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a b s t r a c t 

We find that the reflectance of the lunar surface within 5 ° of latitude of the South Pole increases rapidly 

with decreasing temperature, near ∼110 K, behavior consistent with the presence of surface water ice. 

The North polar region does not show this behavior, nor do South polar surfaces at latitudes more than 

5 ° from the pole. This South pole reflectance anomaly persists when analysis is limited to surfaces with 

slopes less than 10 ° to eliminate false detection due to the brightening effect of mass wasting, and also 

when the very bright south polar crater Shackleton is excluded from the analysis. We also find that south 

polar regions of permanent shadow that have been reported to be generally brighter at 1064 nm do not 

show anomalous reflectance when their annual maximum surface temperatures are too high to preserve 

water ice. This distinction is not observed at the North Pole. The reflectance excursion on surfaces with 

maximum temperatures below 110 K is superimposed on a general trend of increasing reflectance with 

decreasing maximum temperature that is present throughout the polar regions in the north and south; 

we attribute this trend to a temperature or illumination-dependent space weathering effect (e.g. Hem- 

ingway et al., 2015). We also find a sudden increase in reflectance with decreasing temperature super- 

imposed on the general trend at 200 K and possibly at 300 K. This may indicate the presence of other 

volatiles such as sulfur or organics. We identified and mapped surfaces with reflectances so high as to 

be unlikely to be part of an ice-free population. In this south we find a similar distribution found by 

Hayne et al. (2015) based on UV properties. In the north a cluster of pixels near that pole may represent 

a limited frost exposure. 

© 2017 Elsevier Inc. All rights reserved. 
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1. Introduction 

The possibility of water ice at the lunar poles was first proposed

by Goddard (1920) . Urey (1952) noted that the low lunar obliq-
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ity would give rise to surfaces permanently sheltered from sun-

ight, allowing the retention of volatiles and Watson et al. (1961 )

onducted the first scientific study of these regions on the Moon.

irect detection of anomalous volatile concentrations at the poles

as reported by Feldman et al. (2001) on the basis of orbital neu-

ron spectroscopy and later confirmed by Mitrofanov et al. (2012) . 
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The planet Mercury also exhibits low obliquity. The Mercury

aser Altimeter (MLA) aboard the MESSENGER spacecraft revealed

igh reflectance material nearly exclusively occurring on per-

anently shadowed surfaces near Mercury’s north pole where

odeled biannual maximum surface temperatures do not exceed

100 K ( Neumann et al., 2013; Paige et al., 2013 ). The use of

aximum temperature by Neumann et al. (2013) and Paige et al.

2013) on Mercury polar data allowed reflectance anomalies to be

nterpreted in a physical-chemical context, which facilitated con-

dent interpretation of Mercury’s polar bright patches as being

omposed of water ice. Further evidence of bright surface ice has

een found by long exposure imaging using the MESSENGER imag-

ng system ( Chabot et al., 2014 ), which also show a strong correla-

ion of high surface reflectance with model maximum surface tem-

eratures below ∼100 K. 

The sublimation rate of water ice is exponentially dependent

pon temperature and prevents surfaces that experience temper-

tures much above 100 K from preserving surface water ice due

o rapid sublimation loss (e.g. Andreas, 2007 ). Conversely, surfaces

hat never exceed temperatures ∼100 K are able to preserve sur-

ace frost over geologically significant time periods against sub-

imation. For example, at 100 K, a 1 mm thick layer of water ice

ill persist for over 2 billion years against sublimation, whereas

t 125 K the same layer will only persist about 10 0 0 years. Even

hort periods of time at high temperatures would completely sub-

imate a surface deposit depending upon its thickness ( Schorghofer

nd Taylor, 2007; Zhang and Paige, 2009 ; Paige et al., 2013 ), imply-

ng that the maximum temperature a surface experiences should

redict the distribution and extent of volatile preservation on a

lanet’s surface. This simple principle is complicated by volatile ac-

umulation and loss rates, and by the thickness of initial deposits

e.g. Hayne et al., 2015 ), but Mercury shows that sublimation rate,

ontrolled by temperature, can control the distribution of surface

olatiles. 

On the Moon, evidence for surface ice has been less clear,

hough Hayne et al. (2015) found that some areas in the lunar

outh pole with maximum surface temperatures below ∼100 K

howed UV reflectance ratio values consistent with the presence of

ater ice using multispectral UV data from Lyman Alpha Mapping

roject (LAMP) instrument aboard the Lunar Reconnaissance Or-

iter (LRO) ( Gladstone et al., 2010 ). Thin layers of surface ice would

ot be detectable by the lunar orbital neutron instruments. Scaling

rom the results of Lawrence et al. (2011 ), patchy ice layers less

han about a millimeter thick would not produce a significant sig-

al in current data, though detailed modeling of the neutron sig-

ature of thin surface layers of pure water ice has not been carried

ut. 

Like MESSENGER, LRO carries a laser altimeter, the Lunar Or-

iter Laser Altimeter (LOLA) ( Smith et al., 2010 ), which also char-

cterizes surface reflectance at 1064 nm ( Zuber et al., 2012; Lucey

t al., 2014; Lemelin et al., 2016 ). Combined with surface tem-

erature data directly measured by the Diviner Lunar Radiometer

 Paige et al., 2010a, 2010b ), we can determine if the relationship

etween maximum temperature and reflectance indicates that sur-

ace water ice is present as it does on Mercury. 

. Data 

The principal data sets used here are lunar surface reflectance

t 1064 nm derived from LOLA, and maximum temperatures mea-

ured by Diviner. Images of the data used are shown the on-

ine supplemental material. The LOLA data used are that recently

ecalibrated by Lemelin et al. (2016) and are in units of nor-

al albedo, which is the reflectance of the surface measured

t zero phase angle relative to a Lambert surface illuminated

t the same geometry. At zero phase, normal albedo and I/F
re equivalent. The data can be found on the LOLA PDS Data

ode at: 〈 http://pds-geosciences.wustl.edu/lro/lro-l-lola-3-rdr-v1/ 

rolol _ 1xxx/data/ 〉 in the directory labeled: “lola_radr”, and detailed

nformation regarding the albedo data set and format descrip-

ions in this archive can be found in the form of ASCII text files

t: 〈 http://pds-geosciences.wustl.edu/lro/lro-l-lola-3-rdrv1/lrolol _ 

xxx/catalog/radr _ ds.cat 〉 and 〈 http://pds-geosciences.wustl.edu/

ro/lro- l- lola- 3- rdr- v1/lrolol _ 1xxx/label/lolaradr.fmt 〉 
Additional information regarding the processing and its usage

an be found in Lemelin et al. (2016) . Data within 5 ° of each

ole were not directly calibrated by the methods of Lemelin et al.

2016 ), but rather are scaled to the global LOLA reflectance data

et. The LOLA instrument experiences a strong anomaly related to

he average surface temperature below the LRO spacecraft that is

ertinent to the study reported here. As the spacecraft approaches

he pole from the day side the lunar radiant emission drops, and

nsulating blankets surrounding the instrument contract due to

he falling temperature. This contraction eventually pulls the LOLA

ransmit and receive telescopes out of alignment, causing the im-

ges of the five returning laser pulses to move off their five detec-

ors resulting in a complete loss of signal. Fortuitously, as contrac-

ion continues, two of the five laser spots are directed onto two of

he neighboring detectors, causing a return of signal. This divides

OLA data into a “day mode” (LRO over the illuminated moon)

hen returning laser shots arrive at their intended detectors, and

 “night mode” (LRO on the night side of the Moon) when two

f the returning laser shots are at least partially sampled by two

eighboring detectors. There is the implicit third mode when no

unar ranging or reflectance data are returned at all; this occurs

ear the terminator at the poles, and all latitudes when the LRO

rbit is near the beta = 90 condition (orbiting over the terminator).

ecause of this effect, on the majority of orbits useful reflectance

ata are not collected near the pole. However, during local winter,

he illumination near the pole is limited and radiant heat load is

ow, so LOLA transitions into “night mode” while approaching the

ole, and usable data are collected. Lemelin et al. (2016 ) used the

ubstantial latitude overlap between the limited “night mode” po-

ar data and the well-calibrated “day mode” data to transfer the

alibration to the polar “night mode" data used here. 

Temperature data are from the Diviner Lunar Radiometer

Diviner), a nine channel thermal infrared radiometer on LRO

 Paige et al., 2010b ). Seven of Diviner’s channels measure emitted

adiation between approximately 8 and 500 μm and these data can

e combined to estimate the bolometric temperature of the sur-

ace ( Paige et al., 2010a ). LRO’s polar orbit yields high resolution–

oughly 250 m–temperature maps of the polar regions. More than

even years of Diviner operations combined with LRO’s non-Sun-

ynchronous orbit allow for detailed maps to be produced as a

unction of time of day and season. We used bolometric tempera-

ure maps binned in 15 min local time increments (minutes scaled

o the length of the lunar day) to produce a measurements of max-

mum and average surface temperature used in this study. 

Supporting data sets used in this study are the surface slope

nd the average illumination of each location in the polar region

o define the extent of permanently shadowed regions (PSRs). Sur-

ace slope values were computed from LOLA topographic data with

he Generic Mapping Tools’ grdgradient program ( Wessel and

mith, 1991 ), and reflect the bi-directional slopes at a baseline

f the resolution of the input elevation map (240 m). For illumi-

ation we turned to the numerical modeling tools developed by

azarico et al. (2011) . Following their methods, we first created

orizon elevation maps from the LOLA polar topographic maps. We

sed more recent maps than in their original study, with a res-

lution of 240 m/pixel and covering each polar cap over latitudes

5 °−90 °, available at the NASA PDS Geosciences node. In addition

o these average illumination maps, we computed the illumination

http://pds-geosciences.wustl.edu/lro/lro-l-lola-3-rdr-v1/lrolol_1xxx/data/
http://pds-geosciences.wustl.edu/lro/lro-l-lola-3-rdrv1/lrolol_1xxx/catalog/radr_ds.cat
http://pds-geosciences.wustl.edu/lro/lro-l-lola-3-rdr-v1/lrolol_1xxx/label/lolaradr.fmt
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Fig. 1. Plots illustrating the relationship between Diviner maximum temperature and LOLA 1064 nm reflectance at the lunar poles (defined as regions within 20 latitude 

of the pole). Top: Two-dimensional histograms of 1064 nm normal albedo vs. maximum temperature for the lunar North (a) , and South (b) polar regions. Normal Albedo 

bin width = 0.002, Maximum Temperature bin width = 1 K; Center: Two-dimensional histograms of 1064 nm normal albedo vs. maximum temperature where data within 

each temperature bin is normalized to the total area within that temperature bin, for the lunar North (a) , and South (b) polar regions. Normal Albedo bin width = 0.002, 

Maximum Temperature bin width = 3 K. Histograms showing maximum temperature distribution for the North (e) and South (f) poles. 
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(fraction of solar disc above the horizon) and the incident flux (ac-

counting for local slope and incidence angle) at each point (and

time) along the individual LOLA profiles relevant to our study. Di-

viner data maximum temperatures were extracted for the latitude

and longitude of each LOLA data point. The data were then spa-

tially resampled to 500 × 500 m resolution prior to analysis to pre-

vent biases introduced by LRO’s polar orbit that features increasing

sample density approaching the poles. Images of the illumination

data are shown in the on-line Supplement. 

3. Results 

We show the relationship between 1064 nm reflectance and

maximum surface temperature for the North and South polar re-

gions (defined as within 20 ° of the poles) in Figs. 1 and 2 . Fig. 1 a

and b are scatter plots or two-dimensional histograms where color

denotes the total surface area that occurs within each temperature

- reflectance bin. Fig. 1 a and b show that the number of reflectance

measurements available at different maximum temperatures varies

greatly. To more clearly visualize trends, in Fig. 1 c and d the two-

dimensional histograms are normalized by the total area in each

temperature bin. The temperature histogram used to normalized

the scatter plots in 1a and 1 is shown in Fig. 1 e and f. 

Fig. 2 shows reflectance as a function of maximum tempera-

ture for the North ( Fig. 2 a) and South ( Fig. 2 b) polar region. The

average and median values are the mean of the reflectance values

within each 2 K temperature bin. The curves are plotted with 2 σ
(95% confidence) standard error of the mean. 

Similar reflectance-temperature trends are observed in the

North and South polar regions at maximum temperatures above
150 K. First, we observe that the reflectance generally increases

ith decreasing maximum temperature in both polar regions. We

lso observe breaks in trend on the average and median reflectance

urves in both polar regions. These breaks in trend occur at sim-

lar maximum temperatures in both regions: at ∼200 K, ∼270 K,

nd 300 K ( Fig. 2 a, b). The steep trend between ∼150–200 K shal-

ows between ∼200–270 K, and steepens again between ∼270–

00 K. Abrupt changes in reflectance at maximum temperatures

bove ∼350 K are caused by the statistical effect of the small num-

er of samples in that temperature range within our study regions

 Fig. 1 e, f). 

The reflectance-temperature behavior of the North and South

olar regions differ at maximum temperatures below ∼150 K. Be-

ween about 100 K and 150 K, South polar reflectance is fairly con-

tant, while the North shows a steady rise in reflectance with de-

reasing temperature ( Fig. 2 a, b). At approximately 110 K, South po-

ar reflectance abruptly increases, then plateaus between about 60

nd 80 K ( Fig. 2 b). No such abrupt increase occurs in the North

olar region within that temperature range ( Fig. 2 a). The South

ole’s abrupt increase in average reflectance at ∼110 K is accom-

anied by a shift in the entire reflectance distribution ( Fig. 1 d, b;

igh reflectance outliers contribute little to the observed rise in

verage and median reflectance. The effect of outliers, including

he effect of the bright south polar crater Shackleton, will be dis-

ussed further below. In the North, there is some evidence of a re-

ectance increase of similar magnitude at maximum temperatures

elow 80 K ( Fig. 2 a). However this increase coincides with a rapid

ecrease in available data and thus may result from sparse data

ithin this range. 
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Fig. 2. Average reflectance plotted as functions of maximum temperature for the (a) North and (b) South poles. Maximum temperature bin width = 1 K. Average reflectance 

curves are plotted with 2 σ standard error of the mean. 

Fig. 3. Two-dimensional histogram that displays mode-normalized LOLA re- 

flectance distribution as a function of surface slope for the North and South pole. 

Reflectance bin width = 0.005 and slope bin width = 1 ° . The strong influence of sur- 

face slope is a potential source of temperature-independent bias on the reflectance- 

temperature relationships observed in the polar regions. 
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.1. Influence of topographic slope 

Slopes steeper than ∼20 ° promote mass wasting that exposes

resh, bright materials which have undergone less space weather-

ng than shallow slopes which do not promote downslope move-

ent ( Lucey et al., 2014) . In the polar regions, we observe that

lope and reflectance data show strong positive correlation at

lopes greater than 20 ° ( Fig. 3 ). On slopes greater than 20 ° contri-

utions to reflectance by condensed surface volatiles may be ob-

cured by the dominant effect of mass wasting. To minimize the

ossibility that the reflectance-temperature trends we observe in

he polar regions are caused by mass wasting, we separately in-

estigate the temperature-reflectance behavior of steep and shal-

ow slopes. We define shallow slopes to be less than 10 ° to be well

eparated from the influence of mass wasting, and steep slopes to

e any that exceed 20 °. 
The temperature-reflectance behavior of polar terrain confined

o low slopes and polar terrain unconstrained by slope, is simi-

ar in both the North and South at maximum temperatures be-
ow ∼150 K ( Figs. 2 and 4 ) This is expected because ∼70% of

ur polar dataset samples terrain with slopes of less than 10 °.
outh polar surfaces with low slopes display an abrupt increase

n average reflectance below ∼110 K ( Fig. 4 b), similar in mag-

itude to the ∼110 K reflectance peak magnitude observed in

lope-unconstrained data ( ∼0.36) ( Fig. 2 b). However, at maximum

emperatures above ∼150 K, the temperature-reflectance behav-

or of low-slope and slope-unconstrained data diverges. In low-

lope data, the reflectance-temperature trend breaks at ∼200 K

nd ∼300 K are weaker in both the North and South; North po-

ar trend breaks remain visible while South polar slope trend are

ifficult to discern. Some difference between low-slope and slope-

nconstrained data at the higher temperatures is expected because

n the polar regions, higher temperatures are due to steep equator-

acing slopes which are excluded in the low-slope data. 

The temperature-reflectance behavior of surfaces with slopes

reater than 20 ° is notably different than that of low-slope sur-

aces ( Fig. 4 ). At the South pole, the abrupt reflectance increase at

110 K is much greater in high-slope data ( Fig. 4 b). A minimum at

bout 120 K is also apparent in our North polar high-slope data

 Fig. 4 a). Additionally, South polar trend breaks and reflectance

lateaus observed at maximum temperatures greater than ∼150 K

ecome more prominent on surfaces with slopes greater than 20 °
 Fig. 4 b). In contrast, the pattern of trend breaks and plateaus

bove ∼150 K in the North polar region is greatly subdued in high-

lope data ( Fig. 4 a). 

Because of the unknowns introduced by mass wasting on steep

lopes, we primarily focus our remaining analyses to areas with

lopes shallower than 10 °, expected to be free of the complication

f the influence of mass wasting on reflectance. 

.2. Influence of location 

Latitude is known to affect lunar reflectance ( Hemingway et al.,

015 ) and we find the temperature-reflectance behavior of low-

lope ( < 10 °) polar terrain varies significantly with proximity to

he pole ( Fig. 5 ). In the South polar region, when analysis is

onstrained to the immediate vicinity of the pole (85 °−90 °), we

bserve a clearly defined abrupt reflectance increase at ∼110 K,

hose peak magnitude ( ∼0.37) ( Fig. 5 b) is similar to the ∼110 K

eak magnitude observed in latitude-unconstrained data ( ∼0.36)

 Fig. 4 b). Near the South pole on surfaces with maximum tempera-
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Fig. 4. Average 1064 nm reflectance as a function of maximum temperature for low slope (slope < 10 °) and high slope (slope > 20 °) areas for the North (a) and South (b) 

polar regions. Maximum Temperature bin width = 2 K. Reflectance average plotted with 2 σ errors (standard error of the mean). 

Fig. 5. Average 1064 nm reflectance as a function of maximum temperature (maximum temperature bin width = 3 K) for low slope (slope < 10 °) areas free of mass wasting 

influence for areas within 5 ° of each pole, and between 5 and 20 ° from each pole, illustrating spatial heterogeneity in polar reflectance-temperature relationships. a) North 

polar data; b) South polar data. Curves plotted with 2 σ standard error of the mean. Volatility thresholds for elemental sulfur and water ice are included for comparison. 

Thresholds were derived by Zhang and Paige (2009) a sublimation rate of 1 mm/Gyr. 
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tures greater than ∼110 K, the pattern of trend breaks and plateaus

observed in our latitude/slope-unconstrained dataset ( Fig. 2 b), is

replaced by a single trend break at ∼200 K followed by a steady

rise in reflectance with decreasing temperature ( Fig. 5 b). In the

North, when analysis is confined to the immediate vicinity of the

pole (85 °−90 °), we observe a gradual but significant increase in re-

flectance with decreasing temperature that begins at ∼200 K, with

no evidence of an abrupt reflectance increase at ∼110 K ( Fig. 5 a).

Neither the North or South have sufficient reflectance data at max-

imum temperatures greater than ∼250 K to determine whether a

∼300 K trend break exists in either of the immediate polar regions

( Fig. 5 ). In the north there is an upturn in reflectance below about
0 K that could be attributed to a frost more volatile than water

ce, however the number of data points is very small and we elect

ot to attribute this feature to the presence of a volatile. 

In the South polar region, when analysis is constrained to high

atitudes away from the immediate pole (70 °−85 °), the abrupt

110 K reflectance increase observed in the immediate polar re-

ion is not observed. Instead, there is a steady increase in re-

ectance with decreasing temperature which starts at about 200 K

 Fig. 5 b). This reflectance-temperature pattern is mirrored in North

igh-latitude (70 °−85 °) data up to ∼110 K; however between about

0 and 110 K reflectance decreases instead of continuing to steadily

ncrease ( Fig. 5 a). Neither the North nor South show evidence of a
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Fig. 6. Plot comparing LAMP water band ratio value (positively correlated with 

increasing water abundance) as a function of maximum Diviner temperature 

( Hayne et al., 2015 ), with average South polar LOLA reflectance as a function 

maximum Diviner temperature derived in this study. Maximum temperature bin 

width = 2 K. LOLA reflectance data shown include all data within 20 ° of the South 

Pole. The volatility threshold for water ice, derived by Zhang & Paige (2009) for 

1 mm/Gyr is included for comparison. 
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rend break at ∼300 K at high latitudes away from the immediate

ole (70 °−85 °) ( Fig. 5 ). 

In summary, within 5 ° of the South Pole, the reflectance of

urfaces rapidly increases below maximum temperatures of 110 K.

his sudden increase in reflectance with decreasing temperature

ear 110 K is not observed at lower polar latitudes in the South Po-

ar region and is not observed at any latitude in the North Polar re-

ion. At maximum temperatures greater than ∼110 K, immediate-

olar (85 °−90 ° latitude) and high-latitude (70 °−85 ° latitude) re-

ions show similar patterns of temperature reflectance behavior

t both poles: a sudden change in slope at ∼200 K followed by

teadily increasing reflectance with decreasing maximum temper-

ture ( Fig. 5 ). 

. Discussion 

.1. Evidence for surface water frost 

The immediate South polar region ( −85 °−90 °), exhibits

eflectance-temperature behavior consistent with the presence of

urface water ice, as reflectance rapidly increases below maximum

emperatures of ∼110 K ( Fig. 5 ). This behavior mirrors observa-

ions made by Hayne et al. (2015) who showed that the ratio of

 pair of UV wavelengths within and adjacent to a water absorp-

ion feature abruptly increases at Diviner maximum temperatures

ess than ∼110 K in the South pole ( Fig. 6 ), indicating the presence

f surface water ice. 

The North polar average and median reflectances do not show

 rapid increase in reflectance below maximum temperatures of

10 K but instead show a steady increase in reflectance with de-

reasing temperature below about 200 K. Therefore the presence

f surface frost in the North polar region is not indicated by LOLA

easurements. Comparison between LOLA reflectance and LAMP

ater ice abundance for the North pole is not possible because

orth pole water ice ratio data is not currently available from

AMP ( Gladstone et al., 2010, 2012 ). 

Some prior studies reported very precise temperature values

or critical maximum temperature at which surface ice is sta-

le over geologically significant timescales derived from specify-

ng a timescale, an ice deposit thickness and published data for
ater ice vapor pressure as a function of temperature., For ex-

mple Zhang and Paige (2009) reported a threshold of 106.6 K,

nd Schorghofer and Taylor (2007) reported a threshold of 101.3 K.

he precision of these previous estimates imply that temperature-

ependent reflectance transitions associated with the presence of

ater ice should be sharp. While the change in reflectance we ob-

erve at ∼110 K is rapid compared to the general polar trend of

ncreasing reflectance with decreasing temperature, it does occur

ver a somewhat wide range of temperatures ( Figs. 2 b, 4 b and 5 b).

owever, this broad temperature range does not preclude surface

ater ice as the cause of the ∼110 K reflectance increase. Indeed,

unar surface characteristics as well as measurement issues can

mooth the observed reflectance transitions caused by volatiles. 

First, both LOLA and Diviner sample a range of temperatures

ithin their respective footprints; these sub-pixel temperature

ariations are caused by a combination of low sun angle and

ough topography at all scales in the polar regions which pro-

uces ‘micro-cold traps’ ( Hayne and Aharonson, 2015 ). If a volatile

s present in these ‘micro cold-traps’ below the scale of a pixel,

hey will increase the reflectance even if the average temperature

easured by Diviner is above the nominal volatile stability thresh-

ld. Reflectance could then steadily increase with decreasing max-

mum temperature at the pixel scale until all the terrain within a

ixel is below the stability threshold. Thus, owing to the heteroge-

eous nature of the lunar surface with respect to temperature be-

ow the scale of the LOLA and Diviner measurements, a very sharp

ransition is not expected. 

Furthermore, the size and geometric difference between LOLA’s

nd Diviner’s footprints can also ‘smear’ temperature-dependent

eflectance trends. Each Diviner measurement comprises a roughly

quare ( ∼250 × 250 m) pixel, while each LOLA measurement com-

rises a narrow strip ( ∼5 × 30 0 0 m) caused by averaging 50 indi-

idual laser spots (each of which is only a few meters across) along

rack ( Smith et al., 2010; Lemelin et al., 2016 ). This difference in

ampling resolution means that each LOLA measurement overlaps

ith its corresponding Diviner maximum temperature measure-

ent on the lunar surface, but does not cover exclusively the same

rea. This difference precludes the production of a sharp boundary

n temperature and reflectance using our analytical methods and

ata, even if in reality one was present on the lunar surface. 

.1.1. Influence of Shackleton crater 

Reflectance can be affected by bright geological features like

resh craters, crater rays, and impact ejecta. This raises concerns

hat South-polar reflectance anomalies could result from the co-

ncidental location of anomalously reflective geology, particularly

hackleton crater, at the South pole ( Zuber et al., 2012; Lucey et al.,

014 ). 

We find that the high reflectance of the bright 20 km crater

hackleton is not responsible for the shift in reflectance mode and

verage we attribute to water frost. Shackleton’s brightness is likely

argely due to its steep walls promoting mass wasting and re-

ectance increase due to exposure of fresh material ( Zuber et al.,

012; Lucey et al., 2014 ). Shackleton is situated within the South

olar region where the proposed water frost signature is present

nd does exhibit low temperatures and so does contribute to the

verage reflectance. Data derived from a ∼25 × 25 km box centered

round Shackleton ( Fig. 7 b) is clearly visible as a high reflectance

nomaly in the reflectance vs. maximum temperature scatter plot

 Fig. 7 a). However, its area is not large enough to significantly af-

ect the reflectance average and excluding Shackleton causes only

 minor shift in the position of the transition temperature thresh-

ld. ( Fig. 7 c). Furthermore, the steep slopes of Shackleton exclude

t from the low-slope analysis (e.g. Fig. 4 b). (Points in Fig. 7 a. oc-

urring at maximum temperatures near 250 K lie within the box

hown in Fig. 7 b, but outside the rim of Shackleton.) 
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Fig. 7. a) Scatter plot of South polar reflectance vs. maximum temperature, with points in red derived from a small subset chosen to isolate South-polar Shackleton crater. 

Region included as red points are shown in (b). c) Curves comparing average 1064 nm reflectance as a function of maximum temperature for the south polar dataset within 

20 ° of the pole (black), and the same data with the ∼25 × 25 km Shackleton subset shown in (b) removed (red). Maximum temperature bin width = 2 K. Curves are plotted 

with 2 σ standard error of the mean. Exclusion of Shackleton shifts, but does not eliminate, the sharp uptick in reflectance below 110 K. (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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4.1.2. Reflectance-temperature behavior of permanently shadowed 

regions 

The temperature of permanently shadowed regions offers an

additional test of the frost hypothesis. Here permanent shadow is

defined as those locations that received no solar illumination over

the epoch studied by Mazarico et al. (2011) . These unique envi-

ronments have been shown to be brighter at 1064 nm than po-

lar terrain that receive some illumination ( Lucey et al., 2014 ) with

frost being one of several hypotheses offered. By incorporating data

from Diviner, we can directly address the effect of temperature.

While PSRs do not receive direct illumination and so achieve very

low temperatures, our data indicate that infrared emission from

nearby illuminated walls raise some PSR temperatures above the

water ice preservation temperature. 

South-polar PSRs with maximum temperatures capable of

maintaining stable surface water frost (less than ∼110 K) show typ-

ically substantially higher reflectance than areas with maximum

temperatures incapable of sustaining stable surface water frost

( > 125 K), despite receiving the same negligible incident solar flux

( Fig. 8 d, cyan histogram (ice unstable) v. blue histogram (ice sta-

ble)). Furthermore, the average reflectance of PSRs with maximum

temperatures > 125 K is similar to the average reflectance of non-

PSR regions reported by Lucey et al. 2014 . This shift in distributions

persists at low slopes. 

In North PSR regions with no slope constraints, PSR sur-

faces with maximum temperatures of less than 110 K are slightly

brighter than warm surfaces greater than 125 K incapable of sus-

taining surface water frost ( Fig. 8 c). Low slope surfaces in the
 T  
orth Pole shows at best a slight difference between the re-

ectance distribution and average of warm and cold surfaces

 Fig. 8 e). 

.2. Ice reflectance model 

The distributions of reflectance within the PSRs above and be-

ow the critical ice temperature contain information on how ice

ay be distributed at the lower temperatures. We constructed a

imple statistical model assuming the high temperature PSR re-

ectance distribution is representative of an ice free surface . To

hat population of pixels we randomly added reflective ice in var-

ous ways to attempt reproduce the low temperature distribution

rom the ice-free distribution. The variables in the model include

he reflectance of the frost endmember, the fraction of pixels that

ontain ice, and the fraction of subpixel ice present in each pixel

hat contains ice. We applied this model to the set of pixels within

outh Pole PSR with maximum temperatures above 125 K to repre-

ent the frost free distribution. Fig. 9 shows the effect of adjusting

everal of the parameters. 

We adjusted the parameters to best reproduce the shape of

he distribution of the South Pole PSR with maximum tempera-

ures below 110 K. Fig. 10 shows the distributions of reflectance

alues for PSRs with maximum temperatures above 125 K that

annot preserve surface ice and less than 110 K which can pre-

erve surface ice against sublimation. The reflectance distributions

f these two surfaces are distinctly shifted in average reflectance.

he model that best fit the reflectance distribution of cold PSRs
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Fig. 8. a,b) Maximum temperature distribution of all PSR regions (defined as having average incident solar flux of 0%), compared to the maximum temperature distribution of 

low slope (slope < 10 °) PSR regions, for the North (a) and South (b) poles (maximum temperature bin width = 2 K). Many portions of these PSRs exhibit maximum tempera- 

tures far above the stability threshold for water ice. c,d) LOLA normal albedo distribution of low temperature PSR regions capable of sustaining surface water frost (maximum 

temperature < 110 K, blue), compared to reflectance distribution of high temperature PSR regions incapable of sustaining surface frost (maximum temperature > 125 K ma- 

genta) at the North (c) and South (d) poles (reflectance bin width = 0.005). Reflectance distribution of PSR regions with no temperature constraints included for comparison 

purposes (black) (reflectance bin width = 0.005]) e,f) same as c, d but constrained to low slopes ( < 10 °) to minimize mass wasting influence. (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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s ‘ice-brightened’ material heterogeneously distributed (some ice-

ree pixels), with ice occurring at the subpixel scale ( Fig. 10 a). The

alues used were a sub-pixel ice coverage of 7%, ice reflectance of

.8, and 75% ice bearing pixels ( Fig. 10 a). These agree with find-

ngs of Hayne et al. (2015) which suggest that up to 10% of the

urface they observe may host surface ice on a 250 m (sub-pixel)

cale, and that the distribution of this ice within low-temperature

reas is highly heterogeneous. Fig. 10 b shows models with pre-

icted reflectance distribution of homogeneously distributed sub-

ixel ice, and heterogeneously distributed supra-pixel (ice pre-

erved on a scale similar to that of the LOLA pixel or larger).

odels that contained ice within every pixel could not match

oth the symmetry and mode of the reflectance histogram of the

ow temperature PSR surfaces. Models that included some pixels

ith 100% ice cover produced high reflectance modes that are not

bserved. 

.3. Evidence for other volatiles 

At temperatures above ∼110 K, the North and South poles

how a pattern of ‘trend breaks’, which initiate at ∼200 K and

300 K, where reflectance average and median increase rapidly

ith decreasing maximum temperature ( Fig. 2 a and b). When con-

ned to shallow slopes, the ∼200 K temperature transition remains

rominent in both high-latitude (70 °−85 °) and immediate-polar

85 °−90 °) regions, and occurs at both poles, suggesting that it may

rise from a widespread reflectance-altering process acting on both

olar regions and not random geological variation ( Fig. 5 a, b). Since
ts behavior is reminiscent of the rapid reflectance increase near

110 K that we attribute to surface water frost, it is possible that

his ∼200 K reflectance transition is caused by the deposition of

dditional volatile species. 

As previously discussed, the temperature ranges over which re-

ectance transitions caused by volatile deposition occur are likely

lurred by micro-cold trapping and differences between the Di-

iner and LOLA footprint. The broad temperature range over which

ach of our observed ∼200 K reflectance transitions occurs allows

 wide range of plausible volatile stability thresholds, and includes

any potential volatile candidates. Volatile species with stabil-

ty thresholds between ∼150K and 210 K include various species

f aromatic hydrocarbons, linear amides, and carboxylic acids, in

ddition to elemental sulfur ( Zhang and Paige, 2009 ). Sulfuretted

pecies detected in the Cabeus PSR by the LCROSS impact exper-

ment could conceivably be produced by reactions including ele-

ental sulfur in the impact plume ( Colaprete et al., 2010 ). Addi-

ionally, Zhang and Paige (2009) suggested that the presence of el-

mental sulfur in addition to water may indicate contribution from

unar volcanic processes. 

Although it is possible that the ∼300 K reflectance transition

e observe in our slope-unconstrained dataset could be influenced

y mass wasting, volatile species with stability thresholds between

260K and 310 K do exist. Such volatile candidates are less com-

on, but include some more complex polycyclic aromatic hydro-

arbons, including coronene ( De Vries et al., 1991; Chickos et al.,

002 ). Simple organics have been suggested as responsible for dark

olar deposits on Mercury ( Paige et al., 2013 ), and these species
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Fig. 9. Results showing the effect of varying our three ice model input parameters: ‘ice reflectance’ (a) , ‘sub-pixel ice cover’ (b), and ‘percent ice bearing pixels’ (ice- 

heterogeneity) (c) . This model applies ice-brightened material to an ice free distribution via linear mixing. The ice-free starting distribution was we chose the reflectance 

distribution of low slope (slope < 10 °) South-polar PSRs (average incident flux = 0%), with maximum temperatures high enough ( > 125 K) to preclude the preservation of 

surface ice. Reflectance bin width of all histograms equals 0.005. 

Fig. 10. Results of some combinations of ice-modeling parameters consistent with plausible modes of ice preservation, compared to the real reflectance distributions of 

low slope (slope < 10 °) South-polar PSRs (average incident flux = 0%), with maximum temperatures low enough ( < 110 K) to preserve surface ice (filled blue), and high 

enough ( > 125 K) to preclude the preservation of surface ice (filled orange). Reflectance bin width = 0.005. a) results of adding sub-pixel scale, heterogeneously distributed 

icy material to the reflectance distribution of ice-free south polar PSRs (black solid line). b) results of adding sub-pixel scale, homogeneously distributed icy material (black 

dashed line), and supra-pixel scale heterogeneously distributed icy material (blue dashed line) to the reflectance distribution of ice-free south polar PSRs. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

m  

a  

i  

(  

t  

t  

s  
may be emplaced at the lunar poles via cometary ices, galactic cos-

mic ray exposure ( Crites et al., 2013 ), or micrometeorites ( Bruk-

Syal et al., 2015 ). 

4.4. General trends of temperature and reflectance 

The temperature-reflectance trend breaks discussed above are

superimposed upon a broad negative correlation between maxi-
um temperature and reflectance ( Figs. 1 , and 2 ). This trend is

pparent at both poles and occurs independently of mass wast-

ng, as it is apparent in both low-slope ( < 10 °) and high-slope

 > 20 °) areas ( Fig. 4 a, b). Recently Hemingway et al. (2015) showed

hat the reflectance of the lunar maria is correlated with lati-

ude, and suggested that this effect was caused by weakening of

pace weathering as solar wind, proxied by incident solar flux, de-
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Fig. 11. Detection maps of anomalously bright pixels in the north (top) and south 

(bottom). Cyan pixels are show the locations of surfaces that are brighter than 2- 

sigma than the mean of the 125–175 K population of pixels that have maximum 

temperatures between 125 and 175 K, and have maximum temperatures less than 

110 K and slopes less than 10 ̊. At both poles there are concentrations of pixels that 

indicate a common brightening process. Being brighter than 2-sigma, these clusters 

are unlikely to be part of the background ice-free population. 
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reases proportional to latitude. Since maximum temperature and

verage incident solar flux are proportional,the general reflectance-

emperature correlation we observe are consistent with this solar-

ind dependent space weathering. 

There is also evidence that the space weathering process itself

s affected by temperature. Space weathering simulated in the lab-

ratory using pulsed laser irradiation by Corley et al. (2016) found

hat particulate samples irradiated at ∼100 K darkened less than

amples irradiated at 300 K for the same amount of exposure to

aser irradiation. This dependence of space weathering efficiency

n temperature may be influencing the general temperature-

eflectance trends we observe. 

.5. Distribution of candidate ice locations 

This study has argued that the onset of a sudden increase in

eflectance at temperatures below 110 K is an indication of the po-

ential presence of surface water ice; this argument mirrors that

f Paige et al. (2013 ), who related a sudden increase in reflectance

t 110 K with the presence of water ice on Mercury. Based on this

easoning, we developed an algorithm to partially map the distri-

ution of potential ice-rich locations at the lunar poles. 

We note that making definitive statements about whether par-

icular locations host ice is difficult because of the strongly over-

apping reflectance distributions of cold ( < 110 K) ice-brightened

nd ice-free areas, which are likely distributed heterogeneously

ithin PSRs. However, we are able to identify areas that are so

eflective that they are quite unlikely to be members of the back-

round variation in reflectance due to ordinary lunar geologic pro-

esses. We identify those areas by first computing the statistics of

he reflectance distribution of polar areas with maximum temper-

tures too warm to support the presence of surface ice. We then

ompare the reflectance distribution of polar areas cold enough to

upport surface ice with the statistics of the ‘ice-free’ reflectance

istribution defined above. 

The general trend of increasing reflectance with decreasing

emperature ( Fig. 1 ) complicates use of the simple metric of

nomalous reflectance as an indicator of the presence of ice. Un-

er the assumption that this general trend is unrelated to pro-

esses involving surface water frost in areas with maximum tem-

eratures greater than 125 K, we fit the reflectance-temperature

ata of ice free ( > 125 K) areas at each pole with a linear trend.

e then removed this linear trend from the entire reflectance dis-

ribution of each pole, resulting in temperature-corrected normal

lbedo free of temperature correlated brightening effects unrelated

o the presence of ice. This removes the general bias toward higher

eflectance present at both poles to the degree that the trend is

inear. 

For each pole, we then selected all areas with maximum tem-

eratures between 125 and 175 K to represent the statistics of

he ice-free polar background and its variations in reflectance im-

osed by geologic processes. We calculated the mean and stan-

ard deviation of the temperature-corrected normal albedo for

hese background areas, then compared the reflectance distribu-

ion of polar areas cold enough to support surface ice with the

tatistics of the ‘ice-free’ reflectance distribution defined above. Ar-

as with maximum temperatures below 110 K that were 2-sigma

ore reflective than the mean reflectance of the ice-free dis-

ribution at each pole, and with surface slopes less than 10 °,
re identified as potentially hosting surface water frost; these

nomalously bright pixels are mapped for the North and South in

ig. 11 . 

Fig. 11 shows that in the South Pole the distribution of anoma-

ously reflective locations is consistent with our observations re-

arding the shape of the reflectance temperature curve and lati-

ude as described in Section 3.2 . The anomalous reflectance sig-
al appears to be limited to surfaces within 5 ° of the South Pole,

nd that the great majority of anomalously reflective pixels oc-

ur within the craters Shoemaker, Haworth, Faustini, Shackleton,

e Gerlache, Sverdrup and Slater, as well as small unnamed craters

ithin the perimeter formed by these larger craters. 

At the North Pole anomalous pixels are also present, a re-

ult that is not unexpected because some pixels within the ice-

ree background’s reflectance distribution will necessarily deviate

ore than 2 sigma from the background reflectance mean. How-

ver, these anomalous pixels are not randomly distributed, but are

argely concentrated in a small irregular region of scattered per-

anent shadow within a triangle formed by the craters Aepinus,
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Hinshelwood and Hermite A, suggesting a geologic control on their

distribution. 

We emphasize that these maps of anomalous pixels are not

comprehensive maps of candidates for ice rich surfaces. These are

the locations where the corrected reflectance is so high that they

are very unlikely to be due to ordinary geologic processes, as de-

fined by the statistics of nearby areas that experience higher max-

imum temperatures. However, ice may be present throughout the

area near the South Pole exhibiting maximum temperatures less

than 110 K. The cluster of flagged pixels near the North Pole con-

stitute detections by the definitions given in this section. However,

the general temperature reflectance behavior of the North pole ap-

pears not to be affected by the presence of ice or other tempera-

ture dependent reflectance enhancing processes that begin to op-

erate below 110 K. 

5. Conclusions 

We find that 1064 nm LOLA reflectance near the lunar South

pole abruptly increases at Diviner maximum surface temperatures

below ∼110 K, behavior consistent with the presence of persistent

surface water ice deposits. This abrupt change in reflectance with

temperature is observed in some, though not all, of the lunar po-

lar shadowed regions. This is consistent with the conclusions of

Hayne et al. (2015) arrived at using UV frost ratio data from LAMP

compared to Diviner temperatures. The ∼110 K maximum temper-

ature threshold where we observe this increase in reflectance is

consistent with several previously calculated estimates of water-

ice’s stability threshold, all on the order of ∼100 K ( Schorghofer

and Taylor, 2007; Zhang and Paige, 2009; Siegler et al., 2016 ; Paige

et al., 2013; Hayne et al., 2015 ). The reflectance behavior of the

lunar South pole mirrors that of the north polar region of Mer-

cury, which shows rapidly increasing 1064 nm reflectance at mod-

eled maximum temperatures below ∼100 K, attributed to the pres-

ence of surface water frost in Mercury’s cold traps ( Neumann et al.,

2013; Paige et al., 2013 ). The lunar north pole does not exhibit a

regional sudden increase in reflectance below ∼100 K. 

We do find local concentrations of anomalously bright pixels at

both poles. We highlighted those pixels that are more reflective

than two sigma over the mean reflectance of surfaces with maxi-

mum temperatures > 125 K, corrected for the general temperature-

reflectance trend. In the South, we interpret these as being the

brightest members of a general population of surfaces that appear

to be brightened by ice based on the presence of the excursion

in reflectance below 110 K. The north does not show the sudden

increase at 110 K in its temperature-reflectance curve, but the clus-

ter of pixels identified are clearly anomalous and may represent a

more limited exposure of surface frost than at the South Pole. 

We rule out mass wasting influence as the cause of South po-

lar brightening below ∼110 K, by controlling our analysis for slope.

Additionally, if slope-dependent mass wasting processes can cre-

ate sudden chances in reflectance distribution, this should also be

occurring in our studied North polar region where an increase in

reflectance below ∼100 K is not observed. 

Previous results showed that PSRs are in general brighter than

surrounding terrain that is sometimes illuminated ( Lucey et al.,

2014 ). However, we find that surface brightening observed in South

polar PSRs is primarily a function of temperature, and not illu-

mination, by showing that the average reflectance and reflectance

mode of South polar PSRs with maximum temperatures below

110 K (capable of sustaining surface water ice), are significantly

brighter than those of PSRs that maintain maximum temperatures

above 125 K (incapable of sustaining surface water ice), and that

the warmer PSRs have reflectance similar to terrain that is some-

times illuminated. 
A model that accounts for the mean and shape of the distribu-

ion of reflectances in the PSRs indicates a sub-pixel ice coverage

f 7%, ice reflectance of 0.8, and 75% ice bearing pixels, consistent

ith the previous results of Hayne et al. (2015 ). 

We observe abrupt reflectance increases at maximum tempera-

ures near ∼200 K and ∼300 K that may indicate the presence of

ther volatiles, such as sulfur or organics. The same pattern is ob-

erved at both poles, an indicator of a general process. 

There is a general trend of increasing reflectance with decreas-

ng maximum temperature; this trend is consistent with a space

eathering trend as solar wind sputtering, average solar flux and

aximum temperature are correlated. Recent experiments show

hat the space weathering process itself may be inhibited by low

emperatures, and this also may contribute to the observed effects.

Finally, unlike the north pole of Mercury, where all surfaces be-

ow about 100 K exhibit reflectance anomalies, on the Moon this

ncrease in reflectance with decreasing temperature is confined to

he region immediately around the South pole. A similar charac-

eristic is observed in the UV water ice ratio in the South po-

ar region by Hayne et al. (2015) . At lower southern latitudes and

t the North pole, we do not observe a sudden increase in re-

ectance below maximum temperatures of 100 K, though a cluster

f anomalously reflective pixels are present near the North Pole

he generally poor correlation of volatile signatures and temper-

ture at the lunar poles–despite the localized detections reported

ere and by Hayne et al. (2015 )–stands in stark contrast with Mer-

ury where temperature accurately predicts ice distribution. This

oon-Mercury difference remains an outstanding question in lu-

ar science ( Siegler et al. 2016 ). 
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