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[1] New laboratory thermal infrared emissivity measurements of the plagioclase solid
solution series over the 1700 � 400 cm�1 (6–25 mm) spectral range are presented.
Thermal infrared (TIR) spectral changes for fine-particulate samples (0–25 mm) are
characterized for the first time under different laboratory environmental conditions:
ambient (terrestrial-like), half-vacuum (Mars-like), vacuum, and vacuum with cooled
chamber (lunar-like). Under all environmental conditions the Christiansen Feature (CF) is
observed to vary in a systematic way with Na-rich end-member (albite) having a CF
position at the highest wave number (shortest wavelength) and the Ca-rich end-member
(anorthite) having a CF position with the lowest wave number (longest wavelength).
As pressure decreases to <10�3 mbar four observations are made: (1) the CF position
shifts to higher wave numbers, (2) the spectral contrast of the CF increases relative to the
RB, (3) the spectral contrast of the RB in the �1200–900 spectral range decreases while
the spectral contrast of the RB in the �800–400 spectral range either increases or
remains the same and (4) the TF disappears. A relationship between the wavelength
position of the CF measured under simulated lunar conditions and plagioclase
composition (An#) is developed. Although its exact form may evolve with additional data,
this linear relationship should be applied to current and future TIR data sets of the Moon.
Our new spectral measurements demonstrate how sensitive thermal infrared emissivity
spectra of plagioclase feldspars are to the environmental conditions under which
they are measured and provide important constraints for interpreting current and
future thermal infrared data sets.
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1. Introduction

[2] Plagioclase feldspars are important mineral phases in
intrusive igneous rocks such as anorthosites and extrusive
igneous rocks such as basalts. Collected samples, meteorites,
and remote sensing observations have identified plagioclase
feldspars on terrestrial bodies throughout the inner solar
system. Remote observations of the Martian surface by the
Thermal Emission Spectrometer (TES) onboard Mars Global

Surveyor (MGS) identified two surface lithologies that cover
most of the surface (Surface Type1 and 2) that are both domi-
nated by plagioclase feldspar [Bandfield et al., 2000; Hamilton
et al., 2001; Wyatt and McSween, 2002]. Ground- and space-
based telescopic thermal infrared observations of Vesta’s sur-
face indicate regions spectrally dominated by pyroxene and
plagioclase mixtures [Donaldson Hanna and Sprague, 2009]
or similar in composition to eucrite meteorites [Mittlefehldt
et al., 1998]. Samples returned from the Apollo missions pro-
vided evidence that the lunar highlands contain significant
amounts of anorthosite (a rock containing >90% plagioclase)
[e.g., Wood et al., 1970; Dowty et al., 1974]. Recent high
spatial resolution data sets have identified regions in the lunar
highlands that are composed purely of plagioclase [Matsunaga
et al., 2008; Ohtake et al., 2009; Pieters et al., 2009;
Donaldson Hanna et al., 2012b]. Each of these terrestrial
bodies represents a unique near-surface environment that can
affect how thermal infrared emissivity measurements of those
surfaces are acquired and interpreted for remote compositional
analyses.
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[3] Thermal infrared spectra have diagnostic spectral
features indicative of mineral composition that allow: (1)
plagioclase to be identified and distinguished from other
minerals and (2) different compositions of plagioclase to be
identified from one another. Laboratory work by Nash and
Salisbury [1991] demonstrated that the Christiansen fea-
ture (CF), an emissivity maximum diagnostic of composi-
tion [Conel, 1969], can be used to unambiguously identify
plagioclase composition of fine powders and that the
wavelength position of the CF is not affected by the vitri-
fication of the surface. Other infrared studies [Thompson
and Wadsworth, 1957; Iiishi et al., 1971; Ruff, 1998] mea-
sured well-characterized samples of alkali and plagioclase
feldspars and identified key differences in the reststrahlen
bands, the fundamental molecular vibration bands due to
stretching (Si-O-Si, Si-O-Al, Si-Si, and Si-Al) and bending (O-
Si-O and O-Al-O), that can be used to distinguish between
feldspar compositions. All of these studies focused on labora-
tory measurements made under ambient or Earth-like condi-
tions, however laboratory measurements with different
atmospheric and environmental conditions have shown that
thermal infrared spectra are highly sensitive to the environ-
ments in which they are measured [e.g., Logan et al., 1973;
Salisbury and Walter, 1989; Thomas et al., 2010; Donaldson
Hanna et al., 2012a].
[4] Here we present new thermal infrared emissivity mea-

surements of five compositions of the plagioclase solid
solution series measured under varying environmental condi-
tions. The unique spectral features of each plagioclase com-
position are characterized as the temperature and pressure of
the emission chamber are systematically varied to replicate
ambient (Earth-like), half-vacuum (Mars-like), vacuum, and
vacuum with cooled chamber (lunar-like) conditions. In addi-
tion, a relationship between the wavelength position of the CF
and An# is developed under simulated lunar conditions for
application to TIR data sets from the Moon.

2. Experimental Methods and Samples

[5] An emission chamber in the Planetary Spectroscopy
Facility (PSF) at the University of Oxford Department of
Atmospheric, Oceanic, and Planetary Physics has been built
to simulate the temperatures and pressures experienced on
the lunar surface [Thomas et al., 2010]. The PSF chamber is
attached to the potassium bromide (KBr) emission port win-
dow of a Bruker IFS-66v/S Fourier transform spectrometer. A
KBr beamsplitter and a deuterated L-alanine doped triglycer-
ide sulphate (DLaTGS) detector allow laboratory emissivity
spectra to be collected at a resolution of 2 cm�1 over the 345–
3030 cm�1 (3.3–29 mm) spectral range [Thomas et al., 2010].
[6] Spectral measurements were made under four envi-

ronmental conditions in the PSF chamber: ambient, half-
vacuum, vacuum, and vacuum with cooled chamber. Ambi-
ent conditions simulate a terrestrial-like environment: sam-
ples are heated from below to �350 K, the interior of the
environment chamber is held at room temperature (�300 K),
and the interior chamber pressure is �1000 mbar of dry
nitrogen gas (N2). A Mars-like environment is approximated
under half-vacuum conditions: samples are heated from
below to �370 K, the interior of the environment chamber is
held at room temperature, and the interior chamber pressure
is �5 mbar of N2. For vacuum measurements the sample is

heated from below to �420 K, the chamber interior is held
to room temperature, and the interior chamber pressure
is <10�3 mbar. These measurements are intended to isolate
the spectral effects due to vacuum pressures rather than
simulating a particular body. To simulate the lunar environ-
ment (O1-SLE): samples are heated from below to �500 K,
the chamber interior is cooled with liquid nitrogen to
�120 K, and the interior chamber pressure is <10�3 mbar.
[7] Samples were heated from below to temperatures opti-

mized for obtaining high quality (high signal-to-noise ratio)
spectra for each of the environmental conditions. In our heat-
ing from below experimental set-up, the decrease in chamber
pressure creates a thermal gradient (a cold top layer over a hot
bottom layer) as the interstitial gases between particulate
materials are removed. This significantly changes the heat
transfer mechanism from conduction to radiation, which more
accurately reflects the physical environment of airless bodies.
[8] In order to understand the effects of the near-surface

environment on fine particulate materials, our sample suite
includes five well-characterized compositions of the plagio-
clase solid solution series (albite, oligoclase, andesine, lab-
radorite, and anorthite) provided by Arizona State University
(ASU) [Christensen et al., 2000]. Since the fine fraction
dominates the optical properties of lunar soils [Pieters et al.,
1993], samples were prepared as fine (<25 mm) particulate
samples and measured in the PSF emission chamber under all
four environmental conditions. Eight additional plagioclase
samples of various compositions (Table 1) were prepared to
the same particle size fraction (<25 mm) and measured in
reflectance in Brown University’s RELAB facility. These
reflectance measurements are used to support the relationship
between the An# of the ASU samples and the CF position
measured under O1-SLE. The frequency (cm�1) of the CF
was identified for each plagioclase sample spectrum for each
of the environmental conditions under which the sample was
measured. A polynomial was fit to a portion of the �1100–
1400 cm�1 spectral range of each spectrum and the frequency
of the maximum emissivity in the polynomial fit as seen in
Figure 1 was used to represent the CF position. The spectral
range and polynomial order were varied in order to best fit the
emissivity value and shape of the CF of each sample spec-
trum. Due to the non-unique nature of identifying the CF
position, the CF position can vary by�3 cm�1 as the spectral
range and polynomial order are changed. In wavelength
space, a � 3 cm�1 error at �7.5–8.0 mm equates to an error
of �0.02 mm. This error in wavelength space is comparable
to the maximum uncertainty of �0.03 mm in the CF position
for particulate quartz measured in the PSF emission chamber
[Thomas et al., 2012].
[9] Mineral chemistry data for all of the plagioclase sam-

ples shown in Table 1 were obtained at the Massachusetts
Institute of Technology (MIT) Electron Microprobe Facility
using their JEOL JXA-8200 Superprobe. To obtain a repre-
sentative mineral chemistry for each of the Arizona State
University (ASU) samples, 10 to 15 grains greater than
125 mm in size were analyzed and averaged together. For the
Brown and University of California Los Angeles (UCLA)
samples, three locations (core, middle and rim) on grains
0.5–1.0 mm in size were analyzed and averaged together.
Mineral chemistry and plagioclase composition (An#) for all
of the samples are listed in Table 1. The variation in the
mineral chemistry and plagioclase composition for each
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sample is calculated by taking the standard deviation from the
average mineral chemistry and An# and multiplying by two
and are reported in Table 2.

3. Results

[10] Spectral emissivity measurements for each of the pla-
gioclase solid solution series samples under the four environ-
mental conditions defined above can be seen in Figures 2–4.
The position of the CF identified for each plagioclase sample
under each environmental condition is listed in Table 3.

3.1. Observed Spectral Changes

[11] The decrease in emission chamber interior pressure
from ambient (1000 mbar) to half-vacuum (5 mbar) condi-
tions is enough to create observable changes in the emissivity
spectra. As seen in Figures 2–4, spectral contrast of the CF
increases relative to the RB and the position of the CF shifts
to higher wave numbers (shorter wavelengths). The spectral
contrast and positions of the RB and transparency feature
(TF), an emissivity minima caused by volume scattering in a
spectral region of relative transparency between the principal
RB [e.g., Salisbury and Walter, 1989], are unchanged.
[12] As the interior pressure of the emission chamber

decreases from 5 mbar to <10�3 mbar for vacuum measure-
ments, four changes in the spectral character are observed:
(1) the position of the CF shifts to significantly higher wave
numbers, (2) the spectral contrast of the CF increases relative
to the RB, (3) the spectral contrast of the RB in the �1200–
900 spectral range decreases while the spectral contrast of the
RB in the �800–400 spectral range either increase or remain
the same and (4) the TF disappears. The frequencies of the
RB absorptions appear to remain unchanged. For O1-SLE
measurements, the interior pressure of the emission chamber
remains at <10�3 mbar as the interior temperature of the
emission chamber is cooled. Two observations are made:
(1) the CF shifts to even higher wave numbers and (2) the
spectral contrast of the CF further increases while the spectral
contrast of the RB in the�1200–900 spectral range continues
to decrease. A transparency feature at slightly higher wave
numbers than the emissivity peak (marked by a green vertical
line in Figure 4) is observed in the two Na-rich samples,
oligoclase (An21) and albite (An01), measured under vacuum

and O1-SLE conditions. Our results corroborate previous lab
measurements made under ambient, vacuum, and other
lunar-like conditions [e.g., Logan et al., 1973; Salisbury and
Walter, 1989; Donaldson Hanna et al., 2012a] and highlight
the sensitive nature of emissivity spectra to the environmental
conditions under which they are measured.

3.2. Lunar Application: CF Position Versus An#

[13] Previous reflectance measurements of the plagioclase
solid solution series measured under ambient conditions
showed that the wavelength position of the Christiansen feature
systematically shifts to shorter wavelengths with composition
from Ca-rich to Na-rich compositions [Nash and Salisbury,
1991]. The wavelength position of the CF is strongly depen-
dent on the degree of polymerization of silicate minerals with

Table 1. Mineral Sample Chemistry

Mineral Name Source SiO2 Al2O3 FeO MgO CaO Na2O K2O Total An#b

Albite WAR0235a ASUc 69.3 19.9 0.0 0.0 0.2 11.9 0.2 101.5 01
Oligoclase WAR5804a ASUc 63.3 23.4 0.0 0.0 4.5 9.4 0.3 100.8 21
Andesine WAR0024a ASUc 56.8 27.7 0.1 0.0 9.6 6.0 0.5 100.7 46
Labradorite BUR3080aa ASUc 56.3 28.0 0.2 0.0 10.4 5.6 0.6 100.7 48
Anorthite BUR340a ASUc 44.9 35.4 0.4 0.0 18.7 0.9 0.0 100.3 92
Albite UCLAd 68.7 19.8 0.0 0.0 0.2 12.0 0.2 100.8 01
Oligoclase UCLAd 63.7 22.9 0.0 0.0 4.0 9.4 0.6 100.6 18
Andesine UCLAd 53.3 29.7 0.4 0.1 12.2 4.5 0.4 100.4 59
Labradorite UCLAd 52.0 29.8 0.5 0.1 12.7 4.3 0.2 99.5 62
Labradorite Brown 52.0 29.2 0.3 0.1 12.3 4.2 0.3 98.5 61
Labradorite Brown 52.4 29.1 0.4 0.1 12.3 4.4 0.3 99.0 60
Bytownite Brown 48.4 31.7 0.4 0.1 15.7 2.4 0.1 98.8 78
Bytownite UCLAd 49.4 32.3 0.5 0.0 15.5 2.7 0.1 100.5 76

aSamples measured in emission chamber at the University of Oxford.
bMolar An# values multiplied by 100.
cChristensen et al. [2000].
dGreenhagen [2009].

Figure 1. Anorthite spectrum measured under simulated
lunar conditions (O1-SLE) plotted along with a 2nd order
polynomial fit to the spectrum in order to determine the posi-
tion of the Christiansen feature (CF). The CF position is
identified as the frequency at the peak of the polynomial fit.
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framework silicates like quartz and feldspars having shorter
wavelength CF positions than isolated silicate tetrahedra
minerals like olivine [Salisbury and Walter, 1989]. Thus the
observed systematic shift to shorter wavelengths observed in
the plagioclase solid solution series is likely a result of minerals
becoming more silica-rich from the substitution of Ca2+, Al3+

with Na+, Si4+ as compositions of plagioclase become more
Na-rich.
[14] Laboratory emissivity measurements of the plagio-

clase solid solution series made under O1-SLE also show
a systematic shift in the wavelength position of the CF as
plagioclase compositions change from Ca-rich to Na-rich
compositions (Figure 5). The identified wavelength positions
of the CF for each of the plagioclase compositions can be
related to the plagioclase composition (An#) of each sample.
In Figure 6a, a linear relationship (O1-SLE CF position =
0.0033*An# + 7.4681) between An# and O1-SLE CF posi-
tion is established with a R2 value of 0.86832. While the
linear trend is robust for the samples with An# ≥ 21, the albite
(An01) sample falls off the trend which could result from the
transparency feature identified by the green vertical line in
Figure 4. The TF affected the way the polynomial was fit to
the emissivity spectra in determining the CF position and in
doing so could have introduced a small error in the frequency
at which the maximum emission was identified.
[15] To better understand the trend between the O1-SLE

CF position and An#, the CF positions for an additional eight
samples measured in RELAB are corrected to be comparable
to the O1-SLE CF positions using the linear relationship
(Ambient CF Position = 0.9502 * (O1-SLE CF Posi-
tion) + 0.6778) previously established for a suite of silicate
minerals measured under both ambient and O1-SLE

conditions [Donaldson Hanna et al., 2012a]. In Figure 6b,
the addition of these estimated O1-SLE CF positions
strengthen the linear relationship between the O1-SLE CF
position and An#. However, these additional plagioclase
samples will need to be measured under simulated lunar
conditions to verify the observed linear trend. Error bar cal-
culations for the CF position and An# were discussed pre-
viously in the Experimental Methods and Samples section.

4. Discussion

[16] In order to approximate the lunar surface, our pla-
gioclase samples include fine particulates (0–25 mm), not the

Table 2. Measured Variations in Mineral Chemistry (2� Standard Deviation)

Mineral Name Source SiO2 Al2O3 FeO MgO CaO Na2O K2O Total An#b

Albite WAR0235a ASUc 0.39 0.30 0.02 0.01 0.18 0.28 0.06 0.38 0.82
Oligoclase WAR5804a ASUc 1.34 0.43 0.02 0.00 0.51 0.51 0.29 1.24 2.44
Andesine WAR0024a ASUc 0.74 0.44 0.11 0.01 0.33 0.22 0.20 0.83 1.68
Labradorite BUR3080aa ASUc 0.66 0.64 0.08 0.00 0.52 0.35 0.17 0.76 2.56
Anorthite BUR340a ASUc 1.06 0.50 0.07 0.01 0.57 0.33 0.02 0.82 2.98
Albite UCLAd 1.09 0.32 0.01 0.00 0.14 0.21 0.04 1.22 0.62
Oligoclase UCLAd 0.28 0.37 0.02 0.00 0.02 0.15 0.02 0.22 0.18
Andesine UCLAd 1.39 0.28 0.07 0.01 0.54 0.25 0.04 1.40 2.17
Labradorite UCLAd 0.2 0.13 0.03 0.04 0.24 0.14 0.03 0.55 0.88
Labradorite Brown 0.82 0.12 0.05 0.01 0.19 0.09 0.03 0.88 0.54
Labradorite Brown 0.08 0.21 0.00 0.00 0.14 0.17 0.00 0.26 1.25
Bytownite Brown 1.18 0.57 0.04 0.04 0.09 0.08 0.02 1.68 0.51
Bytownite UCLAd 0.65 0.42 0.07 0.02 0.21 0.08 0.02 1.17 0.83

aSamples measured in emission chamber at the University of Oxford.
bMolar An# values multiplied by 100.
cChristensen et al. [2000].
dGreenhagen [2009].

Table 3. CF Positions (cm�1) for Each of the Environmental
Conditions

Mineral An# Ambient Half Vacuum Vacuum O1-SLE

Albite 01 1300 1315 1328 1329
Oligoclase 21 1309 1322 1329 1330
Andesine 46 1261 1278 1306 1319
Labradorite 48 1262 1270 1306 1317
Anorthite 92 1219 1234 1272 1279

Figure 2. Emissivity spectra for anorthite (An92). The blue
is the spectrum measured under ambient conditions (Earth-
like), red is the half-vacuum spectrum (Mars-like), black is
the vacuum spectrum, and gray is the simulated lunar envi-
ronment (O1-SLE) spectrum. Spectral features diagnostic
of composition are as marked: Christiansen feature (CF),
reststrahlen bands (RB), and transparency feature (TF) [e.
g., Lyon, 1964; Conel, 1969; Salisbury and Walter, 1989].
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coarse particulate (>700 mm) samples measured under
ambient conditions often used for modeling Martian TIR
emissivity spectra. Our results, documenting the sensitivity
of spectral features of particulate samples to environment,
suggest that measurements of coarse particulate samples
under varying environmental conditions should be further
evaluated as well.
[17] For the thermal infrared spectral measurements in this

study the sample heat source is located on the bottom of the
sample cup. However, this single heat source arrangement

does not fully replicate the near-surface thermal environment
for airless terrestrial bodies. While radiating into space cools
the uppermost surface, planetary surfaces are also heated by
incident solar radiation. Thermal gradients are expected in a
vacuum environment for porous particulate soils. New lab-
oratory configurations at the University of Oxford PSF
[Thomas et al., 2012] and the Brown University RELAB
[Donaldson Hanna et al., 2012c] include solar-style heating
from above to better replicate near-surface thermal environ-
ments. As these facilities become available, the plagioclase

Figure 3. Emissivity spectra for labradorite (An48) and
andesine (An46). For each plot, blue is the spectrummeasured
under ambient conditions (Earth-like), red is the half-vacuum
spectrum (Mars-like), black is the vacuum spectrum, and
gray is the simulated lunar environment (O1-SLE) spectrum.
Spectral features diagnostic of composition are as marked:
Christiansen feature (CF), reststrahlen bands (RB), and trans-
parency feature (TF).

Figure 4. Emissivity spectra for oligoclase (An21) and
albite (An01). For each plot, blue is the spectrum measured
under ambient conditions (Earth-like), red is the half-vacuum
spectrum (Mars-like), black is the vacuum spectrum, and
gray is the simulated lunar environment (O1-SLE) spectrum.
Spectral features diagnostic of composition are as marked:
Christiansen feature (CF), reststrahlen bands (RB), and
transparency feature (TF).
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samples used in this study will be measured in the new lab-
oratory arrangements to more fully understand the diagnostic
spectral characteristics under more realistic environmental
conditions.
[18] The linear trend between the wavelength positions of

plagioclase samples measured under O1-SLE and the pla-
gioclase sample composition established in Figure 6 allows
the composition of plagioclase to be estimated from remote
sensing data such as areas recently identified as pure pla-
gioclase across the lunar surface [Matsunaga et al., 2008;
Ohtake et al., 2009; Pieters et al., 2009; Donaldson Hanna
et al., 2012b; Yamamoto et al., 2012]. Initial analysis of
these pure plagioclase regions using Diviner Lunar Radiome-
ter thermal infrared data [Greenhagen et al., 2010; Donaldson
Hanna et al., 2012b] show a range in CF values indicating
compositional diversity. Our new spectral measurements of
well-characterized plagioclase samples provide context for
understanding this compositional diversity of plagioclase both
locally and globally on the Moon, with implications for the
nature of the lunar magma ocean and the subsequent chemical
modification of the lunar crust.

5. Conclusions

[19] The character of TIR emissivity spectra change with
changes in pressure and background temperature of the
environment. As pressure decreases to <10�3 mbar observed

spectral changes include: (1) the CF position shifts to higher
wave numbers (shorter wavelengths), (2) TF identified in
the �900–800 cm�1 (11–13 mm) spectral range disappear,
(3) the spectral contrast of the CF increases relative to
the RB, and (4) the spectral contrast of the RB in the
�1200–900 spectral range decreases while the spectral
contrast of the RB in the �800–400 spectral range either
increase or remain the same. It is important to note that the
small decrease in pressure between ambient (Earth-like) and
half-vacuum (Mars-like) also introduces observable changes

Figure 5. The Christiansen feature measured under O1-
SLE conditions for the plagioclase solid solution series sam-
ples in this study. An# is listed for each sample as measured
by electron microprobe analyses at MIT.

Figure 6. (a) The Christiansen feature position for a suite of
plagioclase samples of varying composition measured under
a simulated lunar environment (O1-SLE) plotted against the
An# of each sample as measured by electron microprobe
analyses. A linear trend with an R2 value = 0.86832 is fit to
the data. (b) The gray squares represent the five samples mea-
sured under O1-SLE and the blue circles indicate the esti-
mated O1-SLE CF positions for the samples measured
under ambient conditions in RELAB. For most of the blue
circle data points, the horizontal error bars are smaller than
the symbol size.
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in emissivity spectra: (1) the CF position shifts to slightly
higher wave numbers and (2) the spectral contrast of the CF
increases. Since emissivity spectra of coarse particulate
samples often used for modeling Martian surface composi-
tions are measured under ambient laboratory conditions it
will be important to measure coarse particulate samples under
varying environmental conditions to further understand how
the change in pressure between ambient and half-vacuum
conditions may affect their spectral character.
[20] We established a linear trend between the wavelength

position of the CF measured under a simulated lunar condi-
tion (O1-SLE) and the plagioclase composition (An#) that
could be applied to current (Diviner) and future thermal
infrared data sets of the Moon. As more plagioclase samples
are measured under simulated lunar conditions the accuracy
of this relationship between CF and An# will become more
robust.
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