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1 INTRODUCTION 

Establishing the utilization potential of resources found in-situ on the Moon may be key to 
enabling sustainable exploration in the future. PROSPECT has been defined to support the 
identification of potential resources, to assess the utilization potential of those resources 
and to provide information to help establish their broader regional and global distribution.  
 
Volatile in this context refers to chemical compounds that are evolved from solid samples 
of regolith as gas at temperatures up to around 1000°C (assumed to be generated by an 
oven). The term “Volatiles” for the purposes of defining requirements in this document 
includes the following compounds:  H2, H2O, OH, CO, CO2, CH3OH, Hydrocarbons from C1-
C6, H2S, NH3, SO2, COS, CS2, HCN, CH3CHO, C10H8(+PAH), NOx, N2, O2, Kr, Xe, Ar, Ne, He, 
Hg. The term may also be taken to include more  organic compounds including carboxylic 
acids and amino acids.  
 
PROSPECT will also perform investigations into resource extraction technologies that 
maybe applied at larger scales in the future and provide data with important implications 
for fundamental scientific investigations on the Moon related to Solar System history, 
astrobiology and the origins of terrestrial volatiles.  
 
The development of PROSPECT should generate a number of benefits for future 
exploration by: 

• Preparing technologies and capabilities for future exploration missions in the area of 
drilling, sampling, sample handling and analysis and resource utilisation. 

• Generating knowledge on surface properties, in-situ resources, surface operations 
and fundamental science. 

• Demonstrating a key exploration end to end capability to secure long-term roles for 
Europe in future international exploration scenarios. 

• Engaging with the public and other stakeholders and increasing their awareness and  
understanding of lunar exploration and its benefits. 

To achieve this PROSPECT will be operated at the lunar surface in the South Polar region 
of the Moon, where it is required to: 

• Obtain samples from depths of up to 1.2m. 
• Perform thermochemical extraction of water, oxygen and other chemicals of interest 

from these samples. 
• Identify the chemical species extracted. 
• Quantify the abundances of these species. 
• Characterize isotopes such that origins and emplacement processes can be 

established.  

In the lunar polar regions PROSPECT is able to target water ice.  At all locations on the 
Moon PROSPECT is able to extract other volatiles released from regolith by heating. These 
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include physisorbed, chemisorbed and solar wind implanted volatiles. Oxygen extraction 
from minerals shall also be performed through resource processes that have been proposed 
in the literature as candidate extraction processes.  
 
Benefits following on from the operation of PROSPECT will be achieved by the Users of the 
data and lessons learned products that will result from its application at the lunar surface. 
The products are envisaged in the following domains:  
 

• Scientific and engineering data products which can be analysed to generate 
new knowledge of the Moon, its resources and the operation of systems at the 
surface 

• Experience and lessons learned products which can be used to ensure that 
knowledge and experience gained during the project is transferred to later missions 

• Communications products which can be used to engage the general public and 
other stakeholders in the project and increase awareness and interest in lunar 
exploration. 

This document presents the objectives for PROSPECT and the requirements associated 
with meeting those objectives, from a user perspective.  These requirements are the high 
level requirements for the package, which it must meet in order to allow the generation of 
products that meet User expectations and allow the realisation of the envisaged benefits.  
These requirements flow down into the definition of system requirements and the system 
specification.  
 
Below are summaries of the functions of the PROSPECT package.  
 
Drilling and sampling: PROSPECT includes a drill that is required to provide access to 
the subsurface to depths of up to 1.2m. Once at the required depth a sampling tool removes 
small regolith samples, whilst preserving sample volatile content. Samples must then be 
extracted and handled whilst minimizing alteration and contamination, including losses of 
volatiles due to thermal effects.  Samples are then transferred to ovens where they are 
sealed for chemical extraction.   
 
Sample heating and chemical extraction: Samples are sealed in ovens and heated to 
temperatures as high as ~1000°C. Heating in vacuum extracts ices, chemisorbed volatiles, 
cosmogenic volatiles and implanted solar wind. Reacting gases may also be introduced to 
the ovens to extract additional chemistry of interest. A number of techniques are under 
investigation, based on a combination of flight heritage and laboratory investigations. 
These include combustion with oxygen and reduction using hydrogen and methane.  
 
Chemical composition and abundance analysis: Evolved gasses are measured to 
determine the chemical composition and to establish the abundance of the chemicals which 
are evolved. This evaluation is performed using a combination of gas pressure 
determination and ion trap mass spectroscopy.  
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Gas chemical processing: The evolved chemicals require processing in order for their 
isotopic characteristics to be determined. Preparations can separate chemical species for 
analysis based on condensation properties and convert chemical species into those which 
are better suited to introduction to a magnetic sector or to remove isobaric interferences. 
The preparation is performed in a chemical processing system through a combination of 
refinement and chemical conversion.  
 
Isotopic analysis: Isotopes of the elements of interest are separated for detection using a 
magnetic sector and measurements are then made and compared with real time 
measurements of standards. Using this technique accurate analysis is achieved, allowing 
direct comparison with laboratory measurements on Earth. 
 
Supporting measurements: Instrumentation is under consideration to monitor the 
drilling and sampling process, to support operations, to provide measurements early in the 
sample chain and to establish the effects of the chain on samples. Measurements 
emphasise monitoring operations, assessing mineralogy and investigating water content 
and dynamic processes occurring during the drilling and sampling. Measurements may 
include optical imaging, infrared spectroscopy and electrical permittivity.     
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2 LUNAR VOLATILES: ORIGINS PROCESSES AND 
POTENTIAL RESOURCES 

For ESA the Moon is considered to be the next destination for human exploration, beyond 
Low Earth Orbit and on the way to the ultimate goal of a human missions to Mars. This 
emphasis on the Moon represents a realisation of the scientific and technical challenges 
associated with deep space exploration by humans and the need for an incremental 
approach to overcoming them through developing technologies, gaining operational 
experience and obtaining enabling scientific knowledge. Sustainable exploration of the 
Moon will itself require that a number of scientific questions are addressed, relating to 
risks posed by the lunar environment to both human crews and the systems that support 
them.  
 
The Moon may also prove to be an enabler for exploration through the resources found at 
its surface (e.g. Anand et al., 2012). These raw materials could be used to support a 
sustained human presence at the lunar surface and may also be used to fuel and equip 
missions to more distant locations or human activities closer to home, which utilise the 
Moon’s low escape velocity.  
 
Water and other volatiles found at the surface of the Moon could provide a major potential 
resource for future exploration (e.g. Anand, 2010, Starukhina 2012)). A vital consumable 
for human explorers, water can also provide a source of oxygen for life support systems and 
hydrogen and oxygen as fuel. Other volatiles including C,H, He, N, O, P, S as well as 
molecular species can be applied as feedstock to various processes in life support and 
various other exploration supporting systems. These volatiles also have an intrinsic 
scientific value which is discussed in later sections. 
 
In general volatiles at the lunar surface may be divided into several categories: 

1) Water ice and other volatiles preserved in high latitude cold traps 
2) Volatiles bound to the surfaces of minerals.  
3) Indigenous lunar volatiles 
4) Cosmogenic volatiles produced in-situ 

An additional source of oxygen as a resource can be found in lunar minerals. Rocks found 
at the lunar surface are chemically more that 40% oxygen. Various processes have been 
proposed to extract this oxygen in situ from Lunar regolith. Performing such an extraction 
in-situ would provide a demonstration of the potential application of technologies to future 
exploration and provide insight into the specific challenges that will need to be considered 
by future systems.  
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2.1 Cold trapped (physisorbed) water and volatiles at the lunar 
poles 

It has long been suggested that water might be found in permanently shadowed areas near 
to the lunar poles (e.g. Arnold, 1979). At these sites the Moon’s low obliquity coupled with 
local topographic lows result in areas which are never illuminated by the Sun. The locations 
of these sites in the South polar region are shown in Figure 2.1.  These regions are of 
particular interest because temperatures within them are low enough that water ice present 
could remain stable, on the basis of temperature alone, for periods consistent with 
geological timescales (Vassavada et al., 1999). Volatiles found in these locations may have 
been delivered to the lunar surface by impacting comets and meteorites (e.g. Zhang and 
Paige 2009 and 2010), most of which will have been delivered much earlier in the lunar 
surface’s history. After delivery to the lunar surface these volatiles will tend to migrate to 
cold traps where, if present today, they will have remained for periods of several billion 
years. An additional source of these volatiles will be the solar wind, which forms water 
through the reduction of surface minerals through a process described in Section 2.2.  
 
The cold traps where these volatiles are expected to accumulate are shown in Figure 2.2.  
Figure 2.2 A-C present the measured surface day, night, and mean surface temperatures in 
the South polar region as recorded from orbit by the DIVINER instrument on NASA’s 
Lunar Reconnaissance Orbiter (LRO) (Paige et al, 2010). Consistent surface temperatures 
as low as 25K are recorded in permanently shaded regions, which compare with day time 
surface temperatures as high as 300K in illuminated regions.  An additional and important 
implication of these measurements is presented in Figure 2.2 D, which shows the depth at 
which water could be “stable” for sufficiently long time periods that it could conceivably be 
present today. “Stability” here is defined as a loss rate of less than 1 kg m-2 Ga-1, which 
corresponds to a loss of 1mm from a planar sheet of ice in 1 billion years. The implication of 
this plot is that if water ice were buried beneath a regolith layer, in sufficient quantities and 
in regions outside of Permanently Shaded Regions (PSRs), but where partial illumination 
led to sufficiently reduced surface temperatures, then it is not inconceivable that it is still 
there today. This has practical implications in terms of mission access as solar illumination 
is present in these locations to  provide power and surface temperatures are much greater 
than those in permanently shaded regions.  
 
The important effect of temperature on “stability” of water ice is illustrated in  Figure 2.3, 
which shows the sublimation rate of water ice in a vacuum as a function of temperature 
using the sublimation model of Andreas (2007). At the low temperatures associated with 
PSRs water ice losses through sublimation are low enough to be negligible on timescales 
relevant for any events which have taken place since the formation of the lunar topography 
we observe today. In partially shaded regions subsurface temperatures are much warmer 
and water losses through sublimation are greater by tens of orders of magnitude.  
“Stability” of water ice in this case is critically dependent on the diffusive barrier of the 
regolith under which the ice is buried (Schorghofer and Taylor, 2007). Such burial can 
occur via two processes. The first is burial by ejecta particles following impacts. Such 
events should be individual large events occurring within a sufficiently short time following 
water deposition as to preserve it. The second is diffusion into the sub-surface following 
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heating. In the latter case heated surface volatiles will tend to migrate into the subsurface 
until they reach a surface of sufficiently cold temperature as to become trapped. This 
terminal depth is expected to be at a point where the temperature is around 110 K to 120 K 
(Schorghofer and Taylor, 2007).  
 
In permanently shaded regions, where sublimation rates are negligible, migration into the 
subsurface by heating does not occur and volatiles will be trapped at the surface. Volatiles 
at the surface will then be subject to space weathering effects and this will lead to losses, 
which could be as great as 1000 kg m-2 Ga-1. Thus it is not a given that water trapped at the 
surface will persist for sufficiently long as to be observable in the present day, and burial 
beneath a regolith layer is likely to be a requirement for survival of water deposits in all 
thermal environments. 
 
The persistence of water ice in PSR’s appears unlikely in the present day, however it is 
worth noting that permanently shaded regions have not always been so. All have at some 
point in the past been illuminated, or partially illuminated and have later become 
permanently shaded. Such a scenario may have led to a situation where water has been 
able to migrate into the subsurface before becoming trapped at very low temperatures. This 
historical variation in illumination arises because the obliquity of the Moon, and thus the 
relative angle of incident solar radiation, has changed over time (Siegler et al. 2011). An 
illustration of the permanently shaded regions as they would have existed at different lunar 
obliquities are shown in Figure 2.4.  
 

 
Figure	2.1.		Polar	stereographic	shaded	relief	rendering	of	lunar	South	Pole	topography	from	65°	to	90°S.	Permanent	
shadows	are	denoted	in	red	and	the	color	scale	maps	color	to	surface	radius	values	in	kilometers.	From	(McGovern	et	
al.,	2013).		
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Figure	2.2.	Maps	of	measured	and	model-calculated	surface	and	subsurface	 	temperatures	in	the	lunar	south	polar	
region	 as	measured	 by	 the	 DIVINER	 instrument	 on	 LRO.	 The	 outer	 circle	 on	 all	maps	 is	 	 80°	 south	 latitude.	 (A)		
Diviner-measured	daytime	bolometric	brightness	temperatures	acquired		between			11.4			and			13.6			hours			local			
time			(5).			(B)			Diviner-measured	night	time	bolometric	brightness	temperatures		acquired	between		21.41		and	1.66	
hours	local	time	(5).	(C)	Model-calculated	annual	average	near-	surface	temperatures	and	the	location	of	the	LCROSS	
impact	in	Cabeus	Crater.	(D)	Model-calculated	depths	at	which		water	ice	would	be		lost		to		sublimation	at	a	rate	of	
less	than	1	kg	m−2	per	billion	years.	The	white	regions	define	the	locations	where	water	ice	can	currently	be	cold	
trapped	on	the	 	surface,	 	 	 the	 	 	coloured	 	 	regions	 	 	define	 	 	 the	 	 	upper	 	 	surface	 	 	of	 	 	 the	 	 	 lunar	 	 	 ice	 	permafrost	
boundary,	and	the	grey	regions	define	locations	where	subsurface		temperatures	are	too	warm	to	permit	the	cold-
trapping	of	water	ice	within	1	m	of	the	surface.		

 
Figure	2.3.	Sublimation	rate	from	water	ice	in	a	vacuum	as	a	function	of	temperature.	The	model	used	here	is	that	of	
Andreas	(2006)	which	builds	on	the	data	of	Murphey	and	Koop	(2005),	Wagner	et	al.	(1994)	and	Buck	(1981).	Note	
that	data	used	to	generate	these	curves	is	only	intended	for	use	to	110	K.	Andreas	(2006)	extends	on	the	basis	of	
physical	arguments	to	40K.	Extrapolation	here	is	to	25	K.		
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Figure	2.4.	Polar	 stereographic	maps	of	 the	North	Pole	 from	85°N	 to	90°	 (left)	and	South	Pole	 from	85°S	 to	 	90°S	
(right).	Each	row	shows	permanent	shadows	analysis	with	the	sub-solar	latitude	set	to	the	labelled	value.	

The stability criteria of 1mm/Ga from a planar sheet of ice, which gives rise to Figure 2.2 D 
provides a useful indication of the likely hood of water ice persistence but may not however 
be physical. It  may be more likely to find water ice on the external surfaces of regolith 
grains or in the pore spaces between grains. Figure 2.5 illustrates how water ice deposits 
might be incorporated into the regolith in both cases. In case water is accommodated in a 
similar way to that illustrated then ice thicknesses of micrometres to fractions of a 
millimetre might be expected. In this case a loss rate of 1mm/Ga is very significant and the 
details of how water might migrate and be lost within such a sample become important. Of 
similar importance is the present day volatile flux to the surface and the balance between 
the losses due to  sublimation and space weathering and delivery of volatiles to the surface 
in the present day. In summary the distribution and abundance of water in the lunar polar 
regions is complex and poorly constrained on the basis of theoretical considerations. 
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Figure	2.5.	Cross	section	of	Apollo	breccia	sample	63507	illustrating	possible	states	of	ice	deposits	on	grain	surfaces	
(top)	and	 in	pore	spaces	between	grains	(bottom).	5%	w.t.	water	 is	assumed.	Breccia	 is	applied	here	as	 it	closely	
resembles	the	structure	of	sub-surface	regolith	in	situ	on	the	surface	(credit	Fagan	and	Kring	2013).		

In an attempt to constrain and quantify water abundance a number of measurements have 
been made from orbit and from Earth facilities to try and identify the presence or otherwise 
of water ice in the polar regions of the Moon. These measurements have been made in 
Radio (e.g. Stacy et al, 1997, Spudis et al., 2010; Thompson et al., 2012) using the LOLA 
laser altimeter on LRO (Zuber et al., 2012) and through detection of epithermal neutrons 
on the Lunar Prospector (e.g. Feldman et al., 1998) and LRO (e.g. Mitrofanov et al., 2010) 
spacecraft. Of these techniques the former two have, to date, largely yielded inconclusive 
results regarding the presence or otherwise of ice and have at best determined upper limits 
on the possible abundances of water in some craters and placed constraints on the types of 
water deposit that may be expected. In the case of epithermal neutrons a definitive 
detection of increased hydrogen has been confirmed at high lunar latitudes. It is postulated 
that this hydrogen exists in the form of water ice, deposited in cold traps, though a 
definitive measurement of water ice is not possible by this technique.  
 
The distribution of this hydrogen remains a topic of some debate. Due to the poor surface 
resolution available to the Lunar Prospector Neutron Spectrometer instrument it was not 
possible to resolve individual PSRs or surface features. However it has been demonstrated 
that the data observed is consistent with a hypothesis that PSRs are the primary 
contributors to the observations (Elphic et al, 2007). It is also clear from this analysis that 
if this is the case then the abundance of water must be different in different PSRs. Table 2.1 
presents the different values, predicted on the basis of LPNS data, of water equivalent 
hydrogen in some permanently shaded regions close to the lunar South pole. It is 
important to note that the absolute values calculated are strongly linked to assumptions on 
the depth and distribution of water deposition in these cold traps and the abundance of 
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hydrogen in the regolith outside of the cold traps. As such these values might best be 
considered as indications of the extent of variability in the hydrogen/water content of 
different PSRs rather than absolute amounts. 
 

 
Figure	2.6.	Water-equivalent	hydrogen	 (WEH)	 in	wt%	 in	permanently	 shaded	regions	 at	 the	 Lunar	 South	 Pole	 as	
recovered	from	LPNS	epithermal	neutron	data	through	pixon	reconstruction.	Large	circle	denotes	85°S	(from	Elphic	
et	al,	2007).	

 
Crater Location Diameter  

(km) 
Shadowed 
Area (km2) 

Water Equivalent 
Hydrogen (wt%) 

Cabaeus 84.5°S, 322°E - 900 0.7±0.16 
De Gerlache 88.5°S, 273°E 22.6 300 0.72±0.24 
Shackleton 89.7°S, 110°E 17.0 200 0.48±0.13 
Shoemaker 88.1°S, 45°E 51.0 1175 0.23±0.05 
Faustini 87.3°S, 77°E 39.0 700 0.34±0.06 
Unnamed 87.5°S, 356°E 32.1 1300 0.19±0.04 
Table	2.1.	Water	equivalent	hydrogen	content	predicted	for	some	permanently	shaded	cratered	in	the	South	polar	
region	based	on	pixon	reconstruction	analysis	of	LPNS	neutron	data	(values	from	Elphic	et	al,	2007)	

 
More recent measurements from the Lunar Exploration Neutron Spectrometer (LEND) on 
LRO have added further uncertainty and complication to the question of where there could 
be water and how much there is. The primary difference between the LEND instrument 
and LPNS was the addition of a collimator, whose function was to provide a reduced field 
of view for the instrument and reduce the surface footprint of neutron measurements. 
Published analyses of the LEND data set has added complexity to the discussion. Some key 
findings of the LEND team are summarised as follows: 

1. The inferred hydrogen concentration is not correlated with a lack of 
illumination  

2. Hydrogen is observed in the PSRs associated with Cabeus and Shoemaker 
craters in the Southern hemisphere but does not appear to be related to their 
illumination conditions.  
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3. Hydrogen abundance appears to be uncorrelated in general with topography 
or geology (with one or two notable exceptions) 

4. Hydrogen enhancements appear to be uncorrelated with the special 
distribution of regions where water could exist, as identified in Figure 2.2 

The LEND analysis has some important and counter intuitive implications. First of all 
hydrogen may be concentrated in some but not all PSRs, but its presence is not correlated 
with illumination or temperature. It  may also be concentrated in some partially shaded 
regions? However it is not clear what physical process could drive the hydrogen 
distribution that is presented. As such it is perhaps premature to assume that the hydrogen 
concentration map presented is due to the presence of water ice. A key measurement for 
future surface missions will be to verify the presence and chemistry of hydrogen at the 
surface on these locations.  
 

 
 
Figure	2.7.	(left)	Map	of	the	south	pole	is	presented	above	the	latitude	of	80°.	(right)	The	map	of	detected	local	spots	
of	NSRs	is	also	shown,	which	could	be	associated	with	water-rich	lunar	permafrost,	shown	in	blue.	Bright	blue	and	
dark	blue	regions	correspond	to	detection	thresholds	of	−2.5%	and	−5.0%,	respectively.	Black	spots	and	contours	of	
the	maps	represent	the	boundaries	of	PSRs	according	to	LOLA	data	(Mazarico	et	al.,	2011).	Figure	from	Mitrofanov	et	
al.	(2012).		

To date only one measurement has been made of water at the lunar surface. This was made 
by the L-CROSS mission, which recorded infrared spectra of the plume generated as a 
Centaur upper stage impacted into the surface of the PSR in Cabeus. The abundance 
reported following this measurements was 5.6+/- 2.9 % w.t. for water. This represents an 
average abundance in the region affected by the impact, which is likely to have been several 
meters in diameter and depth. In addition a number of other compounds were reported in 
the plume. These are shown in Table 2.2. It is important to note that these compounds are 
observed following the impact and may be impact derived compounds from pre-impact 
precursors in the surface, whose composition may differ somewhat from that observed.  
 

Compound Molecules cm-2 % relative to H2O(g)* 

H2O 5.1(1.4)E19 100.0 
H2S 8.5(0.9)E18 16.75 
NH3 3.1(1.5)E18 6.03 
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SO2 1.6(0.4)E18 3.19 
C2H4 1.6(1.7)E18 3.12 
CO2 1.1(1.0)E18 2.17 
CH3OH 7.8(42)E17 1.55 
CH4 3.3(3.0)E17 0.65 
OH 1.7(0.4)E16 0.03 

 
Table	2.2.	Abundances	(relative	to	H2O)	of	compounds	observed	in	the	L-CROSS	impact	plume.	From	Colaprete	et	al.	
(2010).	

	

2.1.1 Objectives for cold trapped (physisorbed) volatiles 
The composition, abundance and distribution of cold trapped volatiles across the polar 
regions are currently very poorly constrained. These major unknowns  currently precludes 
any assessment of their potential as resources for future exploration activities. 
Comprehensive measurements of samples from multiple depths at a single landing site can 
provide ground truth for orbital measurements and models, by indicating the vertical 
distribution, composition and abundance at that site. It is also important to show that 
these volatiles, if present, can be extracted and processed in a controlled manner.  
 
One important limitation of measurements made at a static location, without the option of 
mobility, is that they may not be representative of the situation on regional, or even local 
scales. If distribution is variable on scales of kilometres or even meters, as is often the case 
for example in terrestrial sub surface ices. Given the uncertainty on the representatively of 
measurements made it is essential to ensure that measurements provide the maximum 
information possible, to allow the identification of the sources and emplacement processes 
of any volatiles present. This allows some extrapolation of the findings at one site to the 
broader region. To achieve this it is necessary to accurately measure the isotopic 
abundances of key volatile elements contained in any cold trapped ices identified, in a way 
that allows comparison with measurements in terrestrial laboratories.   
  
Objectives for the assessment of cold trapped volatiles as potential resources are given 
below: 
 
OB-CV-001 Determine the absolute abundance of volatiles, as a function of depth, at a 

location where their enhancement, compared with average lunar values, is 
expected 

OB-CV-002 Determine to what extent hydrogen and water in the lunar polar regions is 
found in ices or is chemically bound to regolith grains 

OB-CV-003 Determine the volatile inventory at a location where their enhancement is 
expected 

OB-CV-004 Identify the sources and emplacement processes of cold trapped volatiles at 
a location where their presence is confirmed 

OB-CV-005 Determine the cold trapped volatile inventory at a location where their 
presence is expected 
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OB-CV-006 Determine the absolute abundance of cold trapped volatiles, as a function of 
depth, at a location where their presence is expected 

OB-CV-007 Identify the sources and emplacement processes of cold trapped volatiles at 
a location where their presence is confirmed 

2.1.2 Requirements for investigations into cold trapped (physisorbed) 
volatiles 

2.1.2.1 Sample Requirements  
RQ-SA-010. Samples shall be extracted from sites where cold trapped volatiles are 

expected based on data from previous missions. 

Justification: This is needed to ensure that there is a chance to collect ices, which are not 
expected to occur at the majority of lunar location. Locations of interest are most likely to 
be those identified as being compatible with water ice stability within 1 m of the surface 
by Paige et al. 2010 and supported by data from orbit of epithermal neutrons to indicate 
hydrogen enhancement.   

RQ-SA-020. Samples shall be taken from depths from the top cm of the surface up to a 
depth of 1m with a goal of 1.2m. 

 
Justification: This is needed to ensure that there is a chance to collect ices.  Depths at 
which ices can be expected might vary from tens of cm depending on the specific 
properties of the sites accessed. Hydrogen enhancements recorded from orbit through 
epithermal neutron measurements must be located within approximately 1m from the 
surface. The model of Paige et al. 2010 indicated water stability criteria are met at many 
locations within 1m – 2 m. L-CROSS results coupled with those of epithermal neutron 
measurements indicate a sub-surface concentration within 1m overlayed by a desiccated 
regolith layer.  
 
The surface will be the most contaminated layer. Extraction of this layer will allow 
identification and characterisation of the contaminants.  

 
RQ-SA-030. Losses of ice from the sampled material from its original state to the point of 

analysis shall be no greater than 5%(TBC) for samples containing more than 
or equal to 1% (TBD) by weight water ice.  

 
Justification: This is to ensure that the process of sampling and sample handling 
maintains the original ice content of the sampled material to within an uncertainty that is 
acceptable for determination of abundance and for determining isotopic fractionation. In 
the case of fractionation preliminary investigations based on basic physical principles 
have indicated that a 10% loss of ice through sublimation is likely to lead to a 65‰ bias in 
the determined  δD (Savoia  et al., 2014). A 5% loss introduces a bias of around 30‰. 
Experimental investigations into sublimation of water ice by Mortimer et al. (2016) have 
indicated that this effect is less pronounced but that fractionation is a complex function of 
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temperature, fraction sublimed and the properties of the regolith matrix from which 
sublimation is occurring.  The requirement stated later is for an uncertainty of 100‰. A 
minimum abundance for which it applies is provided in order to provide a baseline 
against which to work. Later requirements address the need to be able to identify what 
the losses were in order to provide some provision for this in calculated isotope values.  
 
Comment: the loss rate of water ice from a sample is a function of the sample size and 
geometry, the temperature and the time taken. Expected times for losses from samples of 
geometry expected to be similar to that for PROSPECT are provided by Formisano et al. 
(2016).   
 
Verification of this requirement should be performed against the materials specified in 
(reference document in preparation).  

 
RQ-SA-040. The depths from which delivered samples are extracted shall be determined 

within an uncertainty of ±10mm (TBC). 
 
Comment: Nominally considered sufficient to allow determination of sub-surface 
distribution. Paige et al. 2010 and epithermal neutron measurements indicate a 
distribution over a 1-2 m depth. In this context a positional knowledge as given above is 
considered meaningful.  
 
RQ-SA-050. It shall be possible to collect samples from  depth intervals of 200 mm or 

less 
 
Comment: Nominally considered sufficient to allow determination of sub-surface depth 
distribution. Paige et al. 2010 and epithermal neutron measurements indicate a 
distribution over a 1-2 m depth. In this context the ability to provide samples at intervals 
as given above (i.e. 200mm spacing between samples) is considered meaningful.  
 
RQ-SA-060. Acquired samples shall be demonstrated, by tests on analogues, to be 

representative of original sampled material in terms of the relative 
proportions of fines (5µm – 0.5mm), coarse particles (>0.5mm) and ices. 

 
Justification: If the sample proportions as described above are altered or biased then this 
may have an effect in the cold trapped volatiles in terms of both content and isotopes, 
depending on the way in which these volatiles are contained in the regolith.  
 
Verification of this requirement should be performed against the regolith simulant 
specified in (reference document in preparation)  
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RQ-SA-070. Data shall be generated that allows the losses of ice and other volatiles 
during sample handling to be determined.   

 
RQ-SA-071. The temperature of samples should be recorded from acquisition to 

delivery with an uncertainty of 0.1K (TBC) between 110K and 180K. 
 
Justification: sublimation rate is a very strong function of temperature over the 
temperature range given above (e.g. Andreas, 2010). It is inevitable that some losses will 
occur. In order to minimise the errors that these losses introduce to isotopic analysis an 
estimate of the actual losses must be generated. This estimation will be done on the basis 
of temperature measurements. A high temperature resolution is requested in this 
temperature range as this is a critical range for sublimation rate at lunar pressure.  
 
Comment: It is not possible to measure the sample temperature. Temperatures close to 
the samples may be measured and used to infer the actual sample temperature. This 
requirement could be updated to better reflect this. The precision requested here is 
challenging and so is considered a “should” requirement.  

 
RQ-SA-072. The temperature of samples shall be recorded from acquisition to 

delivery with an uncertainty of 1K (TBC) for temperatures above 180K. 
 
Justification: At temperatures above 180K losses of cold trapped volatiles becomes very 
rapid and very precise measurements are unlikely to be required. Temperature 
measurements are still needed for other measurement types. The requirement is included 
here in order to show the transition in measurement requirements.  

 
RQ-SA-073. The mechanical environment of samples shall be determined from the 

acquisition to delivery 
 
Justification. Losses may result from mechanical (shock) disturbances to the samples. 
Such disturbances are expected to be most likely to occur during sampling and during 
transfer. These disturbances may also increase the surface area available for sublimation 
by spreading of the sample over a larger area.   
 
Comment: This requirement will need to be defined more specifically in terms of shocks, 
accelerations, packing etc.. Mechanical disturbances may be more important for 
chemisorbed volatiles, described later. 
 
RQ-SA-080. The level of terrestrial contamination in measurements shall be sufficiently 

low as to allow measurements of samples in line with the requirements 
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Justification: Contamination by materials containing light elements will bias the 
measurements made in terms of isotopes and may introduce false measurements of some 
chemistry of interest.  
 
Comment: a list of materials of concern could be added here. Limits need to be applied. 
 
RQ-SA-090. The level of contamination from the lander, it’s fuel or exhaust products in 

measurements shall be sufficiently low as to allow measurements of samples 
in line with the requirements. 

 
Justification: Contamination by chemicals containing light elements will bias the 
measurements made in terms of isotopes and may introduce false measurements of some 
chemistry of interest. Note that extraneous implies that lander induced contamination 
can be introduced to the chain if that is the subject of a measurement.  
 
Comment: a list of materials of concern could be added here. Limits need to be applied. 
Further elaboration of this requirement and the verification approach is needed. 
 
RQ-SA-100. The level of cross-contamination between samples shall be sufficiently low 

as to allow measurements which are representative of separate samples in 
line with the requirements. 

 
Justification: Cross contamination between samples can lead to false results. As an 
extreme example 5% contamination of a water ice sample to a following sample 
containing no water ice would lead to an interpreted result in the later sample of 5% 
water content. The nominal value of 5% (TBC) is based on the established and verified 
requirement that has been generated for the Exomars SPDS (project internal 
communication) 
 
Comment: It is expected that detailed contamination requirements and the verification 
approach shall be derived by the contractor such that measurement quality is assured.  
 
RQ-SA-110. Images should be produced of samples within ovens with resolution of 

better than or equal to 10µm per pixel. 
 
Justification: Images allow the quality and quality of the samples being measured to be 
accounted for. The resolution here allows inference of the size distribution of the particles 
in the samples. Mean size for regolith samples is typically around 70µm so 10µm per pixel 
is sufficient to infer particle size. Images also provide a means of identifying any non-
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optimal situation regarding the samples and their ingress into the oven.  Images could be 
recorded after deposition into the oven.  
 
Comment: This is left as a “should” requirement as feasibility may depend on external 
factors and boundary conditions related to the lander configuration and PROSPECT 
accommodation.  
 

2.1.2.2 Volatile extraction and measurement requirements 
RQ-EM-010. Volatiles shall be extracted from lunar regolith samples by heating. 
 
Justification: This is a controlled way to extract physisorbed volatiles and also 
demonstrates heating as an extraction process for ISRU.  
 
Comment: In the case of  cold trapped volatiles the temperatures required for extraction 
are expected to be fairly low. Temperatures above 0°C are probably sufficient. 300°C is 
probably a good target temperature.  
 
RQ-EM-020. The chemical identity of chemical species with m/z between 2 and 200 shall 

be determined when in concentrations greater than 1ppb (TBC). 
 
Justification: This ensures that all of the prevalent chemical species in the samples are 
identified. List of elements compiled from the summary of Lunar Volatile Materials from 
Berezhnoy et al. (2012) are all included in this mass range. The 1ppb (TBC) value reflects 
that some of the species are expected to be very rare in the regolith outside of 
permanently shaded areas and thus significantly rarer than the values presented for 
Cabeus crater by Berezhnoy et al. (2012).  
 
Comment: It is recognised that to maintain this m/z range there is a possibility that for 
samples with m/z less than 10 sensitivity may be compromised. This requirement may be 
revised depending on the results of testing.  
 
Comment: For complex molecules (e.g. organics) it is recognised that identification may 
not be at the level of individual species, but may be limited to suites of species type.  
 
Comment: Verification is to be performed against a standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation).  
 

RQ-EM-030. A quantitative measure of the total volatile yield (uncertainty TBD) and the 
yields for individual volatiles (uncertainty TBD) shall be provided as a 
function of the sample mass.   

 
Justification: The ultimate goal is to determine the concentration of those identified 
chemical species in % or ppm etc. Practically this is envisaged as being achieved through 
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the determination of the total amount extracted from a sample. Abundance is then 
achieved by knowing the sample mass.  
 
Comment: Sample mass probably needs to be determined through imaging or through 
measurement of the gas pressure in an oven of known size after the introduction of a 
sample. Other methods may also be considered.  
 
Comment: Verification for chemicals other than water ice is to be performed against as 
standard to be provided by ESA and derived from CV and CM chondrites (standard and 
reference document in preparation). 

 
RQ-EM-040. The abundance of any precursors within the regolith to the liberated 

volatiles which are produced during the extraction process should be 
determined with an uncertainty of ±50% (TBD) 

 
Justification: The chemical species which are measured post evolution from samples will 
have been altered from their original state in the samples. Measurements of the evolved 
gasses need to be sufficient to allow the inference of the original species. The error target 
should be derived from uncertainty requirements concerning ISRU viability. A  value of 
+/- 50% is suggested as appropriate to future ISRU aspirations? 
 
Comment: It is noted that determining the precursors is primarily an analytical problem 
rather than a system requirement and while important is challenging to assure. For this 
reason this remains a “should” requirement. 
 
Verification is to be performed against as standard to be provided by ESA and derived 
from CV and CM chondrites (standard and reference document in preparation). 

2.1.2.3 Isotopic analysis requirements 
Comments: Requirements linked to the isotopic measurement of a number of species not 
listed here shall be added to this section.  
 
RQ-IS-010. The isotopic composition of hydrogen in volatile species in lunar regolith 

samples, δD, shall be determined with an uncertainty of 100‰ 
 
Justification: To enable distinguishing primary sources of lunar hydrogen. Solar Wind is 
-1000 per mil; terrestrial water is -100 per mil; cometary organics +1000 per mil. The 
given uncertainty should allow identification of the source and allow investigation in to 
the fractionation and systematics of the processing that has taken place during 
emplacement and processing. See for example δD values for different solar system objects 
presented by Saal et al. (2013) and Robert (2006). 
 
Comment: Verification is to be performed against a standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation). 
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RQ-IS-020. As a goal the isotopic composition of carbon in volatile species in lunar 
regolith samples, δ13C, should be determined with an uncertainty of 1‰. 

 
 Justification: As 13C is cosmogenic the 13C/12C ratio can provide an idea of the exposure 
age of the carbon in the sample or its origins (ten Kate et al, 2010; Sephton and Botta, 
2005) (. Carbon isotope fractionation and measurements in the Solar System are 
discussed by Woods et al. (2009) and Woods (2009).  
 
Comment: In order to achieve this it is expected that the system will need to enable 
combustion of samples to extract carbon for analysis and achieve oven temperatures 
consistent with this. This is not considered a requirement within this document but is 
highlighted as a likely requirement to be carried at system level to achieve the User 
Requirement above.  
 

	

Figure	2.8	hydrogen	and	carbon	isotopes	and	the	relationship	with	the	origins	of	a	wide	variety	of	samples	from	ten	
Kate	et	al.	(2010).		

Comment: Verification is to be performed against a standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation). 
 
RQ-IS-030. The isotopic composition of nitrogen in volatile species in lunar regolith 

samples, δ15N, shall be determined with an uncertainty of 10‰. 
 
Justification: This level of uncertainty is needed to distinguish nitrogen components. The 
given uncertainty should allow identification of the source and allow investigation in to 
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the fractionation and systematics of the processing that has taken place during 
emplacement and processing. See for example δ15N values for Earth, Moon, comets and 
carbonaceous chondrites presented by Füri et al. (2015) and Saal et al. (2013). 
 
Comment: Verification is to be performed against as standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation). 
 
RQ-IS-040. The isotopic composition of oxygen in volatile species in lunar regolith 

samples, δ18O, shall be determined with an uncertainty of 1‰. 
 
Justification: Only coupled, (ultra-)high-precision measurements of the three O isotopes 
can provide detailed source information source information and this is hard to achieve 
even in terrestrial laboratories. However δ18O alone should be sufficient to determine 
whether solar wind is or is not the source of oxygen measured.   
 
Comment: Reference is needed here to the δ18O of different oxygen sources. 
 
Comment: Verification is to be performed against as standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation). 
 
 
RQ-IS-050. As a goal The isotopic composition of oxygen in volatile species in lunar 

regolith samples, δ17O, shall be determined with an uncertainty of 0.1‰. 
 
Justification: It is recognised that this measurement is by no means straightforward even 
in a terrestrial laboratory and it is probably unlikely that the measurement can be 
achieved in situ. The requirement is therefore expressed as a goal. As described above 
only coupled, (ultra-)high-precision measurements of the three O isotopes can provide 
detailed source information source information. 
 
Comment: Verification is to be performed against as standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation). 
 
RQ-IS-060. Isotopic measurements described above shall be possible, where relevant, 

for all chemical species defined in Table 2.3 and Table 2.4 if present above 1 
ppm (TBC).  

 
Justification: This ensures that isotopic measurements shall be made for elements 
associated with all the chemical species of interest. A TBD ppm limit is applied here to 
allow for the practical limitations for measurements of very rare chemical species. 
 
Comment: Verification is to be performed against as standard to be provided by ESA and 
derived from CV and CM chondrites (standard and reference document in preparation). 
Reference document defines a “reference” set of sample gasses from a nominal sample.   
 
 



 

 
Page 24/71 
PROSPECT User Requirements Document 
Date   Issue 2  Rev 1 

ESA UNCLASSIFIED - For Official Use 

species Design reference  
concentration (ppm) 

reference 

H2O 200 Tartese and Anand (2013) 

H2 50 Tartese and Anand (2013) 

4He 10  Fegley and Swindle (1993) 
20Ne 0.5 Wieler (2002) & Wieler and 

Heber (2003) 
22Ne 0.05 Wieler (2002) & Wieler and 

Heber (2003) 
36Ar 0.0075 Wieler (2002) & Wieler and 

Heber (2003) 
38Ar 0.001 Wieler (2002) & Wieler and 

Heber (2003) 
40Ar 0.02 Wieler (2002) & Wieler and 

Heber (2003) 
N2 100 Mortimer et al. 2016 
O2 0.01 assumes scales to solar 

abundance relative to H2 
CO 10 Indistinguishable from N2 so 

assume same profile 
CO2 100 McCubbin et al. (2015) 

NH3 0.001 Arbitrary value 

CH4 0.001 Arbitrary value 
C2H4 0.001 Arbitrary value 

C4H8 0.001 Arbitrary value 

C6H6 0.001 Arbitrary value 

C7H8 0.001 Arbitrary value 
C8H8 0.001 Arbitrary value 
C8H10 0.001 Arbitrary value 
C9H8 0.001 Arbitrary value 
C9H10 0.001 Arbitrary value 
C9H12 0.001 Arbitrary value 
C4H4S 0.001 Arbitrary value 
84Kr 0.00004 TBD 
132Xe 0.000006 TBD 
F 100 McCubbin et al. (2015) 
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Cl 50 McCubbin et al. (2015) 
SO2 100 McCubbin et al. (2015) 
H2S 200 McCubbin et al. (2015) 

 
Table	2.3	reference	volatile	content	of	a	“dry”	lunar	sample.		

 
 

Molecule Abundance normalised to 
that of water 

source 

H2O 1 N/a 

H2S 1.67E-01 Collaprete et al. 2010 
 NH3 6.08E-02 

SO2 3.14E-02 
C2H4 3.14E-02 

CO2 2.16E-02 

CH3OH 1.53E-02 

CH4 6.47E-03 
CO 2.00E-01 Martins and Sephton, 2009  

 H2O2 3.00E-04 

C2H2 0.001 

C2H6 0.003 
CH3C2H 0.00045 

CH3OH 0.024 

H2CO 0.011 

HCOOH 0.0008 
CH3COOH 0.0006 

HCOOCH3 0.0008 

CH3CHO 0.00025 

H2CCO 0.00032 
C2H5OH 0.0005 

CH3OCH3 0.0045 

CH2OHCHO 0.0004 

NH3 0.007 
HCN 0.0025 
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HNCO 0.001 

HNC 0.0004 

CH3CN 0.0002 
HC3N 0.0002 

NH2CHO 0.00011 

NH2CH2COOH 0.0015 
C2H5CN 0.0001 
CH2NH 0.00032 
HC5N 0.00003 
N2O 0.0023 
NH2OH 0.0025 
H2S 0.015 
OCS 0.003 
SO 0.005 
CS2 0.002 
SO2 0.0023 
H2CS 0.0002 
S2 0.00005 
NaCl 0.000008 
NaOH 0.000003 

 
Table	2.4	reference	volatile	content	within	water	ice	at	the	lunar	poles.		A	cometary	composition	is	used	as	a	design	
reference	analogue	for	lunar	water.		
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2.2 Chemisorbed and Solar wind implanted volatiles  
 
Volatiles, which have been implanted into the surface by the solar wind, provide another 
potential resource, which can be extracted from lunar soil by simple heating. They are 
almost certainly ubiquitous to all lunar soils and have been recovered from samples 
obtained during the Apollo and Luna missions. The main major elements present in this 
population are H, N, C and He (e.g. Fegley and Swindle, 1993). These elements, once 
extracted, could be applied in support of various aspects of lunar exploration. Potential 
applications include use as a feed stock for processes for the reduction of metal oxides for 
the production of O and H2O see later sections) as well as chemicals used in life support 
and other surface systems.  
 
The extraction of solar wind implanted volatiles by heating (Figure	 2.9) probably  
constitutes the simplest conceivable extraction means for any potential resource but for 
most lunar sites the abundance of volatile elements in the regolith is low (e.g. of the order 
of 50 ppm by mass in the case of H; Fegley and Swindle, 1993). As a result the practical 
application of such volatiles as resources, in areas similar to those already sampled 
requires further investigation and is not a given. However at unexplored high lunar 
latitudes concentrations may well be higher. In these locations the regolith exists at much 
lower temperatures than those sampled by Apollo, which should result in a slower diffusion 
of light atoms out of mineral lattices.  
 
One solar wind implanted volatile that has been the focus of much speculation is 3He. This 
element has been identified as a potential fuel for future nuclear fusion reactors (e.g. 
Schmitt, 2006). However, the concentration of 3He in regolith samples returned by Apollo 
is very low (in the range 2–10 parts per billion by mass; Fegley and Swindle, 1993) and so 
the economic benefits it may yield remain far from demonstrated. Again there is 
uncertainty regarding the global abundance of 3He, however, there is an observed 
correlation between 3He abundance and ilmenite abundance (Fegley and Swindle, 1993). 
This correlation implies that the highest concentrations will probably occur in high-Ti mare 
basalt regions,  such as those in Mare Tranquillitatis, which were sampled by Apollo 11. In 
these samples the 3He concentration is 9.5 part per billion by mass (Fegley and Swindle, 
1993). Preliminary remote sensing observations by the Chang’e-1 mission (Fa and Jin, 
2010) support this hypothesis. For this reason it seems unlikely that enhancements in 
concentrations of 3He in other areas of the Moon will be significant enough to increase the 
economic viability of the proposed scheme.  
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Figure	2.9	Evolved	gas	release	from	Apollo	14	lunar	soil	14163.		Volatile	species	released	during	heating	lunar	soil	
14163	 at	 6oC/minute	 from	 room	 temperature	 to	 1400oC.	 	 Gas	 release	 profiles	 are	 normalized	 to	 100%	 at	 the	
temperatures	of	greatest	abundance.	 	A	great	many	lunar	soil	samples	have	been	analysed	using	this	technique	by	
Gibson	et	al.	

 
An additional population of volatiles, most likely resulting from solar wind implantation, 
have been identified through measurements of infrared spectra from the M3 instrument on 
Chandrayaan-1 (Pieters et al., 2009). These measurements, along with those from the Deep 
Impact and Cassini missions (Clark et al., 2009; Sunshine et al., 2009) have revealed an 
absorption feature at around 3 microns which has been attributed to the fundamental 
vibration of the OH chemical group and thus is an indicator of the presence of OH and/or 
H2O. The feature has been observed across the lunar surface but is seen to increase with 
latitude such that that the highest prominence close to the poles. Variations in absorption 
have also been associated with different surface mineralogies, and the feature is 
particularly associated at lower latitudes with plagioclase feldspar in anorthositic highland 
regions (Clark, 2009). Time variations have also been inferred in the strength of the 
absorption feature suggesting that the OH is dynamic and migrating across the lunar 
surface, and may provide one source of ice in cold traps at the lunar poles.  
 
The observed OH is most likely to exist in the form of chemically bound hydroxyl groups 
created by implantation of solar wind hydrogen (McCord et al., 2011; Starukhina, 2012). 
The observations made to date are sensitive to regolith depths of approximately 1 mm. 
Within this depth of the surface initial indications are that up to a few tenths of a per cent 
by weight of water equivalent may be present. Another instrument on the Chandrayaan-1 
spacecraft reportedly detected water vapour in the tenuous lunar atmosphere (Sridharan, 
et al., 2010). 
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The discovery of water/hydroxyl on and near the lunar surface have been complemented by 
a number of new ground- based findings of water/hydroxyl in lunar samples that 
originated at depth in the Moon (e.g., Boyce et al., 2010; Greenwood et al., 2011; Hauri et 
al., 2011; McCubbin et al., 2010; Saal et al., 2008), although the sources of water/hydroxyl 
are probably quite different in the two cases (e.g. Anand, 2010; McCord et al., 2011).  
 

	

Figure	 2.10.	 3-μm	 absorption	 strength	 on	 the	 lunar	 surface,	 indicating	 OH/H2O	 content,	 as	measured	 by	 the	M3	
instrument	on	Chandrayaan.	Brighter	areas	indicate	strong	absorption.	The	large	northern	crater	near	0°	longitude	
with	strong	3-μm	absorption	is	Goldschmidt	(indicated	with	arrow).	Taken	from	Pieters	et	al.,	2009.	

2.2.1 Objectives for chemisorbed and Solar Wind implanted volatiles 
An analysis of adsorbed volatiles from the solar wind and other sources at new and distinct 
landing sites, and in particular those at high latitudes can provide ground truth for orbital 
measurements and compliment measurements of Apollo and Luna samples from low 
latitudes and different terrains. This would allow the assertion of the abundance and 
composition of such volatiles across the lunar surface. Doing so in a manner in which 
contamination is strictly controlled throughout the sample chain can also address 
questions on the potential contamination of samples obtained during the Apollo missions 
and add value to measurements made previously on these samples.  
 
It is important to note that the surface at the location of landing will have been altered by 
the influence of the landing. As such objectives should be considerate of the fact that 
surface volatiles are most likely unrepresentative of the surface as a whole and are likely to 
be heavily contaminated.  
 
Objective for investigations into solar wind implanted volatiles as potential resources are 
therefore: 
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OB-SW-001 Determine the composition of chemisorbed and solar wind implanted 
volatiles at new and distinct locations 

OB-SW-002 Determine the abundance of chemisorbed and solar wind implanted 
volatiles at new and distinct locations 

OB-SW-003 Determine the variation in concentration of chemisorbed H2O/OH with 
depth below the surface.  

OB-SW-004 Determine the isotopic composition of the elemental components of 
chemisorbed H2O/OH found below the surface. 

2.2.2 Requirements for investigations into chemisorbed and Solar 
Wind implanted volatiles 

2.2.2.1 Sample Requirements  
RQ-SA-120. Samples shall be extracted from sites which are distinct from those for 

which data currently exists. 

Justification: This provides a new data set which is distinct from anything in the current 
inventory.  

Comment: There is a general priority for high latitude sites as these represent 
significantly different environments from those explored before and where 
concentrations are expected to be higher due to reduced surface temperatures.  

RQ-SA-130. Samples shall be taken from depths which are sufficient to ensure that 
contamination due to a lander are negligible. 

 
Justification: Contaminants from lander engines contain compounds and elements of 
interest for the scientific investigations.  
 
Comment: models and experiments will be required to establish the contaminants and to 
characterise their interaction with regolith. An initial study performed in the frame of L-
VRAP (Barbar et al., 2012) indicated that penetration of exhaust gasses from the lander 
plume into the surface would have a penetration of a several cm, although this was a 
preliminary finding and further work is required.  
 
Comment: While accessing water at the surface is of strong interest it is not pursued here 
as it is assumed that surface alteration by the lander will prevent any such 
measurements.  

 
RQ-SA-140. Losses of chemisorbed and solar wind implanted volatiles from the sampled 

material from its original state to the point of analysis shall be no greater 
than 5%(TBC).  
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Justification: This is to ensure that the process of sampling and sample handling 
maintains the original volatile content of the sampled material to within an error that is 
consistent with the abundance requirements and the isotopic measurement requirements.  
 
Comment: Failure to meet this requirement would most likely be due to exposure to high 
temperatures or extreme mechanical disturbance. These extreme events are expected to 
be unlikely given the need to address preservation requirements linked to cold trapped 
volatiles (RQ-SA-030), which are expected to be driving. In terms of verification 
demonstration that requirement for preservation of cold trapped volatiles are preserved 
would be sufficient. As such this requirement is assumed not to be included in the System 
Requirements Document.  

 
The following requirements also apply:  
 
RQ-SA-040 The depths from which delivered samples are extracted shall be determined 

within an uncertainty of ±10mm (TBC). 
 

Justification: Over a depth of 1 – 2 m a positional knowledge of 10mm is considered 
sufficient to allow a depth distribution to be established. Chemisorbed OH/H2O are likely 
to only survive in the surface few cm.  

  
RQ-SA-050 It shall be possible to collect samples from  depth intervals of 200 mm or 

less 
 

RQ-SA-060 Acquired samples shall be demonstrated, by tests on analogues, to be 
representative of original sampled material in terms of the relative 
proportions of fines (5µm – 0.5mm), coarse particles (>0.5mm) and ices. 

 
Justification: It has been observed previously that the extent and content of SWIPs in 
lunar regolith varies with particle size and type and soil maturity. It is therefore 
important to ensure that no bias is introduced to measurements by unintended alteration 
of the relative proportions.  
 
Comment: Verification of this requirement is expected to be performed using the 
analogue defined in [reference document needed]  
 
RQ-SA-072 The temperature of samples shall be recorded from acquisition to delivery 

with an uncertainty of 1K (TBC) for temperatures above 180K. 
 

Justification: Temperature needs to be recorded in order to establish the point at which 
different species are evolved. Chemisorbed species are likely to start evolving at 
temperatures of around 180K (Hibbets et al. 2011). A reduced uncertainty is required here 
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than for ices as loss rates are a less strong function of temperature and high uncertainty 
sampling across the full temperature range expected is very challenging.  
 
Comment: As noted previously it is unlikely that sample temperature can be measured 
directly but will instead need to be inferred from measurements made in proximity to 
samples. This requirement may need to be updated to reflect an appropriate measuring 
scheme.  

 
RQ-SA-073 The mechanical environment of samples shall be determined from the 

acquisition to delivery 
 

Justification: Anecdotal evidence  from working with Apollo samples indicates that some 
surface bound solar wind volatiles may be sufficiently weakly bound to be lost through 
physical disturbance (L. Taylor, personal communication). Providing a record of the 
accelerations and disturbances experienced by the samples up to the point of delivery 
allow some inference of the likely losses experienced due the transfer process.   

 
RQ-SA-080 The level of terrestrial contamination in measurements shall be sufficiently 

low as to allow measurements of samples in line with the requirements 
 

Justification: see earlier justification.  
 

RQ-SA-090 The level of contamination from the lander, it’s fuel or exhaust products in 
measurements shall be sufficiently low as to allow measurements of samples 
in line with the requirements. 

 
Justification: see earlier justification.  
 

RQ-SA-100 The level of cross-contamination between samples shall be sufficiently low 
as to allow measurements which are representative of separate samples in 
line with the requirements. 

 
Justification: see earlier justification.  

2.2.2.2 Volatile extraction and measurement requirements 
The following requirements apply:  
RQ-EM-010 Volatiles shall be extracted from lunar regolith samples by heating. 

 
Justification: see earlier justification.  
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Comment: Solar wind implanted chemicals are typically extracted at temperatures of less 
than 700°C. temperatures required for chemisorbed volatiles are typically around 
1000°C or higher. It is therefore expected that sample temperatures of more that 1000°C 
will be targeted.  
 
 
RQ-EM-020 The chemical identity of chemical species with m/z between 2 and 200 shall 

be determined when in concentrations greater than 1ppb (TBC). 
 
Justification: see earlier justification.  
 
RQ-EM-030 A quantitative measure of the total volatile yield (uncertainty TBD) and the 

yields for individual volatiles (uncertainty TBD) shall be provided as a 
function of the sample mass. 

 
Justification: see earlier justification.  
 
RQ-EM-040 The abundance of any precursors within the regolith to the liberated 

volatiles which are produced during the extraction process should be 
determined with an uncertainty of ±50% (TBD) 

 
Justification: see earlier justification.  
 

2.2.2.3 Isotopic analysis requirements 
The following requirements apply:  
RQ-IS-010 The isotopic composition of hydrogen in volatile species in lunar regolith 

samples, δD, shall be determined with an uncertainty of 100‰ 
 

Justification: see earlier justification.  
 

RQ-IS-020 As a goal the isotopic composition of carbon in volatile species in lunar 
regolith samples, δ13C, should be determined with an uncertainty of 1‰. 

 
Justification: see earlier justification.  

 
RQ-IS-030 The isotopic composition of nitrogen in volatile species in lunar regolith 

samples, δ15N, shall be determined with an uncertainty of 10‰. 
 

Justification: see earlier justification.  
 

RQ-IS-040 The isotopic composition of oxygen in volatile species in lunar regolith 
samples, δ18O, shall be determined with an uncertainty of 1‰. 
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Justification: see earlier justification.  
 

RQ-IS-050 As a goal The isotopic composition of oxygen in volatile species in lunar 
regolith samples, δ17O, shall be determined with an uncertainty of 0.1‰. 

 
Justification: see earlier justification.  

 
RQ-IS-060 Isotopic measurements described above shall be possible, where relevant, 

for all chemical species defined in Table 2.3 and Table 2.4 if present above 1 
ppm (TBC).  
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3 OXYGEN EXTRACTION FROM MINERALS IN REGOLITH 

The Lunar surface is comprised of a complex collection of minerals and rocks, formed 
through geological processes associated with a chemically differentiated body like the 
Earth. As on the Earth, it is conceivable that several ore-forming processes might have 
operated on the lunar surface and in the interior. Ore refers to a naturally occurring solid 
material from which a metal or valuable mineral can be profitably, or in the lunar case we 
might say usefully, extracted. To this end the composition and physical state of the material 
is important, as are requirements of potential users of the materials. A major potential 
useful component of lunar materials is oxygen. Schemes for the production of oxygen, 
along with other materials including metals, from lunar regolith have been discussed 
extensively (e.g. Schwandt et al., 2012).   
 
The most likely primary feed stock for resource extraction processes is the lunar regolith; a 
layer of rocks and fine-grained particles at the lunar surface, with a thickness which varies 
between approximately 3 m and 20 m (McKay et al., 1991), and which has been produced 
over billions of years by a continuous flux of impacts coupled with space weathering 
processes.  These processes lead to the formation of a material unlike anything found in 
terrestrial environments (e.g., Lucey et al., 2006) with particle morphologies which can 
vary from highly irregular and angular vesicular agglutinates to spherical glass beads 
generated during impacts and explosive volcanic (pyroclastic) activities (Liu and Taylor, 
2011; McKay et al., 1991; Papike et al., 1982). Lunar soils can generally be described by log-
normal size distributions with mean diameters of between 45 mm and 100 mm, and which 
can be at least as small as 10nm. (Greenberg et al., 2007; Liu et al., 2008). In order to 
realise utilisation of resources in lunar regolith in the future it is important to first: 

• Identify the composition regolith at new locations where future mission may seek to 
extract resources.  

• Determine the in-situ physical of the regolith at these locations.  
• Demonstrate in-situ extraction of useful resources (e.g. oxygen) from that regolith.  

 
The most abundant minerals in lunar regolith are plagioclase, pyroxene, olivine, ilmenite 
and spinel. Other, less abundanct minerals include cristobalite, apatite, sulphides, and 
native metals such as Fe and Ni. In general the basaltic terrains of lunar mare tend to be 
much richer in ilmenite, olivine and pyroxene whilst the more primitive lunar highlands 
are dominated by Ca-rich plagioclase (e.g. Haskin et al., 1993). The actual composition of 
lunar soils is however observed to be very localised, even on the scale of a few kilometres, 
indicating a limited extent of lateral mixing (Papike et al., 1982) and a strong correlation 
between the resource potential of a given location and the specific geology and 
geochemistry associated with that site.  
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The vast majority of our understanding and knowledge of Lunar regolith properties and 
composition has been gained from the analysis of samples returned by the Apollo  and  
three  Luna  missions.  Laboratory analysis  of  these  returned  samples  provides  ground  
truth, against which remote sensing datasets are calibrated and interpreted. Limitations of 
our understanding occur primarily because the majority of samples were collected from 
Lunar Mare in near-side equatorial regions. As a result our knowledge of the composition 
and properties of mare regolith is disproportionately mature compared with non-mare 
regions. As a result we know that mare regions are composed of basaltic lava flows with 
varying proportions of plagioclase, pyroxene and  olivine as  well as  ilmenite (FeTiO3). 
Following a classification scheme proposed by Neal and Taylor (1992) these can be further 
subdivided into ‘high-Ti’ and ‘low-Ti’ basalts depending on whether their TiO2 content is 
above or below 6% by mass. While information about these regions is comparatively 
mature it is important to note that the majority of mare basalts on both the near and far 
side have not been sampled, and data obtained from lunar orbit indicates that some of 
these have compositions differ from those present in the returned samples (e.g. Hiesinger 
et al., 2000).  
 
The diversity of highland regolith is less well constrained from sample studies, and most 
knowledge comes from analyses of remote sensing data, lunar meteorites, and a limited 
number of Apollo samples. Although generally anorthositic (i.e. plagioclase-rich), the large 
diversity of lunar crustal materials continues to be demonstrated by results from orbital 
remote sensing instruments on Kaguya, Chang’e-1, Chandrayaan-1 and Lunar 
Reconnaissance Orbiter (LRO) spacecraft. As summarised by Crawford et al. (2012), these 
include outcrops of pure anorthosites which may represent pristine magma ocean flotation 
cumulates (e.g., Ohtake et al., 2009), olivine-rich outcrops which may sample mantle 
material (Yamamoto et al., 2010), and spinel-rich (Sunshine et al., 2010) and silica-rich 
(Glotch et al., 2010; Greenhagen et al., 2010; Jolliff et al., 2011) lithologies not represented 
in the existing sample collection.  
 
The Apollo and Luna sample locations are unrepresentative of the lunar surface as a whole 
and as a result our understanding of the materials available for utilisation and the 
properties of those materials is poorly constrained globally. Identifying and establishing 
the resource potential of lunar materials requires a comprehensive catalogue of lunar 
minerals alongside an understanding how they were formed. It is this combination that 
allows the identification and prospection of ore. Relevant processes include those involved 
in the origin and differentiation of the Moon to those primarily acting on the lunar surface 
(e.g., space weathering). All of these have the potential to re-mobilize and concentrate 
elements into useful mineral deposits (Haskin et al., 1993). As one example crustal 
evolution processes in the north-western nearside Procellarum KREEP Terrain (Jolliff et 
al., 2000) have led to a material which is particularly enriched in incompatible trace 
elements. Other localised areas of highly evolved magmatism (e.g. the Compton–Belkovich 
region on the farside; Jolliff et al., 2011) may also have concentrated  incompatible  trace-
elements and other potentially useful materials.  
 
An additional and important issue for potential resource extraction and utilisation is the 
physical properties of the input material. At new and unexplored locations, in particular at 
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high latitudes, where temperatures are reduced and the volatile content of the regolith may 
be greater, it is possible that the physical properties may deviate significantly from those at 
lower latitudes.  
 
A number of processes have been proposed for the extraction of oxygen from lunar 
regolith. An overview of these processes is described by Schwandt et al. (2012). In 
summary these are:  

• Reduction with hydrogen 
• Oxidation using fluorine (Seboldt et al., 1993) 
• Reduction with methane 
• Vapour phase pyrolysis 
• Sulphuric acid reduction 
• Electrolysis of molten lunar regolith 
• Electrolysis of solid lunar regolith 

 
Each of these processes has its strengths and weaknesses and it is far from clear at the 
present time which if any will become a standard process for future application. It is likely 
that processes applied will vary depending on location and individual mission or 
programme requirements. 

3.1 Objectives for oxygen extraction of minerals in regolith 
A major step forwards for the establishment of the feasibility of extracting resources in-situ 
would be the in situ demonstration of one or more of the candidate oxygen extraction  
processes. Such a demonstration would bring confidence that such systems could be 
incorporated in the future and provide valuable insight into the specific challenges of 
performing such reactions at the lunar surface. A package providing in situ chemical 
processing of regolith samples can be used to demonstrate of in-situ oxygen extraction 
from regolith. Objectives on this regard are as follows: 
 
OB-OM-001 Demonstrate in-situ extraction of oxygen from minerals in lunar regolith.  
OB-OM-002 Record key metrics to allow the determination of the feasibility of candidate 

oxygen extraction processes 
OB-OM-003 Determine the composition of regolith at a new and unexplored location 
OB-OM-004 Determine physical properties of lunar regolith at a new location 
 
The requirements on the following sections, which derive from these objectives have 
temperature and sealing implications for the ovens/reaction vessels used by PROSPECT. 
These requirements and the objectives from which they are derived will need to be 
reassessed on the basis of feasibility demonstrated during Phase B.  

3.2 Requirements for oxygen extraction of minerals in regolith 
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3.2.1 Sample Requirements  
RQ-SA-150. Samples of regolith shall be extracted for processing and analysis. 

3.2.2 Oxygen extraction and measurement requirements 
RQ-OM-010 The bulk mineralogy of samples should be determined 
 
Justification: The efficiency of any candidate process for oxygen extraction depends on 
the mineralogical content of the regolith (e.g. hydrogen reduction is only an efficient 
process when applied to ilmenite and so the ilmenite content of the soils as a % is an 
important value to know). It is therefore important to establish the broad mineralogical 
content of the samples which are being tested.  
 
Comment: Given practical limitations on the instrumentation available to PROSPECT the 
only means to generate this information are likely to be through colour imaging of the 
surface (including cuttings), imaging of samples in ovens or through information 
obtained through the heating of samples and the power Vs temperature profile during 
heating. Because of present uncertainties in the feasibility of achieving this with 
PROSPECT this requirement is presented as should rather than shall.  
 
RQ-OM-020 Where suitable mineralogy is present, oxygen shall  be extracted from 

minerals in regolith by reduction in hydrogen. 
 
Justification: Hydrogen reduction is arguably the simplest oxygen extraction process 
conceivable. However it is only an efficient process when applied to ilmenite, which is not 
expected in significant quantities at high latitudes, so yield is low and needs to be 
considered in the context of the bulk mineralogy. Thus oxygen can only be extracted 
where appropriate mineralogy is present.  
 
Comment: Verification should be performed against a terrestrial analogue containing 
ilmenite.  
 
RQ-OM-030 Oxygen should be extracted from minerals using methane as a reductant. 
 
Justification. Carbothermal reduction using methane is a candidate process that can be 
applied to a broad mix of mineral types and is thus appropriate as a process at the polar 
regions. However the required temperatures required and the expected production of 
complex organic contaminants as bi-products of the reactions make its inclusion a 
challenge. For this reason this is included as a goal.  
 
RQ-OM-040 The yield of oxygen shall be determined as a function of the sample mass. 
 
Justification: The yield of oxygen is the key metric for establishing the efficiency of the 
process (i.e. how much oxygen was produced from a given mass of regolith) 
 



 

 
Page 39/71 
PROSPECT User Requirements Document 
Date   Issue 2  Rev 1 

ESA UNCLASSIFIED - For Official Use 

Comment: Sample mass probably needs to be determined through imaging or through 
measurement of the gas pressure in an oven of known size after the introduction of a 
sample. Other methods may also be considered.  
 
RQ-OM-050 The presence of oxygen and any other products of the reactions shall be 

identified.  
 
Justification: This defines the products of the reaction allowing determination of the 
chemistry that has taken place.  
 

RQ-OM-060 The temperatures at which the reaction takes place shall be measured 
to ±1°C.  

 
Justification: This defines the energy balance of the reaction, allowing the determination 
of the process efficiency.  
 

3.2.3 Isotopic analysis requirements 
 

RQ-IS-040 The isotopic composition of oxygen in volatile species in lunar regolith 
samples, δ18O, shall be determined with an uncertainty of 1‰. 

 
Justification: see earlier justification.  

 
RQ-IS-050 As a goal The isotopic composition of oxygen in volatile species in lunar 

regolith samples, δ17O, shall be determined with an uncertainty of 0.1‰. 
 

Justification: see earlier justification.  
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4 THE ORIGINS OF TERRESTRIAL VOLATILES 

 
A number of volatile elements (e.g., C, H, O, N) play vital role in sustaining life on Earth. 
(e.g., Dehant et al. 2012). Early Earth was most likely depleted in these volatile elements 
and a later additions through impacts is thought to be necessary to account for the Earth’s 
present volatile budget and for the volatiles needed to make Earth habitable (e.g. Alberède 
et al, 2009). It is proposed that the quantity of water delivered to the Earth by impacts may 
have been 10 – 25 times the total mass of the present day oceans (Albarède et al, 2013).  
 
It is probable that the water ice in permanently shadowed regions is ultimately derived 
from comet and/or meteorite impacts. Even though the original volatiles will have been 
considerably reworked, it remains probable that some information concerning the 
composition of the original sources will remain (Zhang and Paige, 2009). However, in 
reality, the geochemical signature of volatiles present in PSRs today will reflect time-
averaged composition of cometary, meteoritic, solar and cosmogenic sources for these 
volatiles unless volatiles emplaced during discrete events were immediately isolated from 
their surroundings and preserved thereafter (e.g., via burial under an impact ejecta). 
Among other valuable scientific insights, access and analysis of volatiles from PSRs may 
yield critical information of astrobiological importance and the role of comets and 
meteorites in delivering volatiles and pre-biotic organic materials to the terrestrial planets 
(Chyba and Sagan, 1992; Pierazzo and Chyba, 1999; Zhang and Paige, 2009).  
 
The lunar regolith in general is known to contain much that is of interest for studies of 
Solar System history. For example, studies of Apollo samples have revealed that solar wind 
particles are efficiently implanted in the lunar regolith (McKay et al., 1991; Lucey et al., 
2006), which therefore contains a record of the composition and evolution of the Sun 
throughout the Solar System history (e.g., Wieler et al., 1996; Chaussidon and Robert, 
1999; Hashizume et al., 2000). Recently, samples of the Earth’s early atmosphere may have 
been retrieved from lunar regolith samples (Ozima et al., 2005; 2008), and it has been 
suggested that samples of Earth’s early crust may also be preserved on the Moon in the 
form of terrestrial meteorites (Gutiérrez, 2002; Armstrong et al., 2002; Crawford et al., 
2008; Armstrong, 2010). 
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A giant leap in our understanding of lunar volatiles occurred when Saal et al. (2008) 
reported new data on volatile contents of volcanic glasses collected during Apollo missions, 
constituting the first direct measurement of water contents in lunar samples. These 
measurements were made possible through considerable recent advances in the field of 
Secondary Ion Mass Spectrometry (SIMS), which have provided improved detection limits 
for volatiles (e.g., H2O, CO2, F, S and Cl) up to 2 orders of magnitude better than 
previously used techniques used in the study of lunar samples such as electron microprobe 
and Fourier Transform Infrared Spectroscopy (FTIR). A separate study by Hauri et al. 
(2011) measured the volatile content of melt inclusions trapped in these lunar volcanic 
glasses and reported similar abundances of water as in melt inclusions in basalts formed at 
mid-ocean ridges on Earth. Most recently, Saal et al. (2013) reported hydrogen isotopic 
composition of lunar volcanic glasses. Their results indicate that carbonaceous chondrites 
are the main source of water in the Earth-Moon system.  
 
Besides volcanic glasses, several studies of lunar volatiles have focused on mineral apatite, 
that occurs ubiquitously in a variety of lunar rock types. Apatite, with an idealised formula 
of Ca5(PO4)3(F,Cl,OH), can indeed contain water, structurally bounded into the crystal 
structure as hydroxyl (OH) and is commonly associated with other volatiles such as F and 
Cl. A number of recent studies have targeted apatite in lunar samples to investigate the 
volatile inventory of the lunar interior (e.g., Barnes et al., 2013a,b; Boyce et al., 2010; 
Greenwood et al., 2011; McCubbin et al., 2010; Tartèse et al., 2013). These recent studies 
have provided significant new insights into the lunar volatile inventory and have 
highlighted the need for understanding effects of complex petrological processes before 
ascribing measured geochemical signatures to that of the source materials (e.g., Tartèse 
and Anand, 2013). Perhaps the most striking finding from recent sample-based research on 
lunar samples has been the revelation that the water in the Earth-Moon system shares a 
common origin and the most likely source of this water was chondritic (i.e., asteroidal) and 
not cometary, as previously thought (e.g., Barnes et al., 2013b; Saal et al., 2013; Tartèse 
and Anand, 2013). However, the exact timing of the delivery of water (and associated 
volatiles) to the Earth-Moon system remains poorly constrained. It is possible that the 
Earth retained some of its primordial water after the giant-impact origin of the Moon 
(Section 6.1) and additional water was delivered to the Earth-Moon system by late 
accretion of chondritic material (e.g., Bottke et al., 2010; Tartèse and Anand, 2013). 
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Other volatile elements such as C, N and noble gases have also been measured in returned 
lunar samples over the past 4 decades. Although earlier studies mainly focussed on 
measurements of these volatiles in lunar soils, a few studies also analysed basalt fragments 
that were returned by the Apollo missions. In contrast to the volatile inventory of lunar 
soils, which is dominated by solar-wind-derived components, the basaltic rock samples 
carry indigenous signatures of these volatiles in the lunar interior, apart from noble gases 
which are formed through cosmogenic processes. However, the abundances of some 
volatiles, especially C and N are extremely low in lunar samples and until recently such 
measurements to sufficient accuracy and precision were technically challenging. Recent 
analysis for C and N in lunar basalts using a high resolution stepped combustion technique 
is permitting an in-depth analysis of various volatile components present in lunar basalts. 
In addition, cosmogenic isotopes present in the samples document the exposure history of 
basalts on the lunar surface. The cosmogenic isotope abundances in lunar samples are 
well-correlated with calculated exposure ages found in the literature, and they detail the 
changing flux of extra-lunar volatile additions to the lunar surface through time. 

4.1 Objectives for the origins of terrestrial volatiles 
Analysis of samples of polar cold trapped ices and adsorbed volatiles can inform notions of 
the fractions of terrestrial volatiles that are derived from cometary or astroidal sources. 
Nominal volatile molecules targeted are H2O, CO2, H2, CO, SO2, H2S, COS, CS2, 
Hydrocarbons from C1-C6, HCN, CH3CHO, C10H8(+PAH), NOx, N2, O2, Kr, Xe, Ar, Ne, He. 
For most of these volatiles temperatures for ices are too low to be considered. As a result 
water ice is the driver for requirements, with the possibility that other volatiles will be 
trapped in the ice.  
 
Objectives relating to the origins of terrestrial volatiles are:  
OB-TV-001. Constrain values for the fraction of volatiles which have been delivered to 

the Earth-Moon system by asteroids, comets and solar wind. 
OB-TV-002. Assess the time averaged volatile inventory to the Earth-Moon system.  
OB-TV-003. Infer any relationship between molecules associated with the building 

blocks of life and those occurring in lunar ices and their sources. 

4.2 Requirements for investigations into the origins of 
terrestrial volatiles 

4.2.1 Sample requirements 
The following requirements apply (previously provided justifications apply):  
RQ-SA-010 Samples shall be extracted from sites where cold trapped volatiles are 

expected based on data from previous missions. 
RQ-SA-020 Samples shall be taken from depths from the top cm of the surface up to a 

depth of 1m with a goal of 1.2m. 
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RQ-SA-030 Losses of ice from the sampled material from its original state to the point of 
analysis shall be no greater than 5%(TBC) for samples containing more than 
or equal to 1% (TBD) by weight water ice. 

RQ-SA-040 The depths from which delivered samples are extracted shall be determined 
within an uncertainty of ±10mm (TBC). 

RQ-SA-050 It shall be possible to collect samples from  depth intervals of 200 mm or 
less 

RQ-SA-060 Acquired samples shall be demonstrated, by tests on analogues, to be 
representative of original sampled material in terms of the relative 
proportions of fines (5µm – 0.5mm), coarse particles (>0.5mm) and ices. 

RQ-SA-070 Data shall be generated that allows the losses of ice and other volatiles 
during sample handling to be determined.   

RQ-SA-072 The temperature of samples shall be recorded from acquisition to delivery 
with an uncertainty of 1K (TBC) for temperatures above 180K. 

RQ-SA-073 The mechanical environment of samples shall be determined from the 
acquisition to delivery 

RQ-SA-080 The level of terrestrial contamination in measurements shall be sufficiently 
low as to allow measurements of samples in line with the requirements 

RQ-SA-090 The level of contamination from the lander, it’s fuel or exhaust products in 
measurements shall be sufficiently low as to allow measurements of samples 
in line with the requirements. 

RQ-SA-100 The level of cross-contamination between samples shall be sufficiently low 
as to allow measurements which are representative of separate samples in 
line with the requirements. 

RQ-SA-120 Samples shall be extracted from sites which are distinct from those for 
which data currently exists. 

RQ-SA-130 Samples shall be taken from depths which are sufficient to ensure that 
contamination due to a lander are negligible. 

RQ-SA-140 Losses of chemisorbed and solar wind implanted volatiles from the sampled 
material from its original state to the point of analysis shall be no greater 
than 5%(TBC). 

4.2.2 Volatile extraction and measurement requirements 
 
Justification: List of elements compiled from the summary of Lunar Volatile Materials 
from Berezhnoy et al. (2012) combined with consultation with expert panel on Topical 
Team on Exploitation of Local Planetary Materials. The 1ppm value reflects that some of 
the species are expected to be very rare in the regolith outside of permanently shaded 
areas and thus significantly rarer than the values presented for Cabeus crater by 
Berezhnoy et al. (2012).  
 



 

 
Page 44/71 
PROSPECT User Requirements Document 
Date   Issue 2  Rev 1 

ESA UNCLASSIFIED - For Official Use 

The following requirements apply:  
RQ-EM-010 Volatiles shall be extracted from lunar regolith samples 
RQ-EM-020 The chemical identity of chemical species with m/z between 2 and 200 shall 

be determined when in concentrations greater than 1ppb (TBC). 
 

4.2.3 Isotopic analysis requirements 
 
RQ-IS-070. Isotopic measurements of elements should be associated with their 

precursor compounds. 
 
The following requirements also apply:  
RQ-IS-010 The isotopic composition of hydrogen in volatile species in lunar regolith 

samples, δD, shall be determined with an uncertainty of 100‰ 
RQ-IS-020 As a goal the isotopic composition of carbon in volatile species in lunar 

regolith samples, δ13C, should be determined with an uncertainty of 1‰. 
RQ-IS-030 The isotopic composition of nitrogen in volatile species in lunar regolith 

samples, δ15N, shall be determined with an uncertainty of 10‰. 
RQ-IS-040 The isotopic composition of oxygen in volatile species in lunar regolith 

samples, δ18O, shall be determined with an uncertainty of 1‰. 
RQ-IS-050 As a goal The isotopic composition of oxygen in volatile species in lunar 

regolith samples, δ17O, shall be determined with an uncertainty of 0.1‰. 
 
Earlier justifications apply 
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5 PREBIOTIC CHEMISTRY 

Obtaining improved knowledge of the presence, composition, and abundance of volatiles  
at the lunar poles will be of considerable astrobiological interest.  It is probable that the ice 
in permanently shadowed regions is ultimately derived from comet and/or asteroid 
impacts. Comets, asteroids and interplanetary dust particles are all known to contain 
organic molecules, while the organic contents varies between bodies (e.g. Martins and 
Sephton, 2009) and even though the original volatiles will have been considerably 
reworked by impact, it is likely that some information concerning the composition of the 
original sources will remain. As an example Table 5.1 and Table 5.2 present values for the 
abundance of various compounds in three comets and the Murchison meteorite. This may 
yield astrobiologically important knowledge on the role of comets and meteorites in 
delivering volatiles and pre-biotic organic materials such as amino acids to the terrestrial 
planets (Chyba and Sagan, 1992; Pierazzo and Chyba, 1999). It is also possible that organic 
molecules may be synthesised in comet collisions with planetary surfaces (Chyba and 
Sagan, 1992; Martins et al., 2013) and that records of such processes may be preserved in 
lunar polar ices.   
 
Lunar polar ice deposits are likely to be of interest from a pre-biotic chemistry point of view  
even if they do not retain vestigial information concerning their ultimate sources. This is 
because any such ices will have been subject to irradiation by galactic cosmic rays and, as 
such, may be expected to undergo organic synthesis reactions (e.g. Lucey, 2000; Crites, et 
al., 2011). Analogous reactions may be important for producing organic molecules in the 
icy mantles of interstellar dust grains, and on the surfaces of outer Solar System satellites 
and comets (e.g. Bernstein et al., 2002; Muñoz Caro et al., 2002; Elsila et al., 2007; 
Meinert et al., 2012), but the lunar poles are much more accessible than any of these other 
locations. 
 
The analysis of samples returned from polar volatile deposits would therefore reveal 
valuable information concerning the delivery and/or synthesis of organic molecules to the 
terrestrial planets. Analyses of the required sensitivity will almost certainly require samples 
to be returned to Earth for study in terrestrial laboratories. In order to minimise the risk of 
chemical reactions occurring between organic  molecules present in the sample during the 
transport of the samples to Earth it will be desirable to keep the samples as close as 
possible to the very low temperatures at which they were collected (<100 K), and this may 
pose significant engineering challenges for the sample collection, handling, and curation 
activities. Another challenge will be to prevent any terrestrial contamination of samples.  
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Molecule Halley Hyakutake Hale-Bopp 
H2O 100 100 100 
1. H2O2 2.  <0.04 <0.03 
CO 15 6-30a 20a 
CO2 3 <7b 6b 
CH4 0.2-1.2 0.7 0.6 
C2H2 ~0.3 0.5 0.1 
C2H6 ~0.4 0.4 0.3 
CH3C2H   <0.045 
CH3OH 1.7-1.7 2 2.4 
H2CO 0.-5 0.2-1a 1.1a 
HCOOH   0.08 
CH3COOH   <0.06 
HCOOCH3   0.08 
CH3CHO   0.025 
H2CCO   <0.032 
C2H5OH   <0.05 
CH3OCH3   <0.45 
CH2OHCHO   <0.04 
NH3 0.1-2 0.5 0.7 
HCN ~0.2 0.1 0.25 
HNCO  0.07 0.10 

HNC  0.01a 0.04a 
CH3CN  0.01 0.02 
HC3N   0.02 
NH2CHO   0.011 
NH2CH2COOH   <0.15 
C2H5CN   <0.01 
CH2NH   <0.032 
HC5N   <0.003 
N2O   <0.23 
NH2OH   <0.25 
H2S 0.04 0.8 1.5 
OCS  0.1a 0.3a 
SO   0.2-0.8a 
CS2  0.1c 0.2c 
SO2   0.23 
H2CS   0.02 
S2  0.005  
NaCl   <0.0008 
NaOH   <0.0003 

	

Table	5.1.	Molecular	abundances	of	ices	for	comets	Halley,	Hyakutake,	and	Hale–Bopp	(after	Martins	and	Sephton,	
2009)		Abundances	are	normalized	to	H2O	and	were	measured	at	around	1	AU	from	the	Sun.	Values	are	adapted	from	
Ehrenfreund	et	al.,	(2002),	Ehrenfreund	and	Chamley	(2000),	Crovisier	et	al.	(2004),	Bockelée-Morvan	et	al.	(2000),	
Mumma	et	al.,	(2005).	aExtended	sources	(the	abundance	is	model	dependent).	bMeasured	at	2.9	AU	from	the	Sun.	
cAbundance	deduced	from	CS.	
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Compounds Concentration 
(ppm) 

Carboxylic acids 
(monocarboxylic) 

332 

Sulfonic acids 67 
Amino acids 60 
Dicarboximides >50 
Dicarboxylic acids >30 
Polyols 24 
Ketones 17 
Hydrocarbons (aromatic) 15-28 
Hydroxycarboxylic acids 15 
Hydrocarbons (aliphatic) 12-35 
Alcohols 11 
Aldehydes 11 
Amines 8 
Pyridine carboxylic acid >7 
Phosphonic acid 1.5 
Purines 1.2 
Diamino acids 0.4 
Benzothiophenes 0.3 
Pyrimidines 0.06 
Basic N-heterocycles 0.05-0.5 

	

Table	5.2.	Abundances	(in	ppm)	of	the	soluble	organic	matter	found	in	the	Murchison	meteorite	(after	
Martins	and	Sephton,	2009).	Adapted	from	Botta	and	Bada	(2002),	Sephton	(2002),	Sephton	and	Botta	(2005),	
Pizzarello	et	al.	(2001).	
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5.1 Objectives for prebiotic chemistry 
Analysis of lunar samples of cold trapped ices can provide access to the products of Urey-
Miller type organic synthesis reactions, which may occur in ices exposed to galactic cosmic 
rays. Measurement of the presence, abundance composition and isotopic nature of these 
chemicals (e.g. amino acids) can indicate the extent to which amino acids and their 
building blocks were delivered to the Early Earth by impacts.  Objectives relating to 
prebiotic chemistry are given below: 
 
OB-PC-001. Establish whether the products of organic synthesis reactions occur in lunar 

ices 
OB-PC-002. Establish the composition, chemistry and isotopic nature of any prebiotic 

organic molecules which are present and compare them with their terrestrial 
counterparts.  

5.2 Requirements for investigations into prebiotic chemistry 

5.2.1 Sample Requirements  
 

The following requirements apply:  
RQ-SA-010 Samples shall be extracted from sites where cold trapped volatiles are 

expected based on data from previous missions. 
RQ-SA-020 Samples shall be taken from depths from the top cm of the surface up to a 

depth of 1m with a goal of 1.2m. 
RQ-SA-030 Losses of ice from the sampled material from its original state to the point of 

analysis shall be no greater than 5%(TBC) for samples containing more than 
or equal to 1% (TBD) by weight water ice. 

RQ-SA-040 The depths from which delivered samples are extracted shall be determined 
within an uncertainty of ±10mm (TBC). 

RQ-SA-050 It shall be possible to collect samples from  depth intervals of 200 mm or 
less 

RQ-SA-060 Acquired samples shall be demonstrated, by tests on analogues, to be 
representative of original sampled material in terms of the relative 
proportions of fines (5µm – 0.5mm), coarse particles (>0.5mm) and ices. 

RQ-SA-070 Data shall be generated that allows the losses of ice and other volatiles 
during sample handling to be determined.   

RQ-SA-073 The mechanical environment of samples shall be determined from the 
acquisition to delivery 

RQ-SA-080 The level of terrestrial contamination in measurements shall be sufficiently 
low as to allow measurements of samples in line with the requirements 
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RQ-SA-090 The level of contamination from the lander, it’s fuel or exhaust products in 
measurements shall be sufficiently low as to allow measurements of samples 
in line with the requirements. 

RQ-SA-100 The level of cross-contamination between samples shall be sufficiently low 
as to allow measurements which are representative of separate samples in 
line with the requirements. 

RQ-SA-120 Samples shall be extracted from sites which are distinct from those for 
which data currently exists. 

RQ-SA-130 Samples shall be taken from depths which are sufficient to ensure that 
contamination due to a lander are negligible. 

RQ-SA-140 Losses of chemisorbed and solar wind implanted volatiles from the sampled 
material from its original state to the point of analysis shall be no greater 
than 5%(TBC). 

RQ-SA-150 Samples of regolith shall be extracted for processing and analysis. 

5.2.2 Organic Compound extraction and measurement requirements 
RQ-PB-010. Organic compounds shall be extracted from lunar regolith samples. 
 
Comment: extraction of organic compounds may be via heating or combustion for less 
volatile species. In the latter case it is accepted that chemical information will be lost. 
 
RQ-PB-020. Organic molecules, which have been evolved from samples and which were 

present in those samples in concentrations greater than 1ppm (TBC) should 
be identified. 

 
Justification: It is necessary to provide a sensitivity requirement for the organics but also 
to specify that only those which can be evolved through heating should be measured.  
 
Comment: It should be noted that determining the species of organics may not be possible 
without addition of a GC, which is not assumed. As such identifying the presence of 
organics is a requirement. Identifying the specific species present should be considered a 
goal.  
 
RQ-PB-030. The precursors of those evolved organic compounds should be determined 
 
Justification: the process of evolving compounds results in the alteration of the chemical 
species. What is of interest is the species as present in the regolith. Thus sufficient data 
needs to be generated to allow the original species to be identified.  
 
Comment: This requirement is more a requirement for the analysis than the system, but 
relies on the heating data from the system, which must be available. It is kept as a should 
as it is something that should be targeted but cannot be assured in its entirety. It may not 
be possible to determine based on the data available from the mass spec.  
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RQ-PB-040. Measured organic molecules shall be associated with elemental isotopic 

measurements. 
 
Justification: This allows the origins of those organic compounds to be established.  
 
RQ-PB-050. The presence of organic molecules shall confirmed when in concentrations 

greater than 1pbb (TBC) 
 
Justification: Individual organic molecules are unlikely to be discernible or identifiable, 
especially in low concentrations. However the presence of complex organic molecules, or 
not,  needs to be discerned.  

5.2.3 Isotopic analysis requirements 
RQ-IS-010 The isotopic composition of hydrogen in volatile species in lunar regolith 

samples, δD, shall be determined with an uncertainty of 100‰ 
RQ-IS-020 As a goal the isotopic composition of carbon in volatile species in lunar 

regolith samples, δ13C, should be determined with an uncertainty of 1‰. 
RQ-IS-030 The isotopic composition of nitrogen in volatile species in lunar regolith 

samples, δ15N, shall be determined with an uncertainty of 10‰. 
RQ-IS-040 The isotopic composition of oxygen in volatile species in lunar regolith 

samples, δ18O, shall be determined with an uncertainty of 1‰. 
RQ-IS-050 As a goal The isotopic composition of oxygen in volatile species in lunar 

regolith samples, δ17O, shall be determined with an uncertainty of 0.1‰. 
RQ-IS-070 Isotopic measurements of elements should be associated with their 

precursor compounds. 
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6 MEASUREMENT CONTEXT REQUIRMENTS 

Measurements of samples taken from beneath the surface must be interpreted with respect 
to the broader context within which they were taken. This context is both geological (i.e. 
the geological characteristics of the sampled material and the local geology) and 
operational (i.e. what happened during the sample extraction and delivery, was a sample 
delivered to the oven and if so how much). This information can be obtained by various 
means but the primary means of doing so it by imaging. This section presents requirements 
for imaging during the drilling and extraction of samples that will provide contextual 
information in support of the analysis of PROSPECT measurement data samples. The 
requirements represent a set of expectations which are considered to be consistent with the 
technical boundary conditions for PROSPECT.  
 
RQ-CX-010. Images shall be recorded during drilling. 

RQ-CX-020. Images obtained during drilling should be recorded at frequencies of up to 
10Hz (TBC), subject to mission data handling and downlink limitations. 

Comment: This frame rate could be achieved using a sub-frame and need not be achieved 
using the whole pixel array. It is understood that the ability to generate and to download 
these images will be limited by the communications link to the lander. No requirement is 
placed at this time on the time for a given image sequence. A guideline is 5 – 10 second 
movies should be possible as a minimum with a goal of 1 minute as a driver for memory 
provision.  

RQ-CX-030. Images shall be obtained of the robotic operations involved in the transfer of 
samples. 

Comment: The intention is to generate images of the robotic operations as they occur. 
There is not a requirement to image the actual samples themselves as they are 
transferred  

RQ-CX-040. Images obtained during the transfer of samples drilling should be recorded at 
frequencies of up to 10Hz (TBC), subject to mission data handling and 
downlink limitations. 

Comment: This frame rate could be achieved using a sub-frame and need not be achieved 
using the whole pixel array.  

RQ-CX-050. Images shall be obtained which verify the presence of a sample within a 
sample oven. 

RQ-CX-060. Colour static images shall be recorded. 

Comment: This can be achieved using different illumination wavelengths with a 
monochrome device.   
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RQ-CX-070. The spectral response of any cameras at the illumination wavelengths bands 
shall be characterised. 

Justification: In order to use images at different illumination wavelengths to determine 
the mineralogy it is important to characterise the effective area of the cameras at those 
wavelengths, combining the spectral response of the optics and detectors. The final 
products would be on axis effective area and any off-axis vignetting function.  

RQ-CX-080. Images recorded without sunlight (i.e. in shadow) shall be performed with 
artificial illumination.  

RQ-CX-090. Artificial illumination shall be uniform across the image field of view. 

Justification: light from any illumination source will be scattered from the regolith, with 
an angular dependency on the extent of scattering. Such scattering has a spectral 
response and will affect the interpretation of images. As such it is important that 
illumination is uniform across the sample, without angular bias (Schmitz et al. (2016)).   

Comment: Ideally illumination in all colours / wavelengths shall be performed from the 
same position. This can only be achieved with a multi-wavelength LED. Individual 
wavelength LEDs are more easily sourced but will result in different illumination angles 
(Schmitz et al. (2016)). 

RQ-CX-100. Artificial illumination shall be provided at the following  (TBC) wavelengths 
in Table 6.1.  

Justification: reflectivity of light at well selected wavelengths can allow the 
determination of mineralogy of the regolith which provides an important contextual 
measurement for measurements of volatiles.  

The possibility to perform spectral investigations using these illumination wavelengths 
and with a camera needs to be verified and tested in advance of finalisation of this 
requirement. The precise wavelengths to be used may be updated based on the 
availability of suitable LEDs.  

Central Wavelength (nm) Bandwidth (FWHM nm) 
440 25 
600 20 
750 20 
930 25 
980 30 
1000 30 
Table	6.1	Illumination	wavelengths	of	interest	for	the	camera	(TBC).	Schmitz	et	al	(2016).		

RQ-CX-101. Images taken in different wavelengths should be taken using a 
monochromatic imager  
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Justification: Interpretation of images recorded in different wavelengths is best 
performed when a monochromatic detector is used (reference document in preparation). 
Colour sensitive detectors using Bayer filters are difficult, and may be impossible, 
interpret geologically (reference document in preparation).  

RQ-CX-110. Field of view shall be sufficient to image the full diameter of a cuttings pile 
uplifted by the drill for a drill hole of 1m depth. 

RQ-CX-120. The full height of a cuttings pile uplifted by the drill for a drill hole of 1m 
depth shall be imaged. 

RQ-CX-130. Image spatial resolution shall be sufficient to resolve features as small as 
0.5mm at the surface, including during drilling. 

Justification: 0.5 mm resolution is sufficient to resolve individual larger fragments of the 
regolith (mean particle diameter is typically around 70µm) as well as (qualitatively) 
general geomechanical properties of the regolith as it is uplifted. 
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7 OPERATIONAL EXPERIENCE REQUIREMENTS 

PROSPECT offers opportunities to gain important experience on the in-situ operation of 
such a sampling and sample analysis suite on the Lunar surface. There are many 
uncertainties on the characteristics and nature of the lunar regolith which the sampling 
tool must interact with, especially at the poles and in the subsurface. These uncertainties 
are addressed, at least partially, through ground based experiments, field testing activities, 
and design assumptions. To understand the actual behaviour and performance of the 
system in-situ, it is vital to understand what the actual characteristics of the lunar regolith 
encountered were during operations.  
 

7.1  Objectives associated with Operational Experience 
OB-OE-010 Determine the in-situ mechanical properties of the lunar regolith being 

sampled. 
 
Justification: The mechanical properties of regolith are required to inform the design of 
future systems. The detailed mechanical properties to be determined is TBD as this the 
link to the metrics being measured.  
 
OB-OE-020 Understand the in-situ operational behaviour and performance of the 

PROSPECT package. 
 
Justification: This is needed in order to allow an understanding of the system in the 
environment to be developed and applied to future projects. The detailed metrics to be 
recorded is TBD. 
 
OB-OE-030 Make static imagery of all key PROSPECT operations available on ground to 

support operations and for post-operations analysis. 
 
Justification: This allows lessons to be learned and applied in real time and post mission.   
 

7.2 Requirements associated with Operational Experience 
RQ-OE-010 Data shall be obtained which allows determination of the following regolith 

mechanical properties: unconfined compressive strength, density, cohesion, 
adhesion 

 
Comment: this requirement needs to be further developed. The link between these 
properties and the measurements made during drilling, by imaging and through 
electrical permittivity needs to be established. 
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RQ-OE-020 Static imagery of the drill site shall be obtained before, during and after 
drilling operations. 

 
Justification: This provides an important means of assessing the performance of the 
system and how it is operating. In real time and post mission.  
Comment: Details of what shall be image and with what qualities need to be defined.   
 
 

RQ-OE-030 Imaging of drilling operations shall be possible at intervals of less than 0.2 
seconds (TBC). 

 
Justification: This provides an immediate means of assessing the performance of the 
system and how it is operating.  
 
Comment: Details of the qualities of the video footage need to be defined. Comment 
applies to the below video related  requirements too.   
 
 
 
RQ-OE-040 Imagery shall be obtained of the Point of Sample Transfer to the Russian 

sample handling device, at the time of sample transfer. 

RQ-OE-050 Imagery shall be obtained of the Point of Sample Transfer to the ProSPA 
instrument interface, at the time of sample transfer. 

RQ-OE-060 All images of PROSPECT operations received on ground shall have a 
minimum resolution of 1mm/pixel (TBC). 

RQ-OE-070 All images received on ground shall have a minimum size of 1024 x 1024 
pixels. 

RQ-OE-080 All imagery shall be available for use in supporting operations a maximum of 
TBD minutes after the operations observed. 

 
Comment: This requirement should be included in the requirements provided to the 
platform / partner and may not need to be reflected in the SRD.  
 

RQ-OE-090 Localisation aids shall be provided to give reference to imagery. 
 
Comment: Better to give a required position knowledge. 
 
 
 
RQ-OE-100 Colour calibration aids shall be provided to give reference to imagery. 
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Comment: Better to provide requirements on the image product qualities that might 
require calibration targets.  
 
The following requirement defined in Section 6 applies: 
 
RQ-CX-080 Images recorded without sunlight (i.e. in shadow) shall be performed with 
artificial illumination. 

RQ-OE-110 Artificial illumination shall be provided to support imaging operations in 
low-light or dark conditions. 

 
Comment: Better to provide the imaging requirement that is likely to lead to the need for 
a light source or perhaps accept that the requirement to image will in of itself result in the 
introduction of a light source.  
 
RQ-OE-120 Temperatures at all critical locations, including as a minimum the drill tip, 

sample chamber, drill rod and all actuators, shall be recorded with an 
uncertainty of 1K (TBC), during all drilling operations. 

 

8 OUTREACH & COMMUNICATIONS USER REQUIREMENTS 

8.1 Objectives associated with Outreach & Communications 
 
OB-OC-001 Ensure that a broad section of the general public are aware of PROSPECT 

and its objectives and are engaged prior to, during and post flight.  

8.2 Requirements associated with Outreach & Communications 
RQ-OC-010 Static imagery shall be obtained of the drill site before, during and after 

drilling operations. 
 
Justification: Static images may be available on a shorter timescale and can provide 
rapid and broad access to the public (via web, TV, print).  
Comment: Image qualities need to be defined. 
 
RQ-OC-020 Video footage shall be obtained of all (TBC) drilling operations. 
 
Justification: Video footage can effectively convey the reality of the operations performed 
and make them easily understood by the public. 
 
Comment: video qualities need to be defined – perhaps superseded by 10Hz requirement 
introduced in context requirements.  
 
The following requirements defined in Section 7.2 apply: 
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RQ-OE-020 Static imagery of the drill site shall be obtained before, during and after 
drilling operations.  
 
RQ-OE-040 Imagery shall be obtained of the Point of Sample Transfer to the Russian 
sample handling device, at the time of sample transfer.  
 
RQ-OE-050Imagery shall be obtained of the Point of Sample Transfer to the ProSPA 
instrument interface, at the time of sample transfer. 
 
RQ-OC-030 Static imagery shall be obtained of the Point of Sample Transfer to the 

Russian sample handling device, at the time of sample transfer. 
 
RQ-OC-040 Static imagery shall be obtained of the Point of Sample transfer to the 

ProSPA instrument interface, at the time of sample transfer. 
 
RQ-OC-050 Video footage shall be obtained of the Point of Sample Transfer to the 

Russian sample handling device, at the time of sample transfer. 
 

 
RQ-OC-060 Video footage shall be obtained of the Point of Sample Transfer to the 

ProSPA instrument interface, at the time of sample transfer. 

RQ-OC-070 Ensure all static images received on ground are of a minimum resolution of 
1mm/pixel (TBC). 

 
RQ-OC-080 Static images shall be produced with a minimum size of 1M pixels with a 

goal of 4M pixels. 
 
Comment: 4Mpixels is considered a minimum size for public engagement related images.  
 
RQ-OC-090 Ensure all video footage received on ground is of a minimum resolution of 

TBD mm/pixel. 

RQ-OC-100 Video footage shall be generated with a size of 1Mpixels with a goal of 4M 
pixels. 

 
 
Comment: Lower resolution video is also possible but 4Mpixel video should be achieved.  
 
RQ-OC-101. Video footage shall be generated with a frame rate of up to 10Hz with a goal of 

50Hz. 
 
Justification: Human brain can identify up to 10 separate images per second. Typically 
50Hz is the frame rate required to provide a sense of image stability.  
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Comment: This frame rate could be achieved using a sub-frame and need not be achieved 
using the whole pixel array.  

RQ-OC-102. Static images in colour shall be generated  
 

RQ-OC-110 All static and video imagery shall be available for outreach and 
communications use a maximum of 12 hours after the operations observed. 

 
Comment: This requirement should be included in the requirements provided to the 
platform / partner and may not need to be reflected in the SRD.  
 
The following requirement defined in Section 6 applies: 
 
RQ-CX-080 Images recorded without sunlight (i.e. in shadow) shall be performed with 

artificial illumination. 
 
RQ-OC-120 Artificial illumination shall be provided to support imaging operations in 

low-light or dark conditions. 
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9 SUMMARY OF REQUIREMENTS 

9.1 Sample Requirements 
RQ-SA-010 Samples shall be extracted from sites where cold trapped volatiles are 

expected based on data from previous missions. 
RQ-SA-020 Samples shall be taken from depths from the top cm of the surface up to a 

depth of 1m with a goal of 1.2m. 
RQ-SA-030 Losses of ice from the sampled material from its original state to the point of 

analysis shall be no greater than 5%(TBC) for samples containing more than 
or equal to 1% (TBD) by weight water ice. 

RQ-SA-040 The depths from which delivered samples are extracted shall be determined 
within an uncertainty of ±10mm (TBC). 

RQ-SA-050 It shall be possible to collect samples from  depth intervals of 200 mm or 
less 

RQ-SA-060 Acquired samples shall be demonstrated, by tests on analogues, to be 
representative of original sampled material in terms of the relative 
proportions of fines (5µm – 0.5mm), coarse particles (>0.5mm) and ices. 

RQ-SA-070 Data shall be generated that allows the losses of ice and other volatiles 
during sample handling to be determined.   

RQ-SA-071 The temperature of samples should be recorded from acquisition to 
delivery with an uncertainty of 0.1K (TBC) between 110K and 180K.  

RQ-SA-072The temperature of samples shall be recorded from acquisition to 
delivery with an uncertainty of 1K (TBC) for temperatures above 180K. 

RQ-SA-073 The mechanical environment of samples shall be determined from the 
acquisition to delivery 

RQ-SA-080 The level of terrestrial contamination in measurements shall be sufficiently 
low as to allow measurements of samples in line with the requirements 

RQ-SA-090 The level of contamination from the lander, it’s fuel or exhaust products in 
measurements shall be sufficiently low as to allow measurements of samples 
in line with the requirements. 

RQ-SA-100 The level of cross-contamination between samples shall be sufficiently low 
as to allow measurements which are representative of separate samples in 
line with the requirements. 

RQ-SA-110 Images should be produced of samples within ovens with resolution of 
better than or equal to 10µm per pixel. 

RQ-SA-120 Samples shall be extracted from sites which are distinct from those for 
which data currently exists. 

RQ-SA-130 Samples shall be taken from depths which are sufficient to ensure that 
contamination due to a lander are negligible. 
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RQ-SA-140 Losses of chemisorbed and solar wind implanted volatiles from the sampled 
material from its original state to the point of analysis shall be no greater 
than 5%(TBC). 

RQ-SA-150 Samples of regolith shall be extracted for processing and analysis. 
 

9.1.1.1 Oxygen from minerals; extraction and measurement requirements 
RQ-OM-010 The bulk mineralogy of samples should be determined 
RQ-OM-020 Where suitable mineralogy is present, oxygen shall  be extracted from 

minerals in regolith by reduction in hydrogen. 
RQ-OM-030 Oxygen should be extracted from minerals using methane as a reductant. 
RQ-OM-040 The yield of oxygen shall be determined 
RQ-OM-050 The presence of oxygen and any other products of the reactions shall be 

identified. 
RQ-OM-060 The temperatures at which the reaction takes place shall be measured to 

±1°C.  

9.1.1.2 Volatile extraction and measurement requirements 
RQ-EM-010 Volatiles shall be extracted from lunar regolith samples by heating. 
RQ-EM-020 The chemical identity of chemical species with m/z between 2 and 200 shall 

be determined when in concentrations greater than 1ppb (TBC). 
RQ-EM-030 A quantitative measure of the total volatile yield (uncertainty TBD) and the 

yields for individual volatiles (uncertainty TBD) shall be provided as a 
function of the sample mass. 

RQ-EM-040 The abundance of any precursors within the regolith to the liberated 
volatiles which are produced during the extraction process should be 
determined with an uncertainty of ±50% (TBD) 

 

9.1.1.3 Organic Compound extraction and measurement requirements 
RQ-PB-010 Organic compounds shall be extracted from lunar regolith samples. 
RQ-PB-020 Organic molecules, which have been evolved from samples and which were 

present in those samples in concentrations greater than 1ppm (TBC) should 
be identified. 

RQ-PB-030 The precursors of those evolved organic compounds should be determined 
RQ-PB-040 Measured organic molecules shall be associated with elemental isotopic 

measurements. 
RQ-PB-050 The presence of organic molecules shall confirmed when in concentrations 

greater than 1pbb (TBC) 
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9.1.1.4 Isotopic analysis requirements 
RQ-IS-010 The isotopic composition of hydrogen in volatile species in lunar regolith 

samples, δD, shall be determined with an uncertainty of 100‰ 
RQ-IS-020 As a goal the isotopic composition of carbon in volatile species in lunar 

regolith samples, δ13C, should be determined with an uncertainty of 1‰.As 
a goal the isotopic composition of carbon in volatile species in lunar regolith 
samples, δ13C, should be determined with an uncertainty of 1‰. 

RQ-IS-030 The isotopic composition of nitrogen in volatile species in lunar regolith 
samples, δ15N, shall be determined with an uncertainty of 10‰. 

The isotopic composition of nitrogen in volatile species in lunar regolith samples, δ15N, 
shall be determined with an uncertainty of 10‰.RQ-IS-040 The isotopic 
composition of oxygen in volatile species in lunar regolith samples, δ18O, 
shall be determined with an uncertainty of 1‰. 

RQ-IS-050 As a goal The isotopic composition of oxygen in volatile species in lunar 
regolith samples, δ17O, shall be determined with an uncertainty of 0.1‰. 

RQ-IS-060 Isotopic measurements described above shall be possible, where relevant, 
for all chemical species defined in Table 2.3 and Table 2.4 if present above 1 
ppm (TBC). 

RQ-IS-070 Isotopic measurements of elements should be associated with their 
precursor compounds. 

9.1.1.5 Measurement Context Requirements  
RQ-CX-010 Images shall be recorded during drilling 

RQ-CX-020 Images obtained during drilling should be recorded at frequencies of up to 
10Hz (TBC), subject to mission data handling and downlink limitations 

RQ-CX-030 Images shall be obtained of the robotic operations involved in the transfer of 
samples 

RQ-CX-040 Images obtained during the transfer of samples drilling should be recorded at 
frequencies of up to 10Hz (TBC), subject to mission data handling and 
downlink limitations 

RQ-CX-050 Images shall be obtained which verify the presence of a sample within a 
sample oven 

RQ-CX-060 Colour static images shall be recorded. 

RQ-CX-070 The spectral response of any cameras at the illumination wavelengths bands 
shall be characterised 

RQ-CX-080 Images recorded without sunlight (i.e. in shadow) shall be performed with 
artificial illumination 

RQ-CX-090 Artificial illumination shall be uniform across the image field of view 
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RQ-CX-100 Artificial illumination shall be provided at the following  (TBC) wavelengths 
in Table 6.1. 

RQ-CX-101 Images taken in different wavelengths should be taken using a 
monochromatic imager 

RQ-CX-110 Field of view shall be sufficient to image the full diameter of a cuttings pile 
uplifted by the drill for a drill hole of 1m depth 

RQ-CX-120 The full height of a cuttings pile uplifted by the drill for a drill hole of 1m 
depth shall be imaged. 

RQ-CX-130 Image spatial resolution shall be sufficient to resolve features as small as 
0.5mm at the surface, including during drilling. 

 

 

9.1.1.6 Requirements associated with Operational Experience 
RQ-OE-010 Data shall be obtained which allows determination of the following regolith 

mechanical properties: unconfined compressive strength, density, cohesion, 
adhesion 

RQ-OE-020 Static imagery of the drill site shall be obtained before, during and after 
drilling operations. 

RQ-OE-030 Imaging of drilling operations shall be possible at intervals of less than 0.2 
seconds (TBC). 

RQ-OE-040 Imagery shall be obtained of the Point of Sample Transfer to the Russian 
sample handling device, at the time of sample transfer. 

RQ-OE-050 Imagery shall be obtained of the Point of Sample Transfer to the ProSPA 
instrument interface, at the time of sample transfer. 

RQ-OE-060 All images of PROSPECT operations received on ground shall have a 
minimum resolution of 1mm/pixel (TBC). 

RQ-OE-070 All images received on ground shall have a minimum size of 1024 x 1024 
pixels. 

RQ-OE-080 All imagery shall be available for use in supporting operations a maximum 
of TBD minutes after the operations observed. 

RQ-OE-090 Localisation aids shall be provided to give reference to imagery. 
RQ-OE-100 Colour calibration aids shall be provided to give reference to imagery. 
RQ-OE-110 Artificial illumination shall be provided to support imaging operations in 

low-light or dark conditions. 
RQ-OE-120 Temperatures at all critical locations, including as a minimum the drill tip, 

sample chamber, drill rod and all actuators, shall be recorded with an 
uncertainty of 1K (TBC), during all drilling operations. 
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9.1.1.7 Requirements Associated with Outreach & Communications 
RQ-OC-010 Static imagery shall be obtained of the drill site before, during and after 

drilling operations. 
RQ-OC-020 Video footage shall be obtained of all (TBC) drilling operations. 
RQ-OC-030 Static imagery shall be obtained of the Point of Sample Transfer to the 

Russian sample handling device, at the time of sample transfer. 
RQ-OC-040 Static imagery shall be obtained of the Point of Sample transfer to the 

ProSPA instrument interface, at the time of sample transfer. 
RQ-OC-050 Video footage shall be obtained of the Point of Sample Transfer to the 

Russian sample handling device, at the time of sample transfer. 
RQ-OC-060 Video footage shall be obtained of the Point of Sample Transfer to the 

ProSPA instrument interface, at the time of sample transfer. 
RQ-OC-070 Ensure all static images received on ground are of a minimum resolution of 

1mm/pixel (TBC). 
RQ-OC-080 Static images shall be produced with a minimum size of 1M pixels with a 

goal of 4M pixels. 
RQ-OC-090 Ensure all video footage received on ground is of a minimum resolution of 

TBD mm/pixel. 
RQ-OC-100 Video footage shall be generated with a size of 1Mpixels with a goal of 4M 

pixels. 
RQ-OC-101 Video footage shall be generated with a frame rate of up to 10Hz 
RQ-OC-102 Static images in colour shall be generated  
RQ-OC-110 All static and video imagery shall be available for outreach and 

communications use a maximum of 12 hours after the operations observed. 
RQ-OC-120 Artificial illumination shall be provided to support imaging operations in 

low-light or dark conditions. 
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