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Introduction:  Future surface-based reconnais-
sance missions to Mars and its moons will require low-
mass, low-resource instruments for interrogating the 
shallow subsurface (<1 m) to understand chemical 
composition and stratigraphy, including the stratigra-
phy of hydrogen-bearing materials.  Stratigraphic-
based composition measurements will play a key role 
in understanding a variety of present and past surface 
processes as well as provide information to surface 
mission operators in selecting interesting locations for 
more detailed study.  Here we present mature instru-
ment concepts for making in-situ composition meas-
urements.  These instruments can be accommodated 
within future mission resource constraints as they are 
low-mass, low-power, low-data rate and are operation-
ally simple. 

Planetary Nuclear Spectroscopy:  Planetary nu-
clear spectroscopy (neutron and gamma-ray) is a 
standard technique for measuring the depth integrated 
composition of planetary bodies within the top meter 
of the surface.  Galactic cosmic rays (GCR) constantly 
bombard planetary surfaces and create nuclear spalla-
tion reactions that result in the emission of neutrons 
and gamma-rays from the planetary surface.  Quantita-
tive elemental concentrations are derived by measuring 
the energy and flux of the emitted neutrons and gam-
ma-rays.   

Planetary nuclear spectroscopy has successfully 
measured the elemental composition of the Moon 
[1,2,3], asteroids [4,5], Mercury [6,7], and Mars [8,9].  
Gamma-ray spectroscopy is typically used to measure 
the concentrations of major rock forming elements (Fe, 
Ti, Si, Al, Mg, Ca) and some lower abundance trace 
elements (U, Th, K, Cl, S) depending on their concen-
tration.  Hydrogen concentrations are typically meas-
ured using neutron spectroscopy [9,10], but can also be 
measured using gamma-rays if the concentration is 
high enough [11].   

Orbital measurements have demonstrated the capa-
bility to measure layered hydrogen stratigraphy using 
neutron measurements from different energy ranges 
[12,13,14].  In particular, Mars Odyssey Neutron Spec-
trometer (MO-NS) data were used to infer that at high 
north polar latitudes (~70ºN, ~120ºW), high concentra-
tions of water equivalent hydrogen (WEH) were buried 
under a drier layer of Mars soil that was ~5 – 10 cm 
thick [12].  This layered hydrogen stratigraphy was 

confirmed with the in-situ identification of buried wa-
ter ice under ~5 cm of dry soil during the Phoenix mis-
sion [15].  Such measurements, which were made pas-
sively (i.e., no active illuminating source) from orbital 
altitudes are equally possible for in-situ application on 
a landed surface asset, such as a lander or rover.   

Background of Surface-Based Nuclear Spec-
troscopy Measurements: Typical orbit-based nuclear 
spectroscopy instruments have masses of 5 – 20 kg and 
power draw of 5 – 20 W [e.g., 16].  Such resource 
needs will likely be too large for future resource-
constrained landed missions.  In the past 30 years, the 
only successful landed nuclear spectroscopy measure-
ment was from the NEAR Gamma-Ray Spectrometer 
(GRS)[4], which demonstrated the capability of suc-
cessfully making in-situ elemental concentration 
measurements on the surface of an asteroid.  The Mars 
Science Laboratory (MSL) is carrying an active neu-
tron experiment (Dynamic Albedo Neutron, DAN).  
DAN has the scientific goal of measuring near-surface 
hydrogen stratigraphy using a pulse neutron die-away 
time technique [17].  The mass and power require-
ments of DAN (~4.8 kg, >17 W) are similar to orbital-
based instruments.   

Flight-like miniature neutron spectrometers (NS) 
have been designed, built, and operated that satisfy the 
resource constraints of future landed Mars missions.  
In addition to the low mass and power, such NS in-
struments operate in an entirely passive mode and can 
make full stratigraphic hydrogen measurements with-
out the need of an active source.  In addition to the 
reduction of mass and power, the lack of an active 
source greatly simplifies instrument operations as a 
passive NS needs minimal commanding.   

A flight-like NS that measures thermal and epi-
thermal neutrons (mass: 500 g; power: <3W) was built 
and operated in a variety of Earth-based field test envi-
ronments [18].  These field tests (Figure 1) have 
demonstrated the capability of the miniature NS to 
self-consistently measure the stratigraphy and hydro-
gen concentration of buried water.  Similar capabilities 
have been demonstrated for a prototype miniature 
borehole NS [18].  Finally, simulations for a realistic 
Mars rover scenario show that hydrogen concentra-
tions with excellent precision can be obtained with 
data collection times of tens of minutes [19].   
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Next Generation Miniature Nuclear Spectrome-
ters:  A new generation of miniature nuclear spec-
trometers is currently being developed.  The goal of 
these instruments is to have a similar resource enve-
lope as the prior miniature NS while incorporating new 
technology for providing improved capability.  In par-
ticular, a new NS (Figure 2) will expand the prior 
thermal and epithermal measurements using digital 
pulse processing techniques demonstrated on the 
MESSENGER mission [16] to reduce background, 

provide charged particle information, and obtain in-
formation about higher energy fast neutrons.  Similar 
electronics and miniaturization principles will be used 
to develop a low-mass GRS.  An entire neu-
tron/gamma-ray system can be designed for a mass as 
low as 2 – 2.5 kg and power less than ~3 W.  Initial 
gamma-ray simulations benchmarked with measured 
NEAR surface-based data [4] and MESSENGER or-
bital gamma-ray data [7] have shown that statistically 
significant elemental composition measurements can 
be obtained in less than an hour of gamma-ray data 

collection time.  High precision measurements can be 
made with longer collection times. 

Summary:  Future landed Mars missions will re-
quire low-resource but highly capable instruments for 
measuring elemental composition and near-surface 
stratigraphy.  Nuclear spectroscopy measurements 
have demonstrated the capability of making such 
measurements from orbital platforms and newly de-
signed instruments with extensive flight heritage can 
make similar measurements in situ on the surface of 
Mars and its moons.  Due to their low resource re-
quirements, these instruments can be accommodated 
on a variety of future surface-based missions. 
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Figure 1.  Measured (a) and simulated (b) neutron count 
rates using a miniature neutron spectrometer for a variety 
of buried ice deposits (burial of 0 to 30 cm and WEH 
concentration of 3 and 10 wt.% WEH) for a Earth-based 
field test [18]. 

Figure 2.  3He neutron sensors for a miniature neutron 
spectrometer 
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