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Abstract

In situ resource utilization (ISRU) may one day enable long duration lunar missions. But the efficacy of such an approach greatly
depends on (1) physical and chemical makeup of the resource, and (2) the logistical cost of exploiting the resource. Establishing these
key strategic factors requires prospecting: the capability of locating and characterizing potential resources. There is already considerable
evidence from orbital and impact missions that the lunar poles harbor plausibly rich reservoirs of volatiles. The next step is to land on the
Moon and assess the nature, “ore-grade”, and extractability of water ice and other materials. In support of this next step, a mission
simulation was carried out on the island of Hawai’i in July of 2012. A robotic rover, provided by the Canadian Space Agency, carried
several NASA ISRU-supporting instruments in a field test to address how such a mission might be carried out. This exercise was meant
to test the ability to (a) locate and characterize volatiles, (b) acquire subsurface samples in a volatile-rich location, and (c) analyze the
form and composition of the volatiles to determine their utility. This paper describes the successful demonstration of neutron spec-
troscopy as a prospecting and decision support system to locate and evaluate potential ISRU targets in the field exercise.
Published by Elsevier Ltd. on behalf of COSPAR.
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1. Introduction

1.1. Lunar ISRU and a mission simulation

The Moon’s polar regions clearly harbor a variety of
volatiles. Several independent lines of evidence from Lunar
Prospector (LP), the Lunar Reconnaissance Orbiter
(LRO), and especially the Lunar CRater Observation and
http://dx.doi.org/10.1016/j.asr.2015.01.035
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Sensing Satellite (LCROSS) impact mission point to the
strong likelihood of cold trapped water ice and other spe-
cies (cf. Feldman et al., 1998, 2000; Colaprete et al.,
2010). Taken together, the evidence suggests that there
are locations where water ice, at least, is present in suffi-
cient abundance to warrant investigating its use for ISRU.
There are extensive areas where surface and subsurface
temperatures are sufficiently low to preserve water ice for
over 1 Ga (Paige et al., 2010). However, not all these poten-
tial cold traps host similar abundances. Evidence of surface
frosts is found in several permanently shadowed craters at
the south pole, but not all (Gladstone et al., 2012). Some
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but not all of these features have volumetrically significant
hydrogen abundance (assumed to be in the form of water
ice). Such a heterogeneous distribution of volatiles over
hundreds of kilometers has been difficult to explain –
why should equally effective cold traps not retain similar
reservoirs of volatiles? Whatever the cause, such lateral
heterogeneity may exist down to small scales, plausibly
down to meters and tens of meters (Hurley et al., 2012).

Simply sampling in a cold, dark location at the Moon’s
poles does not assure finding significant, useful concentra-
tions of volatiles. Surface mobility will be required to dis-
cover, map, characterize and in effect assay the “grade”

of volatile deposits. Ease of extraction versus ore concen-
tration and total volume is the trade. Therefore, a robotic
mission to seek out and explore the volatile reservoirs of
the Moon’s polar region must be mobile and carry tools
that permit the sensitive detection of surface frosts (in
shadowed areas) and volumetrically significant bodies of
hydrogenous materials.

As described by Sanders and Larson (2015) and
Heldmann et al. (2015), the mission approach is unique
and unlike rover operations on Mars, because operations
are intended to be carried out in real time. This would be
the case for a lunar polar rover mission with limited sun-
light and power access. Based on current knowledge, the
physical nature, distribution and chemical state of lunar
polar volatiles at a given site are poorly known – in order
to react to and capitalize on new discoveries and surprises,
real-time operations must include mission operators, sys-
tems specialists and scientists. The decision as to when
and where to interrupt a traverse for the risky, time-con-
suming and energetically expensive activity of sample
acquisition and volatile processing involves more than
engineering factors – real time data from the prospecting
instruments are key. A major goal of the 2012 mission
simulation included understanding what works, and what
does not, in the area of supervised robotic prospecting
and operations team decision-making.

Here we describe a field exercise in which the National
Aeronautics and Space Administration (NASA) and the
Canadian Space Agency (CSA) jointly developed, integrat-
ed and operated a lunar polar rover and prospecting/pro-
cessing payload (see Sanders and Larson, 2015). This
mission simulation had the goals of (1) locating near sub-
surface volatiles and assessing their ore quality in real time,
(2) excavating and analyzing samples of volatile-bearing
subsurface materials, (3) demonstrating the form, extracta-
bility and usefulness of the materials. The rover, provided
by CSA, was the Artemis Jr. platform (for a description
of the rover and its subsystems, as well as its performance
in the 2012 exercise, see Cristello et al. (2013)). Instrumen-
tation for prospecting and sample analysis was part of the
Kennedy Space Center-managed integrated Regolith and
Environment Science and Oxygen and Lunar Volatiles
Extraction (RESOLVE) payload.

RESOLVE is a rover-based payload that includes sever-
al key instruments: (1) a neutron spectrometer subsystem
(NSS) for assessing the volumetric abundance of hydrogen
(including water) in the subsurface over which the rover is
driving; (2) a near-infrared volatile spectrometer subsystem
(NIRVSS) that senses surface hydration and mineralogy;
(3) a drilling system (DESTIN, developed by NORCAT
and provided by CSA) to auger and collect core samples
down to one meter below the surface; (4) an Oxygen and
Volatile Extraction Node (OVEN), that accepts samples
from the drill system, seals and heats them, and conveys
gaseous volatiles to (5) the Lunar Advanced Volatile Ana-
lysis (LAVA) subsystem, a gas chromatograph/mass spec-
trometer that analyzes water and other volatiles released
from the heated samples. LAVA also incorporates a
near-IR spectrometer in its surge tank (NIRST), which
views the gaseous volatiles in the tank and provides addi-
tional assessment capability to the system.

As described by Heldmann et al. (2015), the primary
prospecting instrumentation were the NIRVSS and NSS.
Roush et al. (2015) describe the NIRVSS system, while
the details of NSS can be found in Elphic et al. (2008).
NIRVSS measures the reflectance spectrum over �1.2–
2.4 lm, from surface materials below the rover, as illumi-
nated by a constant intensity lamp. NSS consists of two
helium-3 gas proportional counter tubes that are sensitive
to thermal and epithermal neutrons, the intensity of which
correlates with bulk hydrogen in the soils. Both instru-
ments were nearly collocated on the rover, and were run
continuously while the rover was in operation. NIRVSS
also included the Drill Operations Camera (DOC), which
imaged the NIRVSS field-of-view and the auger and coring
drill tools while in operation. In addition, forward-viewing
navigation cameras returned imagery of the site, and a very
wide-angle downward-viewing camera imaged the surface
immediately below the rover.

The RESOLVE neutron spectrometer is similar to
instruments flown on orbital missions including Lunar
Prospector, Mars Odyssey, MESSENGER to Mercury,
Dawn at Vesta, and aboard the Lunar Reconnaissance
Orbiter (Feldman et al., 1999, 2002; Goldsten et al., 2007;
Prettyman et al., 2011; Mitrofanov et al., 2010). A rover-
borne neutron spectrometer can provide immediate mea-
surements of the local hydrogen concentrations, allowing
real-time monitoring and decision-making (Elphic et al.,
2008). As the rover encounters volumetrically important
hydrogen-bearing volatile deposits, NSS provides informa-
tion that enables operators to halt the traverse and carry
out more detailed characterization of the resource pro-
spect. For this field test, the NSS resolution scale was a
spot 25–30 cm in diameter, centered below the instrument.

The purpose of this paper is primarily to document the
execution of the RESOLVE Hawai’i 2012 resource
prospecting traverse plans, focusing on the NSS perfor-
mance in detecting resource prospects and serving as a
decision support tool. We also discuss the overall success
of this prospecting approach with a view to how a similar
technique may be used in a lunar polar rover mission to
search for volatiles.
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1.2. Field Test site and site preparation

The 2012 test site, located in Pu’u Haiwahine
(19.7612�N, �155.4680�E), on Mauna Kea, had been used
in previous testing of various parts of the evolving ISRU
system. For the 2012 test, all instruments and payload sub-
systems were integrated with the rover. The rover was pro-
vided by Neptec under contract to CSA and was operated
by members of the Neptec team in Hawai’i, as well as
remotely from Canada. Communications, command and
control of the rover and its payload were carried out from
a remote mission operations center (MOC) at Hale Pohaku
(19.7583�N, �155.4558�E), roughly 1.3 km to the east of
the test site. The mission simulation was performed at
2470 m elevation. Additional support was provided by net-
worked teams at NASA Ames Research Center, the CSA,
and NASA Kennedy Space Center and Johnson Space
Center. All operations were performed remotely from
either the main MOC at Hale Pohaku, or by personnel at
the control centers in the US mainland and the CSA’s
Exploration Development and Operations Centre
(ExDOC).

The Pu’u Haiwahine test site is located between cinder
cones in a valley. It contains pyroclastic materials derived
from these cones, as well as windblown deposits from else-
where on the volcano. The valley floor is largely composed
of fine-grained soil particles, and contains relatively few
clasts. The test site was cleared of vegetation to the maxi-
mum extent possible both to remove hazards to the rover
and payload, and to make the site more Moon-like; vegeta-
tion might also produce unwanted effects in NSS. After
arrival in Hawai’i, a subset of the team emplaced prospect-
ing targets at specific locations in previously designed tra-
verse plans. The test site and initial traverse plans are
shown in Fig. 1. To avoid the difficulties of using water
ice as prospecting targets (ice melts), buried high density
polyethylene (HDPE) sheets were used as ice proxies. These
proxies are squares of either 0.91 or 0.61 m on a side, and
each was 1.25 cm in thickness. It was not possible to popu-
late the entire test site with randomly distributed HDPE
targets due to resource and time constraints, so they were
placed at selected points along the pre-planned traverse
paths and covered with a very thin layer of local soil (see
Section 2.1); locations of the 15 emplaced targets were
not known to the prospecting operations team. These tar-
gets would be “discovered” by the prospecting instruments,
and real-time decisions would have to be made, whether to
stop and investigate further, or continue along the planned
traverse. Table 1 provides information on the 15 targets,
including location and the number of each kind of HDPE
sheets used, and whether or not the rover traverses actually
crossed the targets.

In order to provide a way to core and retrieve samples of
known hydration, and to compare the results from NSS
with results from other instruments, a tube of prepared soil
material (containing a controlled amount of water) was
buried at each of the 15 target sites. For various reasons,
including time and battery limitations during operations,
not all targets were visited or drilled in the course of the
test.

2. Field test operations

2.1. Traverse planning

Traverse planning was carried out prior to the test, and
made use of pre-existing satellite imagery and topographic
data, as described by Heldmann et al. (2015). The Explo-
ration Ground Data System (xGDS) was used to plan
rover traverses based on the perceived promise and geolog-
ic interest of features throughout Pu’u Haiwahine (cf.
Fig. 7 in Heldmann et al., 2015). xGDS combines traverse
planning and real-time telemetry display in a web-based
application, and has been used in a large number of field
exercises by various analog projects (Deans et al., 2013).
Consequently xGDS had many mature capabilities suited
to the Hawai’i field campaign. Traverse plans created in
xGDS were exported to the RESOLVE operations system,
translated, and from there were uploaded to the rover
avionics system for execution. For this field exercise, we
planned rover traverses based on visible albedo or color
of surface materials seen in Google Earth satellite imagery,
and topography. The intent was to cover a range of terrain
features, and test the operability of the rover/payload sys-
tem on various slopes and soil types. With xGDS, most
relevant parameters are imported as layers so that traverse
planners have access to each layer for the valley. Each layer
can be switched on and off as visibility requires, giving the
ability to quickly lay out or revise a traverse plan within
operational areas and within hazard and slope limits, for
example. The xGDS tools also permit estimation of dura-
tions for both individual transects and each traverse plan
as a whole, so that planners can create plans that are suited
to operational shifts of 8–10 h.

2.2. Description of the neutron spectrometer and pre-test
calibration

At the Moon, Mercury, Mars and asteroids, galactic
cosmic rays (GCRs) penetrate the surface and initiate
nuclear reactions within the top few meters, resulting in
neutron production. As mentioned in the introduction, the-
se GCR-generated neutrons are the basis for orbital neu-
tron measurements aboard several planetary missions.
Thermal and epithermal neutrons can be very sensitive
indicators of the presence of hydrogenous materials, so in
a Moon, Mars or asteroid flight application, GCR-generat-
ed neutrons thus provide the neutrons needed for in situ
prospecting. However, on Earth the atmosphere stops
nearly all GCRs and prevents nearly all of them from
reaching the surface; virtually no neutrons are created. In
this case, one must rely on a radioactive neutron source
to interrogate rocks and soils that the rover and instru-
ments are traversing. The neutron source used for this test



Fig. 1. The Pu’u Haiwahine valley, site of the 2012 field test. Shown here are the eight traverse plans developed prior to the test and designed to explore
geologically interesting features in the valley. The scale bar at lower left is 120 m.
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is a Frontier Technology Corporation Z100S sealed source,
serial number FTC-CF-Z1154, with �0.17 mCi activity (as
of January 25, 2012). Because 252Cf sources decay with
time, we calibrated the neutron spectrometer immediately
prior to field test operations, at �04:30 UTC 13 July
2012, so that quantitative estimates could be made in real
time during traverses.

The neutron spectrometer consists of two helium-3 gas
proportional counter tubes. One detector admits all low-
energy neutrons, whereas the other is covered by a thin lay-
er of cadmium, which screens out the lowest energy
(<0.5 eV) thermal neutrons. The detectors are very insensi-
tive to the high energy (�2 MeV) neutrons coming out of
the source. But when these fast neutrons interact with
materials in the ground, they can be slowed (moderated)
quickly if significant amounts of hydrogen are present.
The greater the hydrogen abundance, the greater the mod-
erating effect and the higher the returning flux of low-ener-
gy neutrons out of the soil materials. Consequently, the
neutron spectrometer measures lower count rates when
over hydrogen-poor materials and higher count rates when
over wetter soils, ice or hydrous minerals.

Our calibration approach was to place HDPE targets of
known thickness on a representative patch of Pu’u Hai-
wahine soil, and then drive the rover with payload across
the targets. As shown in Fig. 2, the neutron spectrometer
was mounted in a forward configuration and was operated
with the same settings and thresholds that would be used in
the traverse testing. The neutron spectrometer and source
were located 15 cm above the local ground surface. The
calibration targets were 1.25, 2.54, 3.81, and 5.08 cm thick
high-density HDPE squares. HDPE has a density slightly
greater than water ice, 0.95 versus 0.915 g/cm3, and like
water has a very high hydrogen concentration. The relevant
physical parameter for neutron moderation in materials is
the product of the average fractional energy loss per elas-
tic-scattering collision and the macroscopic cross section
for elastic scattering, nsRs, which depends on material com-
position (Feldman et al., 2000). The quantity nsRs is 1.36
for pure H2O, but is 1.76 for high-density polyethylene
(units are cm2/g). In other words, a centimeter of high-den-
sity polyethylene has the effective energy-scattering proper-
ties of 1.76/1.36 = �1.3 cm of water ice. For this reason,
the targets above correspond to ice column densities of
�1.5, 3.1, 4.7 and 6.2 g/cm2. For comparison, a soil of
non-hydrous mineralogy with a mass density of 1.5 g/cm3

and 5-wt% moisture content has 1.5 g/cm2 of H2O if inte-
grated over the top 20 cm (about 6 neutron scattering
lengths). For our calibration test, the rover speed was
�10 cm/s for the first set (hr 4.5–4.6), and 20 cm/s for the
second pass done in reverse. The slower pass provided bet-
ter target spatial resolution and statistics.

Fig. 3 shows the clear rise in thermal count rate with tar-
get thickness, expressed as equivalent excess H2O-e-
quivalent column density (g/cm2). We use the term
“excess” to emphasize the fact that the Pu’u Haiwahine val-
ley soils have a variable but non-negligible level of moisture
(�1–10 wt%), and that the prospecting targets represent a
significant increment of equivalent-hydration above this
background level. This calibration curve allows us to con-
vert the measured NSS thermal count rates observed
throughout the test to equivalent ice column densities, an



Table 1
Scorecard for in situ resource prospecting.
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important capability in decision support of resource
prospecting and characterization.
2.3. Prospecting decision thresholds

For the purposes of this test, a sustained increase in the
NSS thermal neutron count rate above 50 count/s for more
than 10 s, was considered to be an actionable trigger point
for tactical decision making. This value was chosen because
it is over 3 standard deviations above the typical valley
soils value of �30 counts/s. Crossing this threshold indi-
cates that the rover had come across an area of significantly
enhanced hydrogen (water) concentration, meriting further
investigation and decision-making. Operationally, crossing
this threshold could transition the mission from Prospect-

ing mode to a mode in which the potential resource itself
is mapped at finer scales, referred to as “Area of Interest

Mapping,” or AIM (see Heldmann et al., 2015). In
Prospecting mode, the rover follows the pre-planned tra-
verse, hazards permitting, with the spectrometers mapping
hydration and mineralogy as the rover moves across an
area. But upon crossing this pre-determined threshold,
the mission operators would issue a real time command
to halt. Using the data from the prospecting instruments,
the science and mission operations team then decides
whether to transition to the AIM mode. For various rea-
sons they may choose to forego the time and energy
required to map out the potential resource body, and
instead carry on with the remaining prospecting traverse.
But if the feature is deemed interesting, the rover then exe-
cutes a pre-planned AIM to assess the size and abundance
of the potential resource.

As described in Heldmann et al. (2015), if the AIM

reveals a suitable prospect, the mission then transitions to
a subsurface assessment mode. This mode entails the drill
augering into the prospect while NIRVSS views the cut-
tings that are brought to the surface. If evidence of hydra-
tion is seen in the near-IR spectrum, the operations team
may elect to core the prospect, acquiring a sample for ana-
lysis by OVEN and LAVA.
2.4. Test execution

Here we describe some of the key results of the prospect-
ing and characterization activities during the 5 days of the
field test. The first day is discussed in some detail in order



Fig. 2. (Top) high-density polyethylene (HDPE, an ice proxy) calibration targets for the neutron spectrometer subsystem (NSS). (Bottom) neutron
spectrometer calibration data. The enhancements in count rates correspond to 1.25, 2.54, 3.81, and 5.08 cm thickness HDPE targets, respectively. This is
equivalent to �1.5, 3.1, 4.7 and 6.2 g/cm2 column density of water ice. Rover speed was �10 cm/s for the first set (hr 4.5–4.6), and 20 cm/s for the second
set (hr 4.65–4.7).
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to acquaint the reader with some of the prospecting proce-
dures and activities. Thereafter we move quickly through
the following days.

2.4.1. Initial exploration following lander egress and

checkout

On 14 July 2012, the initial operational traverse plan
was executed (the green plan at left in Fig. 1). It was
designed to simulate the initial limited exploration of an
area to the northeast of the lander, following egress from
the lander and successful rover/payload checkout. The
total traverse distance was intentionally short, only
�50 m, being both a conservative test of the rover and pay-
load ability to execute the plan and return real time data.
Fig. 4 shows a map of this plan as executed. The color-cod-
ed path is NSS thermal neutron count rate, laid down on
the base map satellite image of the area. The rover path
never deviated more than 2 m from the planned traverse.
The background count rate for soils in this area is
�30 count/s, but large increases were seen at two locations,
referred to hereafter as “hotspots”, denoted by (A) and (B).
The operations team discovered Target 01 at hotspot A
(Fig. 4). (Recall that the team had no knowledge of where
the buried target was, so the transition of the neutron spec-
trometer data across the 50 counts/s threshold was not
expected.) Upon crossing the threshold, an “all-stop” was
called, halting the rover’s progress. At this point, the
operations team elected to transition from prospecting

mode to AIM mode, defining the extent and potential of
the feature.

The AIM pattern was developed to provide good cover-
age at meter scales in the least amount of time spent in
execution. As can be seen in Fig. 4, upper right, execution
of the pre-planned, block-spiral AIM traverse pattern
resulted in gaps of coverage, owing to the realities of rover
slip on hillsides, and other traverse issues. While the ideal-
ized pattern, shown at lower right of Fig. 4, would have
provided good coverage, it was difficult to accomplish
without coverage issues. The subsequent AIMs in this field
test permitted more interactive driving, in order to fully
exploit the situational knowledge available to both the



Fig. 4. (Left) the first traverse, executed on 14/15 July, 2012 UTC, with NSS thermal neutron count rates overlaid. Two detected hydrogen hotspots, A
and B, are also shown. (Upper right) the first area of interest mapping (AIM) left gaps due to rover slip and traverse issues. It was difficult to execute the
pre-planned AIM pattern (lower right) without leaving gaps.

Fig. 5. Strip chart plots of NS thermal (top), epithermal (middle) and NIR water band depth 1 (bottom) for 15 July 2012/00:19–01:57 UTC. Note trigger
threshold of 50 counts/s in the thermal (Sn) channel. Increased moisture was observed by NIRVSS during augering. Hotspot B (Target 02) at was detected
at 01:40 UTC.
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rover driver and the scientists. The direct interaction of
rover navigation with science displays and guidance result-
ed in much more complete coverage of prospective resource
targets.

It was decided to auger at the hotspot, and NIRVSS
observations of the cuttings indicated higher hydration in
the subsurface. This can be seen in Fig. 5, which shows
an example of an xGDS time-series strip chart used for real
time decision-making. Here NSS thermal and epithermal
count rates as well as a NIRVSS water band parameter
(band depth of H2O absorption at 1.5 lm) are plotted for
2012–07-15/00:19 – 01:57, which encompasses the auger
activity at hotspot A, and shows the discovery of hotspot
B. NIRVSS measured increased band depth during auger-
ing from 00:19 to 00:50 UTC, indicating that cuttings
brought up by the auger had greater moisture content. Fol-
lowing rover traverse restart at 01:22, the 50-count/s
threshold was crossed at hotspot B. The subsequent AIM

activity made use of interactive guidance provided by the
real time science console to cover the hotspot.

Count rates at hotspot B (Target 02) rose even higher
than in hotspot A (Target 01). This find also prompted a
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transition to AIM. During the AIM, an especially high
thermal neutron count rate was observed over a small area.
This feature was identified as a location at which augering
and evaluation of subsurface cuttings would also be carried
out. The results were promising, and coring would be
planned for and samples acquired for analysis by the
OVEN and LAVA on the next operational shift.
2.4.2. Prospecting and area of interest mapping

Fig. 6 captures the entire Prospecting and AIM execu-
tion of the field test, from 14 to 19 July, 2012. Insets illus-
trate the detailed features for each target for which an AIM

was executed. The hotspot features as measured will be dis-
cussed and then compared to after-test information about
each target.
2.4.3. Day 1, 14 July 2012: AIM results

The traverse details for 14 July have already been dis-
cussed. Here we describe the potential resources that AIMs
revealed during the traverse. As seen in Fig. 4, Hotspot A
(Target 01) shows three distinct elongate highs in count
rate, each less than 1 m wide but over 1 m in length, span-
ning an area of several meters in extent. The local highs of
roughly 60–70 counts/s in thermal neutrons would corre-
spond to 1.5–2.0 g/cm2 of water ice column density. Hot-
spot B (Target 02) also has several local maxima, each of
1-meter scale. There is also a small area of very high flux,
>120 counts/s that would correspond to an excess water
ice column density of >4.2 g/cm2. This feature was identi-
fied as a location at which augering and evaluation of sub-
surface cuttings would be desired.

2.4.4. Day 2, 15 July 2012: location of potential resource and

subsurface sample acquisition

On July 15, 2012, the Artemis Jr rover was re-located to
the previous day’s hotspot B (Target 02), where it would
drill and core sample. Because of offsets discovered in
GPS positions, the neutron spectrometer was again put
to use to perform AIM. Once the desired feature was re-lo-
cated, augering proceeded. Roush et al. (2015) discuss the
details of augering and the mineral forms identified by
NIRVSS during this activity. With promising identification
of hydration by NIRVSS, there followed coring and retrie-
val of the sample for processing. In the end, between 80
and 95 cm of core was obtained. The core sample was then
analyzed in OVEN and LAVA operations.

2.4.5. Day 3, 16 July 2012: prospecting plan and auger

operations
On July 16, 2012, the traverse plan took the rover/pay-

load across new territory SE of the landing site. The rover
encountered Target 04 around 21:47 UTC, shown by the
inset in Fig. 6. Count rates above 100 counts/s pointed to
a significant hydrogen abundance, and elevated levels were
observed over an area several meters in extent.

After the AIM activity revealed an especially enhanced
signal at this site, it was decided to proceed with auger
mode. Excavation commenced at 22:45 UTC and subsur-
face material was monitored by the NIRVSS spectrometer.



Fig. 7. (Top) short traverse over aluminum foil and liquid water. (Bottom) NSS and NIRVSS signatures of the water puddle. Note the unsmoothed NSS
data suggest column abundance of �2.5 g/cm2. The damp area has lower abundance, consistent with 1 g/cm2, still higher than the background of
unmoistened soil.
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Evaluation of the auger activity led the team to forego cor-
ing at this site; the traverse picked up again and the rover
proceeded to the next waypoint, roughly 19 m to the north.

At 2012-07-17/00:16:00 UTC, the neutron spectrometer
count rate threshold was again crossed, “All Stop” was
called, and the operations team evaluated the signal. The
thermal neutron count rate had climbed from a back-
ground of about 30 to 65 count/s, corresponding to
roughly 1.5 g/cm2 column abundance of water-equivalent
hydrogen. An AIM was waived, for two reasons: (1) the
area had a significant slope that would make executing
the mapping pattern difficult, and (2) the feature was
judged not sufficiently rich to justify the time out of the
roving plan. The time from threshold crossing to decision
was roughly 5 min. This hotspot was Target 08 (see
Table 1).

The next traverse plan took the rover to the SE along
the slopes of the NE edge of the valley. Neutron spec-
trometer readings flirted with the 50 count/s threshold,
but were never sustained enough (10 s continuous or more)
to call an “All Stop”. Due to the difficult slope, the rover
was manually driven to the waypoints of the plan rather
than teleoperated. About 11 m beyond waypoint 4, NSS
crossed a threshold for an “All Stop” and assessment.
The resulting AIM activity is shown in the inset for Target
09 in Fig. 6. This feature appeared to be a ring-like struc-
ture with a central minimum in water-equivalent hydrogen
abundance. The maximum ice column density seen corre-
sponds to 1.5 g/cm2. The team elected to core this location
in order to have a sample for OVEN and LAVA to analyze
overnight.

2.4.6. Day 4, 17 July 2012: prospecting plan and

auger/coring operations

On July 17, 2012, the traverse plan continued SE of the
previous day’s area. By 19:46 UTC the rover was at the
starting point, and by 19:48 we had already encountered
a neutron hotspot, just 3 m from the initial waypoint. “All
Stop” was called, but after deliberating, the team elected to
press on to the next waypoint. This hotspot, Target 10, was
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consistent with 1.5–3.1 g/cm2 of water ice, the most intense
area being about 1 m in extent along the traverse path.

At about 20:08 UTC, the rover encountered another
hotspot, this time with rates approaching 90 counts/s; this
was Target 11. After an “All Stop” the team elected to do
an AIM activity, as shown in Fig. 6, inset Target 11. Upon
completion of the AIM procedure, the feature was seen to
consist of 3 separate hotspots, between 0.5 and 1 m in size
and separated by 1–2 m. Each hotspot was consistent with
3.1 g/cm2, and surrounded by a background of 1.5 g/cm2

water-equivalent material. The overall feature size was
roughly 3 m � 2.5 m. The team chose to move into auger
mode, and the rover was positioned to execute this. The
resulting cuttings pile was small, presumably because the
augering process simply compacted the material in the pre-
pared sample tube. The team chose not to collect a core
because little evidence of moisture was seen.

At 21:33 UTC, a new plan was begun and by 22:10 the
NSS data passed threshold again; an “All Stop” was called.
This was Target 13, but an AIM procedure was waived
because the feature was only showing 1.5 g/cm2 of ice
equivalent, and the terrain was vegetated and likely to
cause rover hazard avoidance issues. The final waypoint
for the traverse plan was 8 m beyond the hotspot.

The next traverse plan was initiated at 22:22 UTC, and
took the rover still further to the SE. ExDOC at CSA
was controlling the rover at this time, and performed some
hazard avoidance maneuvers that took the robot off the
traverse path. However, after working to get back on the
plan, the rover crossed the 50 counts/s threshold at
22:43 UTC. Target 14 (Fig. 6) had been located. The onsite
operations team elected to perform AIM, working with
ExDOC at CSA to perform the activity. Once again, there
appeared to be three separate hotspots, each slightly less
than 1 m in size, spread over an area roughly 3 m in N–S
extent, by 2 m in E–W extent. The peak neutron signature
suggests an abundance of �3.1 g/cm2. The team elected to
auger at this site, and then to core in the tube of prepared
soil. This coring activity completed the operational day,
and the rover returned to base at 18 July/03:00 UTC.

2.4.7. Day 5, 18 July 2012: OVEN/LAVA sample processing

day

18 July 2012 was committed to working technical issues
and troubleshooting the OVEN and LAVA operations. No
prospecting operations were carried out.

2.4.8. Day 6, 19 July 2012: public affairs/outreach and roving

operations

A demonstration of the rover prospecting operations for
film crews was scheduled for this day. Traverse operations
would be truncated, covering a shorter period of time than
previous day’s activities. However, two activities would
prove useful for both NIRVSS and NSS: (1) driving over
a prepared puddle of water and (2) rover ingress and egress
from the lander. The former provided data for both
NIRVSS and NSS while actually traversing a thin layer
of liquid water, and the latter would provide information
to NSS about signal from the soil versus background from
the rover. Then the rover would egress the lander, mimick-
ing flight, and proceed to a prospecting traverse plan.

Fig. 7 shows the traverse across the thin aluminum foil
and liquid water targets. NSS and NIRVSS signatures of
the water puddle are shown in the lower panel. Note the
unsmoothed NSS data suggest a water column density of
�2.5 g/cm2. The small (�20 cm) damp area to the lower
right has lower water apparent water abundance. It was
insufficient to trigger the 50 counts/s threshold, but higher
than the background of nearby soil. NIRVSS measure-
ments clearly show comparable band depths for both the
puddle and the moistened area (the offset in time between
NSS and NIRVSS corresponds to the difference in their
respective fields of view of approximately 50 cm).

As the rover climbed the lander ramps, the distance
between the NSS and the ground increased, and the ther-
mal neutron return from the ground decreased. The reverse
occurred as the rover egressed the lander. Fig. 8 shows the
rover atop the lander, and the NSS record of egress down
the ramps onto the local surface between 19:40 and
19:50 UTC on 19 July 2014. At normal operating height
(15 cm off surface), the count rate was 25–30 counts/s,
whereas near the top of the ramp it was �7–8 counts/s.
This low and constant background count rate is present
in all the traverse data.

The next traverse plan was initiated at 2012-07-19/
20:22 UTC; this plan would take the rover to an unsampled
area W of the landing site. ExDOC was in control of the
rover. The traverse soon deviated from the planned tran-
sect, due to rock avoidance around 20:30 UTC. At
20:36 UTC, 11 m north of the planned traverse, the rover
was re-steered back on plan, and successfully attained way-
point 2. Thereafter, however, deviations began again.

A halt was called at waypoint 3 of the traverse plan (not
shown). The rover was driven back along the planned tra-
verse path, where Target 06 was discovered, and “All Stop”
was called. The strength of the signature, seen in Target 06
of Fig. 6, pointed to a column density of �3.8 g/cm2 of ice-
equivalent column abundance, so the team decided to tran-
sition to AIM. The AIM process went from 21:15 to
21:23 UTC, or about 8 min, demonstrating that a direct
coordination between console positions is highly effective.
This feature evidenced more structure than other hotspots,
with a localized peak having dimensions of �0.5 m by
�0.5 m, and extended areas of elevated hydration up to
2 m W of this peak. Also seen was an isolated high
2 m W and slightly N of the peak, as well as an extended
local hydrogen increase just N and a little W of the main
peak.

2.5. Post-test target comparison with test data

The Hawai’i team members who had emplaced the
HDPE targets provided the locations and target thickness-
es in Table 1 after the test. We compared those numbers to



Fig. 8. (Top) Artemis Jr rover atop the field test lander. (Bottom) NSS thermal neutron signature of egress, showing the rise in count rate as the source
and detectors approach the ground. This is a valuable exercise for estimating background due to rover materials.
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the measured maximum count rates recorded by NSS at
each feature. Fig. 9 shows the comparison of the maximum
estimated excess water-equivalent column versus the maxi-
mum thickness of HDPE layers used to make the targets.
Also shown on the upper scale is the HDPE water-e-
quivalent excess column density. The correspondence clear-
ly shows that NSS can gauge this quantity consistently.
Some of the variability in detected signal is related to the
variable depth of soil cover used to “hide” the HDPE tar-
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Fig. 9. Measured neutron spectrometer maximum excess H2O abundance
for the ten detected targets, versus the maximum thickness of polyethylene
sheets emplaced by the out-of-simulation team members.
gets (these were hidden to mimic subsurface deposits and to
avoid giving visual clues to the operations team). When the
targets were removed, it was noted that the soil immediate-
ly beneath was damp, more so than surrounding soils at the
same depth, and water had collected on the bottom of the
HDPE. Apparently water vapor from wetter soil layers at
greater depth diffused upward and condensed on the bot-
tom of the impermeable HDPE targets. For thin, one-layer
targets, this additional moisture evidently added a detect-
able increase in HDPE hydrogen signal and produced a
slight elevation of thermal neutron return. This explains
why the apparent excess ice column density is actually
higher than would be expected for a one-layer HDPE tar-
get in Fig. 9. Such a moisture layer adds little to the thicker
stacks of HDPE.

3. Lessons learned: prospecting operations in real time

Several aspects of the Hawai’i 2012 test taught the
RESOLVE team valuable lessons that may be applicable
for a flight mission. Three are below.

3.1. AIM procedure issues

3.1.1. Issue/observation

Executing the AIM procedure as originally designed
resulted in gaps in coverage by NSS and NIRVSS. These
gaps resulted from the realities of rover operations on real
terrain, where slope slip and other difficulties skew the
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actual traverse. For this reason, incomplete coverage of the
area led to missing a suitable hotspot. The field test was the
very first opportunity to use this procedure under realistic
circumstances; it had not been previously tested.

3.1.2. Resolution
Rover and science operators quickly understood the dif-

ficulties. Instead of blindly executing a pattern without
guidance from real time data, a more adaptive approach
was adopted. Rover navigation and science worked closely
together, viewing the same instrument map displays in
xGDS, to proactively fill in gaps and more thoroughly cov-
er the hotspot area. More efficient characterization of
potential resource abundance and distribution was
achieved.

3.1.3. Recommendation

Further development of the rover navigation/real time
science partnership should be explored, since the most effi-
cient method of homing in on a desirable hotspot was when
a well-informed rover driver directed the robot to quickly
fill in gaps. Situational awareness tools must include rele-
vant instrument data displays, such as the xGDS raster
maps shown in this paper.

3.2. Rover navigation from remote control centers

3.2.1. Issue/observation

Rover navigation from the Hale Pohaku control center
used an up-to-date version of xGDS to provide guidance
and situational awareness with respect to the two prospect-
ing instruments, NSS and NIRVSS. However, when the
rover was being driven by controllers at a remote center
(ExDOC), the operators there did not initially have the
xGDS website up and running. This hampered their ability
to effectively carry out traverse and AIM procedures.

3.2.2. Resolution
At times it was necessary to return control to Hale

Pohaku in order to stay on the plan and the timeline. These
handovers consumed operations time but did result in cov-
erage of desired regions of interest.

3.2.3. Recommendation

In a large, highly distributed team, it is vital to designate
a testing lead who works across organizational lines to
ensure that all detailed procedures and technical systems
are integrated well in advance, and operationally tested
before the field activity. In the future, software like xGDS
should be in test-ready form, and all relevant operations
entities should be trained on and familiar with its use in
that form. Realistic training with relevant software and
website tools is critical to executing traverses and AIM pro-
cedures efficiently. Processes like handing over rover opera-
tions from one facility to another, and continuing on a
planned activity or procedure, should be practiced thor-
oughly beforehand.
3.3. Data processing and presentation

3.3.1. Issue/observation

It was not possible to completely define data visualiza-
tion requirements before acquiring realistic data in the field
setting. One example: Due to Poisson statistics inherent in
the NSS measurement process, spatial smoothing was
needed in the raster map visualization to highlight real
trends in the data. Realistic NSS data from the rover was
needed to determine the best type and amount of smooth-
ing for the visualization.

3.3.2. Resolution

The ground data system software was built using very
flexible high-level languages and libraries, and developers
were on hand during the field testing. As new data visual-
ization requirements were discovered early in the test,
many could be satisfied with new features developed and
used before the end of the test. This capability was vital
to the success of the test. However, rapid software changes
with minimal testing sometimes caused service outages in
the ground data system that would be unacceptable in a
real mission.

3.3.3. Recommendation

Projects should anticipate that visualization require-
ments will change during operations. In addition to pre-
built console displays that update in real-time, the ground
data system should support an interactive plotting capa-
bility to enable more flexible data analysis, acting as a rapid
prototyping sandbox for new console displays, and sup-
porting the strategic planning process. In addition, proper
modular software design and component isolation should
be used, such that new experimental console displays can
be added without impacting the stability of the rest of
the ground data system.

4. Conclusions

The 2012 Hawai’i field exercise was extremely useful in
demonstrating and improving a number of real-time opera-
tional procedures and tools. In terms of the ability to pro-
vide decision support, the test demonstrated the
effectiveness of real-time monitoring of prospecting data.
Clearly, efficiencies were gained from establishing clear
thresholds in the data that trigger a transition from one
mode of operation (prospecting) to another (AIM and sub-
sequent decisions to auger, core or just carry on per the tra-
verse plan). This is only possible in a mission with near
real-time communications with Earth, and small delays,
unlike Mars rover missions. Quick responses of this kind
with manual intervention are practical only for missions
with low-latency communications (Moon, NEO). For
longer latencies (Mars, Outer Solar System), quick respon-
se requires onboard adaptive science capabilities, with a
different set of technical and operational issues (Pedersen,
2001; Smith et al., 2007).
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The scorecard for successful detection of potential
resource targets is shown in Table 1, a list of the pre-em-
placed targets and the results from the field exercise as
executed. A total of 15 high-density polyethylene targets
were emplaced. Four were never visited because the tra-
verse plans were truncated or revised. Of the remaining
11, two were missed completely because of large deviations
from the planned traverse path, partly related to telemetry
issues and partly to mistaken hazard avoidance tele-op-
erations from ExDOC. One target (Target 03) was missed
due to a payload telemetry drop out; no NSS data were
being received while the rover crossed the target. Another,
Target 06, was initially missed due to avoidance deviations
but was recovered by backtracking along the planned tra-
verse path. Of the 9 targets that the rover actually crossed,
all were detected, and 7 were mapped with an AIM proce-
dure and characterized.

The RESOLVE Hawai’i 2012 campaign demonstrated
the utility of neutron spectroscopy as a prospecting
approach aboard a planetary rover. The hydrogen abun-
dances as gauged by NSS data were consistent with the tar-
get designs that the out-of-simulation team members
emplaced.
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