can be useful to improve the meteoroid 

models of the Solar System. Understanding the 

meteoroid flux distribution at the Moon is also 

critical for future Moon surface missions, as it could 

help understand, for example, future lunar living 

areas. 

In a lunar meteoroid impact, the kinetic energy of 

the impactor is partitioned into (i) the generation of a 

seismic wave, (ii) the excavation of a crater, (iii) the 

ejection of particles, and (iv) the emission of 

radiation. Any of these phenomena can be observed 

to detect impacts. The detection of lunar impact 

flashes is the most advantageous method as it yields 

an independent detection of meteoroid impacts, 

provides the most information about the impactor, 

and allows for the monitoring of a large Moon 

surface area [2-5]. Observing the lunar impacts with 

space-based assets, and especially on the lunar 

farside, yields a number of benefits over ground-

based telescopes, namely: the absence of 

atmosphere, weather and earthshine, the increase of 

the observing hours, no restrictions on lunar 

longitudes and latitudes. 

LUMIO Mission:  The LUMIO mission utilises 

a CubeSat that carries the LUMIO-Cam, an optical 

instrument capable of detecting light flashes in the 

visible spectrum. On-board data processing is 

implemented to minimise data downlink. The on-

board payload data processor autonomously detects 

flashes in the images, and only those containing 

events are stored. 

The mission implements a sophisticated orbit: 

LUMIO is placed on a halo orbit about Earth-Moon 

L2 where permanent full-disk observation of the 

lunar farside is made. This prevents having 

background noise due to Earthshine, and thus 

permits obtaining high-quality scientific products. 

Repetitive operations are foreseen, the orbit being in 

near 2:1 resonance with the Moon orbit. Innovative 

full-disk optical autonomous navigation is proposed, 

and its performances are assessed and quantified. 

The spacecraft is a 12U form-factor CubeSat. 

Novel on-board micro-propulsion system for orbital 

control, de-tumbling, and RW desaturation is used. 

Steady solar power generation is achieved with solar 

array drive assembly and eclipse-free orbit. Accurate 

pointing is performed by using reaction wheels, 

IMU, star trackers, and fine sun sensors. 
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Introduction:  The Moon is the single most im-

portant planetary body for understanding not only 
Earth but also all terrestrial planets in our Solar Sys-
tem in terms of planetary processes. The Moon pre-
serves many of the geologic processes that occurred 
in the early stages of the Solar System’s evolution and 
during the period when life formed. It preserves a rec-
ord of the impact history over geologic time, which 
has been obliterated on planetary bodies that are ac-
tive and have atmospheres. Volatile deposits at the lu-
nar poles may contain a record of the volatiles trans-
ported to the inner Solar System. 

Building on earlier telescopic observations, our 
knowledge about the Moon was drastically expanded 
by the wealth of information provided, during the 
Moon race, by the Apollo and Luna/Lunokhod mis-
sions. After a period of stagnation lasted about twenty 
years, the robotic exploration of the Moon lived a new 
Renaissance from 1994 onwards. Several space mis-
sions, initially led by the United States and then by 
other nations such as Japan, India and China, contin-
ued the Moon exploration: Clementine, Lunar Pro-
spector, Smart-1, the Selenological and Engineering 
Explorer (SELENE (Kaguya)), Chandrayaan 1-2, the 
Lunar Reconnaissance Orbiter (LRO), the Lunar 
Crater Observation and Sensing Satellite (LCROSS), 
the Gravity Recovery and Interior Laboratory 
(GRAIL), the Lunar Atmosphere and Dust Environ-
ment Explorer (LADEE), and Chang’E 1-4. Today, 
the data set related to geology, geochemistry, miner-
alogy, petrology, chronology, and internal structure of 
the Moon is unequaled for any planetary body other 
than the Earth. These data are crucial for understand-
ing planetary surface processes and the geologic evo-
lution of a planet. 

While 2019 celebrated the 50th anniversary of the 
first human landing on the Moon, robotic exploration 
of our natural satellite is a benchmark for future hu-
man expansion in our Solar System. Several space 
agencies and private companies are developing strat-
egies to bring the man back on the Moon within this 
decade. This new international race will be driven by 
scientific, technological and economic interests, and 
will require an in-depth understanding of Moon sur-
face and subsurface environment such as, for exam-
ple, the landing site geochemical, mineralogical (e.g., 
rocks oxygen availability for propellent) and hydro-
logical resources. 

The access and utilization of lunar resources are a 
key component of any future space-exploration effort 
in cislunar space and beyond. Desirable features of 
systems designed for human lunar exploration include 
reusability as well as extended presence on the sur-
face, and both of these characteristics will benefit im-
mensely from the use of lunar resources from the be-
ginning. Results from the Apollo missions, coupled 
with results from recent missions, indicate that the re-
source potential of the Moon is vast, with substantial 
ore deposits known to be present in lunar pyroclastic 
deposits and the possibility of economically viable 
volatile deposits at the poles. While the concepts of 
lunar resource utilization are fairly well-developed for 
lunar pyroclastic deposits and Ti-rich mare basalts, 
more detailed information of the resource feedstock 
(composition, state, physical properties, volumes and 
concentrations; exploitation potential) is needed to fi-
nalize the design of the processing chain for the polar 
volatile deposits. Additional studies and flight 
demonstrations of In-Situ Resource Utilization 
(ISRU) technologies at polar and nonpolar locations 
are needed to mature lunar resource utilization. 

Proposed Research:  The “MELODY: Moon mul-
tisEnsor and LabOratory Data analYsis” research 
project (Fig. 1), submitted in November 2019 in re-
sponse to the PRIN INAF 2019 (RIC) call, aims to 
combine ambitious but realistic and achievable objec-
tives, bringing together the necessary skills found at 
Italy’s National Institute for Astrophysics (INAF) and 
other Italian academic institutions. The overarching 
goal of the MELODY proposal is to gather a broader 
understanding of our Moon by combining surface and 
subsurface data analysis, and the laboratory character-
ization of the lunar environment. 

Our research project aims to perform an unprece-
dented analysis of an aggregated dataset (e.g. Fig. 2) 
made up of maps of geochemistry, mineralogy, and 
gravity anomalies, obtained from orbital missions 
over the last decades, which would allow us to high-
light the emergence of units that are homogeneous 
with respect to different variables, and may not be ev-
ident from the analysis of individual datasets. In par-
allel, the analysis of lunar sub-surface radar data, 
which unlike the previous data sets have a limited 
coverage, (e.g. Fig. 3) will be performed on specific 
regions of interest by applying up-to-date techniques 
that have been recently applied to Mars orbital radar 



data and to lunar radar data acquired in-situ by the 
Chinese rovers, in addition to laboratory analysis of 
lunar soil analogues, important for characterizing the 
dielectric environment and thus the electromagnetic 
modeling. Finally, another novelty of our proposal is 
the possibility to perform laboratory measurements 
that are still missing on a small number of lunar me-
teorite samples (e.g. Fig. 4), to be purchased on the 
market. 

The novel, multisensor and multidisciplinary 
study of lunar data we propose has scientific objec-
tives that fall within the major lunar exploration 
roadmaps defined by NASA and ESA. The ability to 
directly compare multivariate analyses of the Moon 
with subsurface geophysics, even if only for a limited 
number of regions of interest, and with direct meas-
urements of lunar specimens, is a plus that would 
hardly be achieved without bringing together experts 
who are already familiar with those activities or may 
provide a broader interpretation based on their long-
term experience. 
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Fig. 1. Cover page of the MELODY research project, sub-
mitted in November 2019 in response to the PRIN INAF 
2019 (RIC) call.  
 

 
Fig. 2. Example of an aggregated dataset made from diverse 
lunar datasets. This graph shows magnetic data from Lunar 
Prospector and 750 nm grayscale imagery from Clementine 
combined in the upper layer. The middle layers, in blue and 
green, are two lines of Apollo Lunar Sounder Experiment 
(ALSE) radar data. The bottom layer is a Clementine mul-
tispectral ratio image. From: [1]. 
 

 
Fig. 3. Examples of SELENE/LRS sounding profiles in lu-
nar maria with (a) no visible subsurface interface, (b) a 
unique shallow subsurface interface and (c) two distinct 
subsurface interfaces. Strong and large hyperbolic features 
visible on the three profiles are due to off‐nadir surface ech-
oes (surface clutter), generally produced by isolated craters. 
These three examples are representative of most profiles 
measured in lunar maria. From: [2]. 
 

 
Fig. 4. Example of a lunar meteorite sample. This is a 
closeup of sawn face of Dhofar 1180 (photo credit: Michael 
Farmer). From: http://meteorites.wustl.edu/lu-
nar/stones/dhofar1180.htm. 
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Introduction: The Marangoni effect is a mass 

transfer phenomena that can occur when there is a 

gradient in the surface tension of a fluid, where the 

surface tension can be driven by the concentration 

(the solutocapillary effect) or by temperature (the 

thermocapillary effect). The effect is well studied 

and its behaviour has many practical applications 

such as heat pipes in microgravity [1]. However, 

little research has been conducted looking at how 

this phenomena occurs with respect to molten lunar 

regolith simulant. This may be an important phe-

nomena to understand in greater detail, as many pro-

posed ISRU processes are carried out in a molten 

state [2]. The Marangoni effect in regolith was first 

reported by Dominguez & Whitlow as an unantici-

pated result when investigating the thermophysical 

properties of molten regolith simulant [3]. The 

Spaceship EAC team [4] observed a similar phe-

nomenon while conducting molten regolith simulant 

experiments in vacuum. The molten simulant had 

migrated up the walls of the crucible it was con-

tained in. Once cooled, the simulant had formed a 

permanent, relatively uniform, coating on the cruci-

ble wall. Further experimentation was conducted to 

investigate this effect and determine the driving fac-

tors behind it. 

Experimentation: The experiments were con-

ducted in a vacuum tube furnace (Carbolite Gero 

STF 15/450 + 3216 Controller). A number of exper-

iments were conducted to determine what variables 

drive the Marangoni effect. These included: pres-

sure, ambient gas, temperature, time at max tempera-

ture, type of simulant, doped simulants, quantity of 

simulant, and substrate type. The baseline parame-

ters used were 1 gram of JSC-2A heated to 1300˚C 

for 70 minutes in an Al2O3 crucible at 0.02 mbar 

(fig. 1). These conditions repeatedly produced evi-

dence of the Marangoni effect occurring. 

Results: Immediate observation showed that the 

effect did not occur in atmospheric condition or in a 

Nitrogen atmosphere under atmospheric pressure. 

The effect only occurred in vacuum conditions. The 

temperature at which upward migration is observed 

varies between different simulants. With JSC-2A, 

the effect only occurs once the simulant is in a mol-

ten state which was achieved at 1200˚C. The effect 

was observed with all maria simulants tested (JSC-

2A, EAC-1, LMS) but not with LHS. A LHS sample 

was then doped with 10% ilmenite to make its com-

position more similar to that of mare simulants 

which then showed evidence of the Marangoni ef-

fect. The effect created a strongly bonded coating to 

the alumina crucibles and a much weaker, brittle 

coating on a smooth stainless steel substrate. 

Future work: Analysis is to be performed to see 

if the effect causes the minerals in the melt to sepa-

rate. Further experimentation is to be conducted at 

higher temperatures (up to 1500˚C) to see if there is 

a change in the coating properties. In addition, the 

thermal properties of the different simulant coatings 

and possible use-cases will be analysed.  

 

 
Fig 1 - 1 gram of JSC-2A heated at 1300°C for 70 

minutes 

 

 
Fig 2 - 2 grams of JSC-2A heated at 1200°C for 70 

minutes 
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Introduction:  Recent lunar sample-return mis-

sion concepts and proposals focus on the goal of 

returning samples that represent either the oldest of 

the lunar basins (South Pole-Aitken basin, [e.g., 

1,2]) or some of the youngest lunar mare basalts 

(P60 basalt [e.g., 3-7]; Mons Rümker [8]). Indeed, 

studies of in situ dating mission payloads also pro-

pose locations that would provide access to materials 

from ancient basins and young basalts [e.g., 9,10]. 

Here, we examine how each type of sample would 

help improve the calibration of the lunar cratering 

chronology (see also [11]). 

Background: The lunar cratering chronology is 

based on (1) empirical measurement of the size-

frequency distribution of craters produced on the 

Moon – termed the “production function” [12-14], 

and (2) construction of a chronology curve that re-

lates Apollo and Luna sample ages to crater spatial 

densities, here Ncum (D≥1 km), measured at the sam-

ple sites (Fig. 1, [12,14-17]). The curve allows the 

assignment of absolute model ages (AMAs) to un-

sampled geological units across the Moon via crater 

size-frequency distribution (CSFD) measurements. 

As there are no samples from other planetary 

bodies which have known provenance, and therefor 

measurable crater spatial densities for a body-

specific calibration, the lunar crater chronology is 

modified and used for many terrestrial bodies 

throughout the Solar System. Consequently, the ac-

curacy of the AMA determinations for the Moon and 

other planetary bodies depends on the quality of the 

lunar calibration, in addition to the assumptions 

made in translating the chronology to other bodies. 

One approach for improving the lunar cratering 

chronology and its wider application is to test and 

improve the existing calibration points [e.g., 16-19], 

as well as to examine which samples could be col-

lected from the Moon that would improve our under-

standing of the distribution of sample ages versus 

N(1) (Fig. 1). 

Current Status: The chronology currently de-

pends on samples of Imbrium basin ejecta (Descartes 

and Fra Mauro Formations, radioisotopic ages of 

~3.9 Ga), mare basalts (radioisotopic ages of ~3.2-

3.7 Ga), ropey glasses from the Apollo 12 landing 

site that have been interpreted as Copernicus ejecta 

(radioisotopic age of ~850 Ma), and cosmic-ray ex-

posure ages of ejecta and secondary crater materials 

of the Tycho, North Ray, and Cone craters [e.g., 20 

and references therein].  

Mind the Gap: The current sample set does not 

contain materials of indisputable provenance with 

ages between 3.2 Ga and the age of Copernicus 

crater. This means that various workers have esti-

mated the vertical position of the chronology curve 

differently (blue shaded region, Fig. 1)(See also 

[18,19]). Because the curve is flat across this time 

frame, small differences in measured crater spatial 

densities result in large differences in resultant 

AMAs (Fig. 1). For example, the N(1) values for the 

P60 site [21], which are slightly smaller than those 

measured by [3], could give AMAs that could range 

from ~0.75 to ~1.75 Ga (pink line, Fig. 1). N(1) val-

ues for two basalt units in the Mons Rümker region 

[8] also could give largely different AMAs depend-

ing on which chronology function is used (green and 

orange lines, Fig. 1). Thus, a sample from any of 

these or other young basalts are critical for pinning 

the position of the chronology function in this age 

range more accurately. 

Catastrophism or Uniformitarianism: The 

chronology function has been extrapolated beyond 

~3.9 Ga, because there are no older samples of 

 

 
 

Figure 1. The lunar cratering chronology curve 

(black) of Neukum et al. (2001)[15], where the 

shaded blue region shows the range of proposed 

chronology functions to illustrate the absence of a 

precision fitting of model ages for the 1-3 Ga time 

frame. There are no calibration points for ages >3.9 

Ga. The colored lines mark N(1) values determined 

via crater size-frequency distribution measurements 

for proposed sample regions in Mons Rümker [8] 

and the P60 basalt [3,21]. Sample ages from 76535 

[23] and 63503,13 [22] are proposed to either 

originate from the South Pole-Aitken basin or 

represent its minimum age, respectively. The age of 

Nectaris basin is not well-constrained – we use [13] 

as a reference. 



known provenance. Here, further calibration of the 

chronology is necessary to make progress on ques-

tions about the possibility and nature of a lunar cata-

clysm or late heavy bombardment. 

A sample unambiguously from the South Pole-

Aitken basin would establish the age of the oldest 

known basin on the Moon and set the time frame for 

early lunar bombardment. The similarity of lunar 

zircon resetting ages to the ~4.29 Ga plateau age for 

Apollo 16 impact melt rock 63503,13 was postulated 

to indicate a minimum age for the SPA basin [22]. 

Recently, Apollo 17 sample 76535 was theorized to 

be a rock excavated by SPA basin [23]. Its age of 

4.25 Ga would support the absence of a spike in the 

early bombardment of the Moon [23], such as the 

accretion tail model proposed by Morbidelli et al. 

(2018)[24]. However, the need to interpret the mean-

ing of resetting ages, as well as the geophysical ar-

guments required to support 76535’s provenance in 

SPA could eliminated if a sample were to be collect-

ed directly from SPA. 

Additional samples from basins that formed be-

tween the Imbrium and SPA basins are also needed 

to fully investigate the uniformity or variability of 

the impact rate over time. Nectaris basin is proposed 

to have an age of ~4.1 Ga [14, 25] or to have a 

younger age of ~3.9 Ga [20], but it has a CSFD that 

places it in between the Imbrium and SPA basins 

[e.g., 24]. Thus, samples of the Nectaris basin, or 

other basins with ages of 4.1-4.2 Ga would add 

granularity to the calibration of the oldest lunar re-

gions. The Crisium basin has also been examined as 

a sample site due to the presence of potential impact 

melt deposits [25-27], with CSFD measurements 

suggesting an age >3.9 and <4.1 Ga [26,24]. 

The current calibration also cannot exclude peri-

odic excursions in recent times [e.g., 28] due to an 

absence of granularity. This is because the lunar 

cratering chronology from ~1 Ga to present is cali-

brated with only one radiometric age (Copernicus 

crater) and three exposure ages (Tycho, North Ray, 

and Cone craters). Additional sample ages in this 

time frame would allow assessment of the recent 

stability of the impact rate. 

Lunar Chronology Site Requirements: To im-

prove the lunar chronology, it is not enough to col-

lect samples of well-established provenance. Indeed, 

it is also critical that the sample sites exhibit a sur-

rounding region where robust CSFD measurements 

can be conducted. This requires a geologically ho-

mogeneous unit with little topography, minimal sec-

ondary crater contamination, and few to no other 

secondary features (e.g., wrinkle ridges). These re-

quirements mean that it will be more straightforward 

to select appropriate calibration sites for young bas-

alts than for ancient, heavily cratered basins. Unfor-

tunately, the extremely young irregular mare patches 

[29] generally do not cover enough area to provide 

good counting areas, and the ejecta and impact melt 

deposits of young craters tend to be rugged – caus-

ing challenges in measuring their CSFDs [e.g., 30]. 

However, a sample return or in situ age measure-

ment at a Copernican-aged crater could resolve ques-

tions about the self-secondary craters and strength-

scaling effects on CSFDs [31-33] and allow assess-

ment of the accuracy of the <1 Ga part of the current 

lunar cratering chronology. 

Facet: An improved calibration of the lunar 

chronology will allow a clearer and more granular 

interpretation of the geological history of the Moon 

and other bodies where the lunar chronology is ap-

plied. New returned samples or in situ age determi-

nations are thus required. 
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Introduction: Recent increased interest in the 

development of commercial space infrastructure, 
offers an opportunity for technology advancement 
parallel to progress on basic lunar science questions. 
In fact, planetary geologists provide critical input for 
the evaluation of landing sites with suitable chemical 
and physical characteristics for testing and imple-
mentation of in situ resource utilization (ISRU) 
technologies. Remote sensing datasets allow the ex-
trapolation of knowledge from landing sites to 
across the Moon. However, there is a need for addi-
tional groundtruthing of materials of interest for 
ISRU. Moreover, basic scientific instrumentation on 
technology missions could also provide critical in-
sight for scientific questions outlined in numerous 
reports [e.g., 1-5]. Landed studies of bulk chemis-
try/mineralogy, volatile contents, and geotechnical 
properties at previously unsampled types of resource 
deposits, particularly pyroclastics and unsampled 
mare basalts, would allow strategic knowledge gaps 
(SKGs) for ISRU to be addressed, as well as ad-
vance our understanding of lunar science. 

ESA Strategy and Activities: Recent European 
Space Agency activities related to the expansion of 
capabilities for use of space resources [e.g., 6,7] 
involves a program entitled “Commercial In-Situ 
Resource Utilisation Demonstration Mission Prepa-
ration Phase”. The aim of the study is to assess and 
develop commercial capabilities for processing lunar 
regolith to produce oxygen and other resources. Par-
ticipants are developing and testing resource extrac-
tion techniques ranging from hydrogen- and me-
thane-reduction [e.g., 8] to application of the FFC-
Cambridge electrochemical process to lunar materi-
als [9], and designing engineering solutions for inte-
grating these technologies onto small payloads [10]. 
Commercial lander providers are involved to inves-
tigate and coordinate potential ESA/industry partner-
ships for delivery of ISRU payloads to the Moon. 

Our Study Goals: In the course of our ISRU 
project [10], led by OHB Italia under ESA contract, 
we reviewed potential ISRU resource types and 
evaluated potential landing regions/sites for (1) feed-
stock characterization mission(s) and (2) end-to-end 
ISRU plant demonstration(s) [see also, 11]. We fo-
cused on mid-latitude nearside regions, where com-
mercial lander providers will most easily be able to 
land/operate. 

The evaluation of potential sites involved anal-
yses of high-resolution and stereo image coverage, 
digital terrain models, illumination conditions, spec-
tral/compositional maps (e.g., TiO2, FeO, indigenous 

water), and maps of physical properties (e.g., ra-
dar/thermal characteristics, rock abundance). Com-
bined within GIS, along with geological maps, 
crater/boulder size-frequency distribution measure-
ments, and hazard assessments (e.g., slopes, rock 
abundance), these datasets allow the selection of 
scientifically and technically relevant landing sites. 

Characterization Sites: For our analysis of po-
tential ISRU characterization sites, we combined 
locations discussed in Jawin et al. (2019)[4], sites 
relevant to ISRU oxygen extraction from those dis-
cussed and summarized in Flahaut et al. (2012)[12] 
and Kring and Durda (2012)[13], and  regions of 
interest for the cancelled NASA Constellation pro-
gram [14]. We then limited the selections to those 
which the two participating lander providers can 
currently reach with their technology. 

The different materials of interest generally fall 
into four groups: (1) high TiO2 pyroclastics with 
affinity to the Apollo 17 landing site, (2) high FeO, 
low TiO2 pyroclastics characterized by the Aristar-
chus plateau deposits, (3) high TiO2 basalts (e.g., 
type M2 [12]), and (4) high FeO, low TiO2 basalts 
(e.g., the P60 basalt [15]). Group 1 regions include 
Sinus Aestuum, Rima Bode, Mare Vaporum, Sulpi-
cius Gallus, Montes Harbinger, and Montes Carpa-
tus. High TiO2 pyroclastics were sampled at the 
Apollo 17 landing site, but it is unknown how these 
deposits compare to those only observed via remote 
sensing [e.g., 16]. Group 2 is primarily represented 
by the low TiO2 and high Fe2+ compositions inferred 
from the remotely-sensed spectral properties of the 
most arealy extensive lunar pyroclastic deposits on 
the Aristarchus plateau. High TiO2 basalts of type 
M2 within group 3 are not present in our sample 
collection [12]. Group 4 includes low TiO2, high 
FeO basalts, such as the P60 basalt, which is one of 
the youngest basalts on the Moon [4,15], and a po-
tential site for either sample return or in situ age-
dating missions [e.g., 17 and references therein]. 

Locations within the first two groups exhibit po-
tentially high concentrations of indigenous H2O 
[18]. Given the need to groundtruth these values and 
the value of indigenous water as an ISRU resource, 
it may be beneficial to select a site within such de-
posits. These locations are, for group 1: Sulpicius 
Gallus, Rima Bode, or Humorum/Doppelmayer; and 
group 2: the Aristarchus plateau. 

The selection of a site on the Aristarchus plateau 
would allow the characterization of previously un-
characterized materials, whereas a mission to Rima 
Bode or Sulpicius Gallus would allow groundtruth-



ing of whether these materials are similar to the 
Apollo 17 pyroclastics. Characterization at any of 
these sites would allow the evaluation of the report-
ed high concentrations of indigenous water in some 
pyroclastic deposits. Key measurements of bulk 
chemistry and mineralogy, volatile contents, and 
quantification of geomechanical regolith properties 
would address both scientific themes and SKGs for 
potential ISRU materials [e.g., 4]. 

End-to-End Demonstration Sites: For a stand-
alone end-to-end (E2E) ISRU demonstration mis-
sion, a fuller understanding of the physical and com-
positional characteristics of the resource deposits is 
required to reduce overall risk for the demonstration. 
As a result, either precursor or “characterization” 
missions are required, or an E2E site could be se-
lected near prior landing sites. Thus, we examined 
locations near Apollo and Luna landing sites, to al-
low extrapolation of known surface properites to 
nearby deposits. Because Ti-rich pyroclastic deposits 
appear to be most advantageous for initial E2E plant 
operations from both beneficiation and composition-
al perspectives, we selected an example landing site 
for an E2E demonstration to the northwest of the 
Taurus Littrow valley, south of Clerke crater (green 
unit, Fig. 1). Given that some ISRU methods require 
the presence of ilmenite, but others do not, this loca-
tion offers an opportunity to test more than one 
ISRU technique in a single location. 

Current high resolution LROC NAC frames and 
stereo imaging are constrained to the eastern part of 
the pyroclastic deposits (green unit, Fig. 1). Within 
this area (Fig. 2), we mapped landing regions that 
maximize both the Ti and Fe contents of the regolith, 
as well as offering slopes of <5° and accumulated 
illumination approaching 50% (~14 days)(Fig. 2). 
The next steps for selecting a landing site within this 
region include more detailed hazard analyses. 

Summary: The selection of sites relevant for 
ISRU technology demonstration and development 
benefits from geological studies regarding the chem-
ical and physical properties of potential feedstock. 
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Figure 1. Geological map of [19] showing the re-
gion around a potential end-to-end ISRU demonstra-
tion site NW of Taurus Littrow valley and south of 
Clerke crater. 
 

 
Figure 2. Assessment of potential end-to-end ISRU 
demonstration sites combines analyses of (a) slopes, 
(b,c) Ti and Fe compositions, and (d) accumulated 
illumination, to select regions (e.g., cyan areas) that 
meet both engineering and technological con-
straints. 
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Introduction:  Recently we have developed a 

quantitative evolved gas analysis (QEGA) method 

for geological samples [1]. It is based on calibration 

of the registration device, a quadrupole mass spec-

trometer (QMS), by passing through it reference 

gases with known flow rates. For calibration purpos-

es we used pure gases such as H2, He, N2, CO, CO2, 

O2, CH4 and Ar as well as mixtures thereof. The 

method was first tested using compounds such as 

CaCO3, CaC2O4H2O, PdO, NaHCO3 that give known 

amounts of simple gases upon their thermal decom-

position. A precision of about 20% (1) was 

achieved for the absolute amounts of the analysed 

gases. The method was then applied for the analysis 

of meteorite reference samples, Murchison and Al-

lende [2]. In the present study we applied the QEGA 

method to five Apollo lunar soil samples that have 

been previously analysed for C, N and noble gases 

using stepped combustion [3]. 

Samples:  The samples analysed include soils 

collected by Apollo 12, 14, 15, 16 and 17 missions 

(12070, 14141, 15040, 69921 and 72501 respective-

ly), representing a range of maturity from extremely 

mature, 15040 (Is/FeO=94) to immature, 14141 

(Is/FeO=5.7) [3]. 

Experimental: Adapting the experimental proto-

col described in [1] the flow rate of reference gases 

was regulated with three standard (1/32 inch) capil-

lary pipes with crimps instead of PZT valve. Each 

capillary is set to provide a fixed flow rate. Pneumat-

ic valves enable the gas flow to be switched between 

individual or combinations of capillaries such that 

five different fixed gas flow rates are possible in a 

range over one order of magnitude. To calibrate the 

system for water and sulphur dioxide we used de-

composition of gypsum. In all experiments the linear 

heating rate of 12oC/min was applied over the range 

from 100 to 1400 oC. 

Results: Typical release patterns of the major gas 

species from the studied lunar soils are shown in 

Figures 1 and 2. Most of the released components 

can be clearly identified. However, the QMS has 

insufficient resolving power to separate N2
+ and CO+ 

hence the signal at m/z 28 can in principle be a mix-

ture of signals from nitrogen, carbon monoxide and 

second order signal from carbon dioxide. Analysis of 

the second order signals from N2 and CO at m/z 14 

and 12 respectively can help to identify the gases 

contributing to the m/z 28 signal. The relationships 

between the main and the second order signals have 

been obtained from the analysis of pure gases. Simi-

larity of signals at m/z 12 and 14 (Figs. 1 and 2) 

clearly indicates that at m/z 28 both N2 and CO make 

a significant contribution. There are two peaks of 

N2+CO release with the higher intensity observed at 

lower temperature (also apparent on pressure graph). 
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Figure 1. Release patterns of different gases during EGA of 

mature sample 69921. Pressure variations are also shown. 

Release of H2 basically coincides with that of 
4He. CO2 appears in two temperature ranges: 200-

600 oC and 1000-1300 oC. Water has a broad release 

pattern almost over the entire temperature range 

(Fig. 1). SO2 is released at higher temperature 

(>1000 oC). There is also a major oxygen release at 

T >1200 oC associated with the highest record of 

pressure (Figs. 1 and 2). 

Discussion: Release patterns. In general, the ob-

served release pattern of different gases corresponds 

well with those from previously analysed lunar soils 

using similar (but non-quantitative) method about 50 

years ago [3] in which, however, 50-100 times larger 

sample aliquots than in the present study were used. 

It includes the double peak of N2+CO, the low tem-

perature and simultaneous release of H2 and 4He, the 

high-temperature release of SO2, the low- and high-

temperature release of CO2 and the high-temperature 

release of O2. The interpretation of different gas re-

leases associated with certain temperature intervals 

given in [4] seems reasonable. It concerns the release 

of solar H2 and 4He, the low-temperature release of 

CO2 as a result of decrepitation of vesicles or voids 

and the chemical reactions between different miner-

als resulting in release of SO2 from troilite due to its 

reaction with silicates, and CO due to FeO+C reac-

tion. However, for the appearance of large amounts 

of O2 at the very high temperature we suggest that 

mailto:sasha.verchovsky@open.ac.uk


SiO2 vapours (from the quartz extraction tube) may 

be decomposed by the catalytic action of Pt (used to 

wrap the samples). Gibson and Johnson [3] suggest-

ed that in their all-metal extraction system this O2 

was produced as a result of chemical reaction be-

tween FeO and the Pt crucible. We cannot exclude 

that this process is also taking place in our case but 

its contribution to the O2 release budget is small 

since similar O2 release is also observed in the blank 

experiments. 

The double peak release of solar and non-solar 

N2 from lunar soils is observed in experiments of 

stepped combustion [2, 5] that seems to be related to 

the lunar soil’s maturity. The immature soil 14141 

shows only one peak of N2 release (Fig 2). 
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      Figure 2.  Release patterns of different gases during EGA of 

immature sample 14141. Pressure variations are also shown. 

 Concentrations.   

1. Hydrogen. The hydrogen concentrations de-

termined in the samples analysed are (in ppm): 

14141 – 32, 15040 – 66, 69921 – 61, 12070 – 36 and 

72501 – 64. These concentrations are well within the 

range (27-70 ppm) determined by a combination of 

pyrolysis with gas chromatographic methods for 

Apollo lunar soils [6]. Simultaneous release of 4He 

and H2 suggests that most of this hydrogen appears 

to be associated with solar wind implantation. 

2. Helium. The 4He concentrations calculated 

for the samples are (in cc/g): 14141 – 0.014 (0.019), 

15040 – 0.085 (0.048), 69921 – 0.046 (0.031), 12070 

– 0.072 (0.05-0.06) and 72501 - 0.22 (0.023).  In 

parenthesis the 4He concentrations measured by 

stepped combustion [3] are shown. In most cases the 

differences between the results obtained by different 

methods are within reasonable agreements taking 

into account the associated uncertainties and possible 

sample heterogeneity. The reason for larger discrep-

ancy for the sample 72501 is not clear. Apart from 

the sample heterogeneity, formation of dimeric 

[H2]2
+ ions cannot be ruled out. The H/He ratio for 

the samples vary from 7 to 50. It suggests preferen-

tial loss of 4He over H2 in order to explain the devia-

tions from the solar ratio (17), although a part of the 

H2 may have a non-solar origin. 

3. Sulphur. The total sulphur concentrations 

determined using the SO2 release are (in ppm):  

14141 – 970, 15040 – 880, 69921 – 730, and 12070 

– 750. These concentrations are well within the 

range (290 -1400 ppm) determined in lunar soils by 

other methods [7]. 

4. Water. The H2O concentrations determined 

in our samples by the described method are (in ppm): 

14141 – 120, 15040 – 120, 69921 – 660 and 12070 – 

310. These concentrations seem to be higher than 

actually known for lunar. In our calculations we rely 

on the assumption that the water transfer from the 

extraction furnace to the QMS through the metal 

pipes occurs in a similar way for the soil samples 

and for the reference material (CaSO4*2H2O) even 

when the pipes are kept at room temperature.  This 

may not be exactly the case.  

5. Nitrogen. The nitrogen concentrations in 

the analysed samples are (in ppm): 14141 – 82 (19), 

15040 - 250 (106), 69921 – 220 (108), 12070 - 170 

(50-70) and 72501 – 40 (80). In parenthesis the N 

concentrations determined in the samples by stepped 

combustion [3] are shown. In most cases the concen-

trations of nitrogen measured in the present study are 

higher than expected. There could be multiple rea-

sons for this. Apart from using a poor second order 

signal at m/z 14 (instead of m/z 28) that increases 

uncertainty of the calculations, there might also be a 

contribution from CO at this mass.  

6. Carbon. The total carbon concentrations 

calculated using both CO2 and CO (as recorded at 

m/z 12) releases from the lunar soils are (in ppm): 

14141 – 290 (210), 15040 – 310 (320), 69921 – 320 

(740), 12070 - >70 (250) and 72501 – 160 (400). In 

parenthesis the C concentrations determined in the 

samples by stepped combustion [3] are shown. The 

reasons for the lower calculated than measured by 

stepped combustion concentrations in few cases are 

not yet clear and are being currently investigated.  

Conclusions: The developed QEGA method has 

been applied successfully for the measurements of 

Apollo lunar samples. Future applications will likely 

include measurements of lunar volatiles at the lunar 

surface through ESA’s PROSPECT payload on Luna 

27. 
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Introduction:  The Moon has recently come into 

the focus of attention of international space agencies 

again. Concepts for the establishment of a long-term 

human presence on the Moon have been proposed, 

such as the Moon Village concept championed by 

ESA and NASA’s lunar outpost concepts as part of 

the Artemis program. One reason for this renewed 

interest in the Moon was the discovery of water ice 

in the lunar polar regions by the Chandrayaan-1 

mission [1]. Water and other volatiles are important 

resources both for life support and for potential ap-

plications as fuels and propellants for spacecraft. In-

situ resource utilization (ISRU) of volatiles could 

significantly reduce the costs of a sustained presence 

on the Moon and could be beneficial for the future 

human exploration of the solar system [2]. The de-

tection of volatiles is therefore an important scien-

tific goal for future robotic missions to the Moon. 

 The LUVMI-X project (Lunar Volatiles Mobile 

Instrumentation Extended) is developing an initial 

system design as well as payload and mobility 

breadboards for the detection of volatiles in the lunar 

polar region on a small, lightweight rover [3]. One 

proposed payload is VOILA (Volatiles Identification 

by Laser Analysis), a LIBS instrument developed by 

OHB System AG (OHB), Laser Zentrum Hannover 

(LZH), and the German Aerospace Center (DLR). 

LIBS (laser-induced breakdown spectroscopy) is a 

technique that requires only optical access to its 

target [4]. A LIBS spectrum is obtained within sec-

onds, making it well-suited for quick analyses of 

multiple targets in proximity to the rover. LIBS was 

first used in space by the ChemCam instrument on 

board Curiosity of NASA’s Mars Science Laborato-

ry mission [5, 6]. The first LIBS instrument on the 

Moon was supposed to operate on board the Pragyan 

rover of India’s Chandrayaan-2 mission [7], but the 

lander crashed onto the lunar surface during descent 

in September 2019. 

Here, we demonstrate the potential of LIBS for 

the detection of volatiles on the lunar surface. We 

show preliminary feasibility studies as well as first 

results of the VOILA demonstration model. 

Experimental Setups:  The VOILA demonstra-

tion model will employ a pulsed laser developed by 

LZH with a pulse energy of at least 15 mJ at a wave-

length of 1030 nm. Samples will be placed onto a 

nitrogen-cooled sample stage inside a simulation 

chamber for ambient pressures down to 0.1 Pa. This 

should be sufficiently low to simulate lunar near-

vacuum conditions, since no changes of the LIBS 

signals have been observed at pressures below 1 Pa 

[4, 8]. LIBS spectra will be measured with several 

miniature spectrometers (Avantes AvaSpec-Mini) in 

order to achieve a broad spectral coverage. 

The preliminary feasibility studies shown here 

were made with two LIBS setups at DLR Berlin. 

One uses an echelle spectrometer (LTB Aryelle 

Butterfly) with a spectral coverage from 270 nm to 

850 nm. The second setup is used to measure spatial 

distributions of plasma emissions. Both use ICCDs 

(Andor iStar) for time gating and Q-switched 

Nd:YAG lasers (Continuum Inlite / Quantel Viron) 

at 1064 nm with pulse durations of about 6 ns. Simu-

lation chambers were used to reduce the ambient 

pressure to about 0.1 Pa. 

Samples:  Lunar regolith simulants such as NU-

LHT-2M, BP-1, and Exolith LMS-1 and LHS-1 are 

analyzed in this study. They were either pressed into 

pellets or used as loose material in order to emulate 

the density of the regolith dust on the lunar surface. 

The loose regolith was filled into a beaker up to a 

height of about 10 mm. Additionally, pressed pellets 

of varying hydrogen concentration were mixed from 

basalt and gypsum (CaSO4⸱2H2O) in order to inves-

tigate the feasibility of hydrogen quantification. 

Figure 1: LIBS plasma of a pressed pellet of NU-LHT-2M at 0.1 Pa for a pulse energy of 22 mJ. a) Side view at 10 ns delay with 

a 10 ns gate. b) Time evolution of the total intensity. Measurements were made in steps of 10 ns with a gate of 10 ns. 



 
Results:  Plasma emissions at 0.1 Pa atmospheric 

pressure are still very intense (Figure 1a). The plas-

ma plume is several millimeters large and has a 

circular shape. The plasma has a short lifetime of 

less than 100 ns (Figure 1b), so that time gating for 

specific spectral features is not feasible. Laser ener-

gies as low as 5 mJ/pulse produced spectra with clear 

lines of the major elements in the regolith in the case 

of pressed samples. For loose regolith measurements 

(Figure 2a), the ablation process is less efficient. The 

signal-to-noise ratio was reduced and higher laser 

energies of about 15 mJ/pulse were needed to pro-

duce spectra that could be analyzed (Figure 2b). 

In order to analyze the low-intensity H signal in 

the basalt/gypsum samples, 450 individual spectra 

were averaged for each sample. In order to reduce 

the influence of atmospheric hydrogen adsorption, 

5 laser shots were made at each position before 

measuring. In the averaged spectra, the H line at 

656.3 nm can be detected clearly even for the lowest 

H concentration of 0.17 wt% (Figure 3a). A clear 

correlation of the measured H line intensities with 

the H concentration in the samples can be observed 

(Figure 3b). 

Conclusion:  Our initial experiments show that 

LIBS can be employed at low pressures and that high 

signal intensities can be obtained even in loose rego-

lith. The pulse energy of about 15 mJ is achievable 

by the VOILA laser prototype developed by LZH. 

The detection and quantification of hydrogen is 

promising, but adsorption from the atmosphere needs 

to be controlled in the lab experiments. Low-

temperature measurements of frozen regolith mixed 

with water ice should be done to investigate whether 

water ice can be distinguished from other hydrogen 

and oxygen sources. New results obtained with the 

VOILA demonstration setup developed by OHB, 

LZH and DLR will be presented at this symposium. 
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Figure 2: a) Plasma formation for loose LMS-1 regolith 

simulant at a pulse energy of 15 mJ. b) Spectra of O lines 

at 777 nm for pressed and loose LMS-1 samples 

(15 mJ/pulse). 

Figure 3: a) Spectrum (blue dots) and Voigt fit (red dashed 

line) of the H line at 656.3 nm for a 13:1 basalt/gypsum 

mixture (0.17 wt% H). b) Fitted intensities of the H line 

obtained from averaged spectra for all basalt/gypsum mix-

tures. All measurements were made with a laser energy of 

15 mJ/pulse. 

H I 



THE OXFORD 3D THERMOPHYSICAL MODEL WITH APPLICATION TO THE LUNAR 

PROSEPCT MISSION.  T. Warren1, N. Bowles1, O. King2, E. Sefton-Nash3, R. Fisackerly3, R. Trautner3. (1) 

Atmospheric, Oceanic and Planetary Physics, University of Oxford, UK, (tristram.warren@physics.ox.ac.uk 

neil.bowles@physics.ox.ac.uk), (2) Department of Physics & Astronomy, University of Leicester, UK 

(ortk1@leicester.ac.uk), (3) ESTEC, European Space Agency, Keplerlaan 1, Noordwijk 2201AZ, Netherlands 

(e.sefton-nash@cosmos.esa.int). 

 

 

 

Introduction:  To investigate potential in situ 

near surface volatiles that might be present in the 

lunar Polar regions, the European Space Agency 

(ESA) is developing the PROSPECT instrument 

package to fly to the South Polar region of the Moon 

on-board Russia’s Luna-27/Luna Resurs mission, 

which is scheduled to launch in the next decade 

[1,2]. PROSPECT will consist of a drill (ProSEED) 

that will collect samples from the regolith at depths 

of up to 1 m below the lunar surface and transfer 

them into a miniaturised chemical laboratory 

(ProSPA), where samples will be heated to 1000° C 

in the presence of different reagent gases to extract a 

range of different volatile species including water.  

To help investigate potential landing sites we 

have developed the Oxford 3D Thermophysical 

Model (O3DTM) [3]. Using the O3DTM, we have 

modelled the lunar surface and subsurface (<2.5 m) 

temperatures for the South Polar Region (<-76o  lati-

tude) at a resolution of ~2 km2. As an example Fig-

ure 1 shows the maximum surface temperature map 

of the simulated region. The O3DTM has been writ-

ten in MATLAB and all the code and data files are 

available on GitHub. 

 

Figure 1 : Simulated maximum surface temperature map. 

Oxford 3-D Thermophysical Model:  One di-

mensional thermophysical models are poor predic-

tors of the lunar polar surface and subsurface tem-

peratures due to the importance of shadowing and 

scattering at high latitudes. To accurately model the 

surface and subsurface temperatures at the lunar 

poles requires a 3-D thermophysical model (3DTM). 

A new 3DTM that includes a discreet subsurface 

exponential density profile, surface shadowing and 

scattering effects has been developed at Oxford Uni-

versity to simulate the lunar surface and subsurface 

temperatures to account for these environmental ef-

fects at the poles [4,5,6]. The Oxford 3DTM com-

bines the one-dimensional subsurface heat flow from 

the Hayne model [6] and the 3-D shadowing and 

scattering effects used in standard 3DTMs such as 

the Paige and Vasavada models [4,5]. To compute 

the shadowing and ray tracing the Oxford 3DTM 

uses the LOLA topography and albedo datasets. 

However, since the LOLA albedo measurements are 

performed using a 1064.4 nm laser the albedo values 

are scaled to represent the broadband solar albedo 

value using the method described in [6]. All other 

thermophysical modelling parameters are taken from 

[6]. 

Model Validation:  There is currently no in situ 

data for the Polar Regions to compare to our mod-

elled values, so the simulations have been compared 

to measurements from the Lunar Reconnaissance 

Orbiter’s Diviner Lunar Radiometer instrument 

(“Diviner”) for validation [7]. The O3DTM is in 

good agreement with the Diviner measurements with 

the absolute temperature deviation being typically 

less than 5 K. Where the absolute temperature devia-

tion is defined as being the time averaged absolute 

difference between the modelled temperature and the 

Diviner measured temperature. 

Ice Stability Depth: From the thermal model it 

was possible to define the minimum depth required 

to drill to reach subsurface temperatures where water 

ice would be expected to be stable by using the theo-

retical sublimation rate taken from [8] and shown in 

Figure 3.  The O3DTM splits a single surface ele-

ment into serval (>10) model layers at different 

depths. The O3DTM calculates how the tempera-

tures of each layer varies throughout the lunar day 

night cycle which is modulated by a smaller seasonal 

cycle. 

The temperatures for each model layer inside 

every surface facet was binned in 1 kelvin bins. This 

was then convolved with the theoretical sublimation 

rate given in Figure 2, to give a total sublimation rate 

for each layer in every facet. We assumed as in pre-

vious works [3,4] that the water delivery rate is 

much greater than 1 Kg/m2/Ga and hence water ice 

could exist at a given depth if the total sublimation 
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rate is less than 1 Kg/m2/Ga. The predicted ice sta-

bility minimum depth map using this method is 

shown in Figure 2. 

 

Figure 2 : Theoretical sublimation rate of water ice 

Figure 3 : O3DTM predicted ice stability map. 

This method does not account for diffusion or 

potential pumping of water ice to greater depths [9] 

and is therefore just a guide to demonstrate where 

temperature remain cold enough for water ice to ex-

ist. We are currently working on coupling a complete 

diffusion model with the O3DTM to make a more 

physically accurate model and if completed this 

work will be presented.  

However, at the moment the expected stable ice 

depth for the lunar South Pole shown in Figure 3 is 

our best estimate of water ice distribution. It shows 

there are large regions where ice is not stable at any 

depths and in those locations where ice is stable the 

minimum ice stability depth is relatively shallow (< 

0.5 m). These results show that, assuming careful 

selection of landing site the current design depth of 

the PROSPECT drill (~1 m) should be sufficient to 

sample trapped water ice. 

Comparison to Previous Models: Predicted sta-

ble water ice depths have been previously generated 

by other 3DTM such as Paige [4] and we will pre-

sent a comparison between the two models. The 

models agree to within 1 mm of expected stable wa-

ter ice depth in 90% of the simulated region, but in 

some specific locations disagree. In the regions of 

disagreement the O3DTM generally predicts water 

ice should not be present, but the Paige model pre-

dicts water ice at deep depths (> 0.2 m). Currently, 

the difference in the predicted water ice location is 

believed to be due to difference in the layering be-

tween the two models. The O3DTM use a discreet 

subsurface exponential density profile with multiple 

layers (> 10) whereas the Paige model used two dis-

crete layers with different density’s. 

Conclusions: The Oxford 3DTM is available to 

download and new surface and subsurface tempera-

ture simulations for the lunar South Polar Region are 

available to download from GitHub - 

https://github.com/tw7044/O3DTM/ 

Simulations show depths at which ice would be 

expected to be stable are generally near the surface 

(< 0.5 m), so for the Luna-27 lander mission the 

choice of landing site location and the precision 

landing capability of the lander are essential given 

the engineering constraints on the sampling system. 

There is an obvious correlation between the illu-

mination fraction and the volatile stability condi-

tions. Luna-27/PROSPECT will therefore have a 

trade-off to select a site that will satisfy both critical 

power/operations requirements and science objec-

tives of the PROSPECT mission.  

Acknolegents: We would like to thank the UK 

Science and Technology Facilities Council, the Le-

verhulme Trust, the UK Space Agency and the Eu-

ropean Space Agency for supporting this work fi-

nancially. 

References: [1] Trautner, R. et al. (2018) IAC-

18, 42773 [2] Sefton-Nash, E. et al. (2018) LPSC 

2740 [3] King and  Warren. et al. (2019),  PSS 

104790 [4] Paige, D. A. et al. (2010), Science, 330, 

479. [5] Vasavada, A. et al. (1999) GJR, 193. [6] 

Hayne, P et al. (2017) Space Sci Rev. [7] Paige, D. 

A. et al. (2009), Space Sci. Rev.150, 125-160. [8] 

Andreas et al . (2007) Icarus 186. [9] Schorghofer 

and Aharonson (2014) AAS 788(2). [10] Warren et 

al. (2019) JGR 124(2). [11] Warren et al. (2017) Rev 

Sci 88(12). [12]  Foote et al. (2020) Icarus 336.   

 



Apollo Next Generation Sample Analysis: X-Ray Computed Tomography and Dissection of Sample 
73002.  R. A. Zeigler1, R. Hanna2, D. Edey2, S. A Eckley2,3, C. H. Krysher3, A. B. Mosie3, R. A. Ketcham2, J. 
Gross1,4,5, F. M. McCubbin1, and The ANGSA Science Team, 1NASA, Johnson Space Center, Houston, TX,. 
2Jackson School of Geosciences, University of Texas at Austin, Austin TX. 3Jacobs Technology, Johnson Space 
Center, Houston, TX. 4Dept. of Earth & Planetary Sciences, Rutgers University, Piscataway, NJ. 5Dept. of Earth 
& Planetary Sciences, American Museum of Natural History, New York, NY. 

 
Overview: The Apollo missions collected 382 kg 

of rock, regolith, and core samples from six locations 
on the nearside of the Moon. Today, just over 84% 
by mass of the Apollo collection remains in pristine 
condition within the curation facility at Johnson 
Space Center. Most Apollo samples have been well 
characterized, however several types of samples that 
have remained wholly or largely unstudied since 
their return, and/or that have been curated under spe-
cial conditions. These sample types are: (1) uno-
pened samples sealed under vacuum on the Moon; 
(2) unopened (but unsealed) drive tubes; (3) Apollo 
17 samples frozen shortly after their return; and (4) 
Apollo 15 samples opened and stored in a helium 
atmosphere since their return. Last summer, NASA 
solicited proposals for the Apollo Next Generation 
Sample Analysis Program (ANGSA), and 9 teams 
were selected to study: (1) unsealed, unopened drive 
tube 73002; (2) sealed, unopened drive tube 73001 
(paired with 73002); and (3) a subset of frozen and 
He-purged samples [1].  

The first sample opened as part of the ANGSA 
program was drive tube 73002. This is a 30 cm long, 
4 cm diameter drive tube collected on a landslide 
deposit near Lara Crater at the Apollo 17 landing 
site. It was part of a 60 cm long 
double drive tube collected, and 
the bottom half of the tube 
(73001) was sealed under vacu-
um on the Moon [2]. Prior to 
opening sample 73002, the sam-
ple was imaged with a high reso-
lution X-ray Computed Tomog-
raphy (XCT) scan of the entire 
tube. Additional XCT scans have 
been made of “large” clasts re-
moved from the core as part of 
the dissection process [3]. Here 
we discuss the initial dissection 
process, as well as present an 
early look at the XCT data from 
73002, and talk about the utility 
of the scans as part of the cura-
tion process, including the poten-
tial for future science returns 
from the high resolutions scans. 

Methodology: Sample 73002 
was transported to the University 
of Texas High-Resolution X-ray 
Computed Tomography Facility 
(UTCT) to scan the entire length 

of the tube using their North Star Imaging cabinet 
XCT system. The tube was scanned in 6 overlapping 
volumes, each covering a ~4 cm length of the tube 
(there was only about 20 cm of regolith inside the 
tube). Each individual scan was corrected for uneven 
beam and isometric distortion in Z using a linear 
rescale for both CT value and geometry across Z 
(i.e., per-slice basis; central slice used as geometric 
standard).  The different scans were then geometri-
cally matched (rigid translation and rotation) and 
their CT values rescaled (second degree polynomial) 
to match the spot directly ‘below’ (e.g., scan 2 
matched to scan 1, etc.). Seams between scans were 
then blended using a gradual linear combination of 9 
overlapping slices centered at the matching reference 
slice. The voxel size for the combined scan is 25.8 
μm and there are a total of 8252 “slices” along the 
length of the tube [Fig. 1].  

In addition to the combined 25.8 μm/voxel reso-
lution scan, each volume was also imaged at 12.9 
μm/voxel resolution using sub-voxel scanning, es-
sentially imaging each volume four times while off-
setting the detector by ½ of a voxel vertically and/or 
horizontally, effectively doubling detector density. 
Due to the large data volumes, these scans are only 

Figure 1: Vertical cross-section view of the combined XCT scan of 73002 (left 
side) and one of the 8252 horizontal “slices” that comprise the scan on the right. 



Figure 2: Comparison of the “standard” 25.8 μm/voxel  
scan on right, with the 12.9 μm sub-voxel scan on the 
left, which clearly makes lithologic identification easier. 

just starting to be investigated, but the increased res-
olution has great potential [Fig. 2].  

Individual clasts >4 mm that are separated from 
the core as part of the dissection process are individ-
ually  bagged in Teflon under a Nitrogen atmosphere 
and scanned using the 180 kV nano-focus transmis-
sion source on the Nikon XTH 320 XCT system at 
NASA Johnson Space Center [4]. Each scan has a 
resolution of 3-7 μm/voxel depending on the size of 
the clast (Fig. 3). 

Results and Discussion: The combined scan of 
the core tube (as well as the individual higher resolu-
tion scans of sections of the core) allows for easy 
detection and tentative classification of mineral and 
lithic clasts within the entire length of the drive tube, 

as well as void spaces. These scans allowed us to 
identify and avoid potential pitfalls that might have 
complicated the extrusion process of the core, such 
as angular clasts near the edges. It also allows for 
identification of “soil clods” within the core, which 
typically do not survive the dissection process, but 
could be targeted in the future. During dissection of 
each interval of the drive tube, the macroscopic scan 
is used as a guide for what to expect (voids, large 
clasts) and gives the processor an idea of any poten-
tial complications for each day’s work. Although no 
large scale structural features, such as layering, have 
been observed, additional analysis of the data (espe-
cially the sub-voxel scan data) has the potential to 
make these discoveries in the future.  

To date, >25 individual clasts have been scanned 
at high resolution; a subset of these are shown in Fig. 
3. A good estimate of the lithology of each clast is 
readily apparent using the XCT scans. This is not 
possible using optical microscopy, as each clast is 
coated with a fine-grained dust making lithologic 
identification difficult. This information will be in-
valuable when allocating specific lithologies (e.g., 
basalts or impact-melt breccias) for detailed analyses 
and targeted investigations..  
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Figure 3: XCT scans of individual clasts: (a) regolith breccia (voxel = 5.9 m); (b) regolith breccia (4.9 m); (c) soil brec-
cia (5.9 m); (d) impact-melt breccia (3.5 m); (e) Glassy regolith breccia/agglutinate (3.9 m); (f) basalt clast (5.5 m). 
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