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a b s t r a c t 

Currently, few thermal infrared measurements exist of fine particulate ( < 63 μm) analogue samples (e.g. 

minerals, mineral mixtures, rocks, meteorites, and lunar soils) measured under simulated lunar condi- 

tions. Such measurements are fundamental for interpreting thermal infrared (TIR) observations by the 

Diviner Lunar Radiometer Experiment (Diviner) onboard NASA’s Lunar Reconnaissance Orbiter as well 

as future TIR observations of the Moon and other airless bodies. In this work, we present thermal in- 

frared emissivity measurements of a suite of well-characterized Apollo lunar soils and a fine particu- 

late ( < 25 μm) San Carlos olivine sample as we systematically vary parameters that control the near- 

surface environment in our vacuum chamber (atmospheric pressure, incident solar-like radiation, and 

sample cup temperature). The atmospheric pressure is varied between ambient (10 0 0 mbar) and vacuum 

( < 10 −3 mbar) pressures, the incident solar-like radiation is varied between 52 and 146 mW/cm 

2 , and the 

sample cup temperature is varied between 325 and 405 K. Spectral changes are characterized as each 

parameter is varied, which highlight the sensitivity of thermal infrared emissivity spectra to the atmo- 

spheric pressure and the incident solar-like radiation. Finally spectral measurements of Apollo 15 and 16 

bulk lunar soils are compared with Diviner thermal infrared observations of the Apollo 15 and 16 sam- 

pling sites. This comparison allows us to constrain the temperature and pressure conditions that best 

simulate the near-surface environment of the Moon for future laboratory measurements and to better 

interpret lunar surface compositions as observed by Diviner. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

Apollo mare and highland soils (e.g. Pieters et al., 1993, 20 0 0,

006; Noble et al., 2001, 2006; Taylor et al., 2001, 2010 ) as well

s basaltic rocks ( Isaacson et al., 2011 ) and breccias ( Noble et al.,

005 ) have been well-characterized across the visible- to near-

nfrared (VNIR) wavelengths to constrain the effects of mineral-

gy, mineral chemistries, ilmenite content, particle size and space

eathering on their spectra. These laboratory analyses provided

round truth for remote sensing observations from Earth-based
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elescopic observations and spacecraft observations like those from

ational Aeronautics and Space Administration’s (NASA) Clemen-

ine, Galileo and Lunar Prospector, European Space Agency’s (ESA)

mall Missions for Advanced Research in Technology (SMART-1),

apan Aerospace Exploration Agency’s (JAXA) SELENE Kaguya, and

ndian Space Research Organisation’s (ISRO) Chandrayaan-1 as well

s key insights into the composition and evolution of the lunar sur-

ace. Recently the Diviner Lunar Radiometer Experiment (Diviner),

 nine band thermal infrared (TIR) radiometer, was launched on-

oard NASA’s Lunar Reconnaissance Orbiter (LRO) ( Paige et al.,

010a ), making it necessary for detailed laboratory analysis of lu-

ar samples across TIR wavelengths. Thermal infrared characteri-

ation will (1) aid in ‘ground-truthing’ the bulk thermal proper-

ies of the lunar surface (e.g. Bandfield et al., 2011, 2014; Vasavada

t al. 2012; Ghent et al., 2014 ) and lunar surface compositions
ng environmental conditions on emissivity spectra of bulk lunar 
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(e.g. Greenhagen et al., 2010; Glotch et al., 2010, 2011; Allen et al.,

2012; Donaldson Hanna et al., 2012a, 2015a ), (2) estimate the spec-

tral effects due to space weathering (e.g. Glotch et al. 2015; Lucey

et al., 2016 ), (3) better constrain the near surface (upper hundreds

of microns) environmental conditions of the Moon (e.g. Thomas

et al., 2012; Donaldson Hanna et al., 2012b ), and (4) support ther-

mal models of the surface (upper meter), in particular the semi-

permanently and permanently shadowed regions at the lunar poles

(e.g. Paige et al., 2010b; Foote et al., 2012; Johnson et al., 2013;

Warren et al., 2014; Greenhagen et al., 2015 ). 

The fine particulate nature of the regolith and the lack of an

appreciable atmosphere complicate the interpretation of thermal

infrared emission observations of airless bodies like the Moon and

asteroids. On the Moon and other airless bodies there are no inter-

stitial atmospheric gases between regolith grains to transfer heat

through conduction; rather heat is transferred through radiation

and grain-to-grain contacts. Radiative cooling becomes very effi-

cient at the near-surface (upper hundreds of microns) as it is ex-

posed to the coldness of space, thus setting up a strong thermal

gradient between the near-surface and the portions of the upper

centimeter of regolith being heated by incident solar radiation (e.g.

Logan and Hunt, 1970; Logan et al., 1973; Henderson and Jakosky,

1994 ). This is unlike planets with atmospheres like the Earth and

Mars where the pore space between regolith grains is filled with

interstitial gases, which allows heat to transfer efficiently from

depth to the surface through conduction. Thus, the upper hundreds

of microns of regolith on planets with an atmosphere are nearly

isothermal (e.g. Henderson and Jakosky, 1994 ). 

The depth in the lunar regolith from which the measured emis-

sion originates depends on the wavelength as well as the compo-

sition and physical nature of the regolith materials. As the wave-

length varies so does the depth from which the measured thermal

emission originates, thus different tem peratures are measured ow-

ing to the thermal gradient in the near-surface ( Logan and Hunt,

1970; Logan et al., 1973; Henderson and Jakosky, 1994, 1997 ).

Across wavelength regions where materials have high absorption

coefficients and surface scattering dominates (spectral regions cov-

ering the reststrahlen bands) the measured emission comes from

the cooler surface (upper tens of microns). Across transparent re-

gions of the spectrum where materials have low absorption coeffi-

cients and volume scattering dominates (spectral regions covering

the Christiansen feature and transparency feature) the measured

emission comes from deeper (upper hundreds of microns), warmer

portions of the near-surface. Therefore, a single thermal infrared

emission measurement of the lunar surface from orbit is sampling

multiple depths and temperatures within the upper hundreds of

microns and cannot easily be reconciled with a single Planck func-

tion ( Logan and Hunt, 1970; Logan et al., 1973; Henderson and

Jakosky, 1994, 1997 ). Thus, thermal infrared spectral measurements

represent an effective emissivity of the lunar surface as they in-

clude diagnostic features due to composition and particle size that

are affected by the thermal gradient. 

Previous laboratory emissivity measurements of particulate

rocks, minerals, and lunar soils under vacuum and lunar-like con-

ditions ( Hunt and Salisbury, 1964; Murcray, 1965; Logan and Hunt,

1970; Logan et al., 1973; Salisbury and Walter, 1989; Hender-

son et al., 1996; Thomas et al., 2012; Donaldson Hanna et al.,

2012a, 2012b, 2015a ) observed an enhancement in the spectral

contrast of the Christiansen feature (CF) and a shift in the CF po-

sition to shorter wavelengths (higher wavenumbers) when com-

pared to spectra measured under isothermal or ‘Earth-like’ condi-

tions. These observed spectral differences were attributed to the

strong thermal gradient generated within the uppermost portion

of particulate samples from the vacuum environment and solar-like

incident radiation ( Logan et al., 1973; Henderson et al., 1996; Hen-

derson and Jakosky, 1997 ). The observed spectral changes under
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
acuum and lunar-like environmental conditions demonstrate the

eed for making laboratory measurements under comparable near-

urface conditions for the interpretation of remote sensing obser-

ations of airless bodies like the Moon, Mercury, Mars’ moons Pho-

os and Deimos, and asteroids. 

Currently, few measurements have been published of fine par-

iculate ( < 63 μm) samples (e.g. minerals, mineral mixtures, rocks,

eteorites, and lunar soils) measured under simulated lunar con-

itions. These laboratory spectral measurements are fundamen-

al for interpreting thermal infrared observations by Diviner and

uture TIR lunar observations. In this work, we make thermal

nfrared spectral measurements of a suite of well-characterized

pollo bulk lunar soils as we systematically vary parameters that

ontrol the near-surface environment in our vacuum environment

hamber (atmospheric pressure, incident solar-like radiation, and

ample cup temperature). The observed spectral changes are char-

cterized as each parameter is varied to constrain which parame-

ers have the largest effect on the spectral measurements. Finally

pectral measurements of Apollo 15 and 16 bulk lunar soils are

ompared with Diviner TIR observations of the Apollo 15 and 16

ampling sites. This comparison allows us to constrain the temper-

ture and pressure conditions that best simulate the near-surface

nvironment of the Moon for future laboratory measurements and

o better interpret lunar surface compositions as observed by Di-

iner. 

. Background 

Remote sensing observations provide key insights into the

ormation and evolution of a planet’s surface through the deter-

ination of its surface composition. A fundamentally important

omponent to interpreting the composition of a planet’s surface is

 suite of laboratory measurements of well-characterized analogue

aterials. Laboratory thermal infrared spectral measurements of

nalogue samples have been successfully applied to map planetary

ompositions on Earth and Mars (e.g.; Ramsey and Christensen,

998; Feeley and Christensen, 1999; Hamilton and Christensen,

0 0 0; Wyatt et al., 20 01; Rogers et al., 20 07 ). TIR emissivity

pectra are sensitive to the chemistry and structure of all common

ock-forming silicates and exhibit unique spectral features that

an be used to identify them. These diagnostic features include

he Christiansen feature (CF), reststrahlen bands (RB), and trans-

arency features (TF) as seen in Fig. 1 . The CF is an emissivity

aximum resulting from a rapid change in a material’s refractive

ndex at wavelengths shorter than those of the fundamental

olecular vibration bands. Conel (1969 ) found that the CF position

n silicates is diagnostic of bulk mineralogy as it changes with

he change in bond strength and molecular geometry associated

ith changing mineralogy. As seen in Fig. 1 , plagioclase feldspars

which have little Fe, but high Al and Ca contents) have shorter

avelength CF positions than pyroxenes and olivines (which have

igh Fe and/or Mg content and low Al). The RB are the fundamen-

al molecular vibration bands due to stretching (Si–O–Si, Si–O–Al,

i–Si, and Si–Al) and bending motions (O–Si–O and O–Al–O).

he fundamental vibration bands occur in spectral regions where

urface scattering dominates (regions where minerals have high

bsorption coefficients) for particle sizes and packing states of

ypical regoliths. The exact frequencies, shapes and intensities, and

umber of absorptions in the RBs are dependent on atomic masses

nd bond lengths, geometry, and bond strengths within mineral

rystal lattices. Because all minerals consist of unique structures

nd/or compositions, virtually every mineral has a different set of

ibrational characteristics and thus a highly diagnostic set of RB

bsorptions (e.g. Lyon, 1964; Conel, 1969; Salisbury and Walter,

989; Hamilton, 20 0 0 ). The TF is an emissivity minimum caused

y volume scattering of fine particulates (typically < 63 μm) in a
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 
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Fig. 1. Full resolution laboratory spectra of fine particulate ( < 25 μm) silicate min- 

erals measured under ambient conditions (samples were heated from below to 

∼350 K and atmospheric pressure inside the chamber was held at ∼10 0 0 mbar). 

Thermal infrared diagnostic features are labeled as follows: CF (Christiansen fea- 

ture), RB (reststrahlen bands), and TF (transparency feature). Spectra are normalized 

to 1.0 at peak emission and offset by 0.15 emissivity from one another for clarity. 

Figure is adapted from Donaldson Hanna et al. (2012b ) Mineral chemistries of each 

of the silicate minerals are provided in Donaldson Hanna et al. (2012b ). 
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pectral region of relative transparency between the principal RB.

Fs, like the CF, are indicators of composition and particulate size;

enerally, as particle size decreases, the spectral contrast of the

Fs increases due to volume scattering (e.g. Salisbury and Walter,

989; Cooper et al., 2002 ). 

. Experimental set-up 

The Asteroid and Lunar Environment Chamber (ALEC) is a vac-

um chamber that resides in Brown University’s Reflectance Exper-

ment Laboratory (RELAB). ALEC was built by ATK Mission Research

o simulate the space environment experienced by the near-surface

egolith of airless bodies such as the Moon and asteroids. The lunar

nvironment is simulated for particulate sample materials placed

nside the chamber by (1) removing atmospheric gases inside the

hamber to a pressure < 10 −4 mbar, which is sufficient to simu-

ate lunar heat transport processes within the sample (e.g. Logan

t al., 1973 ), (2) cooling the chamber to simulate the cold space

nvironment into which the lunar surface radiates heat (85 K), and

3) heating the sample material from above and below to simulate

he incident solar radiation on the Moon’s surface and the ambient

emperature of the Moon at depth within the regolith. 

Images of ALEC in Fig. 2 show the general experimental set-up.

o control the atmospheric pressure inside the chamber, a Pfeiffer

urbo-molecular pump is attached to one of ALEC’s flanges (seen

n Fig. 2 A). The chamber can be pumped down to pressures < 10 −3 

bar when the interior of the chamber is at room temperature
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
nd < 10 −4 mbar when ALEC is cryopumped. For experiments with

mbient to low atmospheric pressure (e.g. Earth- and Mars-like

ressures), dry air ( < 5 ppm H 2 O) is used to backfill the environ-

ent chamber to any desired pressure ≤10 0 0 mbar using a Pfeiffer

ide range gauge and Pirani measurement system. The environ-

ent chamber is cooled by liquid nitrogen (LN 2 ) running through

 network of cooling lines attached to the bottom of the sample

tage. A stable thermal environment is created using an aluminum

adiation shield ( Fig. 2 C) that sits on top of the sample stage. As

een in Fig. 2 D, each sample cup is surrounded by a radiation

hroud that is painted with black, high emissivity paint to create a

old, low-emission environment for heated samples to radiate into.

o ensure that the thermal environment inside the chamber is sta-

le and as homogeneous as possible, spectral measurements are

ot made until temperatures from temperature sensors on two dif-

erent places on the sample stage and a temperature sensor stand-

ng off of the sample stage at a height of the sample cup all mea-

ure 85 ± 0.5 K. 

The solar irradiance on the lunar surface is simulated by heat-

ng sample materials from below using heaters embedded in the

ase of thermally isolated sample cups and from above using a

00 W quartz-halogen lamp heat source ( Fig. 2 B). A fused sil-

ca window sits between the quartz-halogen lamp and the sam-

le cup to reduce (a) the contribution of reflected radiation to

he measured spectrum and (b) long wave radiation heating the

ample. Initial tests of the quartz-halogen lamp demonstrated that

hen the lamp was turned on between 30 and 100% of the lamp

attage, the irradiance measured at the height of the sample cup

as between 3 and 146 mW/cm 

2 ; thus when the lamp is turned

n at 90 to 100% of the lamp wattage the irradiance on the sam-

le is similar to the total solar irradiance measured at the top

f the Earth’s atmosphere (136.6 mW/cm 

2 ) ( Fröhlich, 2006 ). A de-

ailed diagram of the environment surrounding each sample cup as

ell as the heating configuration is illustrated in Fig. 3. 

Spectral measurements were made using RELAB’s Thermo Nico-

et Nexus 870 Fourier Transform Infrared (FTIR) spectrometer.

LEC is connected to the FTIR spectrometer through a potassium

romide (KBr) emission port window and an aluminum shroud

urged with dry air (as seen in Fig. 2 A). The Thermo Nicolet’s

Br beam splitter and deuterated triglycine sulfate (DTGS) detec-

or allow laboratory spectra to be collected at a resolution of 4

m 

−1 over a nominal 5–25 μm (40 0–20 0 0 cm 

−1 ) spectral range.

he wavenumber precision of the Thermo Nicolet Nexus 870 FTIR

s < 0.01 cm 

−1 at 20 0 0 cm 

−1 owing to the accuracy of the scanning

irror position (2 nm). The spectrometer is purged with dry air ( <

 ppm H 2 O) for instrument stability and to remove any particu-

ates, water vapor, and CO 2 . 

For spectral measurements, 500 interferograms are collected

nd averaged by the instrument to provide the signal-to-noise

atio required to detect features with spectral contrast on the

rder of 1%. To demonstrate the stability of the FTIR over the

00 interferogram collection time, five measurements of 100

nterferograms each were made of San Carlos olivine (particle

izes < 25 μm) under ambient or Earth-like conditions. The av-

rage and standard deviation of those five measurements along

ith the repeat measurements are shown in Fig. 4 . The standard

eviation of the repeat measurements is less than 0.1% across

he ∼7.1–15.4 μm (1400–650 cm 

−1 ) spectral range and less than

.6% across the ∼15.4–25.0 μm (650–400 cm 

−1 ) spectral range.

he calibration of spectral measurements of sample materials is

chieved by making regular measurements of a blackbody target at

wo temperatures (375 and 405 K) also with 500 multiple interfer-

grams ( Ruff et al., 1997; Thomas et al., 2012 ) and accounting for

he spectral shape of the blackbody target. The blackbody target

sed in this analysis is particulate blast furnace slag obtained from

he Planetary Emissivity Laboratory (PEL) of the German Aerospace
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 
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Fig. 2. General configuration of the environment chamber. (A) ALEC is connected to a Thermo Nicolet Nexus 870 FTIR spectrometer using a shroud purged with dry air. The 

chamber is pumped to vacuum pressures using the attached Pffeifer turbo-molecular pump. (B) The chamber can be backfilled to any pressure with dry air and cooled with 

LN 2 . Samples are heated from above using the solar-like lamp. (C) A radiation shield sits on top of the sample stage, which cools the environment surrounding the sample 

cups. (D) Six sample cups sit on a rotating sample stage and are enclosed in shrouds. Samples are heated from below using heaters on the base of the sample cups. Two 

sensors sit on the sample stage and one is attached to the base of a non-heated sample cup to monitor the interior temperature of the chamber. 
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Center (DLR) in Berlin ( Maturilli et al., 2013 ). The slag was chosen

because it (1) has a very high emissivity, (2) has a nearly flat

emissivity spectrum across the 5–25 μm spectral region (see Fig.

5 ), and (3) does not outgas when heated in a vacuum above 700 K.

In addition, an advantage of using a particulate blackbody material

(63–125 μm) is that it can be measured in the same sample cup

and under the same conditions as any of the sample materials. 

4. Samples and methods 

4.1. Apollo bulk lunar soils 

Lunar soils measured in this initial study include Apollo sam-

ples requested from NASA’s Curation and Analysis Planning Team

for Extraterrestrial Materials (CAPTEM) as a part of the Thermal

Infrared Emission Studies of Lunar Surface Compositions Consor-

tium (TIRES-LSCC). The consortium includes four research institu-
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
ions (Brown University, the University of Oxford, Johns Hopkins

niversity Applied Physics Laboratory, and Stony Brook University)

nd was formed to characterize bulk lunar soils across thermal in-

rared wavelengths. In particular, these laboratory measurements

ill provide better context for TIR spectral effects due to variable

oil composition and maturity as well as aiding in the interpreta-

ion of Diviner observations (e.g. Paige et al., 2010a; Greenhagen

t al., 2010, 2012; Glotch et al., 2010, 2011, 2015; Allen et al., 2012;

ong et al., 2013; Donaldson Hanna et al., 2014 ) and future thermal

nfrared data sets of airless bodies. 

We focus on surface samples that were collected as compre-

ensive or reference samples from sampling stations at the Apollo

1, 14, 15, 16, and 17 landing sites. Samples collected as compre-

ensive or reference soils for a landing site are assumed to be

he most relevant to Diviner orbital observations for that sam-

ling station. This initial study was also limited to soil samples

hose composition and particle size distribution were previously
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 
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Fig. 3. Diagram of a sample cup in ALEC illustrating its surrounding environment. 

Each sample cup sitting on the rotation stage is covered by a shroud that is cooled 

conductively from the stage. The sample can be heated from above using the solar- 

like halogen lamp and/or from below using the heater at the base of the cup. The 

sample’s emitted radiation hits a collimating parabolic mirror before exiting ALEC 

through a potassium bromide (KBr) window into the emission port of the Thermo 

Nicolet Nexus 870 FTIR. 

Fig. 4. Ambient (‘Earth-like’) spectra of San Carlos olivine ( < 25 μm) measured 

in ALEC. Five repeat ambient measurements were made with 100 interferograms 

each. The average ambient spectrum includes those five repeat measurements and 

demonstrates the stability of the FTIR spectrometer over a 500 interferogram col- 

lection time. The standard deviation (1 σ ) of the repeat measurements is included 

as black error bars on the average spectrum. The ambient spectrum is offset from 

the repeat ambient spectra by 0.02 for clarity. 

Fig. 5. Reflectance spectrum of the blast furnace slag particulate sample (63–

125 μm) used in the blackbody calibration. The blast furnace slag material has a 

high emissivity and its spectrum is nearly flat across the 5–25 μm spectral region. 

The average variance in reflectance across the spectrum is 2% with the largest de- 

parture at ∼5% near 25 μm. 
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soils: Application to Diviner thermal infrared observations of the Moon
ell characterized and have at least 3.5 g available for analysis (as

equired by the size of sample cups in ALEC and other environment

hambers). Our suite of < 1 mm sieved lunar soils includes 10084,

4259, 15071, 15201, 15411, 66031, 67701, 70181, 72501, and 79221.

ub-split numbers for each of the Apollo samples are provided in

able 1 . The curatorial laboratory prescreened these lunar soil sam-

les with a dry sieve and no additional sieving or particle size sort-

ng was done to the < 1 mm soil samples for our work. The suite of

oils includes Apollo samples of varying composition and varying

aturity, where the maturity of the lunar samples is expressed as

 s /FeO (the intensity of the characteristic ferromagnetic resonance

f a lunar soil normalized to its total iron content ( Morris 1976,

978 )) and its value increases as a function of exposure time on

he lunar surface. Detailed modal analyses, maturities, and mineral

hemistries are provided in Tables 2 –4. 

.1.1. Sample preparation for spectral measurements 

For terrestrial mineral samples like the San Carlos olivine sam-

le ( Figs. 4 and 6 ), where the amount of sample is not limited to

.5 g, sample material is carefully spooned into a stainless steel

LEC sample cup. The sample cup is overfilled with sample mate-

ial and a flat edge is taken across the sample to ‘flatten’ its sur-

ace. However, the ALEC sample cup is sufficiently large (40 mm in

iameter and 2 mm deep) that the requested 3.5 g of lunar soil

ample material does not overfill the sample cup, so the surface

annot be flattened with a flat edge. Instead each of the Apollo soil

amples is carefully spooned into the stainless steel ALEC sample

up and the cup is gently tapped five times to break up any sample

acking from the spoon and to “flatten” the surface while limiting

ny particle size sorting due to over tapping the sample. 

The tapping method for ‘flattening’ the sample’s surface is not

s repeatable and does not produce as flat of a surface as taking a

at edge across it. Using the tapping method on the Apollo sam-

les will also subtly vary the porosity or packing between samples,

hich can affect the spectral contrast in the reststrahlen bands

nd transparency feature ( Salisbury and Wald, 1992; Donaldson

anna et al., 2015b ). Donaldson Hanna et al. (2015b ) measured

pollo sample 15071 under simulated lunar conditions using the

imulated Lunar Environment Chamber at the University of Oxford
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 
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Table 1 

Lunar soil sample numbers and sub-split numbers. 

Sample number 10084 14259 15201 15411 66031 67701 72501 79221 

Sub-split number 1854 83 330 24 67 219 81 153 

91 25 

26 

49 

Table 2 

Particle size fractions and maturities of bulk lunar soils. 

Sample # 10 084 a 14 259 b 15 071 b 15 201 b 15 411 b 66 031 b 67 701 b 70 181 b 72 501 b 79 221 b 

Sub-split # 8 166 167 52 64 88 19 17 42 2 16 17 1 1 15 26 29 1 27 

Avg Particle Size ( μm) 52 .2 69 .4 63 .4 67 .9 73 .8 48 .4 78 .6 60 .4 97 .4 120 .7 161 .5 135 .8 62 .1 66 .1 71 .8 89 .6 65 .4 89 .6 92 .8 

Std Dev Particle Size ( μm) 260 .6 267 .9 246 .6 262 .4 220 .7 188 .2 181 .8 211 .7 115 .8 186 .9 167 .2 153 .9 216 .1 201 .7 189 .5 220 .7 225 .3 150 .7 129 .4 

Percent < 75 μm 60 .5 51 .6 52 .8 53 .8 46 .7 60 .1 45 .3 56 .1 45 .7 40 .7 34 .0 32 .7 53 .4 54 .5 55 .2 47 .0 55 .7 53 .2 40 .0 

I s /FeO c 78 78 78 85 85 85 52 68 43 102 39 39 47 81 81 81 81 81 81 

a King et al. (1971 ). 
b Graf (1993 ). 
c Morris (1978 ). 

Table 3 

Modal content of bulk lunar soils. 

10084 a 14259 b 15071 c 15201 d 15411 d 66031 e 67701 e 70181 f 72501 a 79221 f 

Agglutinates 52 .0 51 .7 39 .2 56 .0 37 .6 44 .4 

Basalt 1 .0 5 .6 14 .0 14 .4 

KREEP basalt 1 .3 

Mare basalt 24 .0 2 .9 

Feldspathic basalt 1 .1 0 .2 

Breccia 25 .3 7 .5 7 .5 10 .5 

Breccia, light 0 .8 2 .4 

Breccia, dark 7 .5 22 .6 

Poikilitic breccia 9 .7 

Anorthosite 1 .1 0 .3 0 .3 

Norite 

Gabbro 

Anorthosite, Norite 0 .4 5 .2 

Plagioclase 1 .9 4 .7 9 .2 54 .0 74 .0 4 .3 10 .9 6 .9 

Pyroxene 4 .3 23 .9 6 .8 7 .6 10 .6 6 .5 

Olivine 1 .9 5 .9 4 .1 

Ilmenite 0 .8 2 .3 1 .3 

Mafic Mineral 4 .2 5 .2 

Opaque 1 .1 0 .1 

Glass Other 6 .6 12 .8 6 .5 33 .4 14 .3 3 .0 11 .5 

Orange Glass 3 .0 4 .2 

a Simon et al. (1981 ). 
b McKay et al. (1972 ). 
c Basu et al. (1981 ). 
d No modal content available 
e Taylor et al. (2012 ). 
f Heiken and McKay (1974 ). 
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( Thomas et al., 2012 ) with varying packing styles (including tap-

ping the sample and taking a flat edge across the surface). A com-

parison of emissivity spectra of Apollo 15071 when the surface has

been tapped and when a flat edge has been taken across it demon-

strates that (1) the CF, RB and TF are observed at the same wave-

length positions and (2) the spectral contrast differences in the CF,

RB and TF regions of the spectra are 0.8, 0.2 and 1.2%, respectively.

In the present work, the spectral contrast differences due to poros-

ity/packing variations are included as errors when calculating the

spectral contrast of features and when full resolution laboratory

spectra are re-sampled to Diviner’s spectral bands. 

4.2. Experimental conditions 

An initial set of ALEC experiments were conducted to assess

how systematic variations in the atmospheric pressure inside

the chamber, irradiance from the solar-like halogen lamp, and
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
eat from the sample cup affect thermal infrared spectral mea-

urements of lunar regolith samples. Experimental conditions for

he laboratory measurements are provided in Table 5 and were

hosen to encompass a range of conditions on airless bodies like

he Moon. Spectral changes due to systematic variations in the

tmospheric pressure inside the chamber were tested under the

ollowing conditions (a) the atmospheric pressure was varied

etween 980 ± 20, 5 ± 2, and < 10 −3 mbar, (b) the sample was

eated from below to 405 ± 0.2 K, (c) the solar-like halogen lamp

as not turned on, and (d) the environment chamber was at room

emperature (297 ± 2 K). Spectral differences due to systematic

ariations in the power of the halogen lamp were tested under

he following conditions (a) the atmospheric pressure inside the

hamber was held to < 10 −4 mbar, (b) the sample was heated

rom below to 405 ± 0.2 K, (c) the power of the solar-like halogen

amp was varied between 80 and 200W, which equates to irra-

iances between ∼52 and 146 mW/cm 

2 , and (d) the environment
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 
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Table 4 

Lunar soil chemistries. 

10084 a 14259 b 15071 c 15201 d 15411 e 66031 f 67701 g 70181 h 72501 i 79221 i 

SiO 2 42 .00 48 .16 46 .95 46 .35 46 .22 45 .11 40 .9 45 .12 41 .67 

TiO 2 7 .54 1 .73 1 .60 1 .34 1 .09 0 .26 8 .40 1 .56 6 .52 

Al 2 O 3 13 .55 17 .60 12 .70 17 .73 15 .08 26 .7 30 .27 12 .40 20 .64 13 .57 

FeO 15 .81 10 .41 16 .29 11 .66 13 .36 5 .80 2 .96 16 .55 8 .77 15 .37 

MnO 0 .21 0 .14 0 .22 0 .16 0 .176 0 .08 0 .04 0 .21 0 .11 0 .21 

MgO 7 .88 9 .26 10 .75 10 .48 11 .74 6 .80 4 .38 9 .76 10 .08 10 .22 

CaO 11 .96 11 .25 10 .49 11 .68 10 .91 14 .6 16 .60 10 .97 12 .86 11 .18 

Na 2 O 0 .44 0 .52 0 .33 0 .44 0 .36 0 .44 0 .64 0 .38 0 .40 0 .34 

K 2 O 0 .14 0 .50 0 .09 0 .19 0 .16 0 .06 0 .09 0 .16 0 .09 

P 2 O 5 0 .10 0 .13 0 .19 0 .17 0 .03 0 .07 0 .13 0 .06 

Total 99 .63 99 .57 99 .55 100 .22 99 .27 100 .35 99 .73 99 .83 99 .23 

a Korotev and Gillis (2001 ). 
b Rose et al. (1972 ). 
c Duncan et al. (1975 ). 
d Cuttitta et al. (1973 ). 
e Willis et al. (1972 ). 
f Korotev (1982 ). 
g Rose et al. (1975 ). 
h Rose et al. (1974 ). 
i Rhodes et al. (1974 ). 

Fig. 6. Average ambient (‘Earth-like’) and simulated lunar (90% Lamp experimental conditions in Table 7 ) spectra of San Carlos olivine ( < 25 μm) measured in ALEC. Each 

average spectrum includes three repeat measurements made with 500 interferograms each. The standard deviations (1 σ ) of the repeat measurements are included as black 

error bars on the average spectra. The vertical line indicates the identified CF position of the ambient olivine spectrum (8.88 μm) and demonstrates the shift of the CF 

position under simulated lunar conditions. 

Table 5 

ALEC experimental conditions for lunar soil spectral measurements. 

Sample cup Temp (K) Lamp power (W) Irradiance on sample (mW/cm 

2 ) Chamber pressure (mbar) Chamber temp (K) 

Ambient(Earth-like) 405 ± 0.2 980 ± 20 297 ± 2 

5 mbar (Mars-like) 405 ± 0.2 5 ± 0.2 297 ± 2 

Vacuum 405 ± 0.2 < 10 −3 297 ± 2 

325 K 325 ± 0.2 160 ± 0.1 129 ± 2 < 10 −4 85 ± 0.5 

350 K 350 ± 0.2 160 ± 0.1 129 ± 2 < 10 −4 85 ± 0.5 

375 K 375 ± 0.2 160 ± 0.1 129 ± 2 < 10 −4 85 ± 0.5 

405 K ∗ 405 ± 0.2 160 ± 0.1 129 ± 2 < 10 −4 85 ± 0.5 

70% Lamp 405 ± 0.2 80 ± 0.1 52 ± 2 < 10 −4 85 ± 0.5 

80% Lamp 405 ± 0.2 115 ± 0.1 71 ± 2 < 10 −4 85 ± 0.5 

90% Lamp ∗ 405 ± 0.2 160 ± 0.1 129 ± 2 < 10 −4 85 ± 0.5 

100% Lamp 405 ± 0.2 200 ± 0.1 146 ± 2 < 10 −4 85 ± 0.5 

∗ 405 K and 90% Lamp experimental conditions are the same measurement conditions. 
∗∗ Uncertainties in sample cup temperature, lamp power, chamber pressure, and chamber temperature are maximum uncertainties. 

Please cite this article as: K.L. Donaldson Hanna et al., Effects of varying environmental conditions on emissivity spectra of bulk lunar 
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a  

a  
chamber was cooled to 85 ± 0.5 K. Variations in emissivity spectra

due to the amount of heat being applied to the bottom of the

sample were tested under the following conditions (a) the atmo-

spheric pressure inside the chamber was held to < 10 −4 mbar,

(b) the sample was heated from below to temperatures between

325 ± 0.2 K and 405 ± 0.2 K, (c) the power of the solar-like halogen

lamp was held constant at 200 watts (irradiance on the sample

∼129 mW/cm 

2 ), and (d) the environment chamber was cooled to

85 ± 0.5 K. 

Uncertainties in the sample cup temperature are maximum un-

certainties and are related to the accuracy of the Lakeshore tem-

perature controllers and heaters on the sample cups. Uncertain-

ties in the atmospheric pressure at Earth- and Mars-like pres-

sures are maximum uncertainties and are related to the accuracy

in backfilling the chamber with dry air. Repeated spectral mea-

surements made when the atmospheric pressure inside the envi-

ronment chamber varies, but is < 10 −3 show no differences due

to changes in the atmospheric pressure. Thus, all pressures under

vacuum and cooled conditions are reported as < 10 −3 mbar and

< 10 −4 mbar, respectively. Under all experimental conditions the

samples were allowed to come to equilibrium before spectral mea-

surements were taken. The peak-to-peak signal of the FTIR inter-

ferogram is monitored and a sample is deemed to be in equilib-

rium once the signal has stopped changing. For ambient measure-

ments, it takes approximately 10 minutes for samples to come to

equilibrium once the sample heater achieves the set temperature.

For simulated lunar environment (SLE) measurements, it takes ap-

proximately 15 minutes for samples to come to equilibrium once

the solar-like halogen lamp is turned on. Three spectral measure-

ments of San Carlos olivine (particle sizes < 25 μm) of 500 in-

terferograms each were made under ambient and simulated lu-

nar environment (100% Lamp in Table 5 ) conditions after samples

reached equilibrium. Average ambient and SLE emissivity spectra

in Fig. 6 demonstrate that once samples are at equilibrium the

maximum standard deviation of the emissivity of multiple mea-

surements across the entire spectral range is 1.4 and 0.3%, respec-

tively. Pure mineral spectra are shown here to demonstrate the dif-

ferences due to the thermal stability of the sample because Logan

et al. (1973 ) and Henderson and Jakosky (1997 ) showed that pure

minerals are more sensitive to differences in the environment un-

der which they are measured than rocks. Thus, differences in the

San Carlos olivine spectra due to the thermal stability of the sam-

ple should be an upper limit for differences in the lunar soil mea-

surements. 

4.3. Data analysis methods 

Previous laboratory measurements made under lunar-like con-

ditions observed shifts in the CF position and an increase in the

spectral contrast between the CF and RB when compared to mea-

surements made under Earth-like conditions (e.g. Logan et al.,

1973; Salisbury and Walter, 1989; Henderson et al., 1996; Don-

aldson Hanna et al., 2012a, 2012b; Thomas et al., 2012 ). As these

features are demonstrated to be the most sensitive to the envi-

ronmental conditions, we will use the same metrics for assessing

our thermal infrared emissivity spectra of the lunar soil samples.

These metrics, the wavelength position of the CF and the spectral

contrast between the CF and the RB, are provided in Table 6 . The

wavelength position ( μm) of the CF was identified in each lunar

soil spectrum by fitting a third degree polynomial to a portion of

the 7–9 μm ( ∼110 0–140 0 cm 

−1 ) spectral range. The wavelength

of the maximum emissivity in the polynomial fit was identified as

the wavelength position of the CF. In order to best fit the emis-

sivity value and shape of the CF, the wavelength range was var-

ied for each spectrum. Due to the non-unique nature of identify-

ing the CF position using this approach, the maximum difference
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
n the CF position is ±0.02 μm as the spectral range is changed.

imilar methods were used previously to identify the CF position

or a range of plagioclase feldspar samples measured under vary-

ng environmental conditions ( Donaldson Hanna et al., 2012a ). The

pectral contrast between the CF and the RB for each lunar soil

s calculated by taking the emissivity value at the CF wavelength

osition, which is assumed to be 1 at the CF, subtracting the emis-

ivity value at the RB identified near 10.5 μm, and multiplying by

00. The RB near 10.5 μm was chosen for this analysis, as it is

he most apparent RB feature in all of the lunar soils under all

f the environmental conditions, therefore it is best for illustrat-

ng the change in spectral contrast as the environmental conditions

hange. Uncertainties associated with the estimation of the spec-

ral contrast include sample porosity (maximum of 0.2% under SLE

onditions) and the thermal stability of the sample during mea-

urement (maximum of 0.3% under SLE conditions) as discussed

arlier in the manuscript. As these uncertainties are unrelated they

ave been summed in quadrature. 

To estimate how the temperature of the sample varies with en-

ironmental condition the brightness temperature was calculated

nd provided in Table 6 . The brightness temperature is calculated

s a function of wavelength assuming the maximum brightness

emperature is at the wavelength position of the CF, where we

ave assumed emissivity is 1 (similar to the approach of Ruff et al.

997 ). Also, when calculating the brightness temperature an as-

umption is made that the sample is in thermal equilibrium with

ts surroundings, which we know not to be the case for measure-

ents made under simulated lunar conditions. Thus, for measure-

ents made under SLE conditions the calculated brightness tem-

eratures are just estimates. Uncertainties in the estimated bright-

ess temperatures can arise from the thermal stability of the sam-

le. Analyses of repeat measurements of San Carlos olivine under

mbient and SLE conditions show that the maximum difference in

rightness temperatures are 0.1 K and 1.5 K, respectively. We use

he estimated brightness temperatures as rough guides for under-

tanding how the sample temperatures compare with Diviner ob-

ervations of the Apollo sampling stations. 

Spectra of Apollo 15 and 16 bulk soils measured under vary-

ng environmental conditions are compared to Diviner thermal in-

rared observations of the Apollo sampling stations at which the

ulk lunar soils were collected. For this comparison, full reso-

ution laboratory emissivity spectra were re-sampled to Diviner’s

hree “8 μm” spectral bands (bands 3, 4, and 5 with center wave-

engths at 7.81, 8.28 and 8.55 μm), using the band pass filters

or each spectral band ( Paige et al., 2010a ). Each laboratory spec-

ral measurement was multiplied by the transmission per wave-

ength of each “8 μm” filter and then averaged across the wave-

ength range of each “8 μm” filter. Uncertainties in the re-sampled

aboratory spectra are dominated by the uncertainties associated

ith the thermal stability of the sample as discussed earlier in the

anuscript. The maximum difference in emissivity values for Di-

iner bands 3, 4, and 5, are 0.05, 0.09, and 0.1%, respectively. Di-

iner radiance data of the Apollo landing sites have been limited to

unar midday (10:00 to 14:00 local time) and emission angles < 5 º.
adiance data are binned and averaged at 128 pixels per degree

nd then converted to three point emissivity spectra as described

y Greenhagen et al. (2010 ). Diviner emissivity values are then cor-

ected for local lunar time, latitude and topography to account for

he effects of anisothermality ( Greenhagen et al., 2011 ). 

. Results 

Spectral measurements of the suite of well-characterized lunar

oil samples made under ambient and simulated lunar (Ambient

nd 90%Lamp experimental conditions in Table 5 ) conditions

re plotted in Fig. 7 . Spectral measurements made under the
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 
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Table 6 

Lunar soil CF positions ( μm), spectral contrast (%) and brightness temperatures (K). 

CF Positions ( μm) Max Uncertainty ± 0.02 μm 10 0 0 mbar 5 mbar ≤10 −3 mbar 325K 350K 375K 405K ∗ 70% 80% 90% ∗ 100% 

10084 8 .38 8 .26 7 .91 8 .48 8 .44 8 .40 8 .35 8 .09 8 .18 8 .35 8 .37 

14259 8 .15 8 .03 7 .80 8 .24 8 .19 8 .14 8 .08 7 .88 8 .01 8 .08 8 .24 

15071 8 .26 8 .14 7 .83 8 .32 8 .28 8 .25 8 .18 7 .96 8 .04 8 .18 8 .24 

15201 8 .21 8 .24 8 .22 8 .15 8 .21 8 .00 8 .07 8 .21 8 .26 

15411 8 .21 8 .23 8 .17 8 .13 8 .08 7 .92 7 .99 8 .08 8 .11 

66031 8 .11 8 .02 7 .82 8 .16 8 .11 8 .07 8 .02 7 .89 7 .94 8 .02 8 .04 

67701 8 .10 8 .02 7 .84 8 .00 7 .98 7 .96 7 .93 7 .87 7 .89 7 .93 7 .95 

70181 8 .40 8 .29 8 .02 8 .48 8 .42 8 .38 8 .34 8 .13 8 .21 8 .34 8 .36 

72501 8 .18 8 .19 8 .17 8 .14 8 .11 7 .96 8 .01 8 .11 8 .13 

79221 8 .35 8 .23 7 .92 8 .53 8 .53 8 .48 8 .57 8 .10 8 .25 8 .57 8 .47 

Spectral Contrast (%) Max Uncertainty ± 0.36% 

10084 2 .4 3 .1 7 .5 2 .8 2 .9 2 .9 3 .1 6 .2 4 .8 3 .1 2 .2 

14259 2 .9 4 .3 26 .5 3 .8 4 .1 4 .4 4 .9 10 .0 6 .0 4 .9 2 .9 

15071 2 .9 3 .8 17 .8 4 .0 4 .2 4 .3 4 .7 10 .1 7 .2 4 .7 4 .0 

15201 3 .3 5 .3 5 .4 5 .9 4 .9 7 .7 7 .2 4 .9 4 .3 

15411 3 .5 5 .6 6 .2 6 .7 7 .2 12 .8 10 .1 7 .2 6 .6 

66031 3 .3 5 .1 33 .0 5 .6 6 .1 6 .5 7 .3 14 .0 10 .8 7 .3 6 .6 

67701 4 .3 5 .0 23 .5 10 .3 10 .7 11 .2 11 .9 13 .7 15 .7 11 .9 10 .9 

70181 2 .1 2 .4 5 .1 3 .1 3 .3 3 .6 3 .7 6 .6 5 .3 3 .7 3 .3 

72501 3 .5 6 .7 6 .8 7 .0 7 .4 4 .4 10 .5 7 .4 6 .6 

79221 2 .6 3 .5 8 .7 2 .6 2 .5 2 .6 2 .4 6 .5 4 .3 2 .4 2 .2 

Brightness Temps (K) Max Uncertainty ± 1.5 K 

10084 406 .2 362 .6 304 .2 407 .4 409 .5 411 .2 413 .7 319 .4 366 .9 413 .7 424 .7 

14259 409 .0 367 .6 306 .8 388 .1 389 .9 393 .0 396 .9 331 .3 378 .1 396 .9 4 43 .8 

15071 412 .0 373 .0 312 .3 413 .8 417 .5 419 .5 425 .7 332 .1 379 .4 425 .7 441 .6 

15201 397 .4 367 .4 367 .7 368 .8 404 .8 307 .5 357 .6 404 .8 421 .3 

15411 408 .0 385 .7 386 .6 389 .9 394 .1 316 .1 352 .5 394 .1 407 .4 

66031 409 .4 370 .5 308 .3 390 .4 392 .9 395 .5 399 .6 308 .9 354 .4 399 .6 409 .2 

67701 413 .0 377 .6 313 .1 386 .8 390 .2 394 .0 398 .2 309 .4 355 .7 398 .2 410 .8 

70181 404 .5 361 .1 303 .1 410 .4 413 .2 414 .4 416 .0 317 .7 366 .8 416 .0 428 .2 

72501 400 .3 392 .7 394 .4 395 .9 398 .1 302 .8 351 .3 398 .1 413 .1 

79221 406 .5 364 .9 300 .0 421 .7 422 .9 424 .7 426 .8 328 .3 377 .2 426 .8 4 4 4 .1 

∗ 405 K and 90%Lamp experimental conditions are the same measurement conditions. 

Fig. 7. (Left) Ambient spectral measurements of the suite of bulk lunar soil samples. Under ambient conditions samples were heated from below to 405 K, the interior 

chamber temperature was 297 K, and the chamber pressure was 10 0 0 mbar. ( Right) Simulated lunar environment (90% lamp in Table 5 ) spectral measurements of the same 

bulk lunar soil samples . Under simulated lunar environment conditions samples were heated from below to 405 K, the power of the solar-like halogen lamp was 160 W, 

the interior chamber temperature was 85 K, and the chamber pressure was < 10 −4 mbar. Vertical solid line highlights the shift in CF position owing to composition and 

change in environmental conditions while the vertical dashed line at 10.5 μm marks the wavelength at which the CF to RB spectral contrast is calculated. In both plots, the 

uncertainties (1 σ ) in the thermal stability of the sample are expressed by the error bars. 
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Table 7 

ALEC experimental conditions for San Carlos olivine spectral measurements. 

Sample cup Temp (K) Lamp power (W) Irradiance on sample (mW/cm 

2 ) Chamber pressure (mbar) Chamber temp (K) 

Ambient (Earth-like) 405 ± 0.2 980 ± 20 297 ± 2 

325 K 325 ± 0.2 200 ± 0.1 146 ± 2 < 10 −4 85 ± 0.5 

350 K 350 ± 0.2 200 ± 0.1 146 ± 2 < 10 −4 85 ± 0.5 

375 K 375 ± 0.2 200 ± 0.1 146 ± 2 < 10 −4 85 ± 0.5 

405 K ∗ 405 ± 0.2 200 ± 0.1 146 ± 2 < 10 −4 85 ± 0.5 

90% Lamp 405 ± 0.2 160 ± 0.1 129 ± 2 < 10 −4 85 ± 0.5 

100% Lamp ∗ 405 ± 0.2 200 ± 0.1 146 ± 2 < 10 −4 85 ± 0.5 

∗405 K and 100%Lamp experimental conditions are the same measurement conditions. 

∗∗ Uncertainties in sample cup temperature, lamp power, chamber pressure, and chamber temperature are maximum uncertainties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Christiansen feature (CF) positions from spectral measurements of the bulk 

lunar soils measured under ambient conditions versus CF positions from spectral 

measurements of the same soils measured under simulated lunar environment 

(SLE) conditions (90% lamp in Table 5 ). Data symbols are color coordinated with 

spectra in Fig. 4 . Error bars illustrate the maximum uncertainty in the CF position 

(0.02 μm) for both ambient and SLE measurements. (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 
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remaining experimental conditions in Table 5 (5 mbar, Vacuum,

325 K, 350 K, 375 K, 70% Lamp, 80% Lamp, and 100% Lamp) are

provided in Figs. 1–8 in the Supplementary Materials. Our spectral

measurements corroborate earlier studies of particulate rock, min-

eral separates, and lunar soils made under vacuum and lunar-like

conditions ( Logan and Hunt, 1970; Logan et al., 1973; Salisbury

and Walter, 1989; Henderson et al., 1996; Thomas et al., 2012;

Donaldson Hanna et al., 2012a, 2012b ). Under Mars-like (5 mbar),

vacuum, and simulated lunar conditions, the CF position shifts

to shorter wavelengths (higher wavenumbers) and the spectral

contrast between the CF and RB increases (see Table 6 ) when com-

pared to spectra measured under Earth-like conditions. As seen in

Fig. 6 , spectral measurements of San Carlos olivine (particle size

< 25 μm) made under simulated lunar conditions (90% Lamp con-

ditions in Table 7 ) also show a shift in the CF position to shorter

wavelengths and an increase in spectral contrast between the CF

and RB. The observed shift in CF position for a pure mineral like

San Carlos olivine (0.19 μm) is greater than the shifts observed

in the lunar soils (0.1 ± 0.04 μm) and the observed increase in

spectral contrast for olivine (13.3%) is greater than the increases in

spectral contrast of the soils (4 ± 2%). 

Previous laboratory studies have shown that the CF position

measured under ambient conditions is linearly related to the

CF position measured under vacuum and lunar-like conditions

( Salisbury and Walter, 1989; Donaldson Hanna et al., 2012b ). These

laboratory studies focused on particulate ( < 63 μm) rock and min-

eral samples. Fig. 8 demonstrates that the CF positions measured

under ambient conditions relate linearly to CF positions measured

under simulated lunar conditions, although the measurement of

Apollo soil 79221 does affect the goodness of fit (it decreases

the R 2 value of the linear regression). The slope of the linear re-

gression through the lunar soil spectral measurements (1.52, Fig.

8 ) is different from the slopes through the particulate rock 0.90,

( Donaldson Hanna et al., 2012b ) and mineral 0.95, ( Donaldson

Hanna et al., 2012b ) spectral measurements, but these differences

likely result from differences in the experimental conditions under

which they were measured. Particulate rock samples were mea-

sured under vacuum conditions (the atmospheric pressure inside

the chamber was < 10 −3 mbar, the samples were heated from

below, and the chamber was not cooled) ( Salisbury and Walter,

1989 ), while the particulate mineral samples were measured under

lunar-like conditions (the atmospheric pressure inside the cham-

ber was < 10 −4 mbar, the samples were heated from below, and

the chamber was cooled to temperatures < 125 K). Thus, the slope

in the linear regression from our spectral measurements is not

expected to be the same as the slope determined in previous

studies. 

5.1. Spectral effects due to varying pressure and temperature 

conditions 

Previous laboratory studies focused on making laboratory emis-

sivity measurements under a single near-surface environment (or
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
 single thermal gradient) (e.g. Logan et al., 1973; Henderson et al.,

996; Henderson and Jakosky, 1997; Salisbury and Walter, 1989;

homas et al., 2012; Donaldson Hanna et al., 2012a, 2012b ). How-

ver in this work we focus on the spectral effects due to varying

ear-surface environments. Three Apollo soils (15071, 66031 and

7701) were chosen for detailed analysis as they represent units of

ifferent composition, mare (15071) versus highlands (66031 and

7701), and different soil maturities. Fig. 9 shows the spectral mea-

urements of bulk lunar soils 15071, 66031 and 67701 measured

nder the temperature and pressure conditions outlined in Section

 and in Table 5 . In addition, Table 6 includes the CF position, the

alculated spectral contrast between the CF and the RB, and the es-

imated brightness temperature for each of the lunar soils for each

f the experimental conditions under which they were measured. 

The top left plot in Fig. 9 shows results for mare-rich soil

ample 15071 ( I s /FeO = 52) as the atmospheric pressure inside the

hamber is systematically varied. The CF is observed to shift to

horter wavelengths (higher wavenumbers), the spectral contrast

f the CF relative to the RB is enhanced, and the estimated bright-

ess temperature of the sample decreases as the atmospheric pres-

ure decreases from ambient ( ∼10 0 0 mbar) to vacuum ( < 10 −3 

bar) pressures. It is important to note that the CF is observed

o shift to slightly shorter wavelengths (0.1 ± 0.02 μm) and the

pectral contrast increases slightly (1 ± 0.3%) when the pressure

ecreases from ∼10 0 0 mbar (Earth-like atmospheric pressures)

o ∼5 mbar (Mars-like atmospheric pressures), suggesting that
ng environmental conditions on emissivity spectra of bulk lunar 
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Fig. 9. Lunar soils 15071 (left), 66031 (middle), and 67701 (right) measured under varying conditions: internal chamber pressure, sample cup heater temperature, and solar 

lamp power. (Top) Internal chamber pressure was varied between 10 0 0 mbar and < 10 −3 mbar (vacuum pressures), the sample was heated to a constant temperature of 

405 K, no heating from the solar lamp was applied, and the chamber was not cooled. (Middle) Sample cup heater temperature was varied between 325 K and 405 K, the 

power of the solar lamp was held constant at 160 W, the pressure was kept at vacuum pressures ( < 10 −4 mbar), and the chamber was cooled to 85 K. (Bottom) Power of the 

solar lamp was varied between 80 W and 200 W, the sample was heated to a constant temperature of 405 K, the pressure was kept at vacuum pressures ( < 10 −4 mbar), and 

the chamber was cooled to 85 K. In all plots, the uncertainties (1 σ ) in the thermal stability of the sample are expressed by the error bars. 
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pectral measurements of particulate materials on Mars-like sur-

aces may be affected by the atmospheric pressure. 

The middle left plot shows results for Apollo soil sample 15071

s the sample cup temperature is systematically varied between

25 K and 405 K. The CF is observed to shift to slightly shorter

avelengths (0.14 μm), the spectral contrast of the CF relative to

he RB slightly increases (0.7%), and the estimated brightness tem-

erature of the sample slightly increases (12 K) as the sample cup

emperature increases. All of the observed spectral differences due

o sample cup temperature are subtle and much less pronounced

han the spectral effects due to pressure. This confirms that the

hermal gradient we are measuring is confined to the upper hun-
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
reds of microns and the sample cup heater, which is at a depth

f 2 mm, has only a secondary effect on the thermal gradient that

ffects these spectral measurements. 

As the power of the solar-like halogen lamp is increased from

0 to 200 W (increasing the irradiance on the sample from 52 to

46 mW/cm 

2 ), the CF shifts to longer wavelengths (0.2 ± 0.05 μm),

he spectral contrast of the CF relative to the RB decreases (5 ±
%), and the brightness temperature of the sample increases (100

10 K) as seen in the bottom left plot in Fig. 9 and in Table 5 .

his suggests that as the irradiance on the sample increases the

F position and spectral contrast in the spectral measurements

rend closer to the CF position and spectral contrast in the ambient
ng environmental conditions on emissivity spectra of bulk lunar 
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Fig. 10. Simulated lunar environment measurements of San Carlos olivine 

( < 25 μm). (Top) Sample cup heater temperature was varied between 325 K and 

405 K, power of the solar lamp was held constant at 200 W, the pressure was kept 

at vacuum pressures ( < 10 −4 mbar), and the chamber was cooled to 85 K. (Bottom) 

Power of the solar lamp was varied between 160 W and 200 W, the sample was 

heated to a constant temperature of 405 K, the pressure was kept at vacuum pres- 

sures ( < 10 −4 mbar), and the chamber was cooled to 85 K. In all plots, the uncer- 

tainties (1 σ ) in the thermal stability of the sample are expressed by the error bars. 
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measurements. The observed spectral differences due to the solar-

like radiation incident on the surface of the sample are similar in

scale to the differences due to pressure, suggesting these are the

two dominant factors in establishing the thermal gradient formed

in the near-surface regolith. 

Fig. 9 also includes spectral measurements for highland soil

samples 66031 ( I s /FeO = 102) and 67701 ( I s /FeO = 39). The observed

spectral differences due to systematically varying the atmospheric

pressure, sample cup temperature and solar-like incident radia-

tion are similar to those observed in spectral measurements of

Apollo 15071. However, the estimated brightness temperatures for

the highlands soil samples are lower (on the order of 10–20 K)

than mare-rich soils like 15071. The observed differences in the

brightness temperature are likely due to the inherent difference in

albedo of the soils owing to their mineralogy ( Lucey et al., 2016 ). 

Spectral measurements of San Carlos olivine (particle size < 25

μm) were also made under varying environmental conditions

( Table 7 ) for comparison with the lunar soils spectral measure-

ments. Measurements under vacuum conditions were not possi-

ble as the signal from the sample was too low to measure above

the ambient temperature of the FTIR. Thus, spectral changes due

to changes in atmospheric pressure inside the chamber cannot be

evaluated here. In addition, only the 90%Lamp and 100%Lamp set-

tings heated the sample enough for a signal to be measured over

the ambient temperature of the FTIR. Fig. 10 illustrates the spec-

tral effects due to changes in the sample cup temperature and the

power of the solar lamp. As the sample cup temperature is sys-

tematically varied between 325 K and 405 K, the CF is observed to

shift to slightly shorter wavelengths (0.04 μm), the spectral con-

trast of the CF relative to the RB slightly increases (0.02%), and the

estimated brightness temperature of the sample increases (18 K).

The observed differences in the spectra are smaller than those ob-

served for the lunar soils as the sample cup temperature was var-

ied. As the power of the solar lamp was varied between 160 and

200 W, the CF is observed to shift to slightly longer wavelengths

(0.02 μm), the spectral contrast of the CF relative to the RB slightly

decreases (0.9%), and the estimated brightness temperature of the

sample slightly increases (7 K). Again, the observed differences in

the olivine spectra ( Table 8 ) are smaller than those observed for

the lunar soils ( Table 6 ). 

5.2. Spectral effects due to space weathering 

The two highlands lunar soil samples included in this study,

66031 and 67701, have similar normalized modal phase contents

( Table 3 ) ( Taylor et al., 2012 ) and relatively similar bulk compo-

sitions ( Table 4 ; i.e. low FeO, and high CaO and Al 2 O 3 ) ( Korotev

1982; Rose et al., 1975 ), but different maturities ( Table 2 ) ( Morris,

1978 ). In fact, when the modal contents of the soils are normalized

after the glass component has been removed the plagioclase con-

tents in 66031 and 67701 are 81.0 and 86.4%, respectively ( Taylor

et al., 2012 ). Thus, spectral measurements of these two soils can

provide an initial understanding of the effects of space weathering

on TIR emissivity spectra. Spectral measurements of both soils un-

der ambient conditions have similar CF positions (8.11 μm versus

8.10 μm), but the spectrum of immature soil 67701 has slightly

greater spectral contrast (4.3% versus 3.3%) than the spectrum of

mature soil 66031 (see Fig. 11 and Table 6 ). Under simulated lunar

conditions, however, the CF position of immature soil 67701 has

shifted to shorter wavelengths than the CF of mature soil 66031

(7.93 μm versus 8.02 μm), and the spectral contrast between the

CF and RB is much greater (11.9% versus 7.3%) in the immature,

higher albedo soil sample. These initial results suggest that space

weathering has observable effects on TIR emissivity spectra mea-

sured under simulated lunar conditions. These effects, in particu-

lar the observation that maturity affects the wavelength position
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
f the CF, are similar to those observed in the Diviner TIR obser-

ations of immature locations like crater ejecta rays and the more

ature surface locations the ejecta deposits are emplaced on Lucey

t al., (2016 ). 

.3. Comparison of laboratory spectra with Diviner TIR observations 

To constrain the laboratory conditions in ALEC that best simu-

ate the near-surface environment of the Moon, spectral measure-

ents of lunar soils under varying conditions are compared with

iviner thermal infrared observations of the Apollo landing sites,

n particular the sampling sites where specific lunar samples used
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 

http://dx.doi.org/10.1016/j.icarus.2016.05.034


K.L. Donaldson Hanna et al. / Icarus 0 0 0 (2016) 1–17 13 

ARTICLE IN PRESS 

JID: YICAR [m5G; June 8, 2016;15:5 ] 

Table 8 

San Carlos olivine CF positions ( μm), spectral contrast (%) and brightness temperatures (K). 

CF Positions ( μm) Max Uncertainty ± 0.02 μm 10 0 0 mbar 325K 350K 375K 405K ∗ 90% 100% ∗

Olivine 8.88 8.75 8.74 8.72 8.71 8.69 8.71 

Spectral Contrast (%) Max Uncertainty ± 0.36% 

Olivine 7.5 19.7 19.8 19.8 19.9 20.8 19.9 

Brightness Temps (K) 

Olivine 343.1 ± 0.1 322.5 ± 0.1 328.0 ± 0.8 333.7 ± 1.5 340.6 ± 1.5 333.1 ± 1.3 340.6 ±1.5 

∗ 405 K and 100%Lamp experimental conditions are the same measurement conditions. 

Fig. 11. (Top) Ambient spectral measurements of mature lunar soil 66031 and im- 

mature lunar soil 67701. Under ambient conditions samples are heated from below 

to 405 K, the interior chamber temperature was 297 K, and the chamber pressure 

was 10 0 0 mbar. (Bottom) Simulated lunar environment spectral measurements of 

the same bulk lunar soil samples (90% Lamp in Table 5 ) . Under simulated lunar 

environment conditions samples are heated from below to 405 K, the power of the 

solar-like halogen lamp was 160 W, the interior chamber temperature was 85 K, and 

the chamber pressure < 10 −4 mbar. In both plots, the uncertainties (1 σ ) in the ther- 

mal stability of the sample are expressed by the error bars. 
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n this study were collected. In Figs 12 and 13 , albedo maps of the

pollo 15 and 16 landing sites, including the traverse maps and

ocation of sampling stations, are overlain with Diviner CF maps

f each region ( Greenhagen et al., 2012 ). A cyan-colored arrow in

ig. 12 indicates Apollo 15 sampling station 1 near Elbow crater,

hich is near the turn in Hadley Rille and at the boundary of
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
he mare surface with the Apennine Front. Bulk soil sample 15071

as collected 20 m from the rim of Elbow crater. Yellow arrows in

ig. 13 indicate Apollo 16 sampling stations 6 and 11 where bulk

amples 66031 and 67701 were collected, respectively. Soil sample

6031 was collected on the Cayley Plain near Stone Mountain and

ay include a small component of South Ray crater ejecta. Apollo

ample 67701 was collected on the rim of North Ray crater approx-

mately half way between House Rock and Boulder ‘B’. Average Di-

iner emissivity spectra are extracted from 400 m boxes enclosing

ach of the sampling sites and are compared to laboratory spectra

f samples 15071, 66031 and 67701. 

In Fig. 12 , the average Diviner emissivity spectrum for this

are-rich region is plotted along with the re-sampled laboratory

pectra of bulk lunar soil 15071 measured when the power of the

olar lamp was varied between 80 and 200 W (irradiance on sam-

le varied between 52 and 146 mW/cm 

2 ). The maximum uncer-

ainty in the re-sampled laboratory emissivity spectra are plotted

n Fig. 12 , but are smaller than the size of the data symbols. The

pectrum of 15071 with the solar lamp power set to 160 W and a

alculated brightness temperature of 425.7 K is within the standard

eviation of the average Diviner emissivity spectrum of Apollo 15

ampling station 1. As seen in the re-sampled laboratory spectra of

pollo 15071, as the power of the solar lamp and the brightness

emperature of the sample increases the emissivity at 7.81 μm de-

reases and the emissivity at 8.6 μm increases. This suggests that

he solar lamp power could be finely tuned between 115 W and

60 W to obtain spectra that have a brightness temperature closer

o those of the lunar surface and are a better spectral match to the

iviner observations. 

In Fig. 13 , re-sampled laboratory emissivity spectra of high-

and bulk lunar soils 66031 and 67701 are compared with aver-

ge Diviner emissivity spectra of Apollo sampling stations 6 and

1. Again, the maximum uncertainties in the re-sampled labora-

ory spectra are plotted in Fig. 12 , but are smaller than the size of

he data symbols. The spectrum of very mature soil 66031 with

he solar lamp power set at 200 W and a calculated brightness

emperature of 409.2 K is within two standard deviations of the

verage Diviner emissivity spectrum of Apollo 16 sampling station

, whereas the spectrum of immature soil 67701 with solar lamp

ower set at 200 W and a calculated brightness temperature of

10.8 K is not within two standard deviations of the average Di-

iner emissivity spectrum of Apollo 16 sampling station 11. These

nitial results suggest that even when using the highest power on

LEC’s solar lamp it is difficult to simulate near-surface conditions

or immature highlands samples when compared to Diviner obser-

ations, likely due to their higher albedos. Our results for the first

easurements of highlands and mare bulk lunar soils measured

n ALEC demonstrate that re-sampled laboratory spectra of mature

ulk lunar soils are within two standard deviations of the average

iviner emissivity spectra of the specific Apollo sampling sites. 

. Discussion and future work 

Our initial results corroborate previous lab measurements of

articulate samples ( < 63 μm) showing the sensitivity of thermal
ng environmental conditions on emissivity spectra of bulk lunar 
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Fig. 12. (Left) Apollo 15 landing site and traverse map (Defense Mapping Agency Topographic Center (DMATC) map 41B4S4) overlain with Diviner CF observations for the 

region. The cyan arrow indicates sampling station 1 on the ejecta blanket of Elbow crater where Apollo 15071 was collected. (Right) An average Diviner emissivity spectrum 

for a 400 m box enclosing Apollo 15 sampling station 1 plotted along with the laboratory spectra of Apollo 15071 measured under varying solar lamp power. Full resolution 

lab spectra were re-sampled to Diviner’s three ‘8 μm’ bands. The y -error bars on the Diviner emissivity spectrum represent the standard deviation (1 σ ) of the emissivity for 

each Diviner band. The y -error bars on the re-sampled laboratory spectra represent the standard deviation (1 σ ) of the sample measurements due to thermal stability. These 

y -error bars are smaller than the data symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. (Left) Apollo 16 landing site and traverse map (Defense Mapping Agency Topographic Center (DMATC) map 78D2S2) overlain with Diviner CF observations for the 

region. The yellow arrows indicate sampling stations 6 and 11 where Apollo bulk lunar soils 66031 and 67701 were collected, respectively. (Middle) An average Diviner 

emissivity spectrum for a 400 m box enclosing Apollo 16 sampling station 6 plotted along with the laboratory spectra of Apollo 66031 measured under varying solar lamp 

power. Full resolution lab spectra were re-sampled to Diviner’s three ‘8 μm’ bands. The y -error bars on the Diviner emissivity spectrum represent the standard deviation (1 σ ) 

of the emissivity for each Diviner band. The y -error bars on the re-sampled laboratory spectra represent the standard deviation (1 σ ) of the sample measurements due to 

thermal stability. (Right) An average Diviner emissivity spectrum for a 400 m box enclosing Apollo 16 sampling station 11 plotted along with the laboratory spectra of Apollo 

67701 measured under varying solar lamp power. Full resolution lab spectra were re-sampled to Diviner’s three ‘8 μm’ bands. The y -error bars on the Diviner emissivity 

spectrum represent the standard deviation of the emissivity for each Diviner band. The y -error bars on the re-sampled laboratory spectra represent the standard deviation 

of the sample measurements due to thermal stability. In the middle and right figures the y -error bars on the re-sampled lab spectra are smaller than the data symbols. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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infrared emissivity spectra to the conditions under which they

are measured and for the first time characterizing how varying

the solar-like irradiance on the sample changes the TIR emissivity

spectra. The two parameters that introduce the greatest changes

to the spectral measurements are the atmospheric pressure inside

the chamber and the power of the solar lamp (incident solar-like

radiation on the sample). As atmospheric pressure decreases, the
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi
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bundance of interstitial gases between grains is reduced and heat

s no longer efficiently transferred through conduction, but rather

s transferred through radiation. Due to the fine particulate nature

f the sample and low pressure, heat is not transferred efficiently

rom the bottom of the heated sample cup to the top of the sam-

le exposed to the environment in the chamber, thus setting up

 thermal gradient in the sample and causing spectral differences.
ng environmental conditions on emissivity spectra of bulk lunar 
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s seen in Fig. 9 , even at pressures similar to atmospheric condi-

ions on Mars ( ∼5 mbar) differences are observed in the position of

he CF and the spectral contrast between the CF and the RB when

ompared to spectra measured under Earth-like conditions. Thus,

hanging only the atmospheric pressure inside the chamber can

nduce small, but detectable changes in the laboratory spectra of

articulate samples. 

As the power of the solar lamp (or incident solar-like radia-

ion) is systematically increased, it is observed that (1) the cal-

ulated brightness temperature of the sample systematically in-

reases, (2) the CF shifts slightly to lower wavenumbers (longer

avelengths), and (3) the spectral contrast between the CF and

B decreases. These observations suggest that as fine particulate

amples are heated to higher brightness temperatures, particulates

ore efficiently transfer heat to surrounding particulates due to

n increase in the radiative transfer of heat at higher tempera-

ures (e.g. Vasavada et al., 1999 ). While previous laboratory stud-

es have focused on making laboratory emissivity measurements

nder a single near-surface environment (or a single thermal gra-

ient) (e.g. Logan et al., 1973; Henderson et al., 1996; Henderson

nd Jakosky; 1997 ), our results show that to directly compare lab-

ratory measurements to remote sensing data from airless bod-

es like the Moon, Mercury, and asteroids the correct near-surface

nvironment (thermal gradient) needs to be simulated in the

aboratory. 

To better interpret surface compositions from thermal infrared

bservations like those from Diviner, laboratory measurements

ade under simulated lunar conditions of Apollo soil samples, lu-

ar meteorites and pure mineral analogues requires continued re-

nement. While this work illustrates that ALEC is capable of simu-

ating near-surface conditions similar to those on the Moon, future

aboratory work will focus on measuring a wider range of lunar

oil compositions and maturities and fine tuning the environmen-

al conditions to find the ‘best’ laboratory conditions for simulating

he near-surface environment of the Moon. In addition, thermal in-

rared spectral effects due to particle size, porosity/sample packing,

nd space weathering need to be further investigated under simu-

ated lunar conditions. 

The first consideration is the effect of particle size on ther-

al infrared emissivity spectra and in particular which particle

ize fraction dominates the spectral signature. Detailed analyses

f lunar soil samples have shown that reflectance measurements

cross the visible- to near-infrared wavelengths are dominated by

he finest particle size fraction ( < 45 μm) (e.g. Pieters et al., 1993,

ischer, 1995 ). However, it has yet to be demonstrated what parti-

le size fraction dominates the spectra of the bulk lunar soil sam-

les and the Diviner thermal infrared observations. 

Another consideration is the effect of porosity on TIR emis-

ivity spectra as the ‘fluffiness’ of the lunar near-surface is often

ermed a ‘fairy-castle’ structure ( Hapke and Van Horn, 1963 ). Of-

en, porosity is simulated in the laboratory by varying the way a

ample is packed into a sample cup. Laboratory studies of ambi-

nt thermal infrared reflectance measurements by Salisbury and

ald (1992 ) demonstrated that the porosity or packing of the sam-

le in the sample cup affects the wavelength position of the CF

nd the spectral contrast in the RB region. As samples become

ore porous or fluffy, the CF shifts to slightly longer wavelengths

nd the spectral contrast in the RB region decreases. Recent stud-

es of bulk lunar soil Apollo 15071 prepared with four different

acking styles and measured under simulated lunar conditions

n the Simulated Lunar Environment Chamber at the University

f Oxford by Donaldson Hanna et al. (2015b ) corroborate results

y Salisbury and Wald (1992 ). However, a more detailed study

n a suite of well-characterized samples is needed to constrain

he porosity/packing style that best simulates the surface texture

n the Moon and to understand how laboratory measurements
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi
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ompare to remote sensing observations of undisturbed lunar soils

n their native setting. 

The effect of space weathering on TIR emissivity is another vital

onsideration for future laboratory studies as the entire lunar sur-

ace has experienced some degree of space weathering. A study of

hermal infrared reflectance measurements of plagioclase feldspars

emonstrated that the vitrification process does not affect the po-

ition of the CF ( Nash and Salisbury, 1991; Nash et al., 1993 ). This

ed many to believe that effects on TIR emissivity spectra due to

pace weathering would not be observed. However, Lucey et al.

2016 ) have demonstrated that space weathering does strongly in-

uence the position of the CF as observed in Diviner observations.

o constrain fully the effects of space weathering on TIR emissivity

pectra a detailed laboratory study under simulated lunar condi-

ions is needed. Our results for an immature highlands soil sample

nd a very mature highlands soil sample indicate that as a soil ma-

ures the position of the CF shifts to slightly longer wavelengths

nd the spectral contrast of the RB decrease, but these are just

wo bulk lunar soils. Additional lunar highlands and mare soil pairs

similar compositions, but different maturities) need to be mea-

ured under simulated lunar conditions to fully characterize the

pectral effects associated with space weathering. 

In addition to the considerations outlined above, laboratory

easurements of lunar soils and other analogue materials made

n ALEC need to be compared with measurements made under

imulated lunar conditions in other laboratories. Laboratories with

he capability of making thermal infrared emissivity measurements

nder simulated airless body conditions include the Simulated Lu-

ar Environment Chamber (SLEC) in the Planetary Spectroscopy Fa-

ility at the University of Oxford ( Thomas et al., 2012 ), the Simu-

ated Airless Body Emission Laboratory (SABEL) at Johns Hopkins

niversity Applied Physics Laboratory (APL), the Planetary and As-

eroid Regolith Spectroscopy Environmental chamber (PARSEC) in

he Vibrational Spectroscopy Laboratory at Stony Brook University

 Shirley and Glotch, 2015 ), and the Planetary Emissivity Labora-

ory (PEL) at DLR (the German Aerospace Center) ( Maturilli et al.,

006 ). Cross-laboratory measurements of the same suite of well-

haracterized lunar soils are vital to (1) understand the observed

pectral differences resulting from different laboratory set-ups, (2)

onstrain the ‘best’ measurement practices across laboratories en-

bling direct comparisons of spectral measurements, and (3) build

pectral libraries of lunar soils, lunar meteorites, and analogue

ineral separates and mixtures for the community to use in the

nalyses of remote sensing data of the Moon. Initial comparisons

f Apollo soil 15071 measured under simulated lunar conditions

n ALEC and SLEC show that all of the major spectral features (CF,

B and TF) are observed at the same wavelengths, but differences

n the order of 2% in the spectral contrast and slope are also ob-

erved ( Donaldson Hanna et al., 2015a ). The observed differences

ould arise from sample preparation as packing plays an impor-

ant role in the spectral contrast of the RB ( Salisbury and Wald,

992 ), differences in the simulated near-surface environment in

he two chambers, and/or from the calibration procedures of the

wo chambers (including the accounting for down welling radi-

nce, if it is a measurable effect). The spectral differences observed

etween ALEC and SLEC measurements need to be further char-

cterized to (1) understand where the differences arise and (2)

inimize those differences as much as possible. The suite of well-

haracterized lunar soils will also be measured under simulated

unar conditions at APL’s SABEL and Stony Brook’s PARSEC in an

ffort to better characterize cross-laboratory measurement differ-

nces with those labs. 

One of the ultimate goals of these laboratory studies is to mea-

ure the actual thermal gradient formed in the particulate sam-

les under different environmental conditions to better constrain

he thermal properties of the Moon’s upper regolith. To accomplish
ng environmental conditions on emissivity spectra of bulk lunar 

, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.05.034 

http://dx.doi.org/10.1016/j.icarus.2016.05.034


16 K.L. Donaldson Hanna et al. / Icarus 0 0 0 (2016) 1–17 

ARTICLE IN PRESS 

JID: YICAR [m5G; June 8, 2016;15:5 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i  

s

A

 

s  

o  

m  

D  

t  

D  

f  

m  

N  

s  

r  

t

S

 

f

R

A  

 

B  

 

B  

 

B  

 

C  

 

C  

C  

 

D  

 

 

 

D  

 

D  

 

D  

 

 

D  

 

F  

 

F

F  

 

F  

G  

G  

 

this goal new ALEC sample cups will need to be designed and built

to accommodate temperatures sensors at the surface of the sam-

ple and at several depths within the upper hundreds of microns of

the sample. Approximating the thermal gradient in the upper hun-

dreds of microns in the lunar regolith by comparing lab measure-

ments and Diviner observations will provide important constraints

for modeling the thermophysical properties of the lunar surface

(i.e. heat flow, the thickness of the “fluffy” low-density layer of the

regolith, and the retention and mobility of volatiles in the regolith)

as well as constraining the thermal gradients on other airless bod-

ies. 

7. Conclusions 

Spectral measurements of a suite of well-characterized lunar

soil samples made under ambient and simulated lunar condi-

tions in the Asteroid and Lunar Environment Chamber (ALEC)

corroborate previous laboratory spectral measurements of lunar

soils, particulate rocks and minerals under vacuum and lunar-like

conditions. These laboratory measurements highlight the sen-

sitive nature of fine particulate materials to the environmental

conditions in which they are measured and demonstrate that to

compare laboratory measurements to remote sensing data from

airless bodies like the Moon, Mercury, Mars’ moons (Phobos and

Deimos), and asteroids an appropriate near-surface environment

(thermal gradient) needs to be simulated in the laboratory. As the

atmospheric pressure inside the chamber is systematically varied

between ambient (10 0 0 mbar) and vacuum ( < 10 −3 mbar) pres-

sures, the Christiansen Feature (CF) is observed to shift to shorter

wavelengths (higher wavenumbers) and the spectral contrast of

the CF relative to the reststrahlen bands (RB) is enhanced. As

the power of the solar-like halogen lamp is increased from 80 to

200 W (irradiance 52–146 mW/cm 

2 ), the CF shifts to longer wave-

lengths (lower wavenumbers) and the spectral contrast of the CF

relative to the RB decreases. Changes in the pressure and halogen

lamp power lead to competing spectral effects on the same scale.

Spectral effects due to varying the sample cup temperature are

subtle in comparison. 

Spectral measurements of a fine particulate ( < 25 μm) sample

of San Carlos olivine were measured under ambient and simulated

lunar conditions to highlight the differences in behavior between

lunar soils and pure mineral spectra. When comparing ambient

and simulated lunar spectra, the observed shift in CF position for

olivine (0.19 μm) is greater than the shifts observed in the lu-

nar soils (0.1 ± 0.04 μm) and the observed increase in spectral

contrast for olivine (13.3%) is greater than the increases in spec-

tral contrast of the soils (4 ± 2%). However, under simulated lunar

conditions as the sample cup temperature and incident solar-like

radiation are varied the olivine spectra show little change in the

CF position (0.04 μm and 0.02 μm, respectively) and spectral con-

trast between the CF and RB (0.02% and 0.9%, respectively). Due

to the observed spectral differences between pure mineral spec-

tra and bulk lunar soil spectra, caution should be used when using

spectral measurements of pure minerals to interpret spectral fea-

tures in thermal infrared observations like those from Diviner. 

Finally, spectral measurements of bulk lunar soils under vary-

ing environmental conditions are compared with Diviner thermal

infrared observations of the Apollo sampling stations to constrain

laboratory conditions that ‘best’ simulate the near-surface of the

Moon. Re-sampled laboratory emissivity spectra of mature lunar

soils show that samples heated from above using solar lamp pow-

ers of 160 and 200 W (irradiance ∼129 and 146 mW/cm 

2 ) are

within two standard deviations of the average Diviner emissivity

spectra of the specific Apollo sampling sites. These results place

important constraints for setting up the appropriate temperature

and pressure conditions for future laboratory experiments that
Please cite this article as: K.L. Donaldson Hanna et al., Effects of varyi

soils: Application to Diviner thermal infrared observations of the Moon
nvestigate the spectral effects of particle size, packing/porosity,

pace weathering, etc. 
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