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A LANDED EXPERIMENT PACKAGE FOR INVESTIGATION OF LUNAR MAGNETIC AND ALBEDO
ANOMALIES. David T. Blewett1 , George C. Ho1, Haje Korth1, Lon L. Hood2, Jasper Halekas3. 1Johns Hopkins
Univ. Applied Physics Lab, 11100 Johns Hopkins Rd., Laurel, MD 20723 USA (david.blewett@jhuapl.edu); 2Lunar
and Planetary Lab, Univ. of Arizona, 1629 E. University Blvd., Tucson, AZ 85721; 3Space Sciences Lab, Univer. of
California-Berkeley, 7 Gauss Way, Berkeley, CA 94720.

Introduction: The lunar crust contains magnetic
anomalies [1] that are associated with highly unusual
bright surficial markings known as lunar swirls [2, 3].
Many of these magnetic/albedo anomalies are found
diametrically opposite (antipodal) to the large lunar
impact basins such as Imbrium and Orientale [4].
However, the most famous of these features, the
Reiner Gamma formation (RGF, Fig. 1) located on the
nearside in Oceanus Procellarum, is not antipodal to a
major basin. The relationship between the magnetic
anomalies and the bright swirl features is uncertain.
Magnetized basin ejecta is likely to be the source of
some of the magnetic anomalies. One hypothesis states
that the magnetic anomaly stands off the solar wind
[1], thereby preserving a high albedo by retarding the
normal ageing process (soil darkening and reddening,
or “space weathering”) to which unshielded areas are
subjected. The production of nanophase metallic iron
(npFe0) blebs and coatings on and within soil grains is
primarily responsible for the optical effects of space
weathering [5, 6]. On the other hand, there is evidence
that the solar wind may not play an important role in
space weathering, and that micrometeoroid bombardment alone can produce npFe0 by impact vapor deposition (summarized by [6]) (a magnetic anomaly would
not screen out micrometeoroids). Other workers suggest that a cometary nucleus/coma [3, 7] or meteoroid
swarm [8] impact could disturb the surface to produce
the bright swirl markings by changing the structure and
grain-size distribution of the uppermost regolith. These
workers propose that plasma processes within the
comet’s coma could amplify and imprint the magnetic
signature [3].
A satisfactory explanation for the magnetic anomaly/swirl puzzle has been elusive. Yet the swirls present a natural laboratory for study of at least three major areas in planetary science:
a) Lunar geology: What is the nature and origin of
the lunar swirls?
b) Planetary magnetism: What is the source of the
magnetic anomalies? Are they related to an actively
generated early lunar dynamo? How could basin ejecta
become magnetized? Do "mini-magnetospheres" [9]
exist above the crustal magnetic anomalies? Is the
comet impact hypothesis tenable?
c) Space weathering and remote sensing: The optical effects of exposure to the space environment com-

plicate interpretation of remote sensing observations of
the Moon, Mercury and asteroids. The lunar magnetic
anomalies potentially allow us to control for one of the
key variables, solar wind exposure.
The Role of In-Situ Measurements: A landed instrument package targeted to one of the major magnetic/albedo anomalies, such as the RGF, could help to
provide answers to the important questions listed
above [10]. We have developed a concept for an instrument suite designed to evaluate the relevant environment at the lunar surface and to measure key properties of the lunar regolith within a magnetic anomaly.
Valuable information could be obtained if the package
was deployed on a static lander, though the ability to
make measurements at multiple locations via roving
capability would greatly enhance the science return.
Two key elements of the package, a vector magnetometer and a solar wind spectrometer, assess the space
environment on the lunar surface. The orbital magnetic
measurements made by Lunar Prospector, Kaguya and
other spacecraft represent averages over large areas
and must be extrapolated to the surface, so the actual
strength of the magnetic field within the anomalies is
not well known. Further, magnetometer measurements
at the surface within a strong anomaly would help to
constrain the depth and thickness of the source region
[11]. These constraints are of interest in evaluating the
nature of the magnetizing field. For example, was the
magnetizing field produced by an ancient core dynamo, by amplification of ambient fields generated
during a basin-forming impact, or by a comet impact?
We also note that the surface magnetometer measurements, if combined with simultaneous high-altitude
orbital magnetometer measurements, could be applied
to electromagnetic sounding of the deep interior [11].
The solar wind spectrometer will directly test if solar wind flux is reaching the surface. The solar wind
spectrometer consists of two parts: a sensor for protons
and alpha particles (200 eV/q to 20 keV/q), and an
electron analyzer (1 ev to 5 keV).
A second group of instruments focuses on characterization of the regolith: an XRF/XRD capable of determining the regolith elemental abundance; a UVVIS-NIR spectrometer to obtain mineralogy; a
Mössbauer spectrometer to measure npFe0 content; a
high-resolution multispectral imager to assess surface
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morphology and composition; and a microscopic
imager to determine particle size distribution. In addition to providing data for addressing the questions
posed above, this group of instruments would yield
important "ground truth" information to aid in the interpretation of remote sensing observations from
Earth-based telescopes and spacecraft instruments such
as the Clementine, Chang'E, Kaguya and LRO cameras, and the Chandrayaan hyperspectral imager (Moon
Mineralogy Mapper).
References: [1] Hood, L.L. and Schubert, G.
(1980), Science 208, 49-51. [2] El-Baz, F. (1972),
Apollo 16 Prelim. Sci. Rept., NASA SP-315, 29-93 –
29-97. [3] Schultz, P.H. and Srnka, L.J. (1980), Nature
284, 22-26. [4] Hood, L.L., et al. (2001), J. Geophys.
Res. 106, 27825-27840. [5] Pieters, C., et al. (1993), J.
Geophys. Res. 98, 20817-20824. [6] Hapke, B. (2001),
J. Geophys. Res. 106, 10039-10074. [7] Pinet, P.C., et
al. (2000), J. Geophys. Res. 105, 9457-9476. [8] Starukhina, L.V. and Shkuratov, Y. G. (2004), Icarus 167,
136-147. [9] Halekas, J. et al. (2008), Planet. Space
Sci. 56, 941. [10] Richmond, N.C. and Hood, L.L.
(2008), Lunar Planet. Sci. XXXIX, abstract no. 2258.
[11] Hood, L.L. (2010), Ground-Based Geophysics on
the Moon abstract. [12] Blewett, D.T., et al. (2007),
Geophys. Res. Lett. 34, L24206, doi:10.1029/
2007GL031670.

Figure 1. The Reiner Gamma Formation, the type occurrence of a lunar swirl. The Clementine mosaic is centered at
7.5° N, 302.5° E, with contours of Lunar Prospector total
magnetic field strength (nT) at 35.5 km altitude. From [12].
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ARCHIVING AND REPROCESSING THE APOLLO ACTIVE SEISMIC DATA. M. Brzostowski

Introduction: The Apollo missions included several active seismic experiments conducted on the surface of the Moon. These active seismic experiments
included the use of three different sources fired either
while the astronauts were on the Moon or remotely
after they had departed. The active data was originally
studied by a group headed by Robert Kovach (Stanford). However, the active data, as well as the other
ALSEP (Apollo Lunar Surface Experiment Package)
data, was written in a format not necessarily conducive
for modern-day analysis. In particular, today’s seismic
explorationists commonly use the SEG-Y format. This
format was first adopted by the Society of Exploration
Geophysicists in 1975, several years after the first
ALSEP was flown. Plus, some of the information associated with this archived data was found to be inaccurate. Reading and then reformatting the archived
data has lead to a more complete accounting of the
Apollo experiments and, more importantly, the opportunity to reprocess the data using modern digital signal
processing techniques.
Discussion: The active seismic experiments
used a thumper source for Apollo 14 and 16, a rocket
propelled grenade for Apollo 16 and an explosives
package for Apollo 17. The experiments used three
geophones on Apollo 14 and 16 (referred to as the ASE
or the Active Seismic Experiment) and four geophones
on Apollo 17 (referred to as the LSPE or the Lunar
Surface Profiling Experiment). All of the geophones
used a moving coil-magnet with a natural resonant frequency of 7.5 Hz. Only the thumper was used by the
astronauts while on the surface while the grenade and
explosives packages were set up by the astronauts but
fired once they had departed for obvious safety reasons.
The thumper used 21 “standard Apollo initiators” as an explosive point-source to thump the ground.
The idea was to thump every 4.572 meters (15 feet)
along the 2-D line represented by the three pointreceiver geophones spaced 45.72 meters (150 feet)
apart. This thumper experiment is actually the closest
thing to what a seismic explorationist would call a conventional reflection or refraction survey. Apollo 14
recorded 13 thumper records while Apollo 16 recorded
19 thumper records.
The grenade data used a mortar case to fire
three rocket-propelled grenades of various charge sizes
to get longer offset data (150 m plus). The same geophone line was used for both the thumper and grenade
data on Apollo 16.

The four geophones used on Apollo 17, were
laid out in a T-shaped pattern of approximately 80 by
90m. The eight explosive packages were of various
charge sizes and were placed at various offsets from
the geophones. The charge sizes and longer offsets
were designed to get a better understanding of deeper
layers.
All of the active seismic records were analyzed for first arrival times which were plotted to determine near surface layer thicknesses and velocities as
routinely done for refraction surveys. This analysis
was repeated with the reformatted data and compared
to the information published in the Preliminary Science
Reports to verify the accuracy of the reformatting.
Additionally, the refraction information was used to
predict the occurrence of reflections, some of which
were consequentially found on the recorded traces after
filtering and scaling. Thus, the combination of refraction and reflection travel times, plus derived velocities,
were used to verify layer thicknesses and depths. Additional processing techniques which will be applied to
the data include single or multiple-channel deconvolution, multiple-channel noise attenuation and other
modern signal enhancing techniques.
Conclusion: The Apollo active seismic data provides a benchmark data set for future analysis and exploration of the Moon. Additional processes such as
deconvolution and signal enhancement may provide
additional information from this original data set. The
character of the data may be used to design future acquisition methods, guide the determination of sampling
criteria, and define initial data processing and interpretation workflows.
Acknowledgements: Dr. Yosio Nakamura provided valuable help in reading the original format and
then transforming that information into the SEG-Y
format.

10

LPI Contribution No. 1530

THE INTERNATIONAL LUNAR NETWORK (ILN) ANCHOR NODES MISSION. B. A. Cohen1, J. A. Bassler1, M. S. Hammond1, D. W. Harris1, L. D. Hill1, K W. Kirby2, B. J. Morse2, C. L. B. Reed2, the ILN Science Definition Team, and the MSFC/APL ILN Engineering Team. 1NASA Marshall Space Flight Center, Huntsville AL
35812 (Barbara.A.Cohen@nasa.gov); 2The Johns Hopkins University Applied Physics Laboratory, Laurel MD
20723.
Introduction: NASA’s Science Mission Directorate (SMD) established the Lunar Quest Program
(LQP) to accomplish lunar science objectives embodied in the National Academies report The Scientific
Context for Exploration of the Moon (2007) and the
NASA Advisory Council-sponsored Workshop on
Science Associated with the Lunar Exploration Architecture (2007). A major element of LQP’s lunar
flight projects is the International Lunar Network
(ILN), a network of small geophysical nodes on the
lunar surface. NASA is investigating provision of 2-4
stations of such a network, with international involvement to provide additional stations as their programs allow. This flight project complements SMD’s
initiatives to build a robust lunar science community
through R&A and increases international participation in NASA’s robotic exploration of the Moon.
Mission Science: The Moon provides an important window into the early history of the Earth. Its interior is a treasure-trove of information about its initial composition, differentiation, crustal formation,
and subsequent magmatic evolution. In spite of more
than four decades of intensive study, many aspects of
the Moon, especially detailed information about its
interior, remain to be determined. Geophysical measurements provide the optimum means of obtaining
this essential information.
A global geophysical network has been a science
community desire since the Apollo seismic stations
were turned off in 1977. The science motivation has
been detailed in numerous community and independent reviews, reports and recommendations [most recently, 1-4]. The next generation of geophysical
measurements on the Moon must improve upon data
obtained during the Apollo missions by the Apollo
Lunar Surface Experiment Packages (ALSEPs) deployed at the landing sites. Valuable as these data are,
in most cases they have significant limitations that
can be overcome by the deployment of more advanced geophysical instruments. The goal of a lunar
geophysical network is to improve our understanding
of the interior structure and composition of the Moon.
The ILN Anchor Nodes Science Definition Team
(SDT) examined the opportunities and challenges associated with implementing a next-generation lunar
geophysical network. The SDT recommended that
the scientific objectives of the US contribution to the
ILN, in order of priority, should be:

1. Understand the current seismic state and determine
the internal structure of the Moon.
2. Measure the interior lunar heat flow to characterize
the temperature structure of the lunar interior.
3. Measure the electrical conductivity structure of the
lunar interior.
4. Use laser ranging to determine deep lunar structure
and conduct tests of gravitational physics.
The SDT considered different experiments that
would be most useful for probing the lunar interior
and defined precision and accuracy of the measurements needed to achieve the science goals. The intention of this study is not to prescribe the exact payload
for either the International Lunar Network or for the
Anchor Nodes themselves, but rather to explore several ways that measurements of the deep lunar interior may be accomplished and to outline the sensitivities needed to achieve those goals. The SDT concluded that seismometry is the essential element of
any surface network, being enabled by simultaneously-operating stations and best able to address the
highest-priority science goals of a lunar geophysical
mission. Direct measurement of the lunar heat flow,
electromagnetic sounding, and next-generation laser
ranging are desirable measurements that provide additional information at each site about the shallow
substructure and deep interior.
Mission Implementation: NASA’s Science Mission Directorate and Exploration Systems Mission
Directorate (ESMD) are providing the first two stations of the ILN, called the Anchor Nodes. These two
US stations may not necessarily be the first to become operational on the lunar surface, but are the
first committed and planned missions to contribute to
the ILN. The mission is directed and jointly implemented by NASA Marshall Space Flight Center
(MSFC) and the Johns Hopkins University Applied
Physics Laboratory (APL), with contributions from
JPL, ARC, GRC, DOD, and industry.
During Pre-Phase A, MSFC and APL generated
eight different mission concept design studies and
presented the results to SMD, including detailed concept engineering analysis and parametric cost estimates. The team conducted extensive design trades,
including hard and soft landers and penetrators, solar
array/battery and nuclear (ASRG and derivative
ASRG technology) options, and multiple launch configurations and launch vehicles. Nuclear power
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sources enable design of the lowest mass landers,
which could be configured on multiple launch vehicles (2, 3 or 4 landers on an Atlas V 401; 2 landers on
a Taurus II or Falcon 9). However, the project schedule is then driven by the ASRG development schedule and also incurs costs related to nuclear launch
certification. Alternatively, if the payload can be
made sufficiently low-powered, landers using solar
arrays and batteries could accomplish the mission.
These lander designs are more massive (2 on an Atlas
V) but are the lowest-cost design and could launch by
2014. In all the trade studies, the launch vehicle cost
is the major driver of mission costs.
A set of risk reduction tests and activities have
been identified and funded to support development of
the ILN lander. Engineering tasks include propulsion
thruster testing in collaboration with the Missile Defense Agency; propulsion thermal control testing and
demonstration; composite coupon testing and evaluation; landing leg stability and vibration; demonstration of landing algorithms in a lander testbed; and
understanding how candidate experiments might be
deployed from the lander and the effects on the various measurements that deployment under or to the
side of a small lander might have (e.g. lander dampening of seismic signals, lander-induced vibrations
picked up by a seismometer, daily shadowing of the
surface, vibrational and electromagnetic characteristics of an ASRG, etc.).
Some of these activities will take place in the
MSFC Lunar Lander Robotic Exploration Testbed,
which was recently established in support of risk reduction testing to demonstrate ILN capabilities. The
MSFC test facility is currently operational and has
been proved out using a Hover Test Vehicle from
ARC. An MSFC test vehicle using an Anchor Nodeslike design is under construction, which will allow
demonstration of control software. Both the current
Ames HTV and MSFC vehicle utilize a compressed
air propulsion system, but a second version of the
MSFC vehicle is planned that will utilize an alternate
propulsion system for longer duration flight and descent testing. The upgraded test vehicle will also integrate flight-like components for risk reduction testing, such as landing sensors (cameras, altimeters), instruments, and structural features (landing legs, deployment mechanisms).
International Participation: Representatives
from space agencies in Canada, France, Germany,
India, Italy, Japan, the Republic of Korea, the United
Kingdom, and the United States agreed on a statement of intent in July of 2008. The statement marked
an expression of interest by the agencies to study options for participating in the ILN. The statement of
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intent does not completely define the ILN concept,
but leaves open the possibility for near and long-term
evolution and implementation. Initially, participants
intend to establish potential landing sites, interoperable spectrum and communications standards, and a
set of scientifically equivalent core instrumentation to
carry out specific measurements.
Current status: The National Research Council
(NRC) is in the early stages of its new Decadal Survey for Planetary Science, which establishes priorities to be incorporated into the roadmap for NASA’s
Planetary Division of the Science Mission Directorate (SMD). Because the Anchor Nodes project has
not yet been approved for Phase A implementation, it
was remanded to the Decadal Survey for prioritization. The final report will be ready in early 2011.
However, the international working groups of the
ILN continue to meet regularly because interest in the
ILN mission remains high and because the Moon is
the only planetary body to which the nine spacefaring nations are concurrently sending robotic missions; those nations are also collaborating under international participation intent agreements.
In early 2011, we anticipate that the flight data
and new discoveries from lunar assets on orbit, plus
the current Decadal Survey, will play a large role in
determining what science payload the MSFC/APL
lander will ultimately carry and what the final mission objectives will be. At that time, the risk reduction activities will be mature enough that a Mission
Concept Review (MCR) can be held, and the mission
can proceed into an accelerated Phase A. At this time,
we would anticipate NASA will announce payload
selection through a NASA Announcement of Opportunity (AO). The mission will then be implemented
by the MSFC and JHU/APL team.
References: [1] M. A. Wieczorek, et al. (2006)
Rev. Min. Geochem. 60, 221-364. [2] The Scientific
Context for Exploration of the Moon: Final Report,
NRC Space Studies Board, 2007. [3] Workshop on
Science Associated with the Lunar Exploration Architecture, Tempe, Arizona, 2007. [4] Opening New
Frontiers in Space: Choices for the Next New Frontiers Announcement of Opportunity, NRC Space
Studies Board, 2008.
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MITIGATION STRATEGIES FOR ASTRONAUT SURFACE DISTURBANCES DURING
DEPLOYMENT OF LUNAR HEAT FLOW EXPERIMENTS. A. J. Dombard, Dept. of Earth & Environmental
Sciences, University of Illinois at Chicago, 845 W. Taylor St. (MC-186), Chicago, IL 60607 (adombard@uic.edu).
Introduction: Measuring the heat flow issuing
from the lunar surface is important because of its
unique ability to elucidate the structure and composition of the interior of the Moon. Its measurement provides a tie-point for deciphering the evolving thermal
state of the interior, as well as characterizing bulk
composition of and radial and lateral variations in radiogenic elements. Indeed, determining the local heat
flow has been a cornerstone objective of both planned
(e.g., the International Lunar Network, or ILN) and
executed (the Apollo Lunar Surface Experiment Packages, or ALSEPs) experiments on the lunar surface. A
Heat Flow Experiment (HFE) consists of sinking a
temperature probe into the shallow subsurface (of order 1-10 m) to measure the thermal gradient (increase
of temperature with depth) and thermal conductivity.
The heat flow measurements from Apollos 15 and
17 revealed a secular rise in subsurface temperatures at
all depths. The original ALSEP-HFE team interpreted
this increase as downward propagation of an increase
in effective surface temperature due to astronaut activity during deployment of the heat flow probes [1].
While others have recently suggested other alternatives
[2-4], it is logical that the astronauts’ footfalls and the
associated kicked-up dust should change the thermal
properties and hence temperature of the surface, because the upper few centimeters of the regolith is a
very fine, poorly conducting powder where radiative
heat transport dominates [5, p. 6-11], and should be
very susceptible to disturbance. Indeed, the observed
increase, when coupled with the measured depths and
thermal diffusivities of the ALSEP HFE, behaves very
much like propagation of an instantaneous change in
surface temperature (as opposed to other explanations
where the surface temperature change is progressive
through time).
The ALSEP-HFE equipment was smartly designed
to limit the surface exposure of the actual heat flow
probe (Fig. 1) and to place the supporting electronics
and other components of the ALSEP several meters
away from the probes to limit changes in illumination
conditions at the probes from shadowing or reflected
sunlight [see 5]. The deployment protocol, however,
did not specify that the astronauts limit their disturbance of the area around the heat flow probes [6]. Indeed, examination of video and transcripts from the
ALSEP deployments demonstrate several instances of
dust kicked onto various components, and images of
the deployed HFEs (Fig. 1) show evidence of exten-

sive surface disturbances that would change the thermal properties of the upper most regolith and create a
change in effective surface temperature that would
propagate into the interior.
The existence of this effect then requires its removal in order to determine the thermal gradient [e.g.,
1], which introduces an aspect of model dependency to
the analysis. Here, I propose strategies for the deployment of future HFE that mitigates the effect of surface
disturbances. These strategies are ostensibly for experiments deployed by astronauts, but also have applicability to automated deployments (e.g., the ILN).
Strategies: I suggest 3 options:
Go Deep. Because the propagation takes time and
is delayed with increasing depth, and because the experiment will only last for a finite duration, one option
is to deploy the temperature sensors deep. Langseth et
al. [1] determined a thermal diffusivity of ~5x10-9 m2
s-1. While the ALSEP collected data for up to ~5 yr,
Langseth et al. [1] only used the first ~2 yr in their
analysis. Indeed, the ILN Science Definition Team
advocated a nominal 2-yr experiment [7], in order to
characterize fully the diurnal/annual waves in the upper ~1 m of the surface. With this diffusivity and over
a span of 2 years, the change in surface temperature
will only propagate to the 1% level at depths below ~2
m, while a 5-yr experiment experiences a < 1% effect
at depths below ~3 m. Thus, measurement of temperatures to depths of 3-4 m will permit characterization of
the thermal gradient over a span of 1 m below this
propagating surface temperature change.
Deploying the sensors this deep, however, imposes
a large technical problem. The Apollo astronauts had
difficulty drilling to ~2.3 m at the Apollo 17 site and
only ~1 m at the Apollo 15 site, which is recognized as
a severe issue for the ILN, which desires deployment
to 3 m deep [7]. Requiring deployment to depths of 34 m will make the experiment even more costly and
risky.
Go Lightly (aka, the Dance of the Sugarplum Fairies). Another option is to require the astronauts to
exercise additional care during the deployment of the
probes, in order to minimize their disturbance of the
surface. The strategy is simple: to limit the spatial extent of the astronaut disturbance of the surface as much
as possible, because the depth of penetration of a
change in surface temperature depends on the horizontal extent of the disturbance. One possible protocol has
the astronauts approach and egress from the deploy-

Ground-Based Geophysics on the Moon

ment site along opposing linear paths, retracing their
steps, and taking care to shuffle step lightly. Equilibrium finite-element simulations (which highlight the
maximum depth of penetration of a disturbance) demonstrate that the effect of a half meter wide path on the
surface is only felt in the uppermost meter of the lunar
surface (i.e., in the zone already affected by the annual
wave), unlike the circular disturbances modeled by
Langseth et al. [1], which penetrated deeper. The bottom most temperature sensors of the ALSEP-HFEs
(and presumably future HFEs), at depths of ~1-3 m
where the lunar thermal gradient was inferred, would
have been largely unaffected, had this protocol been
executed successfully.
These types of protocols, however, require that the
astronauts tread carefully, which may prove a very
difficult task for people in cumbersome spacesuits with
limited visibility, in a low-gravity environment that
changes the natural gait (hopping vs. walking), and
with high inertia (mass of astronaut plus spacesuit). On
the other hand, video of CPT E.A. Cernan circling and
then carefully approaching the US flag at the Apollo
17 site demonstrates a significant reduction in kicked
dust with slow deliberate steps, suggesting it may be
possible. Still, the operational impact of this mitigation
strategy may render it untenable.
Slash and Burn. These previous strategies attempt
to eliminate the effect of the surface disturbances on
subsurface temperatures, but in actuality, these strategies will likely only reduce its magnitude. Thus, the
effect will still need to be modeled out, but because the
magnitude is reduced, the fits will be on data with effectively a lower signal-to-noise. Thus, a completely
opposite strategy is to embrace the disturbance.
Instead of requiring the astronauts to tread carefully, the protocol here is to ensure a large disturbance of
the surface in order to maximize the surface temperature change. Thus, the data will have large signal-tonoise, and fits to the data (of which one parameter is
the initial temperature that is used to determine the
thermal gradient) will be more robust.
This strategy can be executed by requiring the astronauts to thoroughly stomp and kick dust around the
deployment site. Operationally and technically, this
scheme may be the most feasible.
Discussion: While ideally it is desirable to eliminate the effect of surface disturbances on subsurface
temperatures, doing so may not be feasible. At this
stage, I recommend the final option of maximizing the
surface disturbance.
This last option is also likely the preferred strategy
for robotic landers. Requiring deep drilling will make
the spacecraft large, more complex, and more expensive, while the ability of moles to burrow into the lunar
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surface has not been demonstrated to any depth, let
alone 3-4 m. Furthermore unless the HFE is deployed
from the end of a long boom, the lander will shade the
deployment site to some degree, producing a change in
surface temperature. Even a penetrator, though having
a smaller surface footprint, will likely disturb greatly
the region immediately around the impact site.
Thus, I suggest that for both astronaut and robot
deployed HFE, the strategy is not to attempt to eliminate surface disturbances, but to accept, and even embrace, them.
References: [1] Langseth M. G. et al. (1976) Proc.
Lunar Sci. Conf. 7th, 3143-3171. [2] Wieczorek M. A.
and Huang S. (2006) LPS XXXVII, Abstract #1682.
[3] Saito Y. et al. (2007) LPS XXXVIII, Abstract #
2197. [4] Saito Y. et al. (2008) LPS XXXIX, Abstract #
1663. [5] ALSEP Termination Report (J.R. Bates,
W.W. Lauderdale, and H. Kernaghan, eds.), NASA
Ref. Pub. 1036, 165 pp, 1979. [6] ALSEP Flight System Familiarization Manual, Rev. B, Bendix Corp.,
Contract # NAS 9-5829, 386 pp, 1969. [7] ILN Final
Report, Science Definition Team for the ILN Anchor
Nodes, NASA, 45 pp, 2009.

Fig. 1: deployed Apollo 17 heat flow probe. The
minimal exposure of the probe (arrow) and the placement of other ALSEP components several meters away
(background) limited the instrumental effects; however, astronaut activity (e.g., footprints, kicked dust) likely created a thermal disturbance that had to be “modeled out” of the heat flow determinations.
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MATHEMATICAL ESTIMATIONS FOR IMPACT CONDITIONS ON BAILLY BASIN, MOON. J. C.
Echaurren1, 1Codelco Chile-North Division, jecha001@codelco.cl .

Introduction: According to the work mentioned in
[1], the South Pole-Aitken (SPA) Basin is the largest
and oldest basin on the Moon (≤ 2,500 km and depth of
up to 13 km) which is an interesting structure for futures models and mathematical estimations. In this
work will be estimated the impact conditions on the
Bailly Basin according to the information mentioned in
[1,2], this structure with a diameter of ~280 km to ~300
km, is located at ~ 66.4° S and ~ 69.5° W, with ~ 3 Ga
of old. Are used here quantum formalism combined
with Korteweg-De-Vries (KDV) soliton theory for the
calculation of the pulse of energy generated in the
impact point, and polynomial methods for the calculation of both mass distributions and ejected fragments.
These models were used too for others craters on the
Earth and Mars, which consider physical and orbital
parameters, one example is mentioned in [3].
Results obtained with the models. According the
models used for this basin [3], the diameter of asteroid
is calculated in ~32.5 km, with both velocity and impact angle on the lunar surface of ~1.81 km/s and
~89.66° respectively. The both maximum and minimum crater profundity is of ~4.28 km and ~3.30 km
respectively. The maximum and minimum melt volume
is ~7.88×1012 m3 (~7,884.9 km3) and ~3.72×1012 m3 (~
3,719.5 km3) respectively, the number of ejected fragments are estimated in ~1.15×1011 or ~114.79 billion
of fragments, with average sizes of ~6.69 m, and an
initial cloud of dust with diameter of ~6.92×107 m or
~69,202.6 km. The total energy in the impact is calculated in ~2.69×1030 Erg (~6.41×107 megatons). Before
of the erosion effects the diameter of the transient crater is estimated in ~188.32 km. The possible hydrothermal zone (hydrothermal systems) is estimated in
~10.91 km to ~94.16 km from the nucleus of impact,
i.e., a hydrothermal band of ~83.25 km. The lifetimes
estimated for this hydrothermal band are of ~1.37 Ma
to ~2.13 Ma with uncertainties of ~ +/- 1.12 % to ~
+/- 3.33 %, i.e., from ~ +/- 0.05 Ma to ~ +/- 0.25 Ma.
Hydrothermal temperatures from 0.25 years to 1,400
years after of the impact are estimated in ~553.07 °C to
~222.76 °C. The final temperature to the 2.13 Ma after
of the impact is calculated in ~16.51 °C + environment
temperature. The fragments are ejected to ~20,403.42
m or ~20.40 km from the impact center, with a velocity
of ejection of ~270.59 m/s, minimal ejection angle of
~13.42° and maximum height of ~1.22 km. The density
of this asteroid is calculated in ~2.59 g/cm3 .The seismic shock-wave magnitude is calculated (using linear

interpolation) as >10.0 according the Richter Scale.
The temperature peak in the impact is calculated in ~
6.16×1014 °C (~41×106 times the temperature of the
solar nucleus), by a space of time of ~14.64 ms. The
pressure in the final crater rim is estimated in ~1.02
Gpa; the pressure to 1 km of the impact point is estimated in ~20,027.42 Gpa. The maximum density for
the fragments is calculated in ~2.64 g/cm3. The both
minimal and combined densities for these fragments
are ~2.59 g/cm3 and ~1.31 g/cm3 respectively. The time
of creation for the final crater is carried out from
~6.93min to ~52.52 min.
References: [1] Pieters C. M. (2003) Lunar and
Planetary Science XXXIV, Abstract #1427.pdf. [2]
Rodionova Zh. F. and Skobeleva T. P. (1980) Lunar
and Planetary Institute, Provided by the NASA Astrophysics Data System, 949–951. [3] Echaurren J. C.,
King D. T., Jr., Petruny L. W. and Rocca M. C. L.
(2006) 69th Annual Meteoritical Society Meeting, Abstract #5012.pdf.
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PREDICTING LUNAR INTERIOR STRUCTURE FROM MAGMA OCEAN PROCESSES. L.T. ElkinsTanton, Massachusetts Institute of Technology, Department of Earth, Atmospheric, and Planetary Sciences, ltelkins@mit.edu.
Introduction: The Moon is posited to have formed
by reconsolidation of materials produced during a giant
impact with the Earth early in solar system evolution.
The young Moon appears to have experienced a
magma ocean of some depth as a result of energy from
this impact and re-accretion [1-5].
At the beginning of magma ocean solidification the
dense iron- and magnesium-rich phases crystallizing
from the cooling magma are believed to have sunk to
the bottom of the magma ocean. When approximately
80% of the lunar magma ocean solidified, anorthite
began to crystallize and float upward through the more
dense magma ocean liquid, forming a conductive lid
[6-9].
These relatively simple initial conditions lead to a
series of first-order predictions about the early internal
evolution of the Moon. Because the Moon is a small
body that cools efficiently and has a low gravitational
driving force for convection, it has likely avoided
complete internal remixing. The majority of lunar volcanism occurred before 3 Ga, reinforcing the view of
the lunar interior as relatively inactive.
Here we present a model for the lunar interior that
suggests first-order structure targeted for seismic investigation, and thus direct hypothesis-testing for lunar
evolution.
Predictions for internal structure
Magma ocean cumulate overturn. Following solidification the lunar mantle is hypothesized to have an
unstable density profile under its buoyant anorthosite
lid [10-13]. The densest solid mantle cumulates, beneath the anorthosite lid, are thought to be produced by
iron-magnesium exchange during solidification of
mantle minerals, and by titanium enrichment of residual liquids. Such a density profile is shown in Fig. 1:

The calculations that produced Fig. 1., however,
assume the cumulates can overturn perfectly into a
monotonic density profile, each infinitesimal radial
shell reorganizing into a new azimuthally homogeneous shell at a depth that depends upon its density. Real
planetary materials do not have sufficiently low viscosities to allow this kind of flow. Further, material
from two or more depths in the newly solidified lunar
mantle would have the same density, as shown in the
red, dashed pre-overturn profile in Fig. 1.
Numerical models of overturn demonstrate that
diapirs of dense material sinking from the upper
boundary will be met by rising low-density material
from depth, and will stall adjacent to each other in the
lunar mantle when they reach their depth of neutral
buoyancy. These rising and sinking diapirs will produce a compositionally stable, laterally heterogeneous
lunar mantle, similar to that shown in Figure 2 (figure
by Sarah Zaranek):

Here the depth variable (top) is a proxy for composition because composition varies radially during magma
ocean solidification. The lower panel, density, shows
that density is ultimately largely radially symmetric
and stable.
Thus the first prediction for internal structure are
that much of the iron- and titanium-bearing material
will be at depth, with the possible exception of some
cold, shallow titanium-bearing materials that did not
participate in overturn and remain just under the lunar
lid [13]. The second prediction is that the lunar mantle
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will remain azimuthally heterogeneous in composition
to the present day.
Convective mixing during later melting. Volumes
of mare basalts are present on the surface of the moon,
located preferentially in large impact basins. Mechanisms relating impact basins and mare basalt eruptions
have previously been suggested: lunar impacts removed low-density material that may have inhibited
eruption, and created cracks for fluid flow [14], and
lunar basins have long been described as catchments
for magma [e.g., 15, and references therein]. The impacts themselves may also have produced internal convective currents sufficient to produce adiabat melting
and eruption into the basins [16]. The convective motions required to produce the volumes of magma on the
lunar surface, however, are not likely to have been
sufficient to significantly remix the lunar interior.
The compositions of lunar volcanic rocks bear out
this hypothesis. Their compositions are widely varying, particularly in titanium content, as shown in Figure 3:

quirement of azimuthal heterogeneity in the lunar interior.

Conclusions. The lunar interior is hypothesized to
contain:
• Residual high-density regions just beneath
the anorthite lid, from material that did not
participate in overturn due to high viscosity produced by low temperatures;
• The majority of high-density material at
depth;
• A mantle that remains azimuthally compositionally heterogeneous.
References: [1] Smith J.V. et al. (1970) Proc. Apollo

This data, from [17], shows the moderate and low titanium volcanic glass compositions. Higher titanium
compositions also exist, both in volcanic glasses and in
mare basalts.
A conundrum of these magmas is that they appear
to have originated at overlapping depths within the
lunar interior. The azimuthal heterogeneity predicted
by overturn models, however, may offer an answer to
this problem. Figure 4 shows the depths and temperatures of origin of a wide variety of lunar volcanic compositions. High-titanium compositions are shown in
black (mare basalts) or orange (volcanic glasses).
The figure also shows in blue the region of azimuthal heterogeneity predicted by lunar magma ocean
models. The coincidence between rock origin and
model predictions is partly a product of assumptions
about solidification mineralogy, but magma ocean cumulate overturn remains a possible solution to the re-

11 Planet. Sci. Conf., 897-925. [2] Wood J.A. et al. (1970)
Proc. Lunar Planet. Sci. Conf. 1, 965-988. [3] Hartmann
W.K. and D.R. Davis (1976) Icarus 24, 504-515. [4] Cameron A.G.W. and W.R. Ward (1976) Lunar Science VII, 120122. [5] Benz W. et al. (1986) Icarus 66, 515-535. [6] Solomon S.C. and J. Longhi (1977) Proc. Lunar Planet. Sci.
Conf. 8, 583-599. [7] Warren P.H. (1985) Ann. Rev. Earth
Planet. Sci. 13, 201-240. [8] Snyder G.A. et al. (1992) Geochem. Cosmo. Acta 56, 3809-3823. [9] Papike J.J. et al.
(1998) In Planetary Materials, J.J. Papike, ed., Mineralogical
Society of America, 5.1-5.234. [10] Ringwood A.E. and S. E.
Kesson (1976) Proc. Lunar Sci. Conf. 7, 1697-1722. [11]
Spera F.J. (1992) Geochim. Cosmochim. Acta 56, 2253-2265.
[12] Hess P.C. and E.M. Parmentier (1995) Earth Planet.
Sci. Lett 134, 501-514. [13] Elkins-Tanton L.T. et al. (2002)
Earth Planet. Sci. Lett. 196, 239-249. [14] Wieczorek M.A.
and R.J. Phillips (1999) Icarus 139, 246-259. [15] Solomon
S.C. and J.W. Head (1980) Rev. Geophys. Space Phys. 18,
107-141. [16] Elkins-Tanton L.T. et al. (2004) Earth Planet.
Sci. Lett. 222, 17-27. [17] Delano J.W. and K. Livi (1981)
Geochim. Cosmochim. Acta 45, 2137-2149.
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PEGS: PLANETARY EXPLORATION GEOPHYSICAL SYSTEMS. A. Feustel1, J. Reilly2, J. Rice3, and M.
Brzostowski, 1,2NASA Astronaut Office, 3Arizona State University.

Introduction: PEGS is a prototype system for future
lunar and Mars missions designed to acquire active
seismic data and QC those data in near real time. The
system has undergone three years of testing at Meteor
Crater and a season of testing in Antarctica. The subsequent operational lessons and actual seismic data
records may be compared to the Apollo experience and
seismic records. Considerations of weight, safety, repeatability and deployment will be compared as well as
source and receiver sampling considerations will be
discussed based on the velocities and reflection times
seen in the Apollo data.
Discussion: Consistent with NASA’s new vision for exploration, the Planetary Exploration Geophysical Systems (PEGS) project was initiated in 2004.
The goal of this project is to develop guidelines for
seismic hardware suitable for lunar and Martian exploration. The system must have minimal volume and
mass, be self-powered and recharging, wireless and
suitable for planetary exploration and astronaut training. Seismic and other geophysical systems will be key
elements of planetary exploration, sub-surface assessments and resource development.
The system will be required to be deployed
robotically and to provide RF command and telemetry
back to the human base station where rapid processing
and evaluation of the returned data will be carried out.
The system will also be required to perform both shallow penetration, high resolution surveys and deep penetration scientific studies resulting in a flexible deployment pattern and wide-aperture acquisition capabilities utilizing the same equipment. The system must be
developed and integrated with any future operational
surface and sub-surface reconnaissance program in
order to facilitate efficient use of crew exploration efforts and understand mass and volume constraints
based on exploration vehicle development.
Field work using a base-line system was carried out in 2004, 2005 and 2006 at Barringer Crater
and 2005 in the Dry Valleys of Antarctica. The field
work focused on acquiring seismic data using an RF
seismic system and an accelerated weight-drop source.
A portable system was used in the Dry Valleys of Antarctica. The 2005 and 2006 Barringer surveys were
carried out in conjunction with a much larger NASA
effort to test advanced EVA suits, exploration rover
capabilities with remote vehicle command and data
transfer. The tests were significantly successful in
terms of building a framework for future planetary
seismic systems intended for use by exploration astronauts.

Conclusion: PEGS has provided a platform to
plan and test systems and procedures for acquiring
additional seismic data on the Moon. It has also provided a framework for including additional geophysical
measurements such as ground penetrating radar and
could easily be extended to potential fields methods
such as controlled source electromagnetics. The system is the basis of acquiring useful data and the evaluation of the data in real time to further accentuate the
success of any future exploration.
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Small Aperture Lunar Seismic Arrays (SALSAs). M.J. Fouch1, E.J. Garnero1, M.S. Thorne2, P. Lin1, N.
Schmerr3, R. Weber4, M.S. Robinson1, and H. Yu1; 1Arizona State University, School of Earth and Space Exploration, Tempe, AZ 85287 (fouch@asu.edu); 2University of Utah, Dept. of Geology & Geophysics, Salt Lake City, UT
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Introduction: Understanding the origin and evolution of the Moon remains a major challenge, since direct interrogation of its interior is still significantly
limited. Seismic analyses provide the most detailed
picture of present-day internal elastic structure and
sources of seismic energy, but collecting seismic data
represents a unique logistical challenge which has been
successful only in a limited capacity on the Moon.
Here we describe the potential enabled by deployments of Small Aperture Lunar Seismic Arrays (SALSAs), which builds on well-developed strategies of
seismic data collection and analysis utilized in a broad
range of seismic source and structural studies of Earth
(e.g., [1]). We have recently suggested that SALSAs
should be considered in the design of future lunar missions with seismic components [2]. Deployments of
SALSAs will lead to significant enhancements of seismic signal quality well beyond improvements in
seismic instrumentation alone. We are currently developing methods to evaluate SALSA configurations
which will produce fundamentally better seismic
datasets for use in constraining sources of seismicity
and the internal structure of the Moon.
Apollo Passive Seismic Experiment Data: Data
from the Apollo Passive Seismic Experiment (Apollo
PSE) have been well studied (e.g., [3-5]), providing
first-order information regarding the distribution and
style of lunar seismic sources, the radial distribution of
seismic wavespeeds, and estimates of crustal thickness
variations (e.g., [4-6]). Based on these results and the
obvious need for more information about the lunar
interior, a compelling case has been made for deploying seismic networks on the Moon (e.g., [7-9]).
A profound challenge inherent in Apollo PSE data
comes in the form of high amplitude ringing of seismic
energy that persists following the first arrival (i.e.,
coda energy). This coda, which ranges in length from
just a few to tens of minutes, has precluded clear
analysis of distinct seismic phases that arrive after
primary arrivals such as P and S waves. Later arrivals,
such as those that may reflect off of or be transmitted
through a lunar core, are therefore extremely difficult
to observe. These later phases contain the essential
information needed to further define and constrain the
elastic structure of the interior. We note that new
analyses are currently underway to examine Apollo
PSE data for the presence of lunar core phases [10].

The lunar seismic coda is likely due to inherent
structural characteristics of the Moon, including weak
attenuation in the lunar interior and substantial scattering in highly fragmented regolith, dessicated crust, and
lithospheric structure beneath the Apollo PSE instruments. New approaches to modeling seismic scattering
in the lunar interior will help determine the nature of
the coda signal [e.g., 11-13]. However, the problem of
isolating seismic arrivals of interest contained within
the coda will remain an inherent problem in single
station deployments. Thus, significant changes in the
way future seismic data are collected on the Moon,
such as through SALSAs, are necessary to acquire
fundamentally better seismic datasets relative to
Apollo PSE data.
Array Seismology: The basic approach in multiple
station analyses (known as “array seismology”) is to
time shift and sum individual array element waveforms
to form a composite stacked signal that corresponds to
“aiming” the array’s focus to a specific incoming angle
(direction from the body’s interior). Using array seismology, coherent signals are greatly enhanced relative
to background noise, thus enabling detection of
sources and structures that cannot be pursued with single station approaches from even the highest quality
seismic data (i.e., low internal instrument noise,
broadband instrument response, and low site noise). A
SALSA thus can enable mapping of important internal
horizons, including (but not limited to) the lunar
crust/mantle and core/mantle boundaries. Further, a
SALSA can be used to locate seismicity from lower
magnitude events relative to single station detection
thresholds.
Configuration of SALSAs: On Earth, small aperture arrays (~1-5 km station spacing) have been used to
study Earth’s interior from the uppermost crust to the
inner core (e.g., [14]), and are also used frequently for
detecting and locating weak seismic sources (magnitudes ≤2.0) over a larger range of distances.
An example SALSA deployment configuration is
shown in Figure 1. We note that the design of such an
array must be fully evaluated via synthetic seismogram
modeling to determine appropriate node spacing. To
this end, we are currently evaluating SALSA designs
(station spacing and numbers of stations) using a new
synthetic waveform code which has been developed
specifically for lunar applications [11,13].
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Figure 1: Schematic design of a Small Aperture Lunar
Seismic Array (SALSA). The L-shaped design enables
focusing of the array to any backazimuth without significantly limiting the array aperture. Ideally, broadband seismic sensors are included at the ends and the intersection of
the array as noted in this figure, but this configuration is
not a requirement for successful array seismology processing. The aperture and number of instruments in the array
will be limited by the available payload and time in the
field for SALSA deployment. Other array configurations
are also feasible and can be developed to accommodate
specific landing site requirements.

Primary scientific targets for SALSA analyses:
• The nature of the crust/mantle boundary and fundamental improvements to estimates of crustal
thickness and composition.
• The location of other yet undiscovered layers and
anomalous zones in the crust and mantle, including
potential regions of partial melt.
• The location and state of the core.
• The geographical and depth distribution of lunar
seismic sources (moonquakes and impacts).
• Specific regions of geologic interest such as the
central far-side highlands, the Procellarum-KREEP
region, and mare basalt regions such as Imbrium.
Logistical Advantages of SALSAs: We note that the
significantly improved signals recorded from SALSAs
would provide distinct advantages compared to single
station deployments, and could be implemented in the
design of regional or global lunar seismic networks.
Examples of these advantages include:
• Components of seismic networks. SALSAs can be
deployed as nodes of a regional or global network,
providing significantly enhanced data at a site relative to single station deployments.
• Rapid return of scientifically valuable data. The
enhanced signal to noise ratio of SALSA data can
result in a higher quality dataset, since more seismic events will be recorded over a broader distance
range from the array over a shorter period of time.
• Improved moonquake detection. Because SALSAs
enable analysis of significantly enhanced seismic
signals, smaller moonquakes can be detected and
source locations can be determined with improved
accuracy and precision.
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• Better boundary detection accuracy. The location
and relative differences between layers can be more
accurately determined. Layers of weaker contrast
can also be detected, which is not possible with single station deployments.
• Reduced chance of failure. If an element of a
SALSA malfunctions, the array will continue to
provide high-quality data. Single station deployments do not provide station redundancy.
• Flexible deployment strategies. SALSAs can be
deployed by humans at outposts or in sortie missions, as well as by rovers over short time periods.
We note that a disadvantage of an individual
SALSA is the inability to record lunar seismicity globally, which is also a problem for a single broadband
instrument deployment. Most significant, however, is
that a robotic lander or human sortie is required to deploy each element of the array. We therefore suggest
that SALSAs should be considered as an important
augmentation to some nodes of regional or global
seismic array plans.
Deployment Strategies: The ongoing development
of planetary seismic sensors (e.g., [15,16]) will enable
deployment of robust, relatively low-cost, low-power,
lightweight, small form factor instrumentation. These
instruments could be deployed easily and quickly via a
variety of means, thus enabling SALSA deployment.
We envision that an individual SALSA could be deployed by rover, robot, or humans with an array aperture of ~5-10 km and perhaps more. For example, a
single lander mission with a rover could install an entire SALSA in just a few weeks, and a human tended
outpost in a matter of days.
References: [1] Rost S. and Thomas C. (2002)
Rev. Geophys., 40, 2000RG000100. [2] Fouch M.J. et
al. (2009) LPS XL, Abstract #2233. [3] Goins et al.
(1981) JGR, 86, 378–388. [4] Bulow R. et al. (2007)
JGR, 112, 2006JE002847. [5] Lognonné P. and Johnson C. (2007) Treatise on Geophys., 10, Ch. 4. [6] Nakamura Y. (2005) JGR 110, 2004JE002332. [7]
Wieczorek M. et al (2006) Rev. Min. Geochem., 60,
221-364. [8] Neal C.R. et al (2004) LPS XXXV, Abstract #2093. [9] Johnson C.L. et al. (2008) LPS
XXXIX, Abstract #2288. [10] Weber R. et al. (2010)
this meeting. [11] Thorne, M.S. et al. (2009) NLSC II.
[12] Lawrence J. and C. Johnson (2009) NLSC II. [13]
Thorne M.S. et al. (2010) this meeting. [14] Rost S.
and Garnero E.J. (2004) EOS, 85, 305-306. [15] Lognonné P. et al. (2008) LPS XXXIX, Abstract #2099.
[16] Yamada R. et al. (2005) LPS XXXVI, Abstract
#1715.
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Introduction: Ground Penetrating Radar (GPR)
data from candidate terrestrial analog environments
can help constrain models for evolution of the lunar
surface, aid in interpretation of SAR data obtained at
coarser spatial resolution from orbit, and help predict
what might be encountered in the subsurface during
future landed operations and construction of a lunar
base. Data collection at a range of frequencies and
using both traditional deployment (antenna in contact
with the surface) and above ground deployment (to
simulate data collection on a rover or buggy) will enable characterization of near-surface stratigraphy and
structure to depths of at least 10-15 m to help better
predict what may be encountered during future lunar
operations.
Overview of GPR: GPR is a mature technology
that has been widely used in terrestrial applications for
more than 30 years [1-4] and provides an efficient
means for non-intrusively defining radar properties
corresponding to structure (e.g., number and size of
ejecta blocks, lava tubes, fractures) and stratigraphy to
depths of up to tens of meters [e.g., 5-10](Figure 1).
GPR operates by applying a narrow energy pulse
through an antenna placed near a surface of interest.
The antenna acts as a band-pass filter and emits a single sine wave cycle that is broadcast into the ground at
wavelengths ranging from several meters to centimeters (tens of megahertz to a few gigahertz). The longer
the incident wavelength, the deeper the expected penetration, but the less ability to resolve closely spaced
reflections (Figure 1) created by geologic interfaces
across changes in physical and electrical properties
(e.g., changes in composition). These radar reflections
serve as diagnostic “fingerprints” that can help constrain the number and size of buried blocks (Figure 2),
thickness and orientation of fractures, and extent of
any layers associated with emplacement by different
geologic processes (e.g., volcanic versus impact). Although GPR penetration is influenced by composition
(e.g., amount of iron or titanium-bearing minerals) and
a variety of physical parameters (e.g., grain size and
porosity), the absence of liquid water, low loss tangents [11], and results from Earth-based radar [12]
imply GPR should function well in most locations on
the Moon.
Increasing Knowledge of Regolith Properties:
Past [e.g., 13-18] and future mapping (e.g., Lunar Reconnaissance Orbiter, hereafter referred to as LRO) of

most of the lunar surface (outside of past landing sites)
relies on Earth-based and/or orbital observations. Although essential to understanding the regional and
global evolution of the Moon, such data sets are typically too coarse to define near-surface properties at the
meter to sub-meter scale required for in situ geologic
and engineering studies. Advance knowledge of the
likely range and nature of lunar near-surface properties
derived from study of terrestrial analogs will help to
focus the questions relevant to local-scale investigations and develop the methods and tools needed for
their resolution during future missions. Moreover, the
number and nature of reflections in the GPR data may
help place constraints on the source of reflections or
characteristics observed in orbital SAR data from
LRO.

Figure 1. GPR transect across iron-rich volcanic cinders characterized by differing compaction and underlying basalt at Sunset Crater in northern Arizona. Transects completed using a commercial 400 MHz impulse
GPR antenna (second from top) and prototype 600
MHz antenna developed for possible future rover deployment via NASA’s PIDDP and MIDP programs
(third from top) are shown with interpretation (bottom).
Future data collection using a GPR on the Moon
would likely involve remote rover operations and/or
traverses using manned buggies. To mimic these operational scenarios on the Earth, existing GPR systems
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are available and will be used in analog settings. This
equipment include commercial GPRs built by Geophysical Survey Systems, Inc. (GSSI), that can be configured with a suite of antennas enabling data collection at frequencies ranging from less than 100 MHz to
around 1 GHz. An additional GPR, named STRATA
[19-20], is a low power, 400-600 MHz impulse system
that was designed using funds from NASA’s PIDDP
and MIDP programs and configured for deployment
on the belly of a rover or buggy (Figure 1).

Figure 2. Example distribution of blocks of varying
size in the uppermost 80 cm of ejecta at Meteor Crater,
AZ, as derived from a GPR transect completed using a
400 MHz antenna. GPR data can help constrain the
expected range of properties characterizing the lunar
regolith and are useful for planning future mission
requirements and in interpreting orbital data.
In support of activities conducted as part of the
Lunar Science Institute initiative, the GPRs will be
deployed along a series of transects in terrestrial analogs to lunar surfaces to constrain the near-surface
geology as it may relate to future landed exploration of
the Moon. Data collection will involve a range of frequencies between 100 MHz to around 1 GHz and measurements will be made with antennas deployed on the
surface and 25 to 50 cm above the ground (the latter
using 400 to 600 MHz antennas) to enable comparison
of data quality for a range of deployment scenarios.
Initial transects will be completed along linear transects extending over 10’s to 100’s of meters and locally adjacent to outcrops to broadly characterize nearsurface properties. Transects will cross areas appearing
most typical and atypical of chosen settings and will
utilize a grid (transect spacing of 1-5 meters) to enable
3-D modeling of the near-surface. Results will be used
to map the number, orientation, and extent of reflections that can be related to the geology as viewed in
nearby outcrops. Data will be used to determine the
scale of fractures and the size and frequency of buried
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blocks. Collectively, these results from terrestrial analogs of lunar processes will contribute to understanding the likely range of properties in the lunar nearsurface to depths of up to 10-15 m.
Analog settings chosen for these GPR investigations are still being defined, but candidate targets include impact ejecta at Meteor Crater, AZ, basalt flows
in the Columbia Plateau, WA, and volcanic materials
in Hawaii and northern Arizona.
References: [1] GPR 1994: Proc. 5th Int’l Conf.
on GPR, 1294 pp., Waterloo Centre for Groundwater
Research, Kitchener, Ontario, Canada, 1994. [2] GPR
1998: Proc. 7th Int’l Conf. on GPR, 786 pp., Radar
Systems and Remote Sensing Laboratory, Lawrence,
KS, 1998. [3] GPR 2000: Proc. 8th Int’l Conf. on
GPR, (D.A. Noon, G.F. Stickley and D. Longstaff,
eds.), 908 pp., SPIE 4084, Gold Coast, Australia,
2000. [4] GPR 2002: Proc. 9th Int’l Conf. on GPR, (S.
Koppenjan and H. Lee, eds.), 734 pp., SPIE 4758,
Santa Barbara, CA, 2002. [5] Ulriksen, C.P.F., 1982,
Application of Impulse Radar to Civil Engineering:
Ph.D. 14 Thesis, University of Technology, Lund,
Sweden, 175p. [6] Pilon, J.A., R.A.F. Grieve and V.L.
Sharpton, 1991, JGR, 96, 15,563-15,576. [7] Grant,
J.A. and P.H. Schultz, 1993, JGR, 98, 15,033-15,047.
[8] Grant, J.A. and P.H. Schultz, 1994, 789-803, in
Proc. 5th Int’l Conf. on GPR, Univ. of Waterloo, Ontario, Canada. [9] Grant, J.A., A.E. Schutz, and B.A.
Campbell, 2003, JGR., 108, 10.1029/2002JE001856.
[10] Grant, J. A., Maxwell, T.A., Johnston, A.K., Kilani, A., and Williams, K.K., 2004, JGR, 109,
10.1029/2003JE002232. [11] Carrier, W.D., III, Olhoeft, G.R., and Mendell, W., Physical Properties of
the Lunar Surface, 475-594 in Lunar Sourcebook
(Heiken, G.H., Vaniman, D.T., and French, B.M.,
eds.). [12] Campbell, B.A., and B.R. Hawke, JGR,
doi:10.1029/2005JE002425, 2005. [13] Schultz, P.H.,
1976, Moon Morphology: Austin, TX, Univ. of Texas
Press, 626 p. [14] Taylor, S.R., 1982, Planetary
Science: A Lunar Perspective: LPI, Houston, TX, 481
p. [15] Hartmann, W. K., Phillips, R. J., and Taylor, G.
J., Eds., (1986), Origin of the Moon, LPI, Houston,
Texas. [16] Wilhelms, D.E.,1987, Geologic History of
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H., Vaniman, D. T., French, B. M., eds., Lunar Sourcebook: A user's guide to the moon, Cambridge University Press, 1991. [18] Bussey, B., and Spudis, P.D.,
2004, The Clementine Atlas of the Moon. Cambridge
University Press. ISBN 0-521-81528-2. [19] Leuschen,
C.J., Grant, J.A., Schutz, A.E., and Williams, K.K.,
2005, Eos Trans. AGU 86, P31C-0210. [20] Williams,
K.K., Grant, J.A., Leuschen, C.J., and Schutz, A.E.,
2005, Eos Trans. AGU 86, P31C-0209.
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Introduction. Electromagnetic (EM) sounding of
the Moon has placed upper limits on core size, determined the abundance of free iron in the upper mantle,
and constrained the mantle temperature structure and
global thermal evolution [e.g., 1-6]. The next generation of EM measurements can use shorter signal periods in order to probe the nature of the upper mantle
and crust. Introduction of the magnetotelluric (MT)
method to lunar studies would enable natural-source
soundings from a single stationwithout an adjoint
orbiterusing simultaneous measurements of the electric and magnetic fields. Prior spacecraft measurements will help reassess the lunar EM environment,
with regard both to available energy and to distinguishing noninductive effects. The ARTEMIS mission
will provide a first test of these principles from lowaltitude lunar flybys.
Lunar EM Sounding. Time-varying EM source
fields induce eddy currents in planetary interiors,
whose secondary EM fields are detected at the surface.
These secondary fields shield the deeper interior according to the skin-depth effect, so that EM fields fall
to 1/e amplitude over depth km = 0.5/f, where 
is the resistivity and f is the frequency. EM sounding
methods exploit the skin-depth effect by using measurements over a range of frequency to reconstruct resistivity over a range of depth [e.g., 7].
The tested approach to lunar sounding is the
transfer-function method, which independently measures the source and source+induced magnetic (B)
fields from a satellite and a surface station, respectively [3,5]. The secondary field is assumed to arise
from induction of a layered sphere so that only the
temporal correlation between the satellite and surface
is used. In the limiting case where only the size of a
highly conductive core is sought, the secondary field is
assumed to be purely dipolar and the requirement is
reduced to one set of measurements from an orbiter, as
was performed using Lunar Prospector [6].
While the full potential of existing data has not
been reached, new fundamental insights into the lunar
interior will require new measurements. A summary
plot of lunar conductivity vs. depth (Fig. 1, top) shows
significant uncertainty at both extrema in radius. The
highly conducting core appears to have confined eddy
currents to its surface at the periods tested so far (<55
hr, [4]). It may be possible to distinguish a molten
silicate core from an iron core at longer periods (hundreds of hours) but it is unclear if useful long-period
natural signals exist. Modern, intercalibrated surface

and orbiting magnetometers might resolve these very
long periods, and would nonetheless be useful in improving the conductivity profile—and hence better
constrain temperature and composition—of the lunar
lower mantle [8].
The crust and upper mantle have been poorly resolved because very high resistivities in the cold outer
portions of the Moon are still associated with large
skin depths even at the highest useful frequency in the
current data sets (~10 mHz). The frequency band must
be extended well beyond this limit in order to accurately probe the outermost few hundred kilometers of
the Moon (Fig. 1, bottom). For example, characterizing
the region that may represent the solidified magma
ocean at depths of a few hundred kilometers calls for
frequencies 0.1-1 Hz, and frequencies of 100 Hz or
more may be required to detect any EM signature of
the crust-mantle boundary. As frequency is increased,
however, spatial aliasing may invalidate the transferfunction methods, requiring alternative approaches.
Wide World of Electromagnetics. The fundamental quantity that must be derived in any sounding
is the frequency-dependent EM impedance Z [e.g., 7].
The impedance is related to the apparent resistivity
acommonly used because of its dimensional analog
to true resistivityas a = Z2/, where  is the permittivity and  is the angular frequency.
Two classic EM methods may be suited to nextgeneration lunar sounding. The first, geomagnetic
depth sounding (GDS), forms the impedance from the
ratio Bz/Bh (the vertical to horizontal magnetic field) as
Z = Bz/kBh, where k is the horizontal wavenumber
of the source field [9]. In order to perform an unaliased measurement of the source wavelength, which in
turn must be small to generate significant Bz, the station spacing must not exceed several times the desired
exploration depth. The requirement for close surface
magnetometer spacings may limit the applicability of
GDS in lunar exploration for the foreseeable future.
The second approach to be considered offers complete shallow-to-deep sounding from a single station.
Single-station methods are also best for investigating
lateral heterogeneity, e.g., differences between PKT,
SPA, and FHT [10]. The magnetotelluric method (MT)
uses orthogonal horizontal components of the electric
(E) and magnetic (B) fields to form Z = E/B [11].
MT has vastly outpaced GDS in terrestrial exploration
in recent decades because of its simplicity.
Broad Spectrum Available. Terrestrial MT utilizes a variety of naturally occurring atmospheric elec-
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trical activity and waves generated by magnetospheresolar wind interactions as sounding sources. The active
lunar plasma environment will likewise contain a multitude of electromagnetic and hydromagnetic waves
useful for MT, where the presence of magnetic anomalies, shocks, the lunar wake, and geomagnetic tail
crossings will provide instabilities conducive to wave
generation [12-15]. With Co-I J. Halekas, we are beginning a new LASER-funded investigation to assess
specific applications of the lunar EM environment to
subsurface sounding, particularly magnetotellurics.
Tests with ARTEMIS. Two spacecraft from the
completed THEMIS auroral physics mission are being
moved to lunar orbit [16]. By late 2011 the probes will
have maneuvered into stable 300 x 19,000 km orbits,
with subsequent lowering to 100 km possible. In addition to studying plasma, the exosphere, dust, space
weathering, and crustal magnetism, ARTEMIS can test
EM sounding at higher frequencies than were achievable during Apollo. The transfer-function method can
be employed when one spacecraft is at periapsis and
the other at least several lunar radii distant, and the
complementary E-field measurements can be used for
the magnetotelluric method near periapsis. In this
way, a preliminary assessment of each method as a
function of frequency and local environment can be
made, paving the way for high-fidelity experiments
from a future landed network.
References. [1] Blank, J.L. and W.R. Sill (1969)
JGR, 74, 736. [2] Goldstein, B.E. et al. (1976). Proc.
Lunar Sci. Conf. 7th, 3221. [3] Dyal P. et al. (1977)
RGSP, 12, 568. [4] Hood L.L. et al. (1982) JGR, 87,
5311. [5] Sonett C.P. (1982) RGSP, 20, 411. [6] Hood
L.L. et al. (1999) GRL, 26, 2327. [7] Spies, B.R., and
F.C. Frischknecht (1991) in EM Meth. Appl. Geophys., Vol. 2 (ed. M.S. Nabighian) Soc. [8] Hood,
L.L., this meeting. [9] Gough, D.I. and M.R. Ingham
(1983). RGSP 21, 805. [10] Wieczorek, M. et al.
(2006) Rev. Mineral. Geochem. 60, 221. [11] Vozoff,
K. (1991) in EM Meth. Appl. Geophys., Vol. 2 (ed.
M.S. Nabighian) Soc. Explor. Geophys., Tulsa, p. 641.
[12] Halekas, J.S., et al. (2006) GRL, 33, 21. [13] Nakagawa, T., et al. (2003) EP&S, 55, 569. [14] Kellogg,
P.J., et al. (1996) GRL 23, 1267. [15] Farrell, W.M., et
al. (1996) GRL, 23, 1271. [16] Khurana, K.K. et al.,
Planet. Decadal Surv. White Paper, www.lpi.usra.edu/
decadal/leag/KrishanKhuranav2.pdf.
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Figure 1. Top: Lunar conductivity structure derived from
Apollo/Explorer [4]. Note large uncertainties in shallow and
deep structure. Bottom: 1D models of EM response from 1
mHz – 10 kHz. Major uncertainties in mid- and upper-mantle
conductivities are resolved in the band ~10 mHz to 10 Hz.
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Introduction: Apollo surface magnetometer measurements provided useful constraints on the origin of
lunar crustal magnetism [1,2] and the electrical conductivity, thermal profile, and composition of the lunar
mantle [3,4,5]. Apollo and Lunar Prospector orbital
magnetometer (MAG) and electron reflectometer (ER)
measurements have provided further constraints on the
origin and nature of the crustal magnetism [6,7,8].
However, the fundamental issues of the existence and
size of a lunar metallic core and whether a core dynamo field existed during early lunar history remain
unresolved. In addition, the origin of unusual albedo
markings (``swirls’’) that are associated with the
strongest anomalies remains poorly established [7,9].
Recent laboratory paleomagnetic studies on returned samples suggest that a steady dynamo field may
have existed at ~ 4.2 Gyr [10]. But other laboratory
studies [11] have raised questions about previous evidence for a ``high-field’’ epoch from 3.6 to 3.9 Gyr
[12]. Therefore, any additional evidence, such as that
from orbital data, would be useful for confirming or
denying the existence of a former dynamo.
Improved orbital measurements resulting from the
Lunar Prospector (LP) mission have shown that (a)
many orbital anomalies correlate with surface exposures of Imbrian-aged impact basin ejecta [6,7,8]; and
(b) the largest concentrations of strong crustal fields
occur antipodal to the last major basin-forming impacts
[13]. Such a distribution can be explained by models
that involve shock remanent magnetization in transient
fields generated by impact plasmas and do not require
a core dynamo [14].
However, there is one form of possible orbital evidence for an early core dynamo. It involves the detection of central magnetic anomalies in some Nectarianaged basins [15]. In particular, there is a central
anomaly in the early Nectarian basin, Moscoviense,
that is seen in both the Lunar Prospector ER and MAG
data (Figure 1). Similar central anomalies are present
in many terrestrial impact basins and are attributed to
natural remanent magnetization in the terrestrial dynamo field subsequent to the impact [16]. Further
studies of lunar central basin anomalies and comparisons with their terrestrial counterparts are therefore
needed to determine whether these anomalies provide
evidence of a former lunar dynamo.
Crustal Magnetism Application: The depth and
thickness of lunar crustal magnetic sources are important quantities for evaluating whether a steady core

dynamo field existed when they formed. A shallow,
surficial source (e.g., a deposit of basin ejecta no more

Figure 1. The top image shows part of Lunar Orbiter V
frame 124M including Moscoviense Basin centered
near 148oE, 26oN. The arrow points to the approximate location of the magnetic field magnitude peak
intensity shown in the bottom panel (altitude ~ 35 km).
than a few hundred meters thick) may have formed
rapidly enough to have been magnetized via shock in a
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transient field generated during the impact process
(e.g., [14]). However, a source that is more than ~1
km thick or deep may imply formation over a longer
time period in a steady field, e.g., by thermoremanent
magnetization.
Constraints on the depth and/or thickness of a
magnetic source body require vector magnetometer
measurements at a minimum of two different altitudes
[17]. Additional measurements at the surface would
provide significantly stronger constraints. In the case
of the Reiner Gamma anomaly, LP orbital measurements at altitudes of ~19 km and ~35 km have been
used to infer that sources must be within a few km of
the surface [18].
If future surface magnetometer
measurements are obtained at the surface of this anomaly, the thickness and/or depth of the source could be
determined more exactly.
To demonstrate the importance of surface magnetometer measurements in constraining the source volume and depth, we have carried out forward model
calculations for the Descartes anomaly, which is the
strongest single anomaly on the near side [7,8]. We
consider two possible endmember source models: A
point dipole at some unknown depth and a thin circular
disk at the surface with an unknown diameter. Iteratively adjusting the model parameters (dipole moment,
direction of magnetization, depth), a reasonable fit
(rms: 1.87 nT) to the available LP MAG data at an
altitude of ~ 35 km is obtained for a dipole centered at
60 km depth with a nearly eastward orientation. The
field expected at the lunar surface if this model is valid
is only 59 nT. For the thin circular disk model, a best
fit (rms: 3.05 nT) is obtained for a disk radius of 70 km
and a nearly eastward magnetization direction. In this
case, the maximum surface field amplitude would be >
1000 nT for an assumed thickness of ! 2 km. It is
therefore clear that surface magnetometer measurements would be very valuable for constraining source
models. In combination with orbital measurements at
two or more different altitudes, the depth and/or thickness of the source could be estimated. Such an analysis would directly test the hypothesis (7) that the Descartes mountains, which are ejecta from the Imbrium
basin, are sources of the anomaly.
A similar analysis of the Moscoviense anomaly
(Figure 1) would yield similar results. Surface magnetometer measurements along a surface traverse or even
at a single location would significantly constrain
source models. In particular, such measurements in
combination with existing orbital data at ~ 35 km altitude would allow an evaluation of whether the source
consists of a thin layer of ejecta from a younger basin
that lies beneath the mare surface or of a deeper-seated
source associated with the formation of Moscoviense
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itself. If the latter model prevails, then the Moscoviense anomaly may represent significant orbital evidence for a former core dynamo.
E.M. Sounding Application: Apollo surface magnetometer data combined with data from the high orbiting Explorer 35 yielded significant constraints on
lunar mantle electrical conductivity at depths greater
than a few hundred km [3]. However, degradation
with time of the Explorer 35 magnetometers allowed
only analysis of Apollo 12 surface data. In addition,
apparent offset errors were present in the surface magnetometer data at intervals of ~ 6 hours [3], which limited the accuracy of the sounding data at the lowest
frequencies. In order obtain improved constraints on
lunar thermal state and composition [4,5], it would
therefore be valuable to obtain simultaneous, carefully
intercalibrated, lunar surface and orbital magnetometer
data in the future. Any measurements obtained by a
magnetometer at a surface geophysical station could
potentially be used for this purpose provided that a
second magnetometer is in a high lunar orbit at the
same time. For sounding of the shallow mantle
(depths less than several hundred km), magnetotelluric
methods, which require also surface measurements by
an electric field probe, could be more effective than the
dual magnetometer method [19]. For the e.m. sounding application, surface magnetometer measurements
are best obtained at sites with weak crustal fields to
avoid plasma interaction ``noise’’ caused by the solar
wind impingement on strong crustal fields.
References: [1] Strangway D. W. et al. (1973) Nature, 246, 112-114. [2] Dyal P. et al. (1974) Rev. Geophys. Space Phys., 12, 568-591. [3] Hood L. L. et al.
(1982) JGR, 87, 5311-5326. [4] Hood L. L. (1982)
JGR Suppl., 87, A109-A116. [5] Khan A. et al. (2006)
EPSL, 248, 579-598. [6] Hood L. L. et al. (2001) JGR,
106, 27825-27839. [7] Richmond N. C. et al. (2003)
GRL, 30, doi:10.1029/2003GL016938. [8] Halekas J.
et al. JGR, 106, 27841-27852. [9] D. Blewett et al.,
abstract, this meeting. [10] Garrick-Bethell I. et al.
(2009) Science, 323, 356-359. [11] Lawrence K. et al.
(2008) PEPI, 168, 71-87. [12] Fuller M. and S. M.
Cisowski (1987) In Jacobs, J. (Ed.) Geomag- netism,
vol. 2, Academic Press, pp. 307-456. [13] Mitchell D.
L. et al. (2008) Icarus 194, 401-409. [14] Hood L. L.
and N. A. Artemieva (2008) Icarus 193, 485-502. [15]
Halekas, J. S. et al. (2003) MAPS, 38, 565-568. [16]
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Theory in Gravity and Magnetic Applications, Cambridge Univ. Press, 441 pp. [18] Nicholas J. B. et al.
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Introduction: Whereas Apollo focused on the directed collection of samples and imagery from carefully pre-selected sites, future lunar missions must also
incorporate increasing amounts of independent, exploratory geologic and geophysical work. As with geoscience field work on Earth, this type of investigation
will be driven by multiple working hypotheses, and it
will involve detailed, systematic data collection and insitu, real-time analysis. The realities of working on the
moon will demand a close integration of ground-based
geophysics and field geology to achieve the scientific
goals as outlined by the National Research Council [1]
and others [2, 3]
Lunar surface Extra Vehicular Activities (EVAs)
during the Apollo missions were planned far in advance of the missions. Mission planners relied on imagery obtained from precursor missions (e.g. Lunar
Orbiter and Surveyor) to select landing sites and to
construct surface traverses [4]. Few geophysical
datasets were available to inform site selection or to
direct EVA activities. While valuable geophysical
datasets were obtained from the Apollo Lunar Surface
Experiment Packages (ALSEPs) [5, and references
therein], the experiments were not designed to support
field geologic operations.. Instead, the ALSEP geophysical experiments were focused on planetary-scale
characeterization of the Moon, rather than near-surface
geophysical methods that could assist the astronauts in
mapping and sampling activites.
Challenges for Future Lunar Geologic Field
Work: The return of astronauts to the Moon to continue geologic exploration will require a new approach
that can benefit from new geophysical technologies
and methodologies. Among the challenges are:
Geologic Mapping in the Absense of Outrcop.
With the exception of the edge of Hadley Rille at the
Apollo 15 landing site, no exposed bedrock was encountered at the Apollo landing sites [5]. Impact processes have effectively blanketed much of the lunar
surface with a layer of regolith and impact rocks and
ejecta. While many fundamental questions regarding
the evolution of the Moon will continue to be addressed by studying lunar regolith samples, the lack of
geologic context for regolith samples and observations
(i.e. where did it come from?) remains. This limits the
application of methods of structural geology, stratigraphy, and other important geologic approaches to mapping the lateral variations in the lunar crust. Alternative geophysical methods for mapping concealed bedrock, or for discovering locations of easily-accessible

(via coring, drilling, etc.) bedrock in the shallow subsurface, are needed.
Constraining the Vertical Structure of the Lunar
Regolith. A related problem concerns detailed investigation of the vertical structure (depth, stratigraphy,
lateral extent, composition, etc.) of the upper crust of
the Moon, including the lunar regolith. Vertical exposures through the regolith are available in crater or rille
walls, but accessing such exposures that are sufficiently deep to reveal a complete stratigraphy will
prove difficult and potentially hazardous. Near-surface
geophysical methods are an ideal method for mapping
vertical structure and do not rely on direct access to
stratigraphy.
Assessments of Lunar In-Situ Resources. Current
lunar (and Mars) exploration plans include aspects of
in-situ resource utilization [6], an enterprise reinvigorated by recent discoveries of potentially usable water
deposits in the lunar regolith and the poles [7]. Additional lunar resources also include extractable metals
(e.g. Al, Fe, Ti), the regolith itself (for building material), and even subsurface voidspaces (e.g. lava tubes
for habitation). Efficient exploitation of these resources will require geophysical methods for locating
them on and below the lunar surface.
Ground-Based Geophysical Enabling Technologies: Since the Apollo era, advances have been made
in field geophysical technologies that employ new
techniques, achieve finer resolution and sensitivity,
allow (near) real-time data processing, and/or include
instrumentation with improved portability and power
requriements. Most of these are currently employed in
terrestrial environmental and near-surface geophysical
investigations, but are also well-suited to address the
challenges described above. They include:
Small-Scale Active Seismic Reflection Surveys.
Seismic reflection surveys over short (1-20 km) traverses have proven effective at imaging the top 10 to
1000 m within complex, unconsolidated materials on
earth [e.g. 8]. On Earth this has been applied to paleoseismic interpretations of buried faults and folds, but
on the Moon these techniques should be useful for
determining the structure within (and beneath) complex, heterogenous material like the regolith. A pilot
study addressing these issues is currently underway at
UTEP
Microgravity Surveys. Microgravimetric methods
benefit from high-precision instrumentation, careful
field acquisition techniques, and specialized data
analysis methods to measure variations in the gravity
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field due to small-scale features such as voids and
cavities, features that would otherwise not be detectable due to the long-wavelength gravity potential
variations they are superimposed on [e.g. 9, 10]. Microgravity is ideal for locating subsurface features such
as lava tubes or for mapping short wavelength subsurface density variations due to changes in bedrock type,
thickness or composition of regolith, etc.
Ground Penetrating Radar (GPR). Radar studies
of the Moon and Mars from orbit are already imaging
subsurface structure [e.g. 11]. However, since they are
conducted from orbit, these studies are limited in their
resolution. Ground-based GPR conducted by astronauts on the lunar surface can provide much higher
resolution images of the subsurface. Moreover, the
sensitivity to the dielectric, grainsize, and geometric
properties of the subsurface and the better resolution at
shallower depths that GPR provides makes it a natural
complement to shallow seismic and gravity. Experimental work using GPR on rovers (e.g. the
NASA/Ames K-10 robot) is ongoing [e.g. 12].
Conclusion: Future human lunar gexploration
should include an integrated program ground-based
geophysical measurments performed in support of geologic mapping, geochemical sampling, and resource
exploration activities. Geophysics can provide access
to geologic information not available with surface observations alone and can better inform the geologic
context of samples and observations made at the surface. Moreover, many of these technologies allow the
capability for (near) real-time acquisition and analysis
of the data by astronaut crews themselves, allowing for
an additional source of ground-truth information that
can be applied to planning further exploration activities.
The technologies we advocate are proven on Earth
and well-suited to rapid, near-surface characterization
of the lunar regolith and upper crust. Future research
should include continued use of these methods in
planetary analog settings and in operational simulations. The appropriate technological infrastructure to
support geophysical operations on the lunar surface
should also be included in lunar surface hardware development and in EVA planning.
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Introduction: The internal structure of the Moon
is an essential piece of information to invest its origin
and evolution. Various methods has been carried out to
model the lunar inner structure and the seismic data
obtained by the Apollo missions are one of the most
important pieces of information[1][2][3]. However, the
lunar seismology has always suffered from the small
number of seismic stations and the limited observation
of the seismic network. In this study we focus on the
Lunar Surface Gravimeter (LSG) of Apollo 17 and
evaluate its data in the seismological point of view to
use it as an additional lunar seismometer.
The Lunar Surface Gravimeter: The primary objective of the Lunar Surface Gravimeter (LSG) was to
detect the gravitational wave on the Moon. It was a
payload of Apollo 17 and the observation was carried
out from 1972 to 1977. When the LSG was deployed
on the Moon its sensor beam could not be centered to
the proper equilibrium position. The LSG could not
run the observations in its designed configuration and
it could not obtain meaningful data for the gravitational wave. On the other hand, the LSG was also designed
to function as a vertical lunar seismometer. Since the
malfunction of the sensor beam, the seismic data was
not evaluated in detail and left unanalyzed for more
than 30 years[4].
We evaluated the LSG data in seismological point
of view by comparing the data with other seismic data
of Apollo. We looked through about 800 seismic
events reported from the observation of other Apollo
seismometer and found that more than 200 events were
detected by the LSG. We drew a travel time curve for
relatively well defined lunar seismic event source and
confirmed that the observation of the LSG was consistent with other seismic observation of Apollo (Figure
1).
Contribution of the Lunar Surface Gravimeter:
We confirmed that the LSG was functioning as a
seismometer. Our next step was to use the LSG data in
source determination with other Apollo seismic data.
Classified events: During the seismic observation
of Apollo, more than 12000 seismic events were reported. About 9000 of them were classified into impacts, shallow moonquakes, and deep moonquakes[5].
First, we used relatively well-defined seismic events to
evaluate the contribution of the LSG. We used the
deep moonquake near the Apollo 17 landing site,
where the LSG is deployed. The result is shown in
Table 1. Our result is consistent with the previous es-

timations and this implies that the observation of the
LSG is consistente with other Apollo seismic data.
Also, though the improvement is small, we can see that
the location error was improved by the additional data
of the LSG. We also carried out calculations using the
theoretically calculated travel times and confirmed that
the location errors improve with the additional seismic
station. The source determination is the basic step of
the seismic analyses and better constrained sources
will lead to better estimation of the inner model of the
Moon. For some classified events the location errors
are too large to be used in the estimation of the inner
structure of the Moon. By using the additional data and
improving the source determinations, we may enhance
the number of usable seismic events.
Unclassified Events: About 3000 of the detected
lunar seismic events are unclassified because the observation could not provide sufficient data. In addition,
there are also unlocated events in classified events.
From the previous studies, it is known that the deep
moonquakes are known to occur periodically at certain
seismic sources called nests. While there are more than
300 identified deep moonquake nests, only 106 of
them were located. There are 60 deep moonquakes
nests that were detected by more than one station but
could not be located[6]. These events were classified as
deep moonquakes from the characteristics of the waveform. Now that we have additional seismic station,
there is a possibility that these unlocated seismic
sources can be located.
To test this, we focused on the 60 unlocated deep
moonquake nests. Nakamura (2005) points out that
these unlocated deep moonquakes may be on the far
side of the Moon. Since the seismic ray from the
source far from the seismic station propagate through
the deep region of the Moon, identification of new far
side deep moonquakes may provide us with new information of the deep inner region of the Moon.
From the available LSG data, 40 out of 60 unlocated deep moonquake nests could be examined. We
examined all 40 deep moonquake nests and checked
whether it was detected by the LSG. Out of 40 deep
moonquake nests, 5 were detected by the LSG. We
carried out the source determination of these 5 deep
moonquake nests and the result is shown in Table 2.
Among the 5 deep moonquake nests 4 nests were located on the near side and 1 nest was located on the far
side. This far side deep moonquake (A284) is one of
the farthest deep moonquake identified so far and fur-
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ther investigation of the nest may provide us with new
information of the deep region of the Moon.
Summary: Through the re-analyses of the Apollo
17 LSG data, we confirmed that the LSG was functioning as a lunar seismometer and the data can be used in
seismic analyses with other Apollo seismic data. The
additional data enables us to improve the previous
source determinations and this will enhance the number of seismic event that could be used in investigation
of the lunar inner structure. Among the newly located
deep moonquakes, there was one far side deep moonquake and such data may provide us with new information of the deeper region of the Moon.
References: [1] Nakamura Y. (1983) J. Geophys.
Res., 88, p 677-686. [2] Goins, N. R., A. M. Danity,
and M. N. Toksöz (1981), J. Geophys. Res., 86, p
5061-5074. [3] Lognonné, P. L., J. Gagnepain-Beyneix,
and H. Chenet (2003), Earth Planet. Sci. Lett., 211, p
27-44. [4] Giganti J. L., J. V. Larson, J. P. Richard, R.
L, and J. Weber (1977), Lunar Surface Gravimeter
Experiment Final Report, University of Maryland De-

partment of Physics and Astronomy, College Park.
[5] Nakamura, Y. (2003), Phys. Earth Planet. Inter.,
139 p 197-205 [6] Nakamura, Y. (2005), J. Geophys,
Res., 110, E01001, doi:10.1029/2004JE002332.

Figure 1. Travel time curve of A07 deep moonquake nest. The observation of the LSG is consistent
with other Apollo seismic observations.

Table 1. Comparison of source determination of A07 deep moonquake.

with LSG
without LSG
Nakamura (2005)
Lognonné et al. (2003)

Latitude (degree)
25.4±1.5
25.1±1.5
25±1.7
24

Longitude (degree)
57.9±3.1
55.5±3.6
53.2±8.0
53.7

Table 2 Source determinations of the unlocatesd deep moonquakes.

A211
A227
A263
A284
A289

Latitude (degree)
-26±5
33.5±5.3
8.6±1.6
-18.0±11.9
6.1±1.5

* fixed value
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Longitude (degree)
1±2
20.0±3.4
17.5±3.2
128.5±15.5
15.4±2.4

Depth (km)
933*
933*
750*
748±1117
933*

Depth (km)
940±42
951±70
893±27
900±12
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Introduction Science priorities for NASA’s ongoing exploration of the Moon were established in a
recent National Research Council study [1]. Geophysical study of the Moon’s internal structure ranked as a
high priority research area in that report, including
studies of the Moon’s crust, mantle, and core structure
and of its thermal structure and evolution. Addressing
these questions requires a globally distributed network
of landers, whose payload includes a seismometer,
heat flow probe, magnetometer, and laser reflector [2].
Establishing a full global network is likely to take a
period of at least several years. Thus, it is essential that
the initial deployment of stations be able to function as
a “mini-network” that is able to address several important lunar science objectives prior to the deployment of
the remainder of the network. These initial stations
also must serve roles in the full global network.

2
4
5
1

6
3

Figure 1: Site 1 is the A33 antipode. Site 2 is Mare
Imbrium. Site 3 is the Descartes magnetic anomaly.
Site 4 is Mare Crisium. Site 5 is Reiner Gamma. Site 6
is the Apollo 12 landing site.
Here, we consider an initial deployment of a 3 station near side network that can address a broad range
of lunar geophysics problems on a stand-alone basis,
without requirement for communications relay (Figure
1). Specific science objectives addressed at each location are identified in Table 1. Five of the 6 proposed
landing sites are located in the lunar mare, maximizing

landing safety. Also, rock abundances should generally
be lower in the mare than in the highlands, which will
maximize the likelihood of successful emplacement of
the heat flow experiment to a depth of several meters.
Science Objectives
Crustal Seismology: Improved characterization of
the Moon’s crustal structure has been assigned very
high scientific priority [1]. Sites 1, 3, 5, and 6 allow
assessment of crustal structure in non-mascon areas.
Questions include the total thickness of the crust and
any crustal stratification into an anorthositic upper
crust and noritic lower crust [3]. Sites 2 and 4 allow
study of the crust in mascons. How thick is the mare
basalt layer? How much crustal thinning was produced
by the basin impact? What was the relative amount of
thinning of the upper and lower crustal layers? How
much mantle uplift occurred, and what is the contribution of superisostatic mantle uplift to the observed
gravity anomaly? Travel time anomalies from well
located and timed seismic events (for example, from
telescopically located impact flashes) can be used to
address crustal thickness [4], and receiver functions
may identify crustal thickness and layering [5].
Core Seismology: Detection of the lunar core and
measurements of its size and seismic velocity are possible by measuring the arrival of seismic waves from
the A33 deep seismic nest at locations near the A33
antipode (site 1) [2]. Measurements at site 5 could also
contribute to this objective and may be useful because
of uncertainties in the precise location of the A33 antipode [6, 7]. The three station strategy outlined here
assumes that it will be possible to identify A33 seismic
events solely by their occurrence at specific times of
the lunar month [2]. On the other hand, identification
of these events may also require measurement of the
known A33 waveform at a previously measured location, such as site 3 or 6. Measurements at site 4 would
help constrain A33’s hypocenter and thus improve
interpretation of core parameters.
Heat Flow: An important objective is to measure
the heat flow in both the Procellarum KREEP terrane
(PKT) and the feldspathic terrane (FHT) [8]. These
measurements must be made at least 100 km from any
major impact basin rim [9]. Understanding the PKT
heat flow is particularly important, as the age distribution of lunar volcanism suggests a strong control by
the distribution of PKT material [10]. Sites 1 and 4 are
located in feldspathic terrane. Site 2 is located near the
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center of the PKT terrane, although the redistribution
of upper crust by the Imbrium impact [11] may make
site 2 unrepresentative of the central part of the PKT.
Site 6 also measures the PKT terrane; the optimum site
is probably north of site 6 but south of the Imbrium
rim. Sites 3 and 5 would help to define the edge of the
PKT. Because of impact thinning of the crust, the heat
flow at site 4 is dominated by the mantle and thus
helps to measure the extent of lunar differentiation.
Although this measurement can also be made in other
major impact basins such as Nectaris, Crisium is a particularly attractive candidate because it contributes to
the overall network geometry.
Magnetic Fields: Sites 3 and 5 are the largest magnetic anomalies on the Moon’s near side [12]. Measuring the magnetic field strength at the surface, in combination with existing orbital measurements, will place
constraints on the source depth of the anomalies.
Electromagnetic sounding can constrain the
Moon’s electrical conductivity structure and thus constrain the core size and composition and mantle composition and temperature [13]. This requires measuring
time variations in the surface magnetic field in regions
without intrinsic magnetic anomalies. Suitable surface
measurements can be made at sites 1, 2, 4, and 6. Because of the sensitivity of conductivity to both temperature and composition, measurements both inside
(sites 2 and 6) and outside (sites 1 and 4) of the PKT
are desirable.
Laser Ranging: Lunar laser ranging measures
quantities such as the moment of inertia, tidal Love
numbers, and tidal dissipation, and also contributes to
Site 1 (A33
Antipode)
X
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tests of General Relativity theory [2]. The laser ranging network benefits from a broad geographic distribution of stations on the Moon. Sites 1 and 5 (west), 2
(north), and 4 (east) would expand the existing network in various ways.
Summary Stations 1, 2, and either 3 or 4 would
make an excellent set of initial geophysical stations,
addressing a wide variety of important lunar geophysics issues. With the later addition of at least 1 station at
high southern latitudes on the near side and at least 1
or 2 stations on the far side, they would constitute an
effective global network. If spacecraft dynamics restrict initial deployment of the stations to a geographically limited region, then stations 1, 2, and either 5 or
6 would constitute an excellent regional network, also
capable of addressing many important questions.
References [1] Paulikas et al., The Scientific Context
for the Exploration of the Moon, National Research
Council, 2007. [2] Science Definition Team for the
ILN Anchor Nodes, ILN Final Report, NASA, 2008.
[3] Wieczorek and Phillips, Icarus 139, 246-259, 1999.
[4] Chenet et al., EPSL 243, 1-14, 2006. [5] Vinnik et
al., GRL 28, 3031-3034, 2001. [6] Nakamura, JGR
110, doi:10.1029/2004JE002332, 2005. [7] Bulow et
al., JGR 112, doi:10.1029/2006JE002847, 2007. [8]
Joliff et al., JGR 105, 4197-4216, 2000. [9] Warren
and Rasmussen, JGR 92, 3453-3465, 1987. [10] Wieczorek and Phillips, JGR 105, 20,417-20,430, 2000.
[11] Haskin, JGR 103, 1679-1689, 1998. [12] Hood et
al., JGR 106, 27,825-27,839, 2001. [13] Hood and
Halekas, this conference.

Table 1: Science Objectives by Landing Site
Site 2
Site 3
Site 4
(Imbrium)
(Descartes)
(Crisium)
X

Site 5 (Reiner
Gamma)
X

Site 6
(Apollo 12)
X

Crust Structure
(non-mascon)
Crust Structure
X
X
(Mascon)
Core Structure
X
C
C
C
C
Heat Flow
X
X
(FHT)
Heat Flow
X
Edge
Edge
X
(PKT)
Heat Flow
X
(Mantle)
Magnetic
X
X
Anomaly
EM Sounding
X
X
X
X
Laser Ranging
X
X
X
X
Note: X means that site addresses the science objective. C means the site contributes to addressing the science objective. Edge means the station helps to define the edge of the PKT heat flow anomaly. For Laser Ranging, X means
that the site expands the geographic range of the existing reflector network.
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SYNTHETIC SEISMOGRAMS WITH HIGH-FREQUENCY SCATTERING FOR THE MOON. J. F. Lawrence1 and C. L. Johnson2, 1Stanford University (397 Panama Mall, Mitchell Building, Room 360, Stanford, CA
94306; jflawrence@stanford.edu), 2University of British Columbia (6339 Stores Road, Vancouver, BC V6T 1Z4,
CANADA).
Introduction: We investigate the seismic scattering effects of a highly heterogeneous brecciated layer
on the Moon, and how such shallow heterogeneity
effects high-frequency seismograms. Lunar seismograms recorded during the Apollo Passive Seismic
Experiment (APSE; 1969-1977) differ from Earthbased seismograms in that they poses only highfrequency waves that have long, apparently incoherent
coda.
The limited number of APSE stations, along with
the 10-bit digitization of the data and scattering have
resulted in challenges to analyzing these seismograms.
The APSE data contain limited ray paths through the
mantle and crust, with no rays through the deepest lunar mantle or core. The arrival times of P- and S-wave
data are difficult to measure due to noise, and laterarriving waves are entirely masked. Consequently,
there exists great uncertainty in moonquake locations
and interior velocity structure [1,2].
In this investigation we present theoretical seismograms generated using a new, modified version of the
phonon method [3]. The synthetic seismograms are
generated with several models for both scattering and
the average radial dependence of P- and S-wave velocity, illustrating 1) what degree of scattering is appropriate for lunar seismograms, 2) what lunar structures
are currently seismically detectable given this high
degree of scattering, and 3) what network geometries
are most appropriate for potential future lunar seismic
networks.
Method: The modified seismic phonon technique
[3] is ideal for lunar seismograms because it generates
high-frequency synthetic seismograms using a highly
efficient paradigm. The seismic phonon method allows individual phonons (lattice vibrations) to scatter
within the medium. When a phonon encounters a heterogeneity, it scatters (forward, back, or askew) with
probability determined by the elastic constants and
Snell’s law. The sum of many phonons approximates
the full wave with far fewer computations than other
synthetic seismogram calculation techniques. The medium can be parameterized as 1) a stochastic model of
heterogeneity, 2) as a predetermined 3D model, or 3)
some combination of stochastic and pre-determined.
Advantages of this method include the low computational requirements necessary for other methods to
yield high-frequency synthetics.
Stochastic Heterogeneity: Stochastic models of
heterogeneity can be used to evaluate the degree of

heterogeneity necessary to simulate the observed scattering in lunar synthetics. The appropriate level of
scattering is determined by minimizing the difference
between the theoretical and recorded seismic energy
decay over time from P-wave onset. It is possible to
obscures later waves and generate sufficiently long
coda to simulate lunar records when probabilities are
tuned such that phonons have 60% to 80% probability
of encountering a scatterer for each 1km interval traveled within the 0-10km depth range.

Figure 1: Synthetic phonon seismograms calculated
with a) no scattering, and scattering of b) 20%, c) 60%,
and d) 80% probability on 1km scale lengths over a 010 km depth interval. Expected P and S- wave arrivals
for the 1-D velocity model modified from [1] used are
indicated. In addition the expected arrival times of
core phases such as PcP are shown. These are of particular interest to future network design. However, the
level of scattering needed to mimic lunar seismograms
entirely masks such phases in the synthetic seismograms.
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Figure 2: Observed (left) and synthetic phonon seismograms
(right)
for
a
deep
moonquake
(1975,304,06:34). The synthetic seismograms were
generated with 60% scattering, at a 1km scale length,
over the 0-10 km depth interval. Note, the synthetics
seismograms are noiseless.
Discussion: The strong degree of shallow phonon
scattering required to match observed lunar seismograms suggests that 3D heterogeneity within the crust
dominates the lunar seismograms. Any potential future lunar seismic network must either compensate for
the high degree of scattering or expect limited new
discovery beyond those generated from APSE data.
Without accounting for scattering, the data quality
would result in greatly limited uncertainty of moonquake locations and lunar structure. A dense lunar
seismic array (cluster of stations) would provide an
experimental design for interferometric techniques that
could better extract the desired moonquake signals
from the scattered energy.
References: [1] Nakamura Y. (1983) JGR, 88,
677–686. [2] Jeannine Gagnepain-Beyneix, Philippe
Lognonné, Hugues Chenet, Denis Lombardi and Tilman Spohn, (2006) Phys. Earth and Planetary Int.,
159, 140-166. [3] Shearer P. and P. Earle (2004) Geophys. J. Int., 158, 1103-1117.
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A NEW LINESCAN-BASED PANORAMIC CAMERA SYSTEM FOR LUNAR LANDER
APPLICATIONS. R. Li and L. Yan, Mapping and GIS Laboratory, Department of Civil and Environmental
Engineering and Geodetic Science, The Ohio State University, 470 Hitchcock Hall, 2070 Neil Ave., Columbus, OH
43210-1275. E-mail [li.282, yan.351]@osu.edu.
Introduction: A new linescan-based panoramic
camera system with a unique off-axis camera
configuration mode has been developed at the
Mapping and GIS Laboratory of The Ohio State
University. This stereo system maintains the merits of
existing linescan-based panoramic camera systems
while adding the ability to acquire 3-D information of
a landing site with uniform accuracy in all directions
(360º) at each depth. Compared to other ground based
frame cameras, this system has the advantages of
significantly reduced imaging time, less storage space
on board, and potential to support rapid onboard
processing of spatial data during planetary exploration
and thus presents promising technical advantages for
future high-precision ground-based 3-D mapping of
the lunar surface and can be extended for navigation
and localization of lunar rovers. A prototype of the
system was assembled and tested where the
functionalities and mathematical model of this system
were validated. The system design, major advantages,
and performance evaluation results are described
below.
Linescan-based Panoramic Camera Systems:
Linescan-based panoramic camera systems employ
linear array sensors as the imaging device, recording
vertical image lines following a cylindrical geometry
to form panoramas. In comparison with conventional
stereo panorama camera systems that use area array
sensors (frame cameras) [1], linescan-based systems
eliminate the redundancy issues caused by overlapping
of the acquired images as well as the post-acquisition
processing time and resources needed to mosaic the
original images into a panorama. The advantages of
using linear array sensors also include significantly
improved data acquisition speed and higher quality
(higher resolution, uniformity in brightness and
contrast across the entire panorama, etc.) in the
acquired image data.
Off-axis Stereo System: This new linescan-based
panoramic camera system adopts an off-axis camera
configuration mode. This off-axis mode enables the
system to obtain a high quality of 3D topography at a
uniform spatial-intersection accuracy in all directions
(360º), something that cannot be achieved using the
on-axis mode adopted by most of the current linescanbased panoramic camera systems, such as the
EYESCAN M3 [2-5].

Prototype. A prototype was developed using two
linear array CCD cameras (Figure 1). In this design,
the stereo cameras have about the same height, share
the same rotation axis and are equidistant from the
rotation axis. With this configuration, the acquired
stereo panoramas not only will have uniform accuracy
in all directions (360º) at each depth but in addition
will have horizontal epipolar lines that, in theory, will
allow the use of simplified algorithms to quickly find
corresponding points. Simplified algorithms will
significantly reduced processing needs and provide the
potential for real-time data collection and spatial data
processing for a lander, and even for navigation and/or
localization onboard a lunar rover.
The major technical parameters of the developed
prototype are listed in Table 1. This configuration
enabled acquisition of stereo panoramas with a
dimension of 22,000 x 4080 pixels in only 44 seconds.
This can be further improved with enhanced
hardware. Sample panoramas acquired by this
prototype are shown in Figure 4.
Stereo geometry of panoramas. Figures 2 and 3
illustrate the stereo geometry of panoramas acquired
using this system. Figure 2 shows the projections of a
point P in the object space onto the image planes (p
and p′ on the image lines) of the two cameras mounted
on the stereo bar. Figure 3 graphically images a topdown perspective of the optical rays of these two
cameras. This illustration shows that for any point on a
circle that is orthogonal to and centered by the rotation
axis in the object space, the stereo intersection angle is
the same. That is why the off-axis configuration of the
cameras enables the system to have uniform 3-D
measurement accuracy in all 360 degrees. It is
noteworthy that the accuracy varies at different
distances in each radial direction.
Table 1 Major parameters of the prototype
Focal Length
35 mm
Vertical Dimension of CCD
4,080 pixels
Channels
RGB
Vertical FOV
64.5º
Image Columns (360º, variable)
22,000 (for 360º)
Data Volume (360º)
220 MB
Recording Time (2 ms/column, 360º,
44 sec
variable)
Baseline (adjustable)
30 cm - 60 cm

Mathematical model and calibration. The new
stereo photogrammetric collinearity equations that
model the projection of a point from the object space
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rotation axis

to the image space of this system were derived, and a
refined model was developed to model errors in the
mechanical parts such as the non-orthogonality of the
stereo bar and mast. Calibrations have been conducted
to validate the model and obtain precise parameters for
the system (focal length, radial distortion of the CCD,
rotation radius, etc.). Details of the processing results
are published in [6].

p

p′

Camera 1
Stereo Bar

P

Camera 2

Mast

Rotary Stage Controller

Figure 2. Spatial intersection of two stereo images creating
the stereo panorama. The interior dashed circle shows the
trace of the projection center of each camera. The vertical
image lines (red and blue) are acquired along the cylindrical
path and joined point-by-point to form the stereo panorama.

Rotary Stage
Figure 1. The developed prototype.

Conclusions: Experimental results show that the
high-quality and non-redundancy image data quickly
collected by this system has the potential to reduce on
board data storage and computational processing
requirements when taking landing site stereo
panoramas. Such an enhanced camera system for 3-D
landing site mapping is critical for short-term and
long-term landing site topographic mapping and
change detetction, as well as instrument operations and
monitoring. The advantages of reduced resource
requirements and onboard real-time data processing
capability will be very important for the time- and
energy-limited lunar landed missions such as
International Lunar Network (ILN).

(a)

(b)

(c)

Figure 3. Top view of stereo optical rays: a) left-eye view, b)
right-eye view, and c) spatial intersection. The inscribed
circles track the projection center of the camera.

Referneces:
[1] Maki J.N. et al. (2003) JGR, 108, Article # 8071
[2] Schneider D. and Maas H.-G. (2003) O3D VI-II,
122-129. [3] Schneider D. and Maas H.-G. (2004)
ISPRS Archives XXXV-B5, 366-371. [4] Schneider D.
and Maas H.-G. (2006) The Photogrammetric Record,
21, 198-210. [5] Schneider D. and Maas H.-G. (2005)
ISPRS Archives XXXVI-5/W8. [6] Li R. et al. (2008)
ISPRS Archives XXXVII-B5, 723-728.

a) Test site near Reno, Nevada.

b) Lunar-like site on the northern edge of the dry lakebed at Silver Lake, California.
Figure 4. Sample panoramas taken by the prototype in lunar-like environments.

36

LPI Contribution No. 1530

RESEARCH OF IRON ABUNDANCES IN LUNAR REGOLITH AND A MODEL OF EVOLUTION OF THE
LUNAR SURFACE.
Lu Yangxiaoyi. Moscow State University, Sternberg State Astronomical Institute, Moscow.
(marsplus@gmail.com)
Introduction. The chemical composition of lunar rocks
became known in detail after delivery to Earth of samples
from selected areas of the lunar surface. In order to
provide characteristics not only of individual sites, but also
the global data, need to use the remote spectral
methods.Chemical elements such as Si, O, Fe, Ti, Al, Ca
and Mg are essential elements in the composition of lunar
rocks. Often element contents are converted into the
contents of the corresponding oxides, for example, SiO2,
FeO, TiO2, Al2O3, CaO and MgO.Information about the
content and distribution of these and other elements on the
lunar surface was obtained by methods of remote
spectroscopy, optical, neutron, gamma and X- ray
filming.The spatial resolution of available data varies but,
nevertheless, their comparison and joint use is
possible.Processing of data sent from aboard the spacecraft
«Lunar-Prospector», gives results of global studies of
chemical composition of the lunar surface.These results
were obtained using airborne gamma-ray spectrometer and
alpha particle spectrometer.In particular, more accurately
able to determine the content of iron (Fe) and titanium (Ti)
in the frozen lava of volcanic melts. Their concentration
was different for different parts of the surface morphology.
Interpretation. Expeditions of American astronauts to the
Moon (1969-1972 y.) landing of the Soviet automatic
lunar stations «Luna-16, -20 and -24» (1970-1976 y.)
delivered to the ground lunar soil - these remarkable
experiments have led to the emergence of new science Moon mineralogy.[2] On the content of radioactive
isotopes was established by the age of lunar rocks. The
oldest of them, the study found uranium-lead method,
formed 4.46 billion years ago. Similar results gave the use
of strontium method. But almost is the same (4.6 billion
years old) age of the oldest Earth rocks and meteorites. So,
it was then, about 4,5 billion years ago formed the solar
system, including Earth, Moon, and the body fragments
that arrive to us in the form of meteorites. [3] Analysis of
lunar minerals will help to understand what are the
differences between continents and seas on the moon. It
was found that the sea covered with volcanic rocks, mainly
basalts. [4] They have a round shape, smooth surface, the
relative youth, which speaks not only radioactive analysis,
but also a relatively small number of craters formed by
impacts of large meteorites. All the shows , the «Mare» the result of immense outpourings of lava from the bowels
of the Moon, caused by small asteroids’ impacts on the
surface. [5] Radioactive analysis showed that most of the
mare (Mare Vaporum, Mare Serenitatis, Mare
Tranquillitatis, Oceanus Procellarum) formed 4 billion
years ago. Several younger Imbrium: since its inception
was 3.87 billion years. Probably, in this period the moon
fell out the remnants of the swarm of bodies, from which
formed the Earth and Moon. [6]
After processing the spacecraft «Lunar Prospector»,
«Apollo» and «Luna», received a general map of the

distribution of iron (Fig.1). The content of iron in the sea
surface of the Moon is much larger than in other parts of
the lunar surface. For a detailed analysis of the dependence
of the iron content of the absolute age of rocks we have
compiled a detailed catalog of samples of various breeds,
delivered to Earth. After processing the data [1],get a
correlation between iron abundances and rocks of lunar
surface:

T

,

This correlation is a characteristic of marine volcanic
basalt lavas, which are melting from the bowels of the
Moon (absolute age) refers to the different epochs of the
evolution of the lunar sphere and its surface. From the
scheme in (Fig.2), it follows that the basaltic lava, had
come to the fore in the later period, most enriched in iron.
At the same time, the early melt basalts had a low content
of iron.Assuming a general model of the structure of the
lunar globe, according to which the iron content
approaching the center grows, we conclude that later melts
of basaltic lava reaches the surface from the deeper
horizons of the lunar interior. This assumption can be
verified on the basis of detailed analysis of the regional
distribution of iron when compared with age formations.

Melting depths and their differentiation occurred in the
interior of the Moon at an early stage of evolution. Field of
basalts with a low content of titanium is at depths of
200-400 km. This process can explain the reason ,
different content of iron and titanium at different depths
[7]. This happened during the formation of basalt seas of
the moon as a result of entering the surface melts from the
lunar mantle 3.9-3.15 billion years ago.If we generalize
the results of the study to compare the absolute age of the
basalt rocks and iron content in these rocks, and take into
account the above results for the three-dimensional terrain
models, we can construct a generalized model of the
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underlying sources of basaltic lavas of different content. In
the initial period of the evolution of the moon as a cosmic
body to the surface leaving melts of basaltic lavas of the
upper layers of the lunar mantle with low iron content about 10%. This period of history of the Moon refers to
the era of 3,9 - 4,0 billion years old. In the middle period
of the evolution of the moon on the surface of basaltic lava
came out with iron content of 15 - 20%. This epoch
according to Fig. 2. lasted for 3,5 - 3,8 billion years. In
later period of the lunar maria were formed lavas with an
iron content of 17 - 22% of the deep horizons of the
mantle.This happened during the 3,1 - 3,3 billion years. At
result of our work, we have opened outlets of basaltic
lavas of the deepest layers of the mantle with iron content
up to 25% (see diagram on Fig.3). Probably, these melts
are aged less than 2 billion years.
Conclusion: The basis for studying the lunar surface and
the composition of the soil is study the optical
characteristics of the moon by the spectral data of its
telescopic and space research methods remotely, optical,
neutron, gamma and X-ray spectroscopy, etc. The richest
information we receive with the help of artificial satellites
of the moon, as the example of research on board the
spacecraft «Chang'e-1». The content of iron in the regolith
can be cosmogonic indicator of the evolution of the Moon,
as shown above. On the surface of the moon, the rocks
with a predominance of iron (eg, ilmenite basalt) are
concentrated in the lunar maria (their area is about 17% of
the surface of the Moon [8]). Age of rocks is inversely
proportional to the iron content. The model underlying
sources of iron-bearing rocks of the Moon has a
cosmogonic significance, since through their contents, we
can know their age and build a model of evolution of the
subsurface of the Moon.
References. [1] The Lunar Sample Compendium.[2]
Harrison H.Schmitt, Evolution of the Moon: Apollo
model, American Mineralogist.[3] Tompkins, S., B. R.
Hawke, and C. M. Pieters, Distribution of materials within
the crater Tycho: Evidence for large gabbroic bodies in the
highlands[4] Б. Мэйсон, Лунные породы. [5] Жарков
В.Н, Динамические исследования твердых тел при
высоких давлениях.[6] H. Hiesinger, J. W. Head III, U.
Wolf, R., Jaumann, G. Neukum, Ages and stratigraphy of
mare basalts in Oceanus Procellarum, Mare Nubium, Mare
Cognitum, and Mare Insularum.[7] Жарков В.Н,
Введение в физику Луны.[8] D. J. Lawrence, * W. C.
Feldman, B. L. Barraclough, A. B. Binder, R. C. Elphic, S.
Maurice, D. R. Thomsen. Global Elemental Maps of the
Moon: The Lunar Prospector Gamma-Ray Spectrometer.
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MOON–SEIS : DESIGN AND PERFORMANCES OF A VERY BROADBAND SEISMOMETER FOR
FUTURE LUNAR MISSIONS. D. Mimoun3, P. Lognonne1, D. Giardini2, U. Christensen4, P. Zweifel2, D.Mance2,
R. Roll4, Marco Bierwirth4, S. De Raucourt1, J. Gagnepain -Beyneix1, S.Tillier1,T.Nebut1, O.Robert1, O.Pot1 P.
Schibler1, and the SEIS Team 1IPGP (4 avenue de Neptune, 94107 Saint-Maur cedex, France, lognonne@ipgp.jussieu.fr), 2ETH (Institute of Geophysics CH-8092 Zurich, giardini@seismo.ifg.ethz.ch), 3 Université
de Toulouse / ISAE - SUPAERO (mimoun@isae.fr, 10 avenue Edouard Belin - BP 54032 - 31055 Toulouse cedex
4) 4Max-Planck-Institute for Solar System Research (Max- Planck-Strasse 2, 37191 Katlenburg-Lindau, Germany)
Introduction: The international effort for returning
on the Moon will allow to adress several scientific
objectives with seismic instruments, as well as information important for future crew safety issues, such as
the meteoroid rates (meteoroid could damage any
Moon base or vehicle) or evaluating the seismic hazards linked to moonquakes, especially near the South
Pole where permanent Lunar bases are planned.
A planetary seismometer dedicated to the next geophysical missions to the Moon has been developed by
IPGP (Institut de Physique du Globe de Paris) with the
support of CNES (French Space Agency). SEIS, primarily developed in the frame of the Humbold payload, the geophysical package of European ExoMars
mission. It has been also proposed, in a improved version and in slightly different configurations, for the
incoming Japanese (ISAS/JAXA) mission Selene-2, as
well as for the US-led International Lunar Network.
The SEIS instrument as a whole has been conceived as a wide international cooperation, subsystems
being provided by several European institutions, including the Max Planck Gesellschaft, Lindau, ETH
from Zürich and IPGP from Paris.
Why send seismometers to the Moon ? The following table makes a synthesis of the high level science
requirements for sending seismometers to the Moon.

Table 1 : Wide spectrum seismometer rationale
SEIS Design progress: The proposed instrument
design has an extensive heritage of study on various
space missions, including NetLander, ExoMars and
other, although it has proven difficult for agencies to
support geophysics payloads up to the launch pad. The
Exomars configuration of the instrument has successfully passed its PDR, with its TRL level > 5.

Proposed configurations: the Seismometer configurations proposed for the Moon are derived from the
ExoMars configuration. Basically the seismometer
encloses the following subsystems:

Figure 1 : SEIS in ExoMars configuration© MPS

Sensor assembly. In order to cover a wide range of
scientific objectives, and to offer some redundancy in a
short window around 1 Hz, 3 Very Broad Band Sensors are completed by Short period into a Sensor assembly. This sensor assembly is protected from dust
and from magnetic field by a specific cover. Depending on the Mission, a 3 VBB + 3 SP (or less) should be
considered.
Deployment system. The sensor assembly is leveled by a cardanic system that allows a precise orientation of the sensor assembly with respect to the local
gravity. Depending on the configuration, deployment
feet may be considered. The deployment system is
developped by the MPS from Lindau.
E-box and acquisition assembly. In order to avoid
at a maximum the perturbation of the sensor assembly,
most of the seismometer electronics is located in an EBox. The seismic signals are recorded with a 24 bits
acquisition lines, with a rate depending on the sensors.
Velocity signals are recorded for both VBBs and Short
periods, and position signals only for VBBs. The Ebox contains, in addition to the acquisition, the feedbacks and back-end electronics of the sensors, the secondary power supply and a buffer memory.
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Figure 2 : SEIS Functional description
Functional configuration. A possible functional configuration is proposed in Figure 2. The choosen design
is foreseen to be as autonomous as possible from the
Lander, in order to allow operation during the night. In
addition, recentering is also managed autonomously.
Noise Performance : the performance requirements are more stringent for Moon compared to Mars.
Performance models predict that the current design in
its Moon configuration will have performance slightly
better than Apollo. We are currently working on performance improvement to reach the red curve.

Implementation constraints :
The SEIS in its moon configuration weights about 5kg,
and has a power consumption of 1.5 W in classical
« Moon » configuration. This consumption can be reduced to allow the acquistion during a low power night
mode, coping with low resources landers. Such as
other terrestrial seismometers, SEIS is to be coupled
with the ground, shield from EMC perturbations, heat
sources (Sun shield ) and, last but not least, kept away
(as far as possible) from thermal and mechanical perturbations (eg. Stirling engine …)
References:
[1] Bulow, R., Johnson, C., Shearer, P. (2005) New
events discovered in the Apollo lunar seismic data,
Journal of Geophy. Res. Vol. 110
doi:10.1029/2005JE002414.
[2] LEAG 2007, Proceedings of the 2007 Lunar Exploration Analysis Group Workshop on Enabling Explorations: The Lunar Outpost and Beyond
(http://www.lpi.usra.edu/meetings/leag2007/presentati
ons/index.html)
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Seismic Measurements on the Moon: Objectives and
Network Architectures Proceedings of the 20078
ILEWG/LEAG Common meeting Lunar Exploration

40

LPI Contribution No. 1530

DATA OF LUNAR AND TERRESTRIAL CRATERS WITH VOLCANIC ROCKS. Y.Miura, Dept. Earth Sci.,
Fac. Sci., Yamaguchi University, Yoshida 1677-1, Yamaguchi, 753-8512, Japan, yasmiura@yamaguchi-u.ac.jp.
Introduction: Impact craters are clearly defiend
without volcanic rocks on the Moon and the Earth so
far, because of unclear informations of these sources
under the grounds. In fact, on the Moon is defined by
typical impact process on the highland clear without
volcanism. Mare basalt of volcanic rocks is filled to
wide impact crater structure mainly front side of the
Moon due to large impact or tidal forces from the
Earth. [1] (cf. Table 1). The main purpose of this paper
is 1) to elucidate large lunar craters with volcanic
rocks compared with terrestrial crater of Takamatsu
crater in Japan [2, 3, 4, 5] and 2) to classify impact
craters with volcanic rocks on the Moon and the Earth.
Lunar craters with and without volcanic rocks
at geophysics data: Impact crater on the lunar highlands is considered to be within the lunar crustal rocks
which have few differences in remote-sensing data. On
the other hand, mare basin on the Moon is considered
to be crater with volcanic rock from the lunar mantle
which is formed finally by filling with basaltic rocks in
wider crater [1]. The latter crater has clear differences
in remote-sensing data due to major compositional
differences (Table 1).
Table 1. Two types of data on the lunar craters .
Crater type
Characteristics
----------------------------------------------------------------1) Highland crater Within crustal rocks (CaAl-rich).
Smaller size (young and back).
Few differences (geophysics)
2) Mare crater
Between the crust and mantle.
Large size (old and front side).
Strong differences (geophysics).
Main fluids on the Moon: As there is no plate
tectonics (as terrestrial type with sea-water flow) on
the Moon, volcanic process at the impact craters on the
Moon is considered to be as follows (Table 2) [6] :
1) material changes between the crust and the mantle,
2)formation of fluids (including carbon dioxides and
water) during impact process at higher pressure [7].
Table 2. Main fluids on the Moon and the Earth.
Planetary body
Fluids of volcanic process
----------------------------------------------------------------1) The Moon
Fluids (CO2 and H2O)
2) Earth
a) Sea-water (with chlorine)
b) Fluids (H2O and CO2).

Evidences of carbon-bearing partiles on the
Moon: Fluids of water and CO2 in the lunar interior
are considered to be CO2-rich fluids which are
checked by basaltic rocks transported from the interior
during impact condition shown in Fig.1, where these
carbon-bearing materials are originally mixed and remained at the interior by “giant impact process” to
deeper places of the Moon [7, 8].
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Fig.1. Higher carbon contents of the Apollo basaltic samples, compared with hydrogen content [1].
Carbon-bearing particles of the Takamatsu
drilled samples in Japan: Buried impact structure
which is found at Takamatsu-Kagawa district, Western
Japan [2,3,4], is considered to be similar with lunar
Maria crater with volcanic intrusion at impact crater.
In fact, carbon-bearing particles are found at drilled
samples 950m and 960m of the Takamatsu crater in
Japan [6].
Summary: The present results are summarized as
follows:
1) Lunar crater of Maria type is clear different rocks
with volcanic rocks which can be analysed by geophysics data.
2) Main fluids of lunar craters are carbon-bearing liquids which are checked by the previous Apollo mare
basalts.
3) Similar carbon-bearing particle can be found at
drilled samples of the Takamatsu crater in Japan.
References: [1] Heiken G.H.m Vaniman D.T.
and French B.M. (1991) Lunar Source Book (Cambridge Univ. Press) 61-111.[2] Kono Y. (1994): Report of Kaken B (Japan), 1-36. [3] Miura Y. (2002):
Proc. NIPR Antarctic Meteorites (NIPR,Tokyo), 25,
35-38.[4] Miura Y. (2002): LPS
XXXIII, abstract#1231. [5] Miura Y. (2005): LPS XXXVI, abstract#2287. [6] Miura Y. (2009): LEAR09 (LPI) Submitted.[7]Miura Y. (2009): LPS XL, Abstract#1090.
[8] Miura Y. (2009) LPS XL, Abstract #1468.
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MULTINODE, LOW-COST, NANO-G SEISMOLOGY INSTRUMENTATION FOR LUNAR
GEOPHYSICS. S. D. Murphy1, J. Bernstein1, M. Chaparala1, N. Borer1, C. Gibbson1, L. T. Elkins-Tanton2, B. H.
Hager2, T. Herring2, 1Draper Laboratory, Cambridge MA, 2MIT, Dept. of Earth, Atmospheric, and Planetary Sciences,
Cambridge MA.
Introduction: The team is developing an advanced
seismic instrument that will revolutionize the way we
approach planetary geophysical networks. The
breakthrough
technology
of
the
Advanced
Seismometer, Gravimeter, and Accelerometer for
Rough Deployment (ASGARD) is a convergence of
several critical technology areas:
• Comparable performance to the best seismic
instruments on the market today – sensitivity of 10-9
g/!Hz over a range from 0.001-280 Hz
• Extreme operations – up to 20,000 g impact tolerance
and temperatures down to 70°K
• MEMS technology for massive reductions in size,
weight, and power – about 10 mW power
consumption and less than 100 grams in a package
the size of a sugar cube
ASGARD equipped systems can be deployed from a
planetary orbit without the use of powered descent or
landing vehicles, which can dramatically reduce the
cost of any planetary mission. The miniature size of
the ASGARD system enables scientists to deploy a
sizable network of seismometers for a fraction of the
cost of a single lander to a planetary surface.
Science objectives: Though the Moon is thought to
have formed from a giant impact between a large body
and the Earth [1], the Earth’s subsequent evolution has
largely erased the record of its distant past. The Moon,
however, retains the records of the first half-billion
years of evolution and is sufficiently well-studied that
geophysical observations will fill a critical gap
amongst other observations. The Apollo 11, 12, 14,
15, and 16 missions carried Lunar Surface
Experiments Packages that, among other payload
items, contained seismometers. These seismometers
recorded thermal moonquakes, meteoroid impact, and
moonquakes as deep as 1,200 km [2,3,4], but their
relatively short lifespan and scarcity prevented a
thorough investigation of the lunar interior (a network
of four seismometers existed only from 1972 to 1977).
Many first-order questions remain [5,6,7]:
• Does the Moon have a small or no metallic core?
• A deep partially molten zone is indicated by
magnetic field and laser ranging experiments [8,9];
how extensive is this layer, what are its properties,
and is it related to a metallic core?
• What was the fate of the putative late-stage hightitanium cumulates formed at the end of magma
ocean solidification [10, 11,12]? Did they sink to the
lunar interior, or do some remain just under the crust,
possibly a significant mineral resource?

• Do deep seismically-detectable mantle layers contain
garnet, or possibly just high-magnesian olivine?
Detailed seismic data may differentiate these two
scenarios, results of quite different accretion
processes.
• What are the patterns and details of the lithospheric
and crustal structure? The vertical and lateral
changes are related to formation mechanisms, later
impacts, and volcanic history and this data will constrain formation and evolution hypotheses.
The Enabling Technology: The ASGARD instrument
is a convergence of three critical technologies which
will enable cost-effective and efficient planetary
exploration throughout our solar system.
The
breakthrough technologies are the MEMS seismic
sensor, impact-hardened electronics, and low power
electronics.
Miniature nano-g MEMS seismometers: To
accurately characterize and locate seismic activity in a
planetary body requires a network of at least four
simultaneously active seismic sensors. The noise floor
of the sensors (given in Earth-g’s per root Hertz) is the
most important specification; however, given the cost
of transporting and deploying sensors to other planets,
size, weight and power characteristics are also critical.
The current Centurion design has achieved 100 ng/!Hz
(10-8 m/s2/!Hz) in independent testing with no vacuum
package. With an internal vacuum to reduce Brownian
noise and low noise electronics, these same devices are
projected to reach 1 nano-g/!Hz. With further scaling
of the electrode dimensions and proof mass, noise
levels of a few pico-g/!Hz are possible. That would
potentially make the device suitable for gravimetry as
well as seismic monitoring. A Centurion actuator
device is shown in Figure 1. The features that make
this accelerometer unique are the use of in-plane
overlap electrodes for sensing and actuation.

Figure 1: ASGARD MEMS Seismic and Gravimetric Sensor
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Impact hardened electronics: The ability to survive
tens of thousands of g’s on impact enables a variety of
deployment possibilities to a multitude of planetary
surfaces. High-g hardening of lander systems and
subsystems reduces overall system mass by reducing
the deceleration system requirements of the landing
vehicle, if not eliminating them altogether. This could
enable dozens of impactor sensors to be deployed on
the Moon for the cost of a single conventional lander.
Electronics and mechanisms designed to survive
reentry and hard landing can operate and deploy once
on the surface of a planetary body. The team will
leverage long standing programs from the DoD to
enable these planetary missions. Draper has
successfully developed impact-hardened electronics
for a variety of applications which include:
• Competent Munitions Advanced Technology
Demonstration – Draper designed, fabricated, and
deployed a high-g (15,000 g) gun launch survivable
electronics and structure. Electronics included
MEMS sensors and a crystal oscillator as well as
conventional passive and active components, in
addition to high-g capable housings for the various
electronics.
• Low Cost Guidance Electronics Unit (LCGEU) –
The LCGEU was designed for a high-g (> 10,000 g)
gun launch and deployed on the US Navy Ballistic
Trajectory Extended Range Munition and Ex-171
Extended Range Guided Munition projectiles. The
LCGEU is made up of Commercial-Off-The-Shelf
MEMS inertial instruments, a GPS receiver, GPS
anti-jamming
systems,
processing,
power
conditioning, and I/O electronics.
This experience provides confidence that the
development of impact-hard control electronics for
ASGARD is well within operational reach (up to
50,000 g’s). These programs can be leveraged to
ensure that the capabilities inherent to the instrument
itself are not compromised by the requirements of the
instrument control electronics.
Micropackaging and Low Power Electronics:
Reductions in the overall size and mass of key systems
can further enhance landing system performance.
Smaller packages can be easier to ruggedize to survive
high-impact landings. Increased mass and power
margins enable architectures with redundancy at a
variety of levels. Draper is a leader in ultra-high
density or miniaturized electronics, where the original
size is sometimes reduced by several orders of
magnitude. We estimate that the whole ASGARD
power consumption will be approximately 0.3W.
State of Development: The ASGARD system has
multiple different components with different levels of
technological maturity, which we show in Table 1.

Table 1: TRL for ASGARD Technologies

Technology
NASA TRL Scale
MEMS seismometer
5
Impact-hardened electronics
8
Low power electronics
8
Micropackaged electronics
7
Deployment time line and cost: The capabilities of
the ASGARD sensor enable a host of new options for
planetary seismic network deployment. This includes
hard landing techniques, including penetrators, to bring
the individual network nodes to the planetary surface.
Figure 2 shows a few potential hard-landing
deployment options for a lunar geophysical network.
In addition, the exceptionally low power, low mass,
and low volume of the instrument have a ripple effect
on the entire system design of each network node. If
the program should be adequately funded, the seismic
lunar network could be ready for deployment within
five years, with dozens of sensors deployed to the
Moon for the cost of current conventional soft lander.

Figure 2: Penetrator Deployment Strategy for a Lunar
Geophysical Network
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LONG-TERM WARMING OF SURFACE AND SUBSURFACE TEMPERATURES OBSERVED AT
APOLLO 15 AND 17 SITES: IMPLICATIONS FOR FUTURE LUNAR GEOPHYSICAL MISSIONS. S.
Nagihara1, P. T. Taylor2, D. R. Williams2, and Y. Saito3, 1Texas Tech University, Lubbock, TX 79409 (seiichi.nagihara@ttu.edu), 2Goddard Space Flight Center, Greenbelt, MD 20711, 3Institute of Space and Astronautical
Science, Sagamihara, Japan.
Introduction: The Apollo astronauts deployed
geothermal heat flow probes as part of the Apollo Lunar Surface Experiment Package (ALSEP) at the landing sites 15 and 17 [1,2]. The heat flow instrumentation at the Apollo 15 site operated from July 1971
through January 1977, and the one at the Apollo 17
site operated from December 1972 through September
1977 [3]. Langseth et al. [4] determined the endogenic (internal) heat flow at the two sites (21 mWm2 and
16 mW/m2, respectively), using the data obtained between 1971 and 1974. More recent investigators [5,6]
questioned validity of the heat flow determination by
suggesting that Langseth et al. did not thoroughly examine the cause of the long-term (multi-year-scale)
warming trend that was present in the subsurface temperature records at both sites. It is imperative that researchers understand the cause of the long-term temperature change, because that knowledge will influence the instrument design and the deployment strategy for future heat flow measurements to be carried out
on the Moon. The present work reviews the data obtained during the Apollo Heat Flow Experiments
(HFE), discusses the potential causes for the long-term
warming, and makes suggestions for future missions.
The Apollo HFE Data: The Apollo heat flow
probe consisted of two major sections. The lower section (~1-m long) consisted of 8 bridge-sensors utilizing platinum resistance thermometers, while the upper
section (~1.5-m long) consisted of a string of 4 thermocouples [1,2]. Two such probes were deployed, a
short distance apart, at each of the two landing sites.
Except for Probe 2 of the Apollo 15 site, the lower
section was fully inserted into the ground, while at
least one of the uppermost thermocouples remained on
or above the ground. Therefore, we have records of
both surface and subsurface temperatures (Fig. 1).
The 1971-1974 data used by Langseth et al. [3]
were archived at the National Space Science Data Center at Goddard at the conclusion of the Apollo program. The post-1974 data were long forgotten until
the early 2000s, when Yosio Nakamura of University
of Texas (UT) and his collaborators at Japan Aerospace Exploration Agency recovered HFE data for
some months in 1976 and 1977 from the work tapes
stored at UT [6]. There are still two major data gaps in
the data: the entire year 1975 and a period between
the late 1976-through mid-1977. Taylor, Nagihara,

Williams and K. Hills are currently trying to recover
these missing data under a LASER award.
The Observed Temperature Fluctuations: As
seen in Fig. 1, temperatures of the lunar surface and
the very shallow (< ~0.5-m depth) subsurface are dominated by the diurnal solar radiation cycle. At the
Apollo 15 site, surface temperature reaches ~360 K at
lunar noon and falls to ~80 K before dawn. The annual-seasonal variation can also be observed. The
variation coincides with that of the southern hemisphere of the Earth, with highest temperatures occurring
in late December and lowest in late June.
Because of the very low thermal conductivity of
lunar regolith, the amplitudes of the diurnal and seasonal fluctuations diminish quickly with depth (Fig. 1).
At ~1-m depth, only the seasonal fluctuation can be
seen with a phase lag (Fig. 2D). Also seen in the subsurface temperature records are (1) a quick fall of the
temperature immediately following the installation of
the probes, which is due to the dissipation of the frictional heat introduced by drilling, and (2) a slow, monotonic warming throughout the period of the observation, the cause of which has been debated in recent
years.
Possible Causes of the Long-term Warming:
Three types of explanation can be offered for the longterm subsurface warming observed at the two Apollo
sites. First, it is a drift in the thermal characteristics of
the instrumentation [7]. Second, the astronauts’ activity associated with the ALSEP package deployment
altered the radiative properties of the lunar surface [4],
for example, by lowering the albedo of the soil. That
resulted in greater absorption of the solar heat by the
lunar soil. Third, the total radiative energy reaching
the lunar surface increased over time at the two sites.
Such increase in energy may have been caused by an
increase in solar luminosity [8], an increase in radiation from the Earth [9], or the 18.6-year-cycle precession of the lunar orbit [5,6].
The long-term warming trend has been seen on all
the subsurface sensors that did not fail [4,6]. The
magnitude of the increase is less for deeper sensors.
That is an indication that the regolith was responding
to heat that entered from the surface. It is difficult to
determine whether or not the surface temperature was
changing with a long period, because it was dominated
by the diurnal cycle. But, one can be almost certain
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that the surface temperature was influenced by the
18.6-year precession. The difference in the lunar daytime highs between the summer and the winter gradually increased from 1972 to 1974 (Fig. 2A). That is
consistent with the changes in solar incident angle expected for the precession, according to the JPL DE405
ephemerals [5,6]. The night-time lows at the lunar
surface also show gradual warming trends with some
annual fluctuations (Figs. 2B and 2C and [9]). It can
be interpreted that overall radiative heat input to the
lunar regolith increased annually over the same period.
Whether or not the increase is due to the change in the
surface albedo or that in solar irradiance may be determined only by realistic energy balance modeling for
the lunar surface. In any case, it is difficult to dismiss
the observed long-term temperature changes solely due
to a drift in the instrumentation, because these changes
are systematic and understandable if heat input into the
lunar regolith increased over time.
Conclusions: A heat flow probe to be deployed on
a future lunar mission would most certainly see multiyear-scale temperature changes down to at least ~2.5m depth (i.e., the greatest depth penetrated during the
Apollo HFE). Therefore, the probe should penetrate
deeper to a depth of greater temperature stability (4 to
5 m, [10]). If, however, that is not feasible due to the
mass and power constraints of the mission, the internal
heat flow may be constrained only by accurately modeling the energy balance of the lunar surface and the
subsurface. In enabling such modeling, the probe
should be operable for a longer period, ideally ~10
years (i.e., more than the half of the precession period), and the instrumentation should be able to record
the depth of each thermal sensor accurately. In addition, in-situ thermal conductivity measurement capability will be necessary. Further, it is desirable that the
surface instrumentation be equipped with some type of
net radiometer that can measure the incoming and outgoing radiation.
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et al. (1973) Apollo 15 Prelim. Sc. Rept., 9-1-23.
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[5] Wieczorek M. A. and Huang S. (2006) LPSC
XXXVII, 1682. [6] Saito et al. (2006) Bull. Japanese
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(2007) Adv. Space Res., 41, 1853-1860. [10] Nagihara
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Fig. 1 The thermocouple temperature records for
the surface (blue) and 0.4-m depth (red) from Apollo
15, Probe 1 for year 1972.

Fig. 2 A: Lunar day-time high temperatures recorded at the surface of the Apollo 15 site. B: Lunar
night-time low temperatures recorded at the Apollo 15
site. C: Lunar night-time low temperatures recorded at
the Apollo 17 site. D: Temperatures at 0.91-m depth
at the Apollo 15 site. E: Temperatures at 1.3-m depth
at the Apollo 17 site.
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SEISMOLOGY ON THE MOON — PAST, PRESENT AND FUTURE. Y. Nakamura1, 1Institute for Geophysics, John A. and Katherine G. Jackson School of Geosciences, The University of Texas at Austin, 10100 Burnet Rd.
(R2200), Austin, TX 78758-4445, yosio@ig.utexas.edu.

Introduction: Seismology provides the most direct means of inferring the internal structure and
dynamics of a planetary body. For this reason, placing
of seismometers on the Moon was attempted with the
first robotic, although unsuccessful, missions to the
surface of the Moon during the Project Ranger in 1962,
and this was followed by the highly successful,
manned Apollo missions in 1969-1972, which
established a four-station seismic network on the Moon
that operated continuously till 1977 when the operation
was terminated. The extensive data sets collected 30+
years ago from the Apollo network are drawing renewed interests recently as computers much more
powerful than were available earlier and new analysis
techniques have become available.
In this presentation, I will briefly review the results
of the Apollo seismic experiments, including some
recent findings, consider major remaining problems,
and conclude with challenges that are waiting for us in
the future landing missions to the Moon.
Apollo Seismic Experiments: Two types of seismic experiments were conducted: passive and active.
Passive Seismic Experiment (PSE). A set of seismometers, consisting of three-component, long-period
seismometers and a vertical short-period seismometer,
was deployed by astronauts at each of the landing sites
of Apollo 11, 12, 14, 15 and 16, and all but the Apollo
11 station operated continuously till the end of September, 1977. The result was a big surprise to us. The
prevailing thinking at the time was that the Moon was
a nearly dead body, and if we were lucky, we might
record seismic signals from impacts of some meteoroids, from which to infer the internal structure of the
Moon. What we observed, however, were numerous
natural moonquake events, mostly very deep but some
large and shallow, in addition to many meteoroid impacts. Over 12,500 seismic events were detected on
the long-period instruments and catalogued [1]. Seismic signals from these natural events plus nine artificial impacts clearly indicated that the Moon is a differentiated body, and allowed us to infer an internal structure depicted in Fig. 1.
Active Seismic Experiments (ASE and LSPE – Lunar Surface Profiling Experiment). Active seismic
experiments using an array of geophones and either a
thumper, grenades or explosive packages were conducted at the landing sites of Apollo 14, 16 and 17.
These experiments revealed shallow structures down to
a depth of a few hundred meters at these sites [3].

Fig. 1. Schematic diagram of the lunar cross-section
showing major features of the lunar interior and locations of Apollo seismic stations and located hypocenters [2]

Data availability. The entire Apollo PSE data set
has been restored from the original 12,000+ ½-inch
tapes to more readily accessible files [4] and archived
at the IRIS DMC (Incorporated Research Institution
for Seismology, Data Management Center). It may
also be available from NSSDC (National Space Science Data Center). The ASE and LSPE data sets have
recently been reformatted to the standard SEG-Y format and sent to NSSDC for archiving [5].
Recent Analyses: The original ALSEP (Apollo
Lunar Surface Experiment Package) data were in pure
digital format, which allows complicated analyses with
highly capable computers that became available to us
only recently. Also, new analysis techniques not know
earlier have become available since these data were
initially analyzed. Thus, these 30+-year old Apollo
data sets are drawing new attention recently. In this
respect, the Apollo seismic data are no exception.
Several groups have been working on the PSE data to
improve internal structural models [e.g., 6-8] as well as
to understand mechanisms of deep [e.g., 9, 10] and
shallow [11] moonquakes. The LSPE data have also
been reanalyzed recently in highly innovative ways
[12, 13].
Remaining Questions: Even though the Apollo
observations gave us a broad view of the deep interior
of the Moon, many questions remain because of the
severe limitations imposed on the way these data were
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acquired. They include (1) highly limited aerial extent
of the network, (2) paucity of the number of stations,
(3) limited observation time, and (4) limited bandwidth. Important questions that remain are (a) whether
the Moon has a core, and if it does, how large it is and
what it is made of, (b) how does the lunar lithosphere
change laterally and regionally, (c) what really is causing deep moonquakes and what it means in regard to
the composition and state of the deep lunar interior,
and (d) what really is causing shallow moonquakes.
Challenges for the Future: The Apollo seismic
data contain many valuable pieces of information that
have not yet been extracted. This is particularly true in
view of the complexity of the recorded data, especially
the long coda following each arrival. Also, many
seismic events detected by the short-period instruments
were overlooked earlier simply because there were so
many of them. With appropriately targeted efforts with
currently available computing power, answers to some
of the above listed questions may be found.
Some of these questions, however, are likely to remain unanswered because they are due primarily to the
limitations of the Apollo data. Thus, we must plan our
future lunar missions to answer these specific questions. A direct approach to answer these questions will
be (1) to expand the aerial extent of the network, (2) to
increase the number of stations, (3) to extend the duration of observation, and (4) to widen the frequency
response of the instrument. To find out regional differences in lithospheric structures, establishment of
local networks may need to be considered. Budgetary
constraints will always be a factor, and thus we may
need to prioritize these approaches, weighing the benefit of each. If any of these approaches isn’t feasible, it
may also be worthwhile to consider some, yet un-

known but open-minded approaches to address these
problems. This field is really wide open.
All lunar science disciplines are interrelated.
Seismology alone cannot answer all the questions.
Thus, close collaborations of seismologists with geodesists, mineral physicists and geochemists are expected
to be highly fruitful in solving these problems. And,
do not forget that we also need close collaborations
with engineers to achieve the most appropriate way of
acquiring the required data.
As the Apollo project amply demonstrated, looking
at a well known natural phenomenon, such as earthquakes, occurring in a vastly different environment,
such as that of the Moon, gives us an entirely different
perspective from often biased view we tend to hold
when we study the Earth. Future scientific expeditions
to the surface of the Moon are likely to give us unexpected benefits when we study our own planet.
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LUNETTE: ESTABLISHING A LUNAR GEOPHYSICAL NETWORK VIA A DISCOVERY-CLASS
MISSION. C. R. Neal1, W. B. Banerdt2, and L. Alkalai2, and the Lunette Team. 1Dept. of Civil Engineering &
Geological Sciences, University of Notre Dame, Notre Dame, IN 46556, neal.1@nd.edu; 2Mail Stop 264-422, Jet
Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena, CA 91109.

Introduction: The document “The Scientific Context for the Exploration of the Moon” [1] designated
understanding the structure and composition of the
lunar interior (to provide fundamental information on
the evolution of a differentiated planetary body) as the
second highest priority lunar science concept that
needed to be addressed. To this end, the Science Mission Directorate formulated the International Lunar
Network (ILN) mission concept (web site) that enlisted
international partners to enable the establishment of a
geophysical network on the lunar surface. NASA
would establish the first four “anchor nodes” in the
2018 time frame. These nodes are envisioned to use
radioisotope power systems to allow operation of each
node for at least 6 years. Each anchor node will contain
a seismometer, magnetometer, laser retroreflector, and
a heat flow probe [2] and will be distributed across the
lunar surface to form a much more widespread network that the Apollo passive seismic, magnetometer,
heat flow, and the Apollo and Luna laser retroreflector
networks. (Fig. 1). It is planned that the four anchor
nodes will be launched on an Atlas 5 launch vehicle
and the cost is estimated to exceed that for a New
Frontiers mission.

Figure 1: Landing sites on the Moon and geophysical
networks established by the Apollo and Luna landings.
What we present here is an alternative to the ILN
architecture that would deploy three geophysical nodes
on the lunar surface that are widely spaced (3,000-

5,000 km), but at a much lower cost (within a Discovery mission cap). This concept uses new power management technology to offer a non-nuclear alternative
[3, 4]. This mission will provide detailed information
on the interior of the Moon through seismic, thermal,
electromagnetic, and precision laser ranging measurements, and will substantially address the lunar interior
science objectives set out in “The Scientific Context
for the Exploration of the Moon” [1] and ”The Final
Report for the International Lunar Network Anchor
Nodes Science Definition Team” [2].
Instrumentation: Each node will contain: a very
broad band (VBB) seismometer that is at least an order
of magnitude more sensitive over a wider frequency
band than the seismometers used during Apollo; a
short period (SP) sesimometer; a heat flow probe, delivered via a self-penetrating “mole” device; a lowfrequency electromagnetic sounding instrument, which
will measure the electromagnetic properties of the outermost few hundred km of the Moon; and a cornercube laser retroreflector for lunar laser ranging. These
instruments will provide an enormous advance in our
knowledge of the structure and processes of the lunar
interior over that provided by Apollo-era data, allowing insights into the earliest history of the formation
and evolution of the Moon.
The instruments that comprise the individual nodes
are all optimized for low power operation and this mission will not rely on a radioisotope power supply. Improvements in solar energy and battery technology,
along with an Event Timer Module which allows the
lander to shut down its electronics for most of the lunar
night, enables a solar/battery mission architecture with
continuous instrument operation and a two-year nominal lifetime. The instruments have a combined mass of
<12 kg, and the dry mass of each lander will be on the
order of 100 kg, including solar panels, batteries, and
communications. The most power hungry instrument is
the heat flow “mole”, which requires ~ 11 W during
penetration and ~5-6 W during the active heating tests
for thermal conductivity measurements. Normal operations of the mole only require 2.2 W. These activities
can all be done during daylight. The nodes will operate
during the lunar night in a low power mode where only
systems required for data acquisition are powered.
Timing reference will be maintains by a chip-scale
atomic clock. Communications back to Earth will only
occur during the lunar day so there is data storage on
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the order of 3-4 Gbits to enable continuous operations
during the lunar night (up to 16 earth days). The directto-Earth link is S-band at 120 kbps to a DSN 34 m
ground station.
Placement of the Stations: The three geophysical
stations will be deployed on the lunar nearside akin to
the sites outlined by Kiefer et al. [3]. One of these sites
will be antipodal to the A-33 farside nest and one will
be placed closer to this source so as to detect seismic
waves from a known source that have passed through
and have not passed through the core of the Moon (Fig
2). This will allow the core of the Moon to be studied.
One other site could be potentially Reiner Gamma, to
examine the magnetic anomalies. More detailed modeling is required to properly define the landing sites.

Figure 2: Example of geophysical station placement to
take advantage of the known a-33 farside deep moonquake nest. Taken from [2].
Sites placed on the nearside will also take advantage of meteorite impacts that can be recorded so the
exact time and location of the impact is known. This
way, a known seismic source can be used to explore
the interior of the Moon. See the web site
http://www.nasa.gov/offices/meo/home/index.html for
more details.
International Collaboration: The only way this
mission can fit within a Discovery mission cost cap is
through international collaboration. Therefore, a multinational team has been put together with the VBB
seismometer being contributed by a European consortium headed by France, along with Germany and Switzerland; the SP seismometer is being contributed by
Japan, the heat flow probe is being contributed by
Germany, with the laser retroreflector and EM sounding instruments being supplied by the USA.
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TILTMETER FOR INTERNATIONAL LUNAR NODE: TIDAL DISTORTION OF THE MOON AND LONG-PERIOD
SEISMOMETRY. James H. Roberts, Ralph D. Lorenz, Applied Physics Lab, Johns Hopkins University, Laurel, MD 20723
(James.Roberts@jhuapl.edu).

Introduction: Tidal Tilt
A ground-based lunar network offers the prospect of making a
novel geophysical measurement that provides information on
the rigidity of the lunar interior. This measurement is simply
one of the tilt of the ground (or equivalently, the changing orientation of the local gravitational vector to the surface) which
can be made with quite simple and robust instrumentation
which complements other proposed measurements.
In essence, the horizontal component of the changing tidal
acceleration on a satellite in an elliptical orbit is expressed in
a tilt of the local gravity relative to an inertial frame. A lander
on a perfectly rigid satellite would measure this changing tilt
(see figure 1). However, if the surface of the satellite itself
distorts in phase in response to the changing tide, then the tilt
measured on the surface is reduced.
Figure 2: Tidal tilt relative to perigee as a function of orbital
phase.

Figure 1: Changing tilt on a tidally-excited satellite.
The tilt measurement effectively measures the difference
 
in tidal Love numbers ( -  -1). An in-situ measurement of
the lander tilt in this way is strongly complementary to orbital
measurements, such as laser altimetry and Doppler tracking
measure these Love numbers separately [1,2]. Unlike the orbital measurements, which are greatest when the planet is lest
rigid, the tilt sensed on the surface is greatest for a high rigidity,
such that the planet does not deform to follow the changing
equipotential. Figure 2 shows the amplitude of the expected

tidal tilts on the Moon for three different values of
(relative
to the tilt measured at perigee). The Love number is a function
   
of the satellite’s rigidity (for a purely fluid planet,
and the tilt is zero). However, the expected tilts for even a
   
rather weak interior (
) are well above the expected
measurement resolution of a few nanoradians.

Long-Period Seismology
The tidal tilt history shown in figure 2 is perfectly analytical,

and corresponds to a uniform crust responding with no phase
lag. In reality, there may be some phase lag which could be
detected through an asymmetry of the curve.
A pendulum tilt meter acts as a long-period seismometer (indeed, responding to DC signals) and thus a tiltmeter
can augment or replace other seismic instrumentation. For a
pendulum a few tens of cm in length, the angular resolution
acheivable corresponds to 10 nanometers, amply sensitive to
detect teleseismic events.
In some ways, this would be the reverse of an attempt to
measure tides by the Apollo Passive Seismic Experiment. In
that instance, the long period seismometer was expected to
behave as a short-period pendulum, with the goal of detecting
tidal tilts and changes in gravity. The seismometers detected
Earth tides during functional tests [3].
Instrumentation and Requirements
A tiltmeter is an intrinsically simple instrument. A variety
of sensing techniques is possible - a common approach is to
use a conductive fluid in a vial (e.g. figure 3 - comparable tilt
sensors were used on the Huygens probe to Titan [4]
For a lander application a simple pendulum sensor may
be better (e.g. figure 4). Modern optical or capacitive position sensing techniques can be used - the best approach to use
should be considered taking the lander environment into account. Preventing large temperature changes nearby is important to avoid thermally-induced tilts via differential expansion.
In the case of a pendulum-style tiltmeter, a star tracker
telescope can be rigidly mounted to the pendulum (figure 4).
The star tracker measures the orientation of the system with
respect to the celestial sphere to a few microradian accuracy,
and measures the Moon’s rotation state. A combined star-
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tracker/tiltmeter obviates the need for precision alignment. A
realistic lander orientation will be within 5 of horizontal.
A tiltmeter on a lander needs to incorporate a leveling mechanism to set the pendulum measurment within 1 . Such leveling
needs to be performed only once, shortly after landing. The
combined system can also be used to measure thermal distortion in the ground, discriminating thermal expansion from
tidal forcing at the same period.

Figure 3: Commercial fluid-bubble geophysical tiltmeter, able
to achieve  10 nanoradian precision.

Data over two tidal periods (60 days) would be desirable
to reliably characterize the tidal cycle. For that measurement,
only a few tens of measurements, at 2 axes x 24 bits each say 5000 bits total - is adequate. Measuring seismic activity
obviously demands a larger dataset, perhaps exploiting eventdriven sampling and data compression.

The mass of the pendulum structure and position sensors
can be quite small (<1 kg). The leveling mechanism may
entail 0.3kg, and the star-tracker and imager may add another
2 kg. However, these values depend strongly on the impact
decelerations expected on the lander and on the range of angles
that the leveling mechanism must accommodate. A nominal
total on the order of 9W is ample for continuous operation,
although the instrument can be operated at a low (10%) duty
cycle if this is considered prohibitive.

A similar approach has been studied for measuring tides on
Europa [5]; adaptation of such an instrument package for lunar
geophysics should be simple in comparison. Delivery of a
payload to the lunar surface is far simpler than to Europa, solar
power is much more abundant, and the radition environment
on the Moon is considerably more benign.

Figure 4: Commercial capacitive-sensing tiltmeter with star
tracker, also able to achieve nanoradian precision. System is
about 40 cm tall.

References: [1] Wahr, J. et al. (2006) JGR, 111, E12005.
[2] Wu, X. et al. (2000) GRL, 28, 2245-2248. [3] Latham, G.
et al. (1969) Science, 165, 241-250. [4] Lorenz, R. D. et al.
(2007) Planet. Space Sci., 55, 1936-1948. [5] Lorenz, R. D.
(2009) Tiltmeter for Europa Lander: Tidal Distortion of the Ice
Crust and Long-Period Seismometry. International Workshop
on Europa Lander: Science Goals and Experiments, Space
Research Institute Moscow.
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CHARACTERIZING THE LUNAR INTERIOR WITH REFLECTED AND CONVERTED SEISMIC
WAVES. N. C. Schmerr1, R.C. Weber2, E. Garnero3, 1Dept. of Terrestrial Magnetism, Carnegie Inst. of Washington Washington, DC (nschmerr@dtm.ciw.edu), 2US Geological Survey, Astrogeology Science Center, Flagstaff, AZ
(rweber@usgs.gov), 3Arizona State Univ., School of Earth and Space Exploration, Tempe, AZ (garnero@asu.edu).
Introduction: During the Apollo era, a four station
seismic network was deployed upon the nearside of the
Moon, and returned the first-ever seismic dataset for
another body in the Solar System. This dataset has
been incredibly fruitful in constraining a number of
important parameters relevant to the thermal and compositional evolution of the Moon, as it provided estimates for lunar crustal thickness and structure [1],
seismic wave velocity and the bulk structure of the
lunar mantle [2], and provided constraints on the attenuation and scattering structure of the lunar interior
[3, 4]. However, many primary questions remain about
the Moon’s internal structure, including the size, composition, and state of the core, the detailed vertical
structure of the lunar mantle, the global thickness of
the crust, and the extent of lateral heterogeneity in all
these regions. Constraining these properties has important implications for the formation and dynamical evolution of the Moon.
The current generation of terrestrial seismologists
are now probing the deep interior of the Earth in unprecedented detail [e.g.,5], largely in part to the advent
of broadband seismometers deployed in a dense network around the globe. A number of techniques have
been developed to amplify low amplitude seismic arrivals that are reflected and converted from seismic
boundaries within the Earth [6]. This involves the
stacking of many different earthquakes along the theoretically predicted travel time move out of seismic
phases. The same methodology can be applied to the
lunar seismograms, and bring relatively low amplitude
seismic arrivals above the noise level through seismic
stacking. The identification of body waves reflected or
converted from the lunar core, crust, or mantle would
provide a wealth of information on the depth, structure,
and composition of these boundaries.
Approach: Here we examine the lunar seismic
dataset for the presence of mantle and core interacting
body waves, and describe the seismic techniques used
to detect the presence of such waves in the Apollo and
future seismic datasets.
Dataset. The Apollo passive seismic network consisted of four separate stations, deployed on the Moon
by the Apollo 12, 14, 15, and 16 astronauts from 1969
to 1972, and remained in continuous operation until
1977. Each seismic package consisted of a three-axis
long period (LP) and a short period (SP) vertical axis
seismometer, with peak sensitivities in 0.45 Hz range
(LP) and 8 Hz range (SP), and sample rates of ~0.15 s
(LP) and ~0.02 s (SP) [7]. The seismic array was arranged on the nearside of the Moon in the form of an

equilateral triangle, with each station approximately
1200 km apart, and the Apollo 12 and 14 sites located
at one vertex of the triangular array.
The seismometers recorded ~13,000 seismic events
on and within the Moon [8, 9]. These are categorized
into several type of moonquakes, the most numerous
being deep quake “swarms” of multiple closely located
events at 700-1000 km depth [10]. Also detected were
8 artificial impacts, 32 shallower quakes, and 26 meteoroid impacts [11]. Thus, the Moon is a seismically
active body, with seismic events up to a moment magnitudes of near 5.0 [12], allowing the application of
terrestrial seismic techniques to study the dataset. The
entire lunar dataset is freely available for download on
the Incorporated Research Institutions for Seismology
(IRIS) website.
Method: To prepare the lunar seismic dataset for
analysis, several standard seismic signal-processing
steps must be performed. Moonquakes suitable for
stacking to obtain body waves in the lunar mantle are
selected from the event catalogs of [13] and [9]. Each
seismogram is despiked using a median runningwindow despiking algorithm of [9] and filtered to remove noise using a Butterworth band-pass filter with
corners at 0.15-3.0 Hz. A signal-to-noise ratio (SNR) is
computed for each seismogram, utilizing the maximum
enveloped amplitude in a “noise” window 100 seconds
before the arriving P-wave, and the maximum enveloped amplitude of the P-wave arrival. This allows for a
systematic criterion for the classification of event quality and a weighting parameter for stacking. Where
available, each seismogram will have the instrument
response deconvolved, and the horizontal components
will be rotated to the great circle path between the
source and station.
Stacking Procedure: To bring low amplitude seismic arrivals out of the noise, seismograms are aligned
upon the theoretical travel time of a seismic phase and
then summed. This type of analysis is called seismic
stacking [14], and is commonly used in terrestrial
seismic studies to amplify the signal from seismic arrivals that are difficult to detect on a single seismogram.
Seismic stacking results in constructive interference
for coherent seismic energy with the proper travel time
move out, and deconstructive interference for all other
energy. This method has been used extensively to detect the presence of low-amplitude seismic arrivals
from Earth’s upper mantle and map their depth and
sharpness [15]. The robusticity of each stack is evaluated using a bootstrap resampling algorithm; amplitudes are considered robust when they fall above zero
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at the 2σ confidence interval [16]. To image lunar
structure, the seismic dataset is stacked on the theoretical body wave travel times obtained from synthetic
modeling.
Synthetic Modeling: With the arrival of modern
computers, it has become possible to fully simulate the
propagation of waves through an elastic medium for
direct comparison of these predictions to data. More
recently, these techniques have been expanded to 3-D
and include important effects such as anisotropy, anelasticity, and scattering [17]. The TauP seismic toolkit
allows user-defined velocity models and is used to find
theoretical body wave travel times in the Moon [18].
Synthetic waveforms are generated for velocity/depth
profiles using a modified version of the reflectivity
method code of Fuchs and Müller [19] that allows the
input of appropriate lunar models, and serves as a control for the stacking experiments. A model space of
different velocity models is explored, including models
with a core (Fig 1.). The synthetic results will be analyzed in the same manner as the seismic data to verify
the robusticity of the results.

Figure 1. Seismic raypaths, and reflectivity synthetics
from 1-D seismic models from [11] for a) a lunar interior model with a core, and b) a lunar interior model
with a liquid outer core.
It should be noted that the lunar seismograms are
very different from their terrestrial counterparts, with
only weakly emergent P and S waves followed by a
long ringing coda, owing to strong scattering in the
crust [20]. This has created difficulty in identifying
even the P and S wave arrivals in individual seismograms. Seismic scattering theory has developed in re-

cent years to the point of allowing direct computation
of synthetic waves through a scattering medium, enabling the recognition of previously unidentified information [21]. The ability to predict the effects of crustal
scattering in the Moon provides a theoretical test of our
ability to reliably identify mantle and core-interacting
body waves.
Expected Results: The seismic stacking procedure coupled with synthetic modeling will enable the
identification of primary and secondary body waves in
the Moon, and will allow for the detection of midmantle reflectors, the size and seismic velocity of the
lunar core, and nature of scattering in the lunar crust. If
the Moon produces sufficient seismic energy to excite
body waves, the information they provide on lunar
internal structure will provide invaluable insight into
the formation of the Moon and its internal evolution.
For example, a detection of ScS or PcP would provide
constraints for the radius, seismic velocity, and composition of the core, and determine if a molten outer core
is present or not. The presence of a lunar core has important implications for the state and history of a lunar
dynamo, as well as the formation and differentiation of
the Moon [22]. Other parameters would include the
(non)detection of a 500 km discontinuity, and the
seismic properties of other undiscovered mantle
boundaries. This investigation will also provide an
estimate for the minimum sensitivity of future deployments of seismic instruments needed to be able to detect lunar body waves, and will result in a set of seismic analysis tools that can be immediately applied to
any future dataset for the mapping of lunar internal
structure.
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THE FUTURE OF LUNAR SEISMOLOGY. Peter M. Shearer, Institute of Geophysics and Planetary Physics
University of California, San Diego (IGPP 0225, UCSD , La Jolla, CA 92093-0225; pshearer@ucsd.edu).

The Apollo seismic experiment was a great success. It established the main types of lunar seismic
sources and resolved the average seismic velocityversus-depth profile of the outer half of the Moon.
Furthermore, the recent application of modern tools in
seismic data analysis has enabled additional information to be extracted from this unique data set, in particular identification of many previously unknown or
unclassified deep moonquakes. Any future lunar seismic mission should be designed to build on the Apollo
results to address the most important remaining scientific issues regarding lunar structure and evolution.
Among the issues that can be examined with seismology, questions regarding deep mantle structure and the
existence, size and properties of the lunar core are perhaps of greatest interest to lunar researchers. Thus,
resolving the deep mantle and core should be key goals
in planning future seismic experiments on the Moon.
Despite the limited bandwidth and dynamic range
of the Apollo instruments, they enabled the detection
and location of thousands of deep moonquakes. However, because the Apollo landing sites spanned a limited geographical range on the Moon's nearside, the
Apollo seismic experiment was not able to definitively
establish the frequency of farside moonquakes, or to
constrain the innermost properties of the Moon. This
was probably largely due to the distribution of stations,
not of the instruments themselves. Additional Apollo
instruments at suitable locations might well have resolved these questions.
It is tempting to focus a new lunar seismic experiment on designing vastly improved instruments that
can record seismic waves at much longer periods than
the relatively high frequencies of the Apollo records.
Because scattering is generally strongest at high frequencies, this would likely lead to cleaner seismograms with phase arrivals that are easier to identify and
time. In addition, it might permit detection of surface
waves and normal modes, opening up new frontiers in
lunar seismology. However, because lunar signal and
noise levels are currently unknown at long periods, it is
not yet clear whether global surface-wave detection is
likely to be achieved. In any case, while surface waves
would be invaluable for refining our estimates of shallow lunar structure, they would not substantially contribute to resolving deep lunar structure.
Very broadband instruments capable of recording
down to 100 s or longer period are certainly desirable,
but not if this leads to compromises in the number of
stations, their longevity, or their reliability. Short to

intermediate-period instruments with enough sensitivity and dynamic range to record lunar signals down to
5 to10 s period would be a vast improvement over the
Apollo instruments and, given sufficient geographical
coverage, would almost certainly resolve most of the
key properties of the lunar core.
Locating and timing seismic events requires at least
3 to 4 seismic stations (depending upon whether both S
and P phases can be measured). A sensible plan to
resolve deep mantle and core structure would involve 5
to 6 seismic stations deployed at a range of distances
and azimuths up to 180 degrees away from a known
deep moonquake cluster. At least one of the instruments should be located as close as possible to one of
the Apollo stations, so that waveform cross-correlation
can be used to link the newly recorded moonquake
clusters to those previously recorded.
Any future lunar seismology mission will involve a
large number of tradeoffs in instrument and experiment
design. In addition to concerns over bandwidth and
dynamic range, there will be issues regarding weight,
power consumption, and shielding and insulation from
day/night thermal variations. Given enough time and
resources, it would make sense to perform a series of
missions focused on testing different instrument designs before finalizing plans for a distributed network.
However, if only a single mission is feasible, the most
important lunar science goals argue in favor of deploying larger numbers of less-capable but reliable instruments, as opposed to smaller numbers of cutting-edge
but less-tested instruments.
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THE APOLLO 15 LUNAR HEATFLOW EXPERIMENT- NEW INSIGHTS FROM THE LRO DIVINER
LUNAR RADIOMETER.

M. A. Siegler1, D. A. Paige1, S. J. Keihm2, B. Greenhagen2, A. R. Vasavada2, R. R. Ghent3, J. L.
Bandfield4, K. J. Snook5 1UCLA Earth and Space Sciences (595 Charles Young Dr., 3806 Geology, Box 951567, Los Angeles, CA, 90095, siegler@ucla.edu), 2NASA Jet Propulsion Laboratory, 3Dept. of Geology, U. Toronto, 4U. Washington, Earth and Space Sciences 5NASA Headquarters

Introduction: The Apollo 15 and 17 heat flow
experiments represent our only ground truth of long
term subsurface temperatures on the Moon. The Diviner Lunar Radiometer, currently orbiting the Moon
as part of LRO (Lunar Reconnaissance Orbiter), will
provide the first global, radiometric, surface temperature coverage for a representative diurnal cycle. We
wish to combine these data sets with thermal models
to extrapolate Diviner results into the subsurface in
other regions of the Moon and provide a greater understanding of Apollo results.
Here we look specifically at the Apollo 15 landing site. A proliferation of data exists for this site
making it an ideal test case for comparing multiple
data sets. In addition to the Apollo heat flow and regolith properties measurements and Diviner data, several detailed topography maps at 50, 10, and 4.5 m
resolution have been created using stereo imagery [4,
8].
The available Apollo 15 heat flow data set runs
about 3.5 years, from 1971-1974. The experiment
consisted of two 2.55 cm diameter probes placed
nearly 1.5m into the lunar regolith. Each probe had 8
platinum bridge sensors and a data cable instrumented
with 4 thermocouples. The bridge sensors recoded
temperatures down to 138cm depth and the thermocouples resting on the lunar surface recorded nighttime surface temperatures [3]. Daytime surface temperatures were extrapolated using models to match
nighttime and subsurface data.
The Diviner Lunar Radiometer has nine channels,
four of which are designed specifically for measuring
surface temperatures. Locations in the mid latitudes
(The Apollo 15 site is at about 26.13N, 3.63E) should
receive 70% of full diurnal coverage within the first
year of operations. Interpretation of the measured radiances from Diviner must include effects of
anisothermal surfaces due to rocks and shadowing
smaller than the roughly 300m pixel resolution. These
data should be the first calibrated measurements of
the Apollo 15 site daytime temperatures.

In addition to having temperature data from the
heat flow experiment, the Apollo 15 site, with flat,
low rock surfaces surrounded by rocky highlands provide an excellent demonstration of Diviner’s accuracy
for various surface conditions. These surface conditions were recorded by the Apollo 15 command module metric and panoramic cameras and used to construct 50 and 10m resolution digital elevation models
(DEMs) [4]. More recently, off nadir look angles
from the Lunar Reconnaissance Orbiter Camera
(LROC) have been used to create DEMs down to
4.5m resolution [8].
Using a ray tracing model designed for analyzing
Diviner data, we can recreate surface illumination for
any given topography and sun position (from JPL
ephemeris calculations). Combined with modeled
near-surface thermal and radiative properties, this
model can calculate the incident visible and infrared
flux on a given location. The detailed Apollo 15 site
topography maps allow us to examine both at large
scale illumination effects (such as hills blocking illumination) and small scale illumination effects (such
as surface roughness) on the Diviner measurements.
This method can be used to calculate the incident
visible and infrared flux at a given location for any
time period. Here we feed it into a more detailed
model of the heat flow probe and surrounding soil to
attempt to recreate the 1971-1974 measurement (data
available from NSSDC: PSPG-00752). We look at a
two-dimensional cylindrical thermal model combining radiative heat transfer down the bore stem of the
probe and temperature dependent thermal conduction
within the lunar regolith. Both of these effects have
been shown to have a large impact on the temperatures measured by the probe.
Radiative heat transfer within the probe causes upper thermal sensors to see large rises in temperature
with sunrise at a rate much faster than would have
been seen by transfer through the regolith. Radiative
heat transfer through the regolith (which can be
treated as a form of temperature dependent thermal
conductivity) lets surface heat flow into the regolith
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more efficiently during the day, and out less efficiently at night. This effect was seen to cause a 45 K
rise in mean temperatures within the top 35cm at the
Apollo 15 site[1].
Previously published thermal property models
[7,1,2,3] provide base regolith properties and heat
flow values which may be altered if our model predictions are indicative of a reinterpretation of the Apollo
data. This model, including topographic shadowing,
long term orbital effects, and a temperature dependent
numerical model including radiative transfer along
the bore stem, should aid in answering questions that
have led some to challenge the validity of conclusions
drawn from the Apollo data sets. Both the Apollo 15
and 17 probes showed long term positive temperature
drifts that has been attributed either alteration of surface conditions by the Apollo astronauts [3] or the
18.6 year component of the lunar orbit [5,6].
An overarching explanation of all features of the
Apollo subsurface temperature history could bolster
confidence in the Apollo based thermal model and
heat flow results for application to Diviner, as well as
provide a basis for modeling diffusive movement of
volatiles through the near surface regolith in polar environments.
References: [1] Keihm S. and Langseth (1975) Icarus
24, 211-230. [2] Keihm (1984) Icarus 60, 56S-589;
[3] Langseth, M. G. et al. (1976) Proc. Lunar Sci.
Conf., 7th, 3143. [4] Courtesy Rosiek M., USGS Astrogeology Science Center, http://astrogeology.usgs.gov [5] Saito, Y. (2007) Proc. 38th Lunar Planet. Sci.
Conf., Abstract #2197; [6] Saito, Y. (2008) Proc. 39th
Lunar Planet. Sci. Conf., 1663; [7] Vasavada A. and
Paige D. A. (1999) Icarus 141, 179–193. [8] Courtesy
of the LROC team, R. Li et al (2009).

55

56

LPI Contribution No. 1530

LUNAR HEAT FLOW SIMULATION AND TESTING CHAMBER S.E. Smrekar1, T.L. Hudson1, P. Morgan2,
O. Serviss1, 1Jet Propulsion Laboratory, California Institute of Technology (Mail Stop 183-501, 4800 Oak Grove
Dr., Pasadena CA, 91109; ssmrekar@jpl.nasa.gov), 2 Northern Arizona University (Dept. of Geology, Flagstaff, AZ;
paul.morgan@nau.edu).

Introduction: Interior heat flow provides essential
constraints on the thermal and chemical evolution of
planetary bodies. On the moon, heat flow instrument
designs typically have to reach depths below the annual solar thermal wave for the Moon (2-3 m), or alternatively methods must be applied to be able to decouple the influence of the relatively large temperature
gradients associated with the annual and diurnal solar
thermal wave from the geothermal gradient.
There are many challenges associated with precise
heat flow measurements. Key challenges include: 1)
accessing the subsurface to sufficient depth in various
types of media (e.g. heavily compacted regolith and/or
soils with variable in-situ rock distributions), 2) obtaining accurate measurements of the thermal conductivity
and thermal gradient in an extremely insolating environment with extremely large surface temperature
variations, and 3) calibrating out potential sources of
measurement error including a) instrument thermal
properties and instrument self-heating, b) local variations in thermal properties generated by the penetration
of the instrument, c) thermal conductance of heat
through the instrument to the surface, and d) strong
potential differences in thermal coupling between the
heat flow sensors and the in-situ medium in a vacuum
environment associated with partially collapsed borehole walls or intermittent sensor contact with a borehole wall.
To address these issues and provide a testbed for
evaluating heat flow measurements and calibration
techniques prior to flight, we have constructed a vacuum chamber capable of simulating the lunar heat flow
environment.
Lessons from Apollo: Apollo astronauts used
hand-operated drills to reach depths of 1.4-2.4 m at
Apollo sites 15 and 17. The lunar regolith proved extremely resistant to drilling. As determined from core
analyses, the regolith density increases by 90% in the
upper 0.2 m (1). Conductivity increases similarly over
this interval. Subsequent analysis showed that the lunar
regolith is also highly cohesive due to its angular
fragment shape from multiple impacts.
Although extremely valuable, the interpretation of
the two heat flow measurements from Apollo has been
strongly debated. These measurements were done at
shallower depths than would be ideal, but the thermal
gradient was obtained with reasonable accuracy be-

cause they recorded data over several lunar years and
appeared to have little conduction of heat down the
borehole.
Borehole measurements yielded a heat flow of 21
mW m-2 at the Apollo 15 landing site and 16 mW m-2
at the Apollo 17 landing site [2]. [3] later revised these
values downward to 14 to 18 mW m-2 based on updated estimates of the thermal conductivity based on
propagation of the annual wave. These values are
<20% of the Earth's average heat flux of 87 mW m-2.
Assuming a steady-state balance between heat flow
and heat production, this range of heat flow corresponds to a lunar bulk composition of uranium of 33 to
44 ppb, which is significantly higher than that of
Earth’s mantle. This discrepancy is difficult to understand in terms of the common origin of Earth and the
Moon and fractionation scenarios.
With data from just two sites, heat flow from the
Moon is poorly constrained. The International Lunar
Network may offer opportunities to resolve questions
raised by the initial measurements. A number of effects
have been proposed to explain the difference in the two
measurements. [4] proposed a revised uranium content
of 19 ppb for the bulk composition, and an average
heat flux of 12 mW m-2. This value is based on models
showing that the variable thickness megaregolith acts
to insolate the surface, causing a non-steady state heat
flux, and causes refraction of the heat flux into areas of
higher conductivity. [5] show that the variation in the
flux at the two sites can be explained by variable
thicknesses of megaregolith containing either a uniform or exponentially decreasing thorium concentration. [6] explain the variation with a model of formation of the Procellarum KREEP Terrane that concentrates radiogenic material in the crust. In this scenario,
the compositional differences in the crust account for
variations in heat flow. Choice of appropriate landing
sites for future missions can readily distinguish between these hypotheses and provide further insight on
lunar evolution.
Chamber Description: The chamber consists of a
highly insolated 2.5 m high by 1 m diameter cylindrical vacuum chamber filled with simulant (see Figure
1). The axial thermal gradient through the column is
controlled by ~isothermal plates at the top and base of
the soil column. These plate temperatures are maintained or slowly varied over time by using a cold-
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biased pumped ice water bath through the plates with
active in-line controlled water heaters. Radial heat
flow in the soil column is nulled out by active control
of the temperature gradient on the cylindrical chamber
wall using a passive cold-biased ice-water jacket surrounding a linear array of heating strips distributed
down the chamber wall. These heaters are variably
controlled to maintain the same axial temperature profile as measured near the center of the soil column with
an embedded temperature tether. Thermal conductivity over depth is measured independently using six
thermal conductivity probes custom desgned for low
conductivity material.
In addition to providing a realistic simulated soil
temperature profile, the vacuum chamber is required to
simulate the low thermal conductivity of lunar regolith
that poses a challenge to heat flow measurements.
Thermal conductivity is dominated by gas conduction
and radiative transfer at low atmospheric pressures or
in a vacuum [7-11]. Although we will not be able to
achieve lunar pressures in such a large chamber filled
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achieve lunar pressures in such a large chamber filled
with regolith, we will achieve a low enough vacuum
(~10 torr) to be in the same thermal regime and
achieve the range of thermal conductivities measured
by Apollo using variable grainsize regolith. Currently
the simulant being used is Mars Mojave Simulant [12].
In the future, lunar-simulant may be used.
Status and Future Work: We will begin testing
of tethers of different designs this fall. The chamber
will be filled with regolith with a central borehole.
Pumping the chamber down and reaching thermal
equilibrium will take an extended period. We will be
testing out various designs for temperature sensors,
thermal conductivity measurements, and emplacement
scenarios. These experiments will be used to optimize
the design of a lunar heat flow experiment.
Acknowledgements: The research described here
was carried out at the Jet Propulsion Laboratory, California Institute of Technology, and was supported under internal RT&D funding.
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NASA SP-289. [4] Rasmussen, K.L. and P.H. Warren
(1985) Nature, 313, 121-124. [5] Hagermann, A., and
S. Tanaka (2006) GRL, 33, doi:10.1029/
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Figure 1. Heat flow test chamber, showing access
ports at top, orange heating strips, red ports for thermal
conductivity probes, black tubes for water circulation,
and white insulation cage.
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INTERNAL STRUCTURE AND EVOLUTION OF THE MOON: OUTSTANDING QUESTIONS
AND OBSERVATIONAL CHALLENGES. Sean C. Solomon, Department of Terrestrial Magnetism,
Carnegie Institution of Washington, Washington, DC 20015, scs@dtm.ciw.edu.
Introduction. The Moon is the only terrestrial
planetary body other than Earth on which a geophysical network has operated and from which documented
samples have been returned. On the basis of the information so obtained, the Moon has become the type example of a small terrestrial planetary body and has
provided much of the basis for our understanding of
global differentiation, crustal formation, core evolution, mantle melting, and interior dynamics for the inner planets. Because lunar surface geophysical observations to date have been far from global, however,
there is much that can still be learned by such methods.
This paper offers a summary of some of the outstanding questions on the nature and evolution of the Moon
that can be addressed by such observations and some
of the challenges that must be met to make substantial
progress.
Outstanding Questions. The answers to several
questions for the Moon would also be important to our
general understanding of the class of terrestrial planets.
How did the Moon differentiate? Among inner
planetary bodies, the Moon has provided the best evidence for an early magma ocean of global extent from
which much of the crust formed by crystal-liquid fractionation [1,2]. The volume and radial structure of the
crust, however, are not well known; estimates for
crustal thickness even on the central nearside where
seismic data are available vary by tens of kilometers
[3-5]. Most explanations for the compositions of the
lunar crust and the source regions of lunar mare basalts
involve large-scale vertical mixing within the mantle
following magma ocean solidification [6-8], yet no
geophysical observations made to date provide independent support for such scenarios. What is needed is
better information on the distribution of seismic velocities with depth in the Moon to fix the average crustal
thickness and to assess evidence for radial variation in
the composition of the crust and mantle.
Why is there a nearside-farside asymmetry? The
farside of the Moon has experienced substantially less
mare volcanism [9], and preserves to a greater extent
the topographic relief of ancient impact basins [10],
than the nearside. The farside is also viewed as having
somewhat greater average crustal thickness [11] and
lesser abundances of heat-producing elements [12].
The first two characteristics point to generally lesser
temperatures at a given depth beneath the farside surface than the nearside over much of lunar history, and
the latter two characteristics provide constraints on the
mechanism for such asphericity in thermal structure,

although the specific mechanisms for hemispheric differences remain uncertain [13,14]. Substantial progress
on this question requires better information on the aspherical thermal structure of the modern Moon from
measurements of heat flow, seismic velocity, and electrical conductivity on both lunar hemispheres.
Was there a lunar core dynamo, and if so when?
Measurements made from orbit and the lunar surface
and on returned samples demonstrate that the lunar
crust is magnetized, but heterogeneously so [15]. Earlier conclusions that the Moon had a global, coregenerated field whose intensity peaked during the era
of early mare volcanism [16] gave way to uncertainty
over whether any lunar sample provides conclusive
evidence of thermoremanence imparted by a global
field rather than transient local fields generated during
impact events [17]. Magnetic and argon thermochronology measurements on an unshocked lunar troctolite
provide the best current evidence for a core-generated
field, albeit one at ~4.2 Ga [18]. Beyond the acquisition of additional samples suitable for paleomagnetic
analysis, progress on this question calls for improved
definition of the size, composition, and present state of
a central lunar core from seismology and longwavelength electromagnetic sounding [19].
What was the volcanic and magmatic history of the
Moon? Early global observations provided an inventory of lunar mare volcanic deposits [9], and more recent high-resolution imaging and remote sensing data
have provided a substantially improved understanding
of the distribution of mare volcanism in time and space
[20,21]. Information on mantle-derived magmatic
products at depth in the Moon, either through burial of
volcanic deposits or through intrusion into earlier
formed crust of magmas that had little or no eruptive
component, is limited to that derivable from impact
excavation and re-emplacement at crater rims and in
crater central peaks and ejecta [e.g., 22]. An improved
understanding of this topic would come from regionalscale imaging of three-dimensional crustal structure in
areas of crustal magmatism, on the grounds that solidified intrusions are often distinguishable by higher
seismic velocities (and density) than surrounding rock.
What is the distribution of volatiles in the lunar interior? On the basis of the bulk composition of lunar
samples, the lunar interior was long regarded as anhydrous. This inference was called into question with the
demonstration that lunar glasses contain water and
other volatiles that point to pre-eruptive magmatic water contents of hundreds of parts per million [23].
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These levels in magmatic source regions could be sufficient to affect such physical properties as solidus
temperature, bulk viscosity, seismic wave speed, and
electrical conductivity, indicating that better knowledge of the distribution of volatiles in the lunar mantle
would provide important information on mantle convective and melting history. Moreover, such knowledge might be gained by improved resolution of interior seismic and electromagnetic imaging studies, coupled with efforts to distinguish the effects of volatiles
on interior physical properties from other sources of
variability (bulk composition, temperature).
What processes generate moonquakes? As the only
other terrestrial planetary body than Earth for which
interior seismic sources have been documented, the
Moon promises to generalize our understanding of
fault mechanics in diverse settings. Deep moonquakes
are known to occur in distinct nests and at times governed by the phases of tidal stress components [24,25],
but whether a superposed tectonic stress is required has
been a point of long debate [26]. Shallow moonquakes
are thought to be the expression of continued cooling
and thermal stress [27], but the source mechanisms of
these largest moonquakes are not constrained. Better
information on moonquake locations, source mechanisms, and rupture characteristics would help to advance our understanding of these seismic sources and
their implications for lunar structure and evolution.
Observational Challenges. Even were a new generation of long-lived geophysical stations to be deployed on the surface of the Moon, acquiring the observations needed to make substantial progress on the
above questions would face considerable challenges.
The upper crust of the Moon is intensely scattering
to seismic waves [28], and the seismic velocity increases by two orders of magnitude between the shallow regolith and the lunar mantle [29]. A spatially
variable history of early crustal formation; impactinduced melting, fracturing, and mixing; volcanism;
and magmatism is likely to impart strong lateral heterogeneity to crustal structure, and the lateral heterogeneity of mantle structure is essentially unknown.
Challenges to the measurement and interpretability
of surface heat flow include the contrast by at least
three orders of magnitude in thermal conductivity between regolith and competent rock [30], the effects of
topography and lateral variations in regolith properties
[31], differences in thermal conductivity among lunar
crustal rock types [32]; and strong heterogeneity in
crustal and shallow mantle heat production [14]. In situ
measurements are highly sensitive to the emplacement
process of the measuring system and to time and spatial scales [31]. Terrestrial experience has taught that
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multiple measurements are needed to characterize even
a single small area.
Challenges to electromagnetic sounding include the
strongly insulating character of the lunar crust and upper mantle, the effect of three-dimensional conductivity structure, and the diverse contributors to the bulk
conductivity of crustal and mantle material [e.g., 33].
Not only should the sensitivity of individual measurements at future lunar geophysical stations match or
exceed those of the Apollo era, such measurements
should extend for a greater duration, be conducted at a
greater number of geologically diverse sites, and provide global coverage. These challenges notwithstanding, a suitably designed set of geophysical stations emplaced on the lunar surface would provide substantial
progress toward answering important questions on the
nature and evolution of the interiors not only of the
Moon but of all terrestrial planets.
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Proc. Apollo 11 Lunar Sci. Conf., 897-925, 1970; [3]
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3975-3992, 1982; [11] G. A. Neumann et al., JGR 101,
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MEASURING HEAT FLOW ON THE MOON – THE HEAT FLOW AND PHYSICAL PROPERTIES
PACKAGE HP3. T. Spohn1, M. Grott1 L. Richter2, J. Knollenberg1, S.E. Smrekar3 and the HP3 instrument team,
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Institute of Planetary Research, German Aerospace Center (DLR), Berlin, Germany (matthias.grott@dlr.de,
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Introduction: Planetary heat flow is a fundamental parameter characterizing the thermal state of a
planet. However, while tens of thousands of terrestrial
measurements have been made to constrain the heat
flow of the Earth, to date only two independent measurements have been performed to constrain heat flow
on the Moon [1]. Mesurements at the two sites differed
by 25 % and different theories concerning this large
spread have been proposed: (1) Being close to the Procellarum KREEP terraine, heat flux may be strongly
influence by the different concentrations of heat producing elements in the subsurface [2]. (2) The thickness of the Th-enriched ejecta blanket from the Imbrium impact differs at the two locales [3]. Irrespective
of the cause, these ambiguities make estimates of the
global lunar heat loss unreliable and many questions
concerning the thermal state of the Moon remain unresolved. Here we will present the Heat Flow and Physical Properties Package (HP3), a robotic heat flow
probe which we propose as an instrument to address
these questions.
Instrument description: The Heat Flow and
Physical Properties Package (HP3) [4] consists of temperature sensors and heaters that will be emplaced into
the lunar subsurface by means of an electromechanical hammering mechanism. Furthermore, motion and tilt sensors are included to determine the position of the instrument in the ground. The instrument is
foreseen to penetrate up to 3 m into the lunar regolith
and perform depth resolved measurements, from which
the surface planetary heat flow can be directly deduced.
The instrument consists of four functional subsystems as shown in Fig. 1. The mole houses the electromechanical hammering mechanism to provide capability for penetration into the regolith. The payload compartment incorporates motion and tilt sensor heads,
front-end electronics and soil heaters/sensors for the
soil thermal conductivity experiment. The instrumented tether provides the power and data link to the
surface and acts as a carrier for the temperature sensors
for the thermal gradient measurement. The support
system stays on the surface after deployment and provides secure storage of Mole, Payload Compartment
and Tether during all flight phases. It also serves as the
mounting locale for the instrument’s back-end electronics.

The instrument has been pre-developed in two ESA
funded precursor studies and has been further developed in the framework of ESA’s ExoMars mission.
The current readiness level of the instrument is TRL
5.62 (ESA PDR Apr. 2009) which has been achieved
with several Breadboards developed and tested between 2004 and 2009. As no drilling is required to
achieve soil penetration, HP3 is a relatively lightweight
heat flow probe, weighting less than 1800 g.

Figure 1: Schematics of the HP3 instrument showing
the functional subsystems (left); HP3 Breadboard during 2.3 m soil intrusion test (right) – Support System is
positioned at top of soil cylinder.
Instrument Operations: After deployment of the
instrument onto the lunar surface, instrument operations will be split into two phases. During the penetration phase soil intrusion is achieved by means of the
electro-mechanical hammering mechanism. The net
hammering time is expected to be ~12 h to reach the
final depth of 3 m, but hammering will be interrupted
at intervals of 0.5 m to conduct thermal conductivity
measurements.
After the final penetration depth has been reached,
the instrument will switch to the monitoring mode.
This mission phase basically consists of column temperature readings initially on the hour, decreasing to
several times daily and lasts to the end of the mission.
Measurement principle: HP3 will measure temperatures using copper based resistance temperature
detectors (RTD’s), which are mounted on the tether
and will allow for a determination of the column temperature profile with a depth resolution of 20 cm. The
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thermal gradient in the regolith is then obtained from
the combination of temperature and position measurements, i.e., the deviation of the mole path from the
vertical and the amount of paid out tether.
The basic principle applied to determine the thermal conductivity is the controlled injection of a specified amount of heat into the medium and a measurement of the subsequent temperature increase of the
heater, the self-heating curve. We focus on transient
methods because of the finite time available for the
measurements, the specific HP3 geometry, and the
lesser dependence on contact resistance of these methods compared to steady state methods. In case of HP3,
we use a modified version of the line heat source
(LHS) method [5].
The LHS method requires cylindrical symmetry
and ideally an infinitely long and thin heater with negligible heat capacity. We use the payload compartment
as a modified LHS, e.g., a LHS with finite
length/diameter ratio and heat capacity. We will measure the temperature increase in the center of the payload compartment to account for the deviation from
ideal LHS geometry. Due to the relatively complex
internal structure of the payload compartment a detailed numerical thermal model for the determination
of the thermal properties will be implemented [6].
An independent measure of the regolith’s thermophysical properties will be obtained by a measurement
of the attenuation of the amplitude of the diurnal temperature wave.
Measurement uncertainties: For the measurement
approach persued here, the attainable accuracy for the
thermal conductivity determination is 5.8 % if the ideal
LHS geometry is applied in the asymptotic temperature domain [5]. However, it has been shown that finite element models taking the deviation from the ideal
geometry into account can reach accuracies of 4.6 %
[6], which is the approach adopted here.
Given the requirements for mounting the temperature
sensors on the Tether, foil sensors will be employed.
These are intrinsically less stable than other sensor
designs and can only be calibrated to within 100 mK,
as compared to the accuracy of 50 mK reached by the
Apollo sensors [1]. However, this drawback is compensated by the larger amount of sensors employed
and the longer baseline aimed for by the current setup.
The resolution of the temperature measurements is
only limited by the employed electronics and will be a
few mK. Fig. 2 shows the expected relative error for
the thermal gradient determination for a background
thermal gradient of 1.75 K m-1 [1]. Errors include contributions from positioning uncertainties (here assumed
to be 2 cm), which result in the observed offset. Overall accuracy is expected to be 4%, but certainly better
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than 10%, even if the Mole gets stuck at shallow
depth.

Figure 2: Relative error of the thermal gradient determination as a function of absolute sensor accuracy for
4 different baseline lengths (penetration depths) L.
Together with an assumed uncertainty of 5 % for
the thermal conductivity measurement, an attainable
uncertainty of 7 % is expected for the heat flow determination, which compares favourably to the uncertainty of 15 % [1] given for the Apollo heat flow experiments.
Payload compartment sensor options: The payload compartment houses heaters, tilt sensors and electronics, but could be augmented with futher instrumentation. Other options include a densitometer, as devloped in the frame of the ESA precursor studies, or a
permittivity probe, as developed for a Martian application in the frame of the ExoMars mission.
Conclusions: The HP3 instrument is a light weight
(< 1800 g) heat flow probe, that can access the lunar
subsurface to a depth of at least 3 m. It has been predeveloped to the breadboard stage and has a current
readiness level of TRL 5.62. We expect to be able to
measure the lunar heat flow with an uncertainty of 7%.
Furthermore, the instrument can be augmented with a
permittivity probe or densitomer to constrain the regolith density and stratification.
References: [1] M.G. Langseth et al. (1976), Lunar Science Conference, 7th, 3143-3171. [2] M.A.
Wieczorek and R.J. Phillips, JGR., 105, E8, 2041720430, 2000. [3] A. Hagermann and S. Tanaka, GRL,
33, 19, L19203, 2006. [4] T. Spohn et al. (2001), PSS,
49, 1571–1577. [5] U. Hammerschmidt and W.
Sabuga, Intern. J. Thermophys., 21, 6, 2000. [6] B.W.
Jones, J. Phys. E.: Sci. Instrum., 21, 832-839, 1988.
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HIGH-RESOLUTION SEISMIC AND GPR SURVEYS FOR PERMAFROST IMAGING AT THE NASA
HMP SITE, DEVON ISLAND, NUNAVUT. R. R. Stewart1
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Introduction

Imaging the near surface in periglacial environments is critical in characterizing the active layer and underlying frozen sediments.
This paper describes a series of experiments
conducted at the Haughton meteorite impact
structure (75°22’N latitude and 89°41’W longitude) on Devon Island, Nunavut - home to
the NASA Haughton-Mars Project (HMP).
The goals of HMP are to understand the biology and geology of this lunar test site and
Mars analogue, in addition to learning how
humans (and machines) can survive and work
in such an environment (Figure 1). This paper
describes some of the geophysical surveys,
both ground-penetrating radar (GPR) and
high-resolution seismic, conducted over two
summer field seasons. Objectives of the

area (up to 100 km/hr during these field surveys), low summer temperatures (-5°C to
+5°C), sleet, rain, and snow – even though
this region is characterized as a desert - and
significant ultraviolet radiation. GPR data
were acquired using Sensors & Software
NOGGIN 250 MHz system and PulseEKKO
devices with 50 and 100 MHz antennae.
These surveys imaged depths from about
0.5m to 3 m and indicate layering and permafrost events (Figure 2).

Figure 2. Diffraction hyperbolae from a section of rebar emplaced on the top of the permafrost layer.

Figure 1. Conducting a 250 MHz GPR survey
at the Haughton Mars Project (HMP) site.
geophysical work were to image the permafrost layer as well as assess deeper geologic
horizons. Developing near-surface imaging
techniques on Earth and applying them on
lunar or other planetary missions should assist
in understanding depositional processes,
chronologies, and possibly life-related
anomalies. Surveying conditions at HMP can
be severe due to the high winds of the polar

High-resolution seismic results, recorded with
a Geometrics 60-channel recording system
and accompanying 28 Hz omni-directional
geophones, also show the permafrost layer
and deeper layers (Figure 3 and 4).
Conclusions

Shallow excavations, seismic refractions, and
GPR reflections at the site all proved useful
and indicate that the permafrost layer is at a
depth of about 60cm (Figure 5). We also
tested geophysical operations in prototype
spacesuits and found the suits to be manageable although cumbersome.
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DIELECTRIC SPECTROSCOPY FOR SCIENTIFIC AND RESOURCE CHARACTERIZATION OF
LUNAR REGOLITH. D. E. Stillman and R. E. Grimm, Department of Space Studies, Southwest Research Institute, 1050 Walnut Street, Suite 300, Boulder, CO 80302, dstillman@boulder.swri.edu.

Introduction: Dielectric spectroscopy (DS) can noninvasively detect electrical properties over a wide frequency range (1 mHz – 10 kHz) at depths ranging from
10s cm to 10s m. Electrical properties vary directly
with density and mineralogy. Therefore, DS can determine the subsurface distribution of water ice, adsorbed
water, ilmenite, and possibly Fe0. Understanding the
subsurface distribution of these minerals is an important first step for in-situ resource utilization. The presence and subsurface distribution of these minerals can
also be used to address scientific questions such as if
adsorbed water exists in the subsurface, ice and/or adsorbed water are the source of the enhancement in hydrogen near the poles, and to locate immature regolith
that has trapped the composition of the ancient solar
wind.
Dielectric Spectroscopy: Induced polarization (IP),
precursor to DS, measures the resistive-dielectric properties of the earth and has been employed for nearly a
century to explore for minerals and groundwater and to
characterize subsurface geology. DS was created about
30 years ago, and now encompasses multiple frequencies from 1 mHz – 10 kHz [e.g., 1]. The first DS planetary instruments have flown on Huygens, Phoenix, and
the Rosetta lander. These instruments lack the bandwidth and depth of penetration of terrestrial DS. We
are developing a DS system for planetary applications
with the capabilities of a terrestrial system, but capacitively coupled. This requires larger electrode arrays, high-impedance (~10 TΩ), low-capacitance (~1
pF) coupling, and mitigation of coherent noise such as
leakage and eddy currents using buffering, shielding,
and guarding of electrodes.
DS works by injecting current I into the ground via
two electrodes and then measuring the magnitude and
phase of the voltage V response with two other electrodes. The frequency of the injected current is varied
over the bandwidth of the instrument. Electrical properties are derived at each frequency from the impedance (V/I) and electrode geometry. The geometry also
controls the subsurface depth of investigation with larger electrode spacing allowing for deeper penetration.
The depth of investigation is around 1/3 of the largest
electrode separation.
The electrodes can be accommodated in lander
legs, rover wheels, a robotic arm, or in a ballistically
deployed string (Fig. 1). Our present efforts are aimed

toward the design of a transmitter and receiver requiring a few kilograms and a few watts, plus electrodes.
Electrical Properties of Lunar Materials: Electrical
properties describe how a material responds to an external electric field. If the material’s resistivity is frequency independent, than the material behaves as a
simple resistor, or resistively. If the material’s resistivity varies inversely with frequency, then it behaves as a
simple capacitor, or dielectrically. The mineralogy,
temperature, frequency, and presence and state of water
determine if the subsurface behaves resistively or dielectrically. DS can only be applied in limited terrestrial environments because the conductivity of liquid
water makes the subsurface behave as a simple resistor
below 100 kHz. However, due to the lack of liquid
water, the lunar subsurface will behave dielectrically
even at very low (<1 Hz) frequencies. Dielectric relaxations occur as additional polarization mechanisms
occur. These relaxations are unique to a mineral, and
thus can be used to identify the mineral and its concentration (Fig. 2) [2].
Over the last three years, we have been making
electrical properties laboratory measurements of planetary regolith analogs at lunar temperatures. These data
are crucial as they are used to determine which lunar
minerals can be uniquely identified with DS. Below is
a summary of our measurements.
Water ice and adsorbed water (originally measured
for DS on Mars) both produce strong dielectric relaxations at low frequencies due to the intrinsic dipole of
the water molecule. The dielectric relaxation of ice is a
relatively narrow (Debye) relaxation with a frequency
near 100 Hz near 180 K (Fig. 2). The temperature dependence of the dielectric relaxation of water ice depends on the number of defects in its crystal structure
[4]. These defects are produced by the solubility of Cland F-, and possibly by radiation damage. A forward
calculation using present estimates of the intrinsic
properties of ice and its moderation due to regolith
mixing illustrates that an ice-detection limit of ~1% or
better is possible using DS.
The dielectric signature of adsorbed water is dependent on the number of monolayers (MLs). If <1 ML
exists, the adsorbed water produces a low-frequency
very broad dielectric relaxation that can be measured
over the entire frequency range [2]. If >1 ML exist,
then the previous relaxation is additive to a mid- and
high-frequency narrow dielectric relaxation [2]. The
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Applications: DS can be used to address many lunar science questions. Neutron spectroscopy has measured an increase in hydrogen concentration at the poles
[6,7]. The putative signature of ice in radar scattering
is controversial [8]. Near infrared spectroscopy has
mapped an increase in adsorbed water near the poles
[9,10]. DS can uniquely identify water ice and adsorbed water to determine if both or either are present
in the polar subsurface. DS can also detect adsorbed
water in the subsurface at mid-latitudes and long term
studies could determine whether this subsurface adsorbed water migrates as has been observed for adsorbed water on the surface [11]. If subsurface adsorbed water is detected, it would drastically increase
previous estimates of lunar water. This would provide
additional constraints on the genesis of this water
(cometary or solar wind derived). DS may also be able
to identify layers of lunar regolith that are immature,
thus identifying layers that could be sampled to determine the composition of the ancient solar wind.
DS can be used for characterize subsurface resources. This is critical before in-situ resource utilization (ISRU) is tested on the Moon. Adsorbed or frozen
water is likely the most valuable resource on the Moon.

Other than water, ilmenite is the best mineral to make
oxygen from. The vertical density profile determines
the thickness and rippablity of the lunar regolith, which
can be used to determine how much feedstock is available and how easy it will be to remove.
References: [1] Grimm R.E. (2005) J. Environ. Eng. Geophys., 10, 351-364. [2] Stillman, D.E., et al. (submitted) J.
Chem. Phys. B [3] Carrier, W.D. et al. (1991) in Lunar
Sourcebook (eds. Heiken et al.), 475-594. [4] Grimm, R.E.,
et al. (2009) J. Chem. Phys. B, 15382-15390. [5] Campbell,
B.A. et al. (1997) JGR, 102, 19307-19320. [6] Feldman,
W.C. et al. (2001) JGR, 106, 23231-23252. [7] Feldman,
W.C. (2002) Science, 197, 75-78. [8] Campbell, D.B. et al.
(2006) Nature, 443, 835-837. [9] Pieters, C.M., (2009) Science Express, 1178658. [10] Clark, R.N. (2009) Science
Express, 1178105. [11] Sunshine, J.M. (2009) Science Express, 1179788.

Figure 1. Alternative schematic layouts for DS electrodes.
Tx = transmitter, Rx = receiver. (1) Electrodes on static lander footpads. (2) Closely spaced electrodes on ballistically
deployed string for shallow subsurface investigation. (3)
Widely spaced electrodes for deeper investigation. (4) Large
transmitter dipole on lander and short dipole on rover (wheel
base) for deep investigation. (5) Rover-only short dipoles for
mobile, shallow investigation.
Imaginary Part of the Dielectric Constant

high-frequency relaxation occurs at higher frequencies
than ice as the water molecules are bound less tightly to
each other compared to ice. The mid-frequency relation
occurs at a frequency lower than ice. The number of
MLs increases both the strength and relaxation frequency of the mid- and high-frequency relaxations with
3 ML at 180 K having relaxation frequencies near 10
Hz and 10 kHz, respectively.
At high (≥1 MHz) frequencies, the water and ice
relaxations disappear and the real part of the dielectric
constant is determined by electronic polarization. For
lunar regolith, this has been determined via laboratory
measurements on lunar samples to be a simple function
of density [3]. The imaginary (lossy) part of the dielectric constant is proportional to its ilmenite concentration [3]. At low frequencies, the real and imaginary
part of the dielectric constant both increase when ilmenite is present due to the mineral’s low-frequency
broad dielectric relaxation [3]. Ilmenite concentrations
of the top few meters of the lunar subsurface have been
inferred from previous radar (high frequency) surveys
[5]. DS will be able to detect even smaller concentrations of ilmenite, due to its larger signal at low frequencies, to depths of 10s of meters if large electrode
arrays are used.
The concentration of Fe0 increases as the lunar regolith matures. Fe0 behaves resistively, but it should
create a Maxwell-Wagner dielectric relaxation because
it is surrounded by minerals that behave dielectrically.
The signature of this relaxation has yet to be measured.
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Figure 2. The dielectric response of various concentrations
of ice mixed with a fine-grained sand measured in our laboratory at 181 K. The maximum near 100 Hz is the dielectric
relaxation of ice. This relaxation frequency shifts to higher
frequencies due to an increase in ice defects near the pore
edges [2]. The low frequency relaxation of adsorbed water is
represented by the decrease in imaginary part of the dielectric constant below 1 Hz. The noise floor is near 4E-3 above
1 Hz and considerable higher below 1 Hz.
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DIGITAL FLUXGATE MAGNETOMETER OPTIMIZED FOR LUNAR NETWORKS. R. J. Strangeway1,2,
C. T. Russell1,2, V. Angelopoulos1,2, P. J. Chi1, D. R. Pierce1, K. M. Rowe1, M.-C. Vassal3, 1Institute of Geophysics
and Planetary Physics, University of California at Los Angeles, CA 90095, USA, 2Department of Earth and Space
Sciences, University of California at Los Angeles, CA 90095, USA, 33D Plus, 641 rue Hélène Boucher - Z.I., 78532
BUC Cedex, France.

Introduction: Magnetic induction studies have
long been used to probe the interiors of planets and
moons. At Jupiter, for example, magnetic induction
has been used to demonstrate the presence of a liquid
water ocean under the surfaces of the Galilean satellites Europa and Callisto [1,2]. Electromagnetic induction has also been used to study the lunar mantle [3],
and the lunar core [4].
Networks of magnetometers deployed on the lunar
surface can be used to determine the size and composition of the core [5] as well as the composition and
thermal state of the moon [6].
The most reliable magnetometer for space applications is the classical fluxgate magnetometer [e.g., 7].
For use within a lunar network, however, the magnetometer needs to implemented using less resources,
such as mass and power. To this end we are developing
a digital magnetometer that can be readily deployed as
a part of a lunar network. This involves both the development of a low mass sensor, and the use of multistack module technologies to build a compact electronics unit to both operate the magnetometer and digitize
the output for acquisition at a central data system.
Sensor Development: The Magnetosphere MultiScale (MMS) Mission has allowed for the development
of a low mass (80 g) three-axis sensor that uses high
quality permalloy flight cores to achieve noise levels
below 5 pT/Hz1/2 at 1 Hz. Figure 1 shows the MMS
engineering model. This sensor, with a volume of
5 x 5 x 5 cm, can be easily adapted for lunar applications.

Figure 1. MMS engineering model sensor.

Electronics Development: As part of our continuing efforts to reduce the mass and power of fluxgate
magnetometers for space applications we are developing a digital implementation of the magnetometer. This
magnetometer, which we call the Pierce-Rowe Magnetometer (or PRM) uses a field-programmable gate array (FPGA) to perform in the digital domain many of
the functions that used to be primarily carried out in
the analog domain. A fluxgate magnetometer will have
some level of analog operations, simply because the
sensor itself is an analog device, but functions such as
deriving the drive signal waveforms, filtering, and second harmonic detection are now carried out digitally.
In addition, we no longer require separate Analog to
Digital Converters (ADCs). The ADC function is also
programmed into the FPGA. The PRM is capable of
greater than 20 bit precision.
The PRM design can be use Multi-Chip Module
(MCM) or Multi-Stack Module (MSM) implementations, and we are in the process of an MSM development. Figure 2 shows a Solidworks rendition of the
PRM module, as being developed by 3D Plus.

Figure 2. Solidworks representation of the
MSM version of the PRM.
The MCM or MSM implementations of the PRM
are especially useful for applications such as those
envisaged in a lunar network. In particular, rather than
having the electronics housed some 100 meters away
from the sensor, we can place the electronics relatively
close. In the analog implementation cable length becomes both a restriction in terms of mass, and also in
terms of implementation. Since there is no pre-
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amplification of the analog signals, these can be very
weak. The shielding required can make the cable massive. Using the MSM design, the cable between the
sensor and electronics can be much shorter. A less robust cable (e.g., a CAT-5 ethernet cable) can then be
used to transmit data to a central data handling facility.
These cables can be much less massive than those required to transmit analog signals.
Summary: We have developed a digital fluxgate
magnetometer that is ideally suited for deployment as
part of a lunar geoscience network. This magnetometer
can be used to perform induction studies of the lunar
interior, as well as providing data on the magnetic field
of the solar wind and terrestrial magnetosphere.
References: [1] Khurana K. K. et al. (1998) Nature, 395, 749. [2] Kivelson M. G. et al. (1999) JGR,
104, 4609. [3] Sonett C. P. (1982) Rev. Geophys.
Space Phys., 20, 411. [4] Russell C. T. et al. (1981)
Proc. Lunar Planet. Sci. Conf. 12th, 831-836. [5] Hood
L. L. et al. (1999), GRL, 26, 2327-2330. [6] Khan A. et
al. (2006), Earth Planet. Sci. Lett., 248, 579. [7] Russell C. T. (1978), IEEE Trans. Geosci. Electron., GE16, 239-242.
Acknowledgements: The PRM was developed
through the partial support of NASA grant
NNX07AM69G from the Planetary Instrument Definition and Development Program.
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Analysis of seismic scattering on the Moon by waveform modeling. M. S. Thorne1 , N. Schmerr2, R. Weber3,
M.J. Fouch4 and E. J. Garnero4, 1University of Utah, Dept. of Geology & Geophysics, 115 So. 1460 E. Rm 383, Salt
Lake City, UT 84112 (michael.thorne@utah.edu), 2Carnegie Institution of Washington, Dept. of Terrestrial Magnetism, 5241 Broad Branch Rd NW, Washington DC 20015 (nschmerr@dtm.ciw.edu), 3U.S. Geological Survey, 2255
N. Gemini Dr., Flagstaff, AZ 86001 (rweber@usgs.gov), 4Arizona State University, School of Earth and Space Exploration, PO Box 871404, Tempe, AZ 85287 (fouch@asu.edu, garnero@asu.edu).
Introduction: In order to advance our knowledge
on the processes that have formed and currently shape
planetary bodies, a detailed picture of their interiors is
required. A variety of geophysical data has been collected for many bodies in our solar system, yet seismic
recordings offer the most detailed information of structure and processes of their interior structure from the
surface to the center. The Moon is presently the only
body besides Earth for which we have obtained seismic recordings through the Apollo Passive Seismic
Experiment (Apollo PSE), which has revealed a wealth
of information on the internal state of the Moon. Yet,
a considerable number of uncertainties remain as to the
overall internal structure of the Moon. In order to resolve these uncertainties, a key component of future
lunar missions will be the deployment of seismometer
networks both globally, such as through the International Lunar Network (ILN) [1], and locally, such as
through small aperture arrays [2] and other potential
network configurations. Optimal siting of these instruments depends on the seismic targets of interest;
however, the ability to predict how best to site lunar
seismic instrumentation is not available. It is thus imperative to develop quantitative techniques to investigate the lunar interior in a predictive sense. In this abstract, we focus on development of computational
techniques capable of predicting ground motions for
realistic lunar models. In particular, we focus on generating synthetic seismograms for the Moon with the
inclusion of seismic scattering and demonstrate their
usefulness in developing a plan for optimal location of
seismic sensors for future missions.
Seismic Scattering: In order to analyze lunar
seismograms for possible body wave arrivals or to
determine the detailed seismic structure of the lunar
interior it is of crucial importance to be able to synthesize lunar waveforms. Of key importance is the ability
to synthesize the long coda wavetrains observed in
Apollo PSE data. Generally speaking, these coda are
generated by scattering from lunar heterogeneity, but
the source of the coda is still unknown. Previous studies have suggested that the lunar interior contains a
strong scattering zone in roughly the top 20 km of the
Moon, which coupled with a very low attenuation,
may explain these lunar coda [3]. Nonetheless, these
efforts have primarily relied on verification based on

experiments on propagating ultrasonic waves in a
metal plate, and scattering theories such as diffusion
theory [3,4]. The majority of these studies have been
performed before the widespread availability of modern distributed (or supercomputing) resources. Thus
direct solution of the seismic wave equation by numerical methods, which may incorporate scattering,
was not feasible. However, the past decade has seen a
remarkable increase in the availability of such resources and hence numerically simulating lunar seismic wave propagation, with scattering, is now possible.
Here we develop software for simulating the
propagation of lunar seismic waves, that may include
the effects of scattering. Scattering is incorporated
into recent seismic velocity models [5,6] by an approach based on a Fourier Transform (FT) technique
[7], where random perturbations are applied to the
seismic velocity field by adding the convolution of a
random process and an autocorrelation function. The
autocorrelation function acts to provide a characteristic
length scale to the distribution of scatterers. Here we
apply this technique to generate 1D models of random
velocity perturbations where we allow the following
properties to be varied: (1) thickness of strong scattering zone, (2) inclusion/non-inclusion of a deeper scattering zone, (3) scale length of scatterers, (4) root
mean square velocity perurbations, and (5) type of
autocorrelation function. We vary the autocorrelation
function from two end members: (a) a Gaussian function, which produces smoothly varying velocity perturbations, and (b) a von Karman function which produces self-similar velocity perurbations.
We compare the results of our simulations to
Apollo PSE data for both deep and shallow moonquakes. Ultimately, we constrain the model classes
which are capable of reproducing the long coda
wavetrains observed in lunar seismograms and demonstrate the utility in distinguishing body waves in lunar
seismograms.
References: [1] ILN Final Report, (2009). [2]
Fouch M. J. et al. (2009) LPS XL, Abstract #2233. [3]
Toksoz, M. N., A.M. Dainty, S.C. Solomon, and K.R.
Anderson (1974) Rev. Geophys. and Space Phys., 12,
539-567. [4] Dainty, A.M. and M.N. Toksoz (1981)
Phys. Earth Planet. Int., 26, 250-260. [5] Nakamura Y.
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(1983) J. Geophys. Res., 88, 677-686. [6] GagnepainBeyneix, J., P. Lognonne, H. Chenet, D. Lombardi, T.
Spohn, (2006) PEPI, 159, 140-166. [7] Frankel, A.
and R.W. Clayton (1986) JGR, 91, 6465-6489.
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THE SEARCH FOR THE LUNAR CORE. R. C. Weber1, E. Garnero2, and P. Lin 2, 1United States Geological
Survey, Astrogeology Science Center, Flagstaff, AZ (rweber@usgs.gov), 2Arizona State University, School of Earth
and Space Exploration, Tempe, AZ.
Introduction: Despite recent studies that have
furthered many areas of lunar science through the
analysis of the Apollo seismic data [1,2,3,4], important
deficiencies remain in our current understanding of the
lunar interior.
One such deficiency is the lack of a seismic constraint on the size and state of the lunar core. The radius, composition, and present state (liquid or molten)
of the lunar core are key variables in lunar formation
and thermal evolution models, as well as possible indicators of an early dynamo for magnetic field generation. Current (indirect) constraints on core properties
arise from moment of inertia considerations, the Lunar
Laser Ranging experiment, magnetic induction studies,
and from analyses of elemental abundances in mare
basalts [5]. However, these estimates vary widely, with
proposed radii between ~200 and 460 km.
As with terrestrial investigations, direct observation
of core reflections provide the strongest constraints on
core radius. We therefore analyze Apollo seismograms
using array processing methods to search for the presence of a P-wave reflection from the core-mantle
boundary (the seismic phase called PcP), which can be
used to constrain the lunar core radius as well as the
seismic velocity contrast of the core-mantle boundary.
Lunar core reflections have not been observed to date.
In this study, we present two techniques for processing
the Apollo seismograms, aimed at enhancing coherent
energy reflecting from the lunar core.
Polarization filter: Lunar seismograms are characterized by emergent rather than impulsive arrivals
and by long P and S-wave codas caused by the scattering of seismic energy, which tend to mask later arrivals. The application of a polarization filter to artificial
impact seismograms has been shown to successfully
reveal surface reflections masked by the P-wave coda
[6]. We apply this method to the larger catalog of deep
moonquakes [7], with the goal of enhancing reflected
core phases such as PcP.
The polarization function (M) is given as the averaged cross product of the vertical (Z) and radial (R) or
transverse (T) seismogram components:
n

M j = ∑ R j +i Z j +i
i =− n

where j is the time step and n determines the length of
the averaging window (we used n=6 samples).The output of the filter (S) is the product of M and R (or T):
S j = RjM j

Since deep moonquakes originate from discreet
source regions that produce repeatable waveforms,
their seismograms can be stacked to improve signal-tonoise ratios and enhance the P and S arrivals. We consider all located clusters with constrained depths [2], a
total of 65 source regions. Application of the polarization filter to stacks of events from these clusters reveals other arrivals (Figure 1), which we may be able
to identify as core arrivals.

Figure 1: Polarization-filtered transverse-component
Apollo seismograms for moonquake source depths
between 893 and 931 km, plotted in record section
(travel time vs. epicentral distance) with travel-time
curves corresponding to a 340-km core [1,8]. Several
traces appear to show arrivals at the predicted PcP
time.
Data visualization: Because the depth range
spanned by the deep moonquake source regions is
large (the difference between the maximum and minimum depths is 838 km), the filtered stacks cannot all
be plotted in record section together, since PcP arrival
times relative to the P and S times depend on source
depth. However, a 50-km source depth interval does
not produce significant perturbations in the differential
arrival times of S minus P, and the core reflections
only vary by a few seconds, which is well within the
core radius uncertainty. The deep moonquake data
were binned by source depth using 50-km bins and
plotted in record sections (i.e., as in Figure 1), with
reference travel time curves (assuming a 340-km core)
in Figure 2.
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arrival will be present at zero time in the stack for
which the correct core radius was used for the timeshifting predictions.
Preliminary results using the polarization-filtered
R-component deep moonquake stacks of PcP are
shown in Figure 3. Five core radius predictions are
shown, for 10 km increments. These plots suggest a
coherent arrival crossing time t=0 for a core radius
between 330 and 340 km.

Figure 2: The Great Wall of Record Sections. Each
column corresponds to a 50-km source depth bin, with
seismograms corresponding to that bin plotted in record section. Rows, from top to bottom, correspond to
the radial, transverse, vertical, R-filtered, and Tfiltered components of motion.
While the polarization filter does reveal arrivals not
plainly observed on the unfiltered stacks, these do not
appear to consistently correspond to a travel-time
curve specific to a given core radius. In some cases,
PcP and ScP for a 340-km core radius were observed,
but other arrivals were also observed, possibly implying a different core radius (or the presence of an unrelated/unknown reflector). Without consistently observing core arrivals on a large number of traces (intended but not achieved using the Great-Wall plotting
scheme), there is no way to confidently constrain the
lunar core radius.
Double array stacking: An alternative method
(used in terrestrial seismology) to enhance and detect
subtle seismic arrivals is to stack seismograms that
have been time-shifted to the predicted arrival times of
a hypothetical phase of interest. This permits stacking
of an entire data set (as opposed to subsets of data),
which further enhances coherent signals [9]. We search
for lunar core reflections by summing the deep moonquake stacks along the predicted PcP arrival times.
Using only those traces for which the S arrival is
prominent and easy to pick, the individual stacks are
first normalized in time and amplitude to the S wave.
The S arrivals are shifted to the reference model predictions to minimize time uncertainties as we search
for core reflections. Traces are then shifted so the arrival of interest (e.g. PcP) in every trace aligns at a new
reference time of t=0. Finally, the records are summed
within a 30-second time window. Different core radii
are used to predict a suite of core arrival times, and the
stacking is performed for each core radius. If PcP energy is actually present in the Apollo data, a coherent

Figure 3: Polarization-filtered R-component deep
moonquake stacks summed on the PcP arrival for a
range of predicted core depths.
Future work: To further verify the presence of a
core as implied in Figure 3, we will first create stacks
using a finer core-radius sampling (e.g. 1-km increments in the region of interest), and over a larger depth
range. In addition, resolution tests will be conducted to
test the dependence of the result on the reference
model used to predict travel times, as well as the frequency band of the deep moonquake stacks.
References: [1] Lognonné, P. et al. (2003), EPSL
211, 27–44. [2] Nakamura, Y. (2005), JGR 110,
doi:10.1029/2004JE002332. [3] Chenet, H. et al.
(2006), EPSL 243, 1–14. [4] Gagnepain-Beyneix, J. et
al. (2006), PEPI 159, 140–166. [5] Wieczorek, M. et
al. (2006), Reviews in Mineralogy & Geochemistry 60,
221–364. [6] Jarosch, H. (1977), BSSA 67, 1647–1659.
[7] Nakamura, Y. et al. (1981), UTIG Technical Rept.
18. [8] Knapmeyer, M. (2004), Seismological Research Letters 75, 726–733. [9] Lay, T. et al. (2006),
Science 314, 1272–1276.
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The interior structure of the Moon: What does geophysics have to say? M. A. Wieczorek , Institut de Physique
du Globe de Paris, France (wieczor@ipgp.fr).

Introduction. One of the primary means for investigating the interior structure of a planetary object is
through the analysis of geophysical data. For Earth, an
abundance of data is at our disposal, including both
data sets collected from the surface and from orbit. In
contrast to Earth, though, most geophysical analyses of
the other planets have to rely entirely (or almost so) on
data collected from orbit. Typical data sets that are
exploited in these studies include gravitational fields,
topographic models, magnetic field models, and timevariable rotational signatures.
The Moon is unique in our Solar System in that it is
the only extraterrestrial body for which we possess
geophysical data that was collected in situ on its surface. As part of the Apollo program, an instrumented
suite of scientific instruments was emplaced at each of
the Apollo landing sites. These ALSEP (Apollo Lunar
Surface Experiment Package) stations contained a variety of instruments, including magnetometers, heat
flow probes, laser retro reflectors, and seismometers,
and the network collected several years worth of data,
ultimately being shut down by NASA in September
1977.
In this presentation, the geophysical data that is
currently available for the Moon will be reviewed, and
their importance in deciphering the Moon’s internal
structure will be emphasized. The role that current
(i.e., Kaguya, LRO, Chang’e-1, Chandrayaan-1) and
future (such as GRAIL, SELENE-2, and ILN) missions
will have in improving our knowledge of the Moon’s
interior structure will be discussed.
What we know about the Moon’s interior. One
interpretation of the Moon’s interior structure that is
based almost entirely on geophysical data is shown in
Figure 1. From gravity, topography, and seismic data,
we know that the average thickness of the Moon’s
crust is about 50 km. Furthermore, extreme lateral
variations in crustal thickness exist (ranging from
about zero to over 100 km) as a result of basin forming
impact events. Seismic data show that the Moon is
seismically active, that most of these seismic events
are located about half way to the center of the Moon,
and that the deep moonquakes are correlated with the
Earth-raised tides. Some studies suggest that a seismic
discontinuity might be present about 500 km below the
surface. Analyses of the lunar laser ranging data indicate that the bulk Q of the Moon is low (~60), suggesting that the mantle below the deep moonquake source
region might be partially molten. Electromagnetic

sounding and lunar laser ranging data require the
Moon to have a molten, high-electrical conductivity
core. Furthermore, thermal evolution models seem to
imply that some portion of this core must have crystallized, forming a small solid inner core.

Figure 1. One interpretation of the internal structure of the Moon
based on geophysical data. Visible are (1) lateral variations in crustal
thickness (from gravity, topography and seismic data), locations of
deep and shallow moonquakes (from seismic data), (3) a high attenuation and possibly partially molten deep mantle (from seismic
and lunar laser ranging data), (4) a molten core (from lunar laser
ranging, electromagnetic sounding, and gravity data), and (5) a solid
inner core (from temperature inferences obtained from thermal evolution models). Image from Wieczorek et al. [1].

What we don’t know about the Moon’s interior.
Despite the geophysical data obtained from ALSEP
and from orbit, several first order questions regarding
the Moon’s interior structure still remain after more
than 40 years of analyzing these data. For instance: Is
the Moon’s farside hemisphere seismically inactive, or
is the absence of farside moonquakes simply an artifact
of the nearside locations of the ALSEP stations? Is the
core of the Moon composed of metallic iron? Or might
the core be composed of dense and molten titaniumrich silicate materials? What is the temperature profile
of the Moon? And might portions of the Moon’s interior still be molten today? What is the origin of the
deep moonquakes? And how can the 1-bar tidal
stresses be responsible for triggering these? Is the mantle of the Moon exposed at the surface? And are there
any lateral or vertical variations in composition of the
mantle?
Reference: [1] Wieczorek, M. A., et al., The constitution and structure of the lunar interior, Rev. Min. Geochem., 60, 221-364, 2006.
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LUNAR GEOPHYSICS AND LUNAR LASER RANGING. J. G. Williams, S. G. Turyshev and W. M. Folkner1,
1
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 91109 (e-mail
James.G.Williams@jpl.nasa.gov).
Introduction: The interior properties of the Moon
influence lunar tides and rotation. Three-axis rotation
(physical librations) and tides are sensed by tracking
lunar landers. The Lunar Laser Ranging (LLR) experiment has acquired 39 yr of increasingly accurate
ranges from observatories on the Earth to four cornercube retroreflector arrays on the Moon. Lunar Laser
Ranging is reviewed in [1]. Recent lunar science results are in [4,5,7]. In this abstract present LLR capabilities are described followed by future possibilities.
Fluid Core Moment of Inertia: The fluid core
moment of inertia is the latest lunar geophysical parameter to emerge from the LLR analysis. Sensitivity
comes from determining the effect on orientation of a
slow motion of the ecliptic plane [3]. Solutions for the
ratio of fluid moment to total moment give Cf/C =
(12±4)x10–4 [4,7]. For a uniform liquid iron core without an inner core this value would correspond to a radius of 390±30 km while for the Fe-FeS eutectic the
radius would be 415 km. Those two cases would correspond to fluid cores with 2.4% and 2.2% of the mass,
respectively. The outer (CMB) radius would be larger
if there is a solid inner core. While the new result for
core moment has significant noise, it should improve
as the LLR data span increases.
Elastic Tides: Elastic tidal displacements are
characterized by the lunar second-degree Love numbers h2 and l2. Tidal distortion of the second-degree
gravity potential and moments of inertia depends on
the Love number k2. Love numbers depend on the
elastic properties of the interior including the deeper
zones where the seismic information is weakest. LLR
detects tidal displacements and determines h2 with a
20% uncertainty with l2 fixed, but k2 is more accurately
determined (12%) through rotation [3,4]. The distribution of the Apollo retroreflector arrays is weak for determining tidal displacements.
Tidal Dissipation: The tidal dissipation Q is a
bulk property that depends on the radial distribution of
the material Qs. LLR detects four dissipation terms
and infers a weak dependence of tidal Q on frequency
[3,4]. The tidal Qs are surprisingly low, ~30 at a one
month period, but LLR does not distinguish the location of the low-Q material. At seismic frequencies
low-Q material, suspected of being a partial melt, was
found for the zone below the moonquakes and above
the core [6].
Dissipation at the Liquid-Core/Solid-Mantle Interface: The fluid core does not share the rotation axis
of the solid mantle. While the lunar equator precesses
along the ecliptic plane, the fluid core can only weakly

mimic this precession. The resulting velocity difference of ~3 cm/sec at the core-mantle boundary (CMB)
causes a torque and dissipates energy. Dissipation
terms are detected at several periods in the LLR analysis allowing dissipation from core and tides to be separated [3,4].
Core Oblateness: A fluid core also exerts torques
if the core-mantle boundary (CMB) is oblate. LLR
detects CMB flattening; the difference in fluid moments of inertia is ( Cf–Af)/C=(3±1)x10-7 [4,7].
Inner Core: A solid inner core might exist inside
the fluid core. Gravitational interaction between an
inner core and the mantle would affect the three-axis
rotation. The size of the potentially observable effect
depends on several unknown quantities. A future detection may be possible if the perturbation of rotation
is large enough.
Free Librations: Normal modes of the rotation
correspond to resonances in the rotation dynamics.
These lunar free librations may be stimulated by internal or external mechanisms, but they are subject to
damping. Two of the free libration amplitudes are
observed by LLR to be large (>1”) which implies active or geologically recent stimulation [5,9]. The wobble mode, which is analogous to the Chandler wobble,
is a large (3.3”x8.2”) 75 yr motion of the polar body
axis with respect to the rotation axis. If wobble is
stimulated by eddies at the CMB as suggested by Yoder [10], then any ongoing activity might be revealed
as irregularities in the path of polar wobble. Fluid and
inner cores introduce additional free libration modes.
Site Positions: The Moon-centered locations of
four retroreflectors are known with submeter accuracy
[11]. These positions have been used as control points
for past lunar control networks [12,13] and are available for future networks. Modern high resolution images of the LLR sites will aid such use. LLR site radial coordinates also provide useful comparisons for
altimetry [8]
Future Lunar Laser Ranging: Three retroreflector array locations on the Moon are the minimum
needed to determine rotation about two axes. Physical
libration about the third axis is related to the other axes
through the dynamics. While there are four LLR sites
on the Moon, the three Apollo sites get 97% of the
ranges. The fourth site, on the Lunokhod 2 rover, can
be used only during lunar night, gives a weak reflection, and may be fading. Still, this fourth site is useful
for tides. So the current configuration has little, if any,
redundancy. Further, the geographical spread of LLR
sites north-south, currently 25% of the diameter, and
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east-west, 38% of the diameter, determines the sensitivity to small rotation angles. A wider spread of future LLR site locations would improve the determination of three-dimensional rotation and tides to the
benefit of lunar science. New corner cube retroreflectors could give strong signals with no spread of pulse.
Important time scales for lunar science observations span 1/2 month to decades. A useful position for
a new array or transponder could be determined with
one to several months of tracking, though spans of
years give the highest accuracy. Data spans of years
are optimum for most lunar science applications and
that would include continued accurate tracking of the
four existing lunar retroreflector arrays.
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COST-EFFECTIVE GEOPHYSICAL EXPLORATION OF THE MOON USING INSTRUMENTED
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Introduction:
Since the Clementine mission in 1994, a number of
lunar missions using small spacecrft have flown, including Lunar Prospector, SMART-1, Selene-A,
Chang’e-1, and Chandrayan-1. Despite the increase in
knowledge of lunar science provided by all of these
missions and the original lunar missions of the 1960s
and 1970s, there remain fundamental questions regarding the structure and composition of the lunar interior.
High priority goals identified by a recent National Research Council report on The Scientific Context for
Exploration of the Moon [1] and in the LEAG Lunar
exploration Roadmap [2] include a determination of
the thickness of the lunar crust and its lateral variability, the characterizing of the chemical/physical stratification in the mantle, determine the size, composition,
and state of the core of the Moon, and characterizing
the workings of the planetary heat engine. Much of
our current seismological understanding of the Moon
comes from analyses of the past Apollo lunar seismic
data [c.f. 3], which provided important information
regarding the distribution and magnitude of lunar
sources and the 1-dimensional seismic velocity structure. However, the Apollo scientific capabilities are
limited by the fact that instruments were clustered in
the equatorial near side of the Moon and by the narrow
bandwith and low dynamic range of the seismometer
package. Thus many have recognized that a future,
geographically distributed geophysical network is
needed to answer the fundemental questions regarding
the inner workings [4] and bulk composition [5] of the
Moon and a design incorporating high sensitivity
broadband seismometers would improve the recording
of waveforms and the ability to detect secondary
phases [6]. We suggest that small spacecraft missions
including microlanders may provide a relatively costeffective approach for such a mission.
Micro-technology Delivery: A critical factor in
using seismology to probe the lunar interior is the cost
of installation of a global network. Possible mission
scenarios include deployment of penetrators from one
or more orbiting spacecraft [7] or a series of soft landers as discussed for the International Lunar Network
[8]. All have suffered from the perceived high cost, in
spite of the valuable scientific results to be returned.
We clearly need a low-cost alternative of delivering a
geophysical network.

The Hawaii Space Flight Laboratory at the University of Hawaii at Manoa is developing a program to
become a low-cost gateway to space and to place the
the University of Hawaii as the only university in the
world to have both satellite fabrication capabilities and
unique, direct access to orbital space. Faculty and students from the UH School of Ocean and Earth Science
and Technology and the College of Engineering are
developing the capabilities to design, build, launch,
and operate microsatellites in the 1-150 kg range that
can be configured for a variety of science and education tasks. Using vehicles derived from proven technology, the system will be capable of delivering 300
kg to low Earth orbit. The first launch to LEO is
scheduled for mid-2011.
Using the latest in micro-technology for spacecraft,
we estimate that it is possible to do a mission to the
Moon for under $300 million (for just the installation
component) including launch costs, the deployment of
four instrumented micro-landers to install four geophysical stations at widely spaced geographic locations, and an orbitor to allow communication with
instruments on the farside. The mission would softland a ∼40-kg lunar lander onto the surface, with about
20 kg devoted to science payload, and take
measurements. The duration of the experiment will be
limited by power capabilities, but even a limited
duration experiment is likely to provide answers to
outstanding scientific questions. Thus, a sound lunar
seismic network can be emplaced within the cost cap
of the Discovery program. .
Scientific Analyses: The prior Apollo LP seismometers provided low resolution data in a narrow
high frequency band around 0.5 Hz, where waveforms
show intense scattering, making identification of secondary arrivals diffcult and precluding deterministic
waveform modeling. Data from a future multicomponent, sensitive, broadband seismometer network [6],
should allow low frequency analyses, such as study of
direct, reflected, refracted, and converted body wave
phases using many modern techniques in global and
regional seismology as well as allow possible identification of surface waves and normal modes. Equally
important, a network of widely-spaced stations is crucial in improving the ray path sampling of the deep
mantle and core, which was not well sampled by
Apollo data [4].
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Assuming the existence of such a functional network, the dominant limitation on the scientific analyses will be the locations and signal-to-noise of the
seismic sources and their frequency of occurence.
Apollo studies have characterized the frequencymagnitude relationship of lunar sources. Approximately one magnitude 5 or greater shallow moonquake
occurs per year [8]. Small (magnitude < 3), deep clusters of repeating moonquakes occur with tidal periodicities [c.f. 9] and the regularity of Apollo deep
moonquakes lends credence to the suggestion that
these source regions are likely to remain active and be
observable by future missions [7, 8]. However, because deep moonquakes are small in magnitude and
background noise levels on the Moon are low, the
seismometer will require high sensitivity and 24 bit
dynamic range. It has been recommended that in the
frequency band of 0.001-1.0 Hz that instrument sensitivity be at least an order of magitude better than the
Apollo long-period instruments [8].
Implementation Issues: We have made a
reasaonable first estimate of the cost of spacecraft design, construction, and launch, and others [6, 10] have
reported advanced designs for seismometers. The central issues we have identified at present are outlined
here.
Power. It appears that at least a one-year mission is
possible. For example, the Lunar-A mission would
have utilized Li-SOCL2 batteriess with quoted power
density of 430W/kg [7]. The power requirements for a
seismometer may be on the order of 0.5-1W/day; see
details at [9]. Power is a crucial issue because it constrains station lifetime. While we are optimistic about
achieving a one- or two-year lifetime, the final report
of the scientific definition team for the ILN anchor
nodes recommends operations of at least six years and
the development of long-lived power sources [8].
Instrument deployment. High sensitivity seismometers demand thermal and mechanical stability.
Burying a seismometer improves thermal control and
coupling, but requires additional instrumentation, such
as a mole [6], hence adding more mass.
Targeting. A preliminary mission design study
suggests a landing ellipse of about 200 km, without the
need to go into lunar orbit first. If more precise targeting is needed for a small (four-sites) network, we will
need detailed trade studies.
Other measurements. Additional instruments may
be needed or desired, such as a camera for documenting the site, a heat-flow probe, or chemical analyzers.
These have to be balanced with the goal of making the
mission cost effective and with the payload and power
capabilities of the system. A priority list of geophysical instruments is recommended by [8].

Reliability: It has been four decades since a geophysical experiment was conducted on the Moon.
Thus no modern instrumentation exists that is field
tested in the lunar environment. While selection of
mission instrumentation would likely undergo extensive competitive review, comparative analysis of proposed instrumentation at a common test facility such as
the Albuquerque Seismological Laboratory may prove
useful. It may also be possible, depending on power
and weight considerations, to build a level of redundancy in the deployment by operating multiple sensors.
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of the Moon: Final Report (2007) National Research
Council, Space Studies Board. [2] Lunar Exploration
Roadmap, http://www.lpi.usra.edu/leag/ler_draft.shtml
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Introduction: In the framework of International
Lunar Network initiative, many space agencies are
currently sharing their knowledge, experience and
mission plans in order to make new long-lived
geophysical measurements on the surface of the Moon.
The deployment of a new seismic network since
Apollo lunar seismic experiment (eg. [1]) will allow to
obtain new information about lunar interior including
the core size. Even if the seismic data obtained
through the Apollo mission provided us a large
amount of knowledge about lunar seismic events and
lunar interior [2],[3], they have not revealed whole
lunar interior structure, especially its deep regions due
to limited bandwidth of the instruments and to
network configuration.
For these reasons, some new seismic experiments are
planned in future lunar landing missions; SELENE-2
JAXA mission and International Lunar Network
Anchor Nodes NASA mission. In these missions,
deployments of one or three soft-landers with seismic
stations on the lunar surface are planned. So, we have
to consider how we can optimize the scientific gain of
these sparce seismic stations. We studied the
optimization of the geometry of a lunar seismic
network with one to three seismic stations depending
on the science objectives, and under some constraints
due to system and optimization of other geophysical
instruments.
In this presentation, the constraints, the optimization
method and preliminary results are presented. The
optimized network geometry strongly depend on the
science objectives, but the method developed in this
study is flexible enough to perform an optimization
over all possible science objectives, and to take into
account many constraints.
Constraints and assumption: Firstly, we have to
set seismic stations on the lunar nearside in the range
of 85W~85E due to the direct communication to Earth.
Then, we assume that the priority science objective for
the first station is to quantify the core size. So, we
must optimize the position of first station so as to
detect core-phases as much as possible. From analysis
of Apollo seismic data, it is known that deep
moonquakes occur repeatedly at identical source
positions depending on tides constraints on the fault
[4]. It means that we will be able to use deep
moonquake events occuring from positions already
indentified through Apollo mission. If we can identify

both P and PKP arrivals which occur from known
sources at the new station, these events can be used to
investigate the core size and its composition.
After deployment of the first station, the positions of
second and third station have to be optimized in order
to fulfill the following science objectives: improve the
location of deep moonquake nests, best locate new
impact events, improve our knowledge of the moon
radial seismic structure (in particular for mid to deep
mantle). For each of these inverse problems, a
posteriori covariance matrix is computed as a function
of the new station position, and the optimized network
geometry is chosen to minimize the error on the
inverted parameters. The optimization method are
detailed below for the deep moonquake location
problem.
Methods: In addition to new seismic data, we can
use Apollo seismic data from 4 stations (A12,14,15
and 16) to determine the location and origin time of
deep moonquake events already located by Apollo
network. However, the seismograms observed at
Apollo seismic stations are disturbed by intensive
scattering due to lunar near surface structure [5], and
seismic phases are difficult to identify. Therefore, we
selected seismic events for which P and/or S
waveforms have been identified on the seismograms at
4 Apollo stations. Then, the deep moonquake events
of 36 nests with more than four phases already
indentified are used with synthetic new seismic data in
a linear inverse problem of source location, assuming
a perfectly known interior structure.
So, we calculated the travel times of P, S and PKP
phases from the 36 selected nests at all positions on
2q by 2q grids on lunar surface using best lunar
interior model [3] with a 350km radius fluid core.
This computation also gives counts of PKP waveforms
that can be detected at each position for the first
station.
To decide the position of the second station, we
computed at all positions a posteriori errors of 5
model parameters (longitude, latitude, depth and
origin times (Apollo and new seismic station)) for 36
P

nests. The covariance matrix Cm which consists of a
posteriori erros at each position
follows [6];

CmP

G T Cd1G

is expressed as
1

Cm1
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where, data kernel G consists of the calculated travel
times differentiated with respect to the model
parameters, Cd is a diagonal matrix containing
arrival time reading erros and Cm is a diagonal
matrix containing a priori errors of model parameters.
The priori errors of arrival time readings and model
parameters were taken from studies of other
researchers [3],[7]. We would like to minimize a
posteriori error of the model parameters depending on
station position. So, we define a “cost function” AJ
as the average value of a posteriori errors scaled by a
priori errors;

AJ

1

N

§ CmP i, i

N ¦ ¨©
i 1

·
Cm i, i ¸¹

where, N is total number of model parameters. The
seismic station position for which AJ is minimum
indicates the best position to locate deep moonquakes.

depth of the crust-mantle boundary and the average
crustal density in these regions. Mare Humorum and
Grimaldi crater are interesting places for setting the
seismic station, because they have cleary indentified
gravity anomalies [9] and it is expected that the
station can detect a high number of PKP waveforms.
Figure 2 shows logarithm of AJ for deep
moonquake nests location problem and second station
position. First station is set so as to detect as much as
possible PKP arrivals within Mare Humorum. Then,
second station is set on the position where AJ is
minimum.
In this presentation, we will also show the position of
third station and results using various core radius.
Then, we will discuss scientific gain expected by this
optimized seismic network. We expect that the
seismic network designed in this study will provide us
important informations about origin and evolution of
the Moon in future lunar seismic experiments.

Results: Figure 1 shows the counts of PKP
waveforms which arrive as secondary arrival from the
36 deep moonquake nests at all station positions.
These counts were derived using lunar interior model
with core radius of 350km. This result will change
depending on the radius and seismic velocities of the
core. Future studies will investigate numbers of PKP
arrivals by changing the core radius from 200km to
450Km [8] . These results showed that rim of the
lunar nearside were better place to detect PKP
waveforms.
Fig.2 Logarithm of AJ for the problem of deep moonquake
nests location and the second station, assuming a first
station position in the Mare Humorum basin.The green
square indicates the position of first station and the red
square indicates the position of second station (Minimum of
AJ ).

Fig.1 The counts of PKP waveforms which arrive as
secondary arrival from 36 deep moonquake nests on 2q by
2q grids. The diamonds indicate the positions of Apollo
seismic stations. The stars indicate the epicenters of deep
moonquake nests. Dashed lines shows the near side limit.

On the other hand, we are also interested in setting
the seismic station on the mascon basins to investigate

References: [1] M. N. Toksös et al. (1974) Rev. of
Geophysic and Space Physcs, 12, 539-565.
[2] Y. Nakamura et al. (1982) JGR, 87, A117-A123.
[3] P. Lognonné et al. (2003), EPSL, 211, 27-44.
[4] D. Lammlein (1977), PEPI, 12, 224-273.
[5] A. M. Dainty and M. N. Toksöz (1974) The Moon,
9, 11-29.
[6] W. Menke (1989) Academic Press, Inc.
[7] J. Gagnepain-Beyneix et al. (2006) PEPI, 159,
140-166.
[8] A. S. Konoplive et al. (1998) Science, 281, 14761480.
[9]N. Namiki et al. (2009) Science, 323, 900-905.

Ground-Based Geophysics on the Moon

79

ARE MARE BASALT VOLCANISM, VOLATILE DISTRIBUTION IN THE LUNAR MANTLE, AND
MOONQUAKES RELATED? S. J. Zhong, Department of Physics, University of Colorado at Boulder, Boulder,
Colorado 80309, USA (szhong@colorado.edu).

Introduction: Although lunar basalt volcanism,
moonquakes, and heterogeneities in volatile concentration (water) in the lunar mantle may appear to be distinct features of the Moon, this study is intended to
explore the possible relationship between them. Mare
basalt volcanism occurred around 3.8 Ga ago, and is
probably the most important volcanic and tectonic
event in the lunar geological history after the formation
of the lunar anorthositic crust that resulted from solidification of the lunar magma ocean [1]. Mare basalts are
also the main sources of the gravity anomalies (i.e.,
mascons). Two characteristics of mare basalt volcanism are crucial for understanding the origin of the volcanism. The first is its hemispherically asymmetric
distribution, that is, the volcanism predominantly occurred on the nearside of the Moon (Fig. 1) [2]. The
second is that the distribution of rare earth elements of
bare basalts is complementary to that of the anorthositic crust, suggesting that mare basalts were derived from remelting the melt residue that crystallized
contemporaneously with the anorthositic crust [3].
There is also evidence that indicates a deep source
region of mare basalts, possibly at ~500 km depth [4].
Moonquakes recorded by seismometers deployed
in Apollo missions in 1970s have important implications for the structure and dynamics of the lunar mantle. Moonquakes display a couple of important characteristics. First, they mostly occur at large depths (~800
km) as clusters and on the nearside of the Moon (Fig.
2) [5-10]. Second, some but not all moonquakes show
correlations with Earth-Moon tides [11-14]. Although
it is possible that the occurrence of moonquakes in the
nearside is partially attributed to the uneven distribution of the limited number of seismometers (i.e., all of
the four seismometers were on the nearside) [8], a
cluster of moonquakes, A33, from the farside were
detected from the seismometers [8-10], indicating the
capability of the seismometers in locating moonquakes
from the farside.
More recently, spacecraft studies of lunar surfaces
[15-17] and laboratory analyses lunar rock samples
[18] suggest that the Moon contains significant amount
of water at its surface and in the lunar interiors, challenging the conventional view that the Moon is dry.
The water has significant effects on both elastic and
viscous deformation of rocks [19,20]. Therefore, the
discovery of significant amount of water in the interior
of the Moon raises questions as how the water may

affect the early evolution of the Moon and as well as
recent lunar tectonic activities such as moonquakes.

Fig. 1. The surface distribution of TiO2 on the (A)
nearside and (B) farside of the Moon [2]. High concentration of TiO2 is indicative of mare basalts.

Fig. 2. Distributions of moonquakes (figure from [10]).
Previous Studies and Outstanding Questions: To
account for the chemical characteristics and the hemispheric asymmetry of mare basalt volcanism, a number
of studies have considered lunar mantle dynamics that
may lead to hemispherically asymmetric structure in
melt residue materials that are remelted due to temperature anomalies [21-23]. In one of the models, the
remelting of the melt residue materials was suggested
to be caused by dynamically developed upwellings in
one hemisphere (Fig. 3). While such models lead to
hemispherically asymmetric distributions of not only
surface volcanism but also the mantle interior structure, these studies did not explore time evolution of
lunar mantle structure from the early lunar history
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(~3.8 Ga ago when the mare basalt volcanism occurred) to the present-day.
Moonquakes are poorly understood. Tidal deformation models have been formulated to explain the characteristics of some moonquakes [11-14]. These tidal
deformation models often assume elastic parameters
that vary only in the radial direction with no lateral
variability which enable simple analytic solution approaches. However, three features of moonquakes present challenges to simple tidal models. First, moonquakes occur in highly localized regions and form
clusters [10], while predicted tidal deformation tends
to be of long-wavelength and smoothly varying. Second, tidal deformation is always symmetric, but moonquakes clearly show much higher concentration on the
nearside than on the farside. Third, tidal stress tends to
be small in magnitude, and it is unclear whether tidal
stress is large enough to cause moonquakes at large
depths [10]. Frohlich and Nakamura [10] recently suggested that fluids may play an important role in causing moonquakes in dynamic interaction with tidal
stresses. However, to test this idea is beyond the current tidal deformation models.

Fig. 3. 2D axisymmetric thermochemical convection
model that generates one upwelling plume structure
proposed to be responsible for mare basalts [22].
A New Hypothesis: I propose a new hypothesis
for lunar mantle structure evolution and its control on
moonquake occurrence in interaction with tidal deformation. I also outline strategies to test this hypothesis
and present preliminary results. I hypothesize that accompanying the mare basalt volcanism, the lunar mantle temperature, volatiles and fluids develop globally
asymmetric distributions such that the nearside of the
Moon has acquired a higher temperature and higher

concentration of volatiles (Fig. 3). Such distributions
have been maintained throughout the lunar geological
history to the present-day and are responsible for the
high concentration of clusters of moonquakes on the
nearside of the Moon as the asymmetric mantle structure interacts with the tidal forces.
To test this hypothesis, I have formulated preliminary tidal deformation models that differ from previous
models in incorporating realistic three-dimension elastic parameters to account for the possible effects of
fluids and volatiles. I use three-dimension viscoelastic
finite element code CitcomSVE that was developed to
study earth’s post-glacial rebound [24,25]. The new
models capable to include rapid variations in elastic
parameters caused by fluids enable determinations of
tidal stress variations over small length-scales that are
comparable with those of moonquake clusters. Preliminary results will be presented to show how threedimension elastic parameters may influence tidal stress
and stress rate and how they may be related to moonquakes. I will also discuss the role of volatiles in mare
basalt volcanisms.
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