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Introduction:  Water is one of many volatiles ex-

pected to be delivered to the Moon by comets, asteroids 
and the solar wind, or outgassed from the lunar interior 
[1, 2]. ‘Super-volatiles’ – those with vapor pressures 
much higher than that of water – such as CO2, CO, CH4, 
NH3, CH3OH, and H2S are relatively abundant in com-
ets [3], and are delivered to the Moon through impacts 
[4]. Outgassing from the lunar interior during volcanic 
eruptions would have released large quantities of CO, 
H2O, and sulfur species, potentially producing a transi-
ent atmosphere rivaling that of Mars [5]. The solar wind 
delivers plentiful H and trace amounts of C, N and O to 
the lunar surface. Near the south pole, the Lunar CRater 
Observation and Sensing Satellite (LCROSS) experi-
ment detected significant quantities of CO2, in addition 
to H2S, NH3, SO2, C2H4, CH3OH, and CH4 [6].   

Here, we investigate the thermal stability and poten-
tial spectral signatures of condensed super-volatiles in 
the Moon’s polar permanently shadowed regions 
(PSRs), specifically carbon dioxide. Though its supply 
rate is likely smaller, CO2 has a longer lifetime against 
UV photolysis than H2O [7]. The presence of CO2 and 
other super-volatiles at the lunar poles would have im-
plications for the history of the lunar atmosphere and 
sources of cold-trapped volatiles. Furthermore, future 
surface missions may utilize super-volatiles such as CO2 
and CH4 as an energy source. 

Data and Methods:  We used UV reflectance data 
from the Lyman-Alpha Mapping Project (LAMP) [8], 
1064-nm reflectance data from the Lunar Orbiter Laser 
Altimeter (LOLA) [9], and thermal infrared data from 

Diviner [10]. All three datasets are publicly available on 
the NASA Planetary Data System (PDS). Similar to pre-
vious studies, we define a sublimation temperature for 
each volatile species, Tsub, where sublimation would re-
move 1 mm (or alternatively 1 m) of the solid in ~1 Gyr. 
Using the vapor pressure data compiled by Zhang and 
Paige [11], we have 𝑇sub%&' = 54 − 60 K, and 
𝑇sub%./ = 22 − 25 K. For simplicity, and given the un-
certainty of the vapor pressure of heterogeneous mix-
tures and of the temperature measurements (~2 K [ref. 
10]), we adopt 𝑇sub%&' = 55 K in the following. 

Carbon dioxide has a UV spectrum distinct from that 
of water ice [12] (Fig. 1). Although both species show a 
red slope from ~140 to 180 nm, CO2 exhibits a slightly 
lower albedo at 190 nm and more gradual slope, with 
minimum reflectance values at 134 nm roughly 5 times 
higher than H2O. Also, solid CO2 has a reflectance peak 
(absorption minimum) near 116 nm, resulting in higher 
Lyman-a albedo that H2O, or even the dry regolith. At 
the 1064-nm wavelength of LOLA, CO2 ice is typically 
somewhat more reflective than H2O ice [13]. Therefore, 
if regions below ~55 K annual maximum temperature 
(Tmax) contain CO2 deposits, we expect the following 
spectral reflectance behavior relative to H2O: 

 
 
Figure 1: Modeled ultraviolet reflectance spectra of three 
major components suggested to exist on the surfaces of 
the Moon’s south polar cold traps: dry lunar soil, H2O 
frost, and CO2 frost. From [12]. 
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Figure 2: Diviner annual maximum temperature map of the 
lunar south polar region, highlighting the cold traps. Three 
PSR-containing craters are highlighted (clockwise from 
top): Haworth, Faustini, de Gerlache. All three contain re-
gions with Tmax < 55 K. 
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1. ‘Off-band’ (160 – 190 nm): similar 
2. ‘On-band’ (130 – 155 nm): higher  
3. Ly-a (120 – 125 nm): substantially higher  
4. Off/on-band ratio: somewhat lower 
5. LOLA (1064 nm): similar or higher 

Thus, the most promising wavelengths for detecting 
condensed CO2 are the Ly-a and on-band channels, 
which should exhibit high albedo compared to H2O. 

Results:  Figure 2 shows a map of Tmax, indicating 
the regions of stability for water ice (< 110 K) and CO2 
ice (< 55 K). At the ~250-m resolution of these meas-
urements, we find multiple distinct regions totaling ~10 
km2 where CO2 ice is thermally stable for billions of 
years. Isolating these pixels, we then determined their 
spectral reflectance properties using the LAMP and 
LOLA data (Fig. 3). These data show the following fea-
tures at Tmax < 55 K, compared to Tmax = 55 – 110 K: 1) 
off-band albedo is similar (but variable from -14% to 
+6%), 2) on-band albedo increases by ~5%, 3) Ly-a al-
bedo increases by ~10%, 4) off/on-band ratio (not 
shown) decreases by ~20%, 5) LOLA albedo shows a 
high degree of variability among sites with Tmax < 55 K. 

High Lyman-a albedo features are correlated with 
the 55-K Tmax isotherm for at least three km-scale fea-
tures within large PSRs: Haworth, Faustini, and de 

Gerlache craters (Fig. 4). The brightest pixels are some-
what offset from the coldest regions in Haworth and 
Faustini, by ~1 km, or ~4 Diviner pixels. In the LOLA 
data (not shown) a bright spot appears in the coldest re-
gion of Faustini, though other candidate features show 
similar or lower brightness than their surroundings. 

Discussion: In the Moon’s south polar region, a sig-
nificant change in spectral character occurs below ~55 
K. These regions have spectral features broadly con-
sistent with enrichment in CO2 ice relative to H2O ice. 
However, the differences are slight: a few percent rela-
tive change in albedo, indicating very small abundances 
or < 100-m scale patchiness. Furthermore, the CO2-like 
spectra are not widespread, and instead are confined to 
a few isolated regions within larger PSRs, similar to re-
cent findings for water ice [12,14]. 

Spectral features in some locations colder than 55 K 
are not consistent with those of solid CO2. Future work 
should investigate whether other volatiles may be re-
sponsible for the observed spectral features. For exam-
ple, a diurnal methane cycle recently detected by the Lu-
nar Atmosphere and Dust Environment Explorer 
(LADEE) mission [15] implies the presence of at least 
some condensed CH4 at the poles, consistent with the 
LCROSS detection [6]. 
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Figure 3: LAMP reflectance data, binned by annual 
maximum temperature from Diviner, and scaled to the 
values at 55 K. Note the increase in both Ly-a and 
‘on-band’ reflectance for Tmax < 55 K. 
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Figure 4: Lyman-a albedo maps of the same three craters in Fig. 2. The blue contour indicates Tmax = 110 K (sta-
ble H2O ice), and the pink contour indicates Tmax = 55 K (stable CO2 ice). 
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