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A B S T R A C T   

We use observations by the Lunar Reconnaissance Orbiter Diviner Lunar Radiometer Experiment to examine the 
effects of space weathering and particle size on the position of the Christiansen feature (CF) in thermal infrared 
(TIR) spectra of silicate lithologies on the Moon. Laboratory studies have found that both the increased surface 
iron content associated with formation of nanophase iron (npFe) during space weathering and decreasing grain 
size of regolith shift the CF position to longer wavelengths for TIR spectra measured under lunar-like conditions. 
This study confirms that the variation in CF position due to space weathering measured in the laboratory, is also 
evident at orbital scales. We have used swirls and rayed craters from lunar highlands and mare regions to 
examine the effect of initial composition and particle size distribution on the change of CF position. We also 
examine the effect of magnetic shielding at lunar swirls on the CF position. Our observations indicate that 1) for 
quantitatively comparable changes in albedo, the CF shift is greater for mare surfaces than for highlands surfaces; 
2) particle-size is the dominant factor for the CF shift in fine-particulate regolith;3) npFe accumulation dominates 
CF position changes in coarser regolith and 4) the variation in CF position of lunar swirls is positively correlated 
to the magnetic field strength in the region. We hypothesize that the effects of particle size variations are also 
observed between the crater and swirl regions. However, further work is needed to constrain the effective 
particle size distributions of the regolith.   

1. Introduction 

Space weathering was first hypothesized by Gold (1955) upon his 
observation of presence of rays associated with young craters, leading 
him to conclude that some erosional process must be changing the 
colour of the surface and thus degrading the appearance of crater rays 
with time. During the Apollo era, 381 kg of material was returned from 
the lunar nearside, sampling both highlands and mare material, mostly 
in the form of breccias (Adams and McCord, 1971; Wilshire and Jackson, 
1972; Prinz et al., 1973; Collinson, 1976; Collinson, 1976; Taylor and 
Siscoe, 1976). These returned samples, along with remote observations, 
confirmed the phenomenon of space weathering (Pieters et al., 2000; 
Noble et al., 2007; Pieters and Noble, 2016). 

Space weathering is the accumulation of the chemical, physical, 
structural, and optical changes that mineral grains on airless bodies are 

subjected to as a result of these processes (Gold, 1955; Zeller and Ronca, 
1967; Adams and McCord, 1971; Adams and McCord, 1973; Allen et al., 
1993; Hapke, 1998; Dran et al., 1977; Wentworth et al., 1999; Pieters 
et al., 2000; Noble et al., 2007; Blewett et al., 2010; Glotch et al., 2015; 
Pieters and Noble, 2016; Poppe et al., 2018). The absence of a global 
lunar magnetic field (Fuller and Cisowski, 1987; Weiss and Tikoo, 2014; 
Tikoo et al., 2017; Mighani et al., 2020) and an atmosphere makes the 
surface vulnerable to the influx of solar wind and cosmic radiation 
(Poppe et al., 2018). Moreover, the lunar surface is subjected to hy
pervelocity micrometeoroid impacts. 

Space weathering is not limited to the Moon. It has been identified on 
the surface of Mercury and the bodies in the asteroid belt and near-Earth 
S-type asteroid populations (Gaffey et al., 1993; Pieters and Noble, 
2016; Trang et al., 2017, Trang and Lucey, 2019). However, the relative 
effects of the various space weathering processes vary with initial 
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composition and location within the Solar System. The accessibility of 
the Moon makes it a useful laboratory to understand the optical effects of 
space weathering and mitigate them in our spectroscopic analyses. Once 
understood, these optical effects can be mitigated in spectroscopic an
alyses of other bodies. 

The composition of terrestrial surfaces in the inner Solar System is 
dominated by the presence of silicates (e.g., Bandfield et al., 2000; 
Greenhagen et al., 2010; Namur and Charlier, 2017). Remote observa
tions and analyses of the returned samples from the Moon have identi
fied pyroxene, olivine, glasses and plagioclase on its surface (Wood 
et al., 1970; Adams and McCord, 1971; Wilshire and Jackson, 1972; 
Prinz et al., 1973; Pieters et al., 2009; Greenhagen et al., 2010; Klima 
et al., 2011; Isaacson et al., 2011; Green et al., 2011; Besse et al., 2014). 
The two major provinces of the Moon – the maria and highlands – have 
varied abundances of iron-bearing silicates (e.g., Lucey et al., 2000a, 
2000b). While the maria are rich in mafic materials such as pyroxene, 
olivine, and Fe-bearing glass (e.g., Staid et al., 2011; Klima et al., 2011; 
Besse et al., 2014); the highlands are dominated by high-Ca plagioclase 
feldspar (e.g., Smith et al., 1970; Spudis et al., 1984; Ohtake et al., 
2008). Silicate minerals display strong vibrational features in the TIR 
region (~5 μm - 50 μm) (Conel, 1969; Salisbury et al., 1991; Christensen 
et al., 2000), making TIR spectroscopy a useful tool for bulk identifi
cation and quantification of silicate mineralogy. In this wavelength re
gion, silicate minerals display an emissivity maximum known as the 
Christiansen feature (CF), which corresponds to the wavelength where 
the real component of the index of refraction passes unity, typically 
between 7 and 9 μm. The CF position is an indicator of the degree of 
silicate polymerization within a mineral, occurring at longer wave
lengths for less-polymerized mafic silicates and at shorter wavelengths 
for felsic silicates (Conel, 1969; Logan et al., 1973; Chapman and Sal
isbury, 1973; Greenhagen et al., 2010). However, laboratory experi
ments have shown that the position of the CF can be affected by several 
factors including: particle size, compaction, surface roughness, envi
ronment conditions, the visible albedo and thermal gradient (e.g. Logan 
et al., 1973; Cooper et al., 2002; Lucey et al., 2017; Shirley and Glotch, 
2019; Breitenfeld et al., 2021).The LRO Diviner Lunar Radiometer 
Experiment (Greenhagen et al., 2010; Paige et al., 2010) can be used to 
estimate the position of the CF of lunar regolith on the lunar surface to 

study its composition and to investigate the effects of space weathering 
on TIR spectroscopic measurements. 

On airless bodies, due to lack of atmosphere, the heat transfer in the 
regolith is limited to grain-to-grain contacts and radiation due to the 
lack of convective heat transfer. This environment results in the for
mation of a steep thermal gradient within the top few hundreds of mi
crons of the regolith creating a warmer subsurface and cooler surface, 
which radiates to space (e.g., Henderson and Jakosky, 1997). This is also 
known as the solid-state greenhouse effect. The position of the CF for 
silicate minerals shifts to shorter wavelengths under the combined ef
fects of simulated lunar environment (SLE) conditions (e.g. Shirley and 
Glotch, 2019). Due to this gradient and varying opacity (as a function of 
wavelength) of the regolith, the net emission has a contribution both 
from the warm lower layer and cooler top layer leading to a shift in the 
position of the CF towards shorter wavelengths (Logan et al., 1973; 
Henderson and Jakosky, 1997; Prem et al., 2022). For instance, the CF of 
quartz spectra (<32 μm grain size) measured under ambient conditions 
is identified at 7.385 μm while in SLE it is at 7.173 μm (e.g., Shirley and 
Glotch, 2019). In a similar manner, the CF of augite spectra (<32 μm 
grain size) in ambient condition is at 8.474 μm while in SLE, it is at 8.39 
μm (e.g., Shirley and Glotch, 2019). 

The particle size of a material also has a noticeable effect on spectral 
contrast and the CF position, due to the variable thermal gradients that 
are characteristic of different size fractions. Within SLE, decreasing 
grain size pushes the CF to longer wavelengths. For instance, the CF of 
augite occurs at 8.39 μm (<32 μm); 8.19 μm (32–63 μm); 8.10 μm 
(63–90 μm); and 8.09 μm (90–125 μm) (Shirley and Glotch, 2019). 
Under ambient conditions, a decrease in pore size and an increase in 
compaction leads to an increase in effective particle size, which even
tually lead to scattering loss. Thus, an increase in compaction of particles 
shifts the CF towards shorter wavelengths under ambient and low- 
temperature conditions (Logan et al., 1973). The fairy castle sample is 
a loosely packed porous sample prepared via deposition of material from 
air elutriation column in Logan et al. (1973). For instance, the CF of 
quartz (0–5 μm) lies at 7.18 μm for a packed sample and 7.44 μm for a 
fairy castle sample. The CF of hornblende (0–5 μm) is at 8.47 μm for a 
packed sample and 8.80 μm for a fairy castle sample (Logan et al., 1973). 
The dependence of the CF position on these various factors makes it 

Fig. 1. Global distribution of examined swirls and rayed craters overlayed on LROC-WAC global mosaic  
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important to account and correct for them to accurately analyze the data 
from upcoming and ongoing missions such as Lunar Trailblazer (Ehl
mann et al., 2021), OSIRIS-REx (Lauretta et al., 2019) and BepiColombo 
(Hiesinger and Helbert, 2010). 

In this study, we used LRO Diviner data to 1) better understand the 
effect of space weathering on the CF position in the TIR regime, 2) 
determine the CF position variation for lunar mare and highlands 
compositions with respect to visible albedo and optical maturity, and 3) 
discern the surface space weathering variation of a surface in terms of 
particle size and iron content. 

2. Selection of sites 

Greenhagen et al. (2010) noted the influence of space weathering on 
Diviner CF positions, with the CF appearing to shift to longer wave
lengths for mature surfaces compared to younger surfaces such as the 
crater rays of Tycho. The effects of space weathering on Diviner data 
were further explored by Glotch et al. (2015) and Lucey et al. (2017; 
2021). To study the variation in CF and albedo due to space weathering 
and the role of particle size and initial iron content in the regolith, we 
carried out a detailed investigation of two kinds of relatively fresh sur
faces on the Moon: 1) lunar swirls and 2) rayed craters (Fig. 1). 

2.1. Lunar swirls 

Lunar swirls are enigmatic, curvilinear features on the lunar surface 
characterized by high albedo, low optical maturity, and unusual 
photometric properties (Hood and Williams, 1989; Blewett et al., 2011; 
Garrick-Bethell et al., 2011; Hemingway and Garrick-Bethell, 2012; 
Denevi et al., 2014, 2016; Glotch et al., 2015; Hemingway and Tikoo, 
2018). Some of these swirls cause excessive forward scattering of UV and 
visible light, more so than crater rays (Denevi et al., 2014, 2016). These 

features are globally distributed on the Moon with no regard for the 
topography and are associated with remnant magnetic fields on the 
lunar surface. However, the correlation between magnetic fields and 
lunar swirls is not 1:1 and not all magnetic anomalies on the Moon 
display swirls (Denevi et al., 2016; Robinson et al., 2010). Four potential 
mechanisms for lunar swirls have been proposed: 1) cometary impact 
(Schultz and Srnka, 1980; Starukhina and Shkuratov, 2004; Bruck Syal 
and Schultz, 2015), 2) solar wind shielding (Hood and Schubert, 1980; 
Hood and Williams, 1989; Glotch et al., 2015), 3) electrostatic levitation 
and transport of dust (Garrick-Bethell et al., 2011; Hemingway and 
Garrick-Bethell, 2012), and 4) magnetic sorting of dust (Pieters et al., 
2014). Several studies (e.g., Pieters and Noble, 2016; Hess et al., 2020) 
suggest that these swirls are less mature than the surrounding regions. In 
fact, they do display the presence of microphase iron on the on-swirl 
regions (Trang and Lucey, 2019). This could be attributed to the fact 
that though the solar wind is deflected by the magnetic field present at 
swirls, micrometeoroids still hit the surface, leading to a lesser degree of 
space weathering on these surfaces. Hess et al. (2020) modeled the off- 
swirl region VNIR spectra via a combination of space weathered and/or 
compacted on-swirl VNIR spectra. They suggest that the swirls are less 
space weathered and could be more compact and fine-grained at places 
(Garrick-Bethell et al., 2011; Hess et al., 2020). The TIR study of lunar 
swirls by Glotch et al. (2015) suggested that CF shifts to shorter wave
lengths for on-swirl regions compared to off-swirl regions but no distinct 
fine-grained layer was observed based on night-time cooling trends in 
Diviner temperature data. 

2.2. Rayed craters 

Impact cratering is one of the most widespread and dominant pro
cesses in our Solar System. Crater rays were first noted in telescopic 
observations by Gold (1955). Using stratigraphic relationships, 

Table 1 
List of all the selected sites, their locations, and the median and standard deviation values for the data on and off the swirl or crater ray. Type: M-Mare, H-Highlands, S- 
Swirl, C-Crater.  

Feature Name Location Type Median CF (On-swirl/ ray) 
(μm) 

Median CF (Off-swirl/ ray) 
(μm) 

Median Albedo (On-swirl/ 
ray) 

Median Albedo (Off- swirl/ 
ray) 

Reiner Gamma 301.04◦E, 7.38
◦

N MS 8.25 ± 0.025 8.31 ± 0.043 0.09 ± 0.007 0.05 ± 0.003 
Mare Ingenii 166.04◦E, 32.31

◦

S MS 8.25 ± 0.028 8.28 ± 0.027 0.08 ± 0.006 0.06 ± 0.003 
Mare Marginis 84.7◦E, 13.04

◦

N MS 8.26 ± 0.039 8.30 ± 0.053 0.07 ± 0.007 0.06 ± 0.003 
Hopmann 160.3◦E, 50.8

◦

N MS 8.19 ± 0.051 8.23 ± 0.032 0.09 ± 0.021 0.07 ± 0.005 
Moscoviense 

Basin* 
149.3◦E, 26.04

◦

N MS 8.30 ± 0.093 8.30 ± 0.053 0.07 ± 0.006 0.05 ± 0.002 

Sirsalis* 7.1
◦

S, 54.0
◦

W MS 8.31 ± 0.018 8.30 ± 0.023 0.07 ± 0.004 0.05 ± 0.002 
Van de Graaf 172.0◦E, 27.04

◦

S HS 8.14 ± 0.025 8.22 ± 0.032 0.12 ± 0.011 0.07 ± 0.005 
Firsov 109.7◦E, 5.84

◦

N HS 8.12 ± 0.018 8.18 ± 0.018 0.15 ± 0.009 0.10 ± 0.007 
Marginis 

Highlands 
95◦E, 20.5

◦

N HS 8.14 ± 0.021 8.20 ± 0.018 0.13 ± 0.013 0.09 ± 0.006 

Ingenii Highlands 161◦E, 34.5
◦

S HS 8.16 ± 0.035 8.25 ± 0.027 0.11 ± 0.016 0.07 ± 0.009 
Airy 3.23◦E, 17.88

◦

S HS 8.12 ± 0.024 8.19 ± 0.020 0.14 ± 0.009 0.09 ± 0.006 
Gerasimovich 123.5

◦

W, 23
◦

S HS 8.11 ± 0.023 8.17 ± 0.024 0.20 ± 0.009 0.16 ± 0.007 
Descartes 16.05◦E, 10.7

◦

S HS 8.09 ± 0.027 8.17 ± 0.022 0.16 ± 0.022 0.11 ± 0.011 
Kepler 321.9

◦

E, 8.1
◦

N MC 8.18 ± 0.048 8.28 ± 0.037 0.10 ± 0.005 0.06 ± 0.005 
Kepler A 323.8

◦

E, 7.1
◦

N MC 8.17 ± 0.025 8.28 ± 0.037 0.10 ± 0.005 0.06 ± 0.005 
Unnamed K 4.6

◦

E, 35.8
◦

S MC 8.12 ± 0.016 8.26 ± 0.022 0.11 ± 0.005 0.06 ± 0.002 
Unnamed E 4.7

◦

E, 36.8
◦

S MC 8.07 ± 0.017 8.26 ± 0.022 0.12 ± 0.005 0.06 ± 0.002 
Gambart A 341.2

◦

E, 0.96
◦

N MC 8.13 ± 0.058 8.25 ± 0.034 0.10 ± 0.009 0.07 ± 0.004 
Messier 47.6

◦

E, 1.9
◦

S MC 8.25 ± 0.033 8.29 ± 0.025 0.07 ± 0.006 0.05 ± 0.002 
Dionysius 17.2

◦

E, 2.7
◦

N MC 8.15 ± 0.020 8.25 ± 0.042 0.10 ± 0.007 0.06 ± 0.004 
King 120.4◦E, 4.9

◦

N HC 8.09 ± 0.019 8.23 ± 0.019 0.18 ± 0.012 0.09 ± 0.008 
Necho 123.2◦E, 5

◦

S HC 8.09 ± 0.019 8.23 ± 0.019 0.17 ± 0.012 0.09 ± 0.008 
Pierazzo 259.7◦E, 3.3

◦

N HC 8.06 ± 0.028 8.16 ± 0.018 0.20 ± 0.009 0.12 ± 0.006 
Grigg E 125.68

◦

W,13.51
◦

N HC 8.04 ± 0.028 8.14 ± 0.031 0.19 ± 0.011 0.12 ± 0.007 
Byrgius A 296.1◦E, 24.5

◦

S HC 8.05 ± 0.021 8.16 ± 0.031 0.17 ± 0.013 0.11 ± 0.015 
Giordano Bruno 102.8◦E, 35.9

◦

N HC 8.03 ± 0.044 8.14 ± 0.024 0.21 ± 0.019 0.12 ± 0.011 
Glushko 77.8

◦

W, 5.11
◦

N HC 8.09 ± 0.028 8.25 ± 0.033 0.14 ± 0.011 0.06 ± 0.005 
Unnamed Crater 80

◦

W, 8.9
◦

N HC 8.06 ± 0.017 8.27 ± 0.018 0.11 ± 0.018 0.07 ± 0.004 
Mandel’shtam F 166.1◦E,5.1

◦

N HC 8.04 ± 0.041 8.15 ± 0.022 0.20 ± 0.024 0.12 ± 0.007 
Tharp 145.6◦E, 30.5

◦

S HC 8.07 ± 0.025 8.19 ± 0.20 0.17 ± 0.008 0.08 ± 0.004  
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Shoemaker and Hackman (1962) suggested that rayed craters are among 
the youngest features on the Moon and that upon impact the ejected 
material was deposited around the craters following a ballistic trajectory 
as rays. With time, due to space weathering, these rays mature and 
darken, thus the craters with distinct visible ejecta patterns must have 
formed recently in the Copernican era (~ 800 Ma; Gold, 1955; Neumann 
et al., 2015). Grier et al. (2001) used optical maturity of the crater rays 
and their distribution from the crater rims for relative dating of lunar 
surfaces. The optical maturity (OMAT, Lucey et al., 2000a, 2000b)) 
values are a proxy to quantify the maturity and changes in optical 
properties of the lunar soil (Lucey et al., 2000a, 2000b), with higher 
OMAT values indicating lower maturity of regolith and vice-versa. The 
rayed craters display a systematic decrease in OMAT values away from 
the crater rim (Grier et al., 2001). The asymmetry in number of rayed 
craters on the mare versus highlands surfaces exists as a result of the ray 
detectability being lower in the mare region due to the composition as 
the process of space weathering-induced darkening is faster for mare 
regions (Werner and Medvedev, 2010). Crater rays stand out in Diviner 
CF maps indicating that space weathering also affects the TIR mea
surements (Lucey et al., 2017; 2021). 

Crater rays can also be used to investigate particle size variations in 
the lunar regolith. Bart and Melosh (2010) carried out a detailed study of 
boulder size distributions around lunar craters and found that the larger 
boulders ejected during crater excavation preferentially lie closer to the 

crater rim. The smaller (> 0.25 m) boulders are widespread while the 
larger boulders decrease in abundance moving away from the crater rim. 
The size of boulders is important because large boulders take longer to 
break down compared to smaller ones. We have used this to investigate 
the fraction of the Diviner spatial footprint covered by rocks smaller 
than those measured by Diviner rock abundance (~1 m diameter) but 
larger than typical regolith fines and its effect on the CF position. 

2.3. Properties of lunar swirls and rayed craters 

The proposed formation models for lunar swirls generally suggest 
that the lunar swirls are old and host relatively less optically mature 
surfaces with higher albedos than the surrounding background regolith 
material and dark lanes in both mare and highlands regions. These 
surfaces are also fine grained and lack any blocky materials or rocks 
(Garrick-Bethell et al., 2011; Hess et al., 2020). The rayed craters, on the 
other hand, are widespread across the lunar surface, host high rock 
abundance near the crater rims, display high thermal inertia throughout 
the rays, and exhibit immature rays superimposed on the mature space 
weathered background regolith (Grier et al., 2001; Bart and Melosh, 
2010; Hayne et al., 2017). Both these surfaces provide unique oppor
tunities with varying particle size and rock abundance to investigate the 
effects of space weathering. Essentially, each site hosts similar bulk 
silicate compositions, but different particle size distributions and levels 

Fig. 2. a) Kaguya albedo map with overlayed outlines of the sampled sites. On-swirl region is outlined in pink, the dark lanes are outlined in yellow, and off-swirl 
region is outlined in blue. b) Scatterplot of albedo vs CF of the three regions c) CF image of the Reiner Gamma region overlaid on the Kaguya albedo map d)Histogram 
displaying the CF distributions in the on-swirl, dark lane and off-swirl regions. Relative frequency is the percentage of pixels with those CF values. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of space weathering undergone by the surfaces. In this study, we have 
selected 29 such locations (Table 1) across the lunar surface comprised 
of younger rayed craters and swirls located both in the highlands and 
mare, to carry out a detailed study to understand the effect of space 
weathering on CF with respect to fraction of boulders, particle sizes and 
iron content (maria Vs highlands) (Table 1; Fig. 1). 

3. Datasets and methods 

CF positions were calculated from emissivity data from Diviner 
channels 3, 4 and 5 corresponding to 7.55–8.05 μm, 8.1–8.4 μm, and 
8.38–8.68 μm (Paige et al., 2010) using the methods of Greenhagen et al. 
(2010). We selected daytime (local time 10:00 am to 2:00 pm) orbital 
data from 2009 to 2020 to have a comprehensive set of CF maps for all 
the sites and to minimize the effects of solar incidence angle on the 
estimated CF position. We have used the CF values photometrically 
corrected in agreement with Greenhagen et al. (2011) binned at 128/ 
256 pixels per degree (PPD), which corresponds to ~250/~125 m/px at 
the equator. Note: At 256 ppd., the Diviner data are slightly over
sampled. We also used level 3 Kaguya Multiband Imager (MI) Band 2 
reflectance data (750 nm) with spatial resolutions of 128 or 256 ppd. to 
characterize the visible albedos of our study sites. The uncertainty for CF 
measurement is ~0.002 μm (Paige et al., 2010). The measurement of 
pixel-to-pixel sensitivity of Kaguya calibrated reflectance data within a 
band is <2% (Ohtake et al., 2008). The CF and Kaguya reflectance 
datasets were georeferenced using the DaVinci and ENVI software 

packages. A region of interest (ROI) for each feature was selected 
manually following albedo trends for swirls and rays. Furthermore, we 
converted them to shapefiles of the selected regions and overlayed them 
using ArcMap. Any potential bias in the ROI sampling and analysis has 
been removed via the statistical analysis detailed below. We selected the 
rayed craters from the crater catalogue of Grier et al. (2001) and 
following that individually carried out detailed literature review on the 
selected craters and removed the craters suspected to have excavated 
different lithology using existing VNIR and TIR data. We have also 
selected the areas right around the craters to minimize the difference 
between the excavated and surrounding material. We have carefully 
selected the sites without any anomalous composition; thus, it is 
reasonable to presume that the bulk composition of the on-site and off- 
site regions at each feature are similar. 

The H-parameter values calculated from Diviner temperature data 
are an indicator of thermal conductivity and density of regolith with in 
the uppermost 10s cm regolith depth. The lower the H-parameter value, 
higher density and thermal conductivity are found at shallower depths 
and vice versa (Hayne et al., 2017). H-parameter is also used as a proxy 
for thermal inertia and is inversely related to it. Thermal inertia is the 
ability of a material to conduct and store heat. Thermal inertia of coarse 
grains and rocks is higher than fine grained regolith. Thus, the H- 
parameter of coarse-grained regolith and rocks is lower than finer- 
grained regolith. In addition, the H-parameter of fluffier porous rego
lith (such as lunar cold spots) is higher compared to compact material 
(Hayne et al., 2017). The 128 ppd. H-parameter map from Hayne et al. 

Fig. 3. a) On-swirl and off-swirl empirical cumulative distribution functions of CF b) On-swirl and off-swirl empirical cumulative distribution function of albedo c) 
On-swirl and off-swirl CF and albedo difference scatterplot of the Reiner Gamma region d) Histogram displaying the optical maturity (OMAT) distributions in the on- 
swirl, dark lane and off-swirl regions. 
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(2017) with uncertainty of <6% is used to investigate the particle size 
and rock abundance variation between craters and swirls. 

The magnetic field data used in this study has been adopted from 
Table 1 and the figures of Blewett et al. (2011). These data were derived 
from the total field strength from the Lunar Prospector magnetometer at 
30 km altitude by Blewett et al. (2011) via location and contour com
parison from Table 1 and Figs. 1–6 respectively in that paper. 

3.1. Selection of ROIs 

The ROIs were manually selected for both the on-swirl/ray, off 
-swirl/ray and dark lane of the swirls using albedo and CF maps. No 
general cutoff value for albedo was used because the albedo varies with 
location due to varying levels of space weathering. For instance, Kepler 
and Kepler A crater ROIs have different on-ray albedo values compared 
to the off-ray regions as they have undergone different amount of space 
weathering. A cut-off albedo value would also prevent us from capturing 
the curved features within lunar swirls and decrease our sample size. To 
make sure we account for this, we have used the median OMAT values of 
the ROIs for comparison and analysis in our discussion section (Table A2 
in Appendix). We have also been very careful to prevent any bias due to 
inclusion of the high-albedo pixels within off-swirl/ray ROIs due to the 
presence of young impact craters and low-albedo pixels within on-swirl/ 
ray ROIs due to pixels from dark lane or imperfect rays with background. 

First to avoid the influence of such pixels, we use the median rather 
than the mean of the ROIs in our comparative analysis. Median values 
are not influenced by any outliers (in this case the high albedo and low 
albedo pixels). Following that we have treated the ROIs as a sample 
instead of a whole population, i.e., we have taken 105 combinations of 

the pixel values of each ROI and calculated their difference. If the out
liers were present in large numbers quantitatively, they would heavily 
skew the median and thus we would get a large range of differences. We 
do not observe a large range of difference (Table A1 in Appendix), thus 
once again confirming that these outliers do not affect our analysis or 
interpretation in any manner. 

In addition to the previous steps, we also ran a non-parametric hy
pothesis test with 5% significance (p < 0.05) to confirm that the different 
ROIs within a site that we are investigating are different (See section 
Appendix section 1 for detailed explanation). The delta CF has been 
estimated by subtracting off-swirl/ray regions from the on-swirl/ray 
regions. 

Overall, we have actively taken three steps (choosing median; 
bootstrapping; hypothesis testing) to avoid any bias introduced by 
foreseen (ROI shapefiles) and unforeseen activities, thus we can confi
dently say that the analysis done using the albedo and CF values is 
statistically robust with minimal bias, if any. We have used statistical 
bins instead of manually deciding on a number to avoid binning bias 
(which can lead to skewness and misinterpretation among other things) 
for histograms of the CF and albedo values. 

4. Results 

4.1. Swirls 

We investigated several mare swirls, including Reiner Gamma 
located in Oceanus Procellarum, and others in Mare Ingenii, Mare 
Marginis, Hopmann, Rimae Sirlsalis and Moscoviense basin. 

Reiner Gamma is a tadpole-shaped lunar swirl present on the 

Fig. 4. a) Kaguya albedo map with overlayed sampled sites from on-swirl region (outlined in pink) and off-swirl region (outlined in blue). b) Scatterplot of albedo vs 
CF of the on-swirl and off-swirl locations c) CF image of the Van de Graaff crater overlayed on a Kaguya albedo map d) Histogram displaying the CF distributions in 
the on-swirl and off-swirl regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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nearside of the Moon (Fig. 2a, c). The on-swirl region has a median 
visible albedo of 0.09 (as measured by the Kaguya Multispectral Imager 
(MI) at 750 nm), while the dark lane and off-swirl regions have median 
albedos of 0.06 and 0.05 respectively. The CF position of the high albedo 
swirl region is at shorter wavelength relative to the dark lanes and off- 
swirl (mare), with a median of 8.25 μm while the dark lane and off- 
swirl regions have median values of 8.28 μm and 8.31 μm respec
tively. The scatterplot in Fig. 2b shows that the on-swirl region has a 
higher albedo and shorter wavelength CF position than the dark lanes 
and off-swirl regolith. The histogram in Fig. 2d shows that the dark lane 
CF position overlaps both the on-swirl and off-swirl regions. We also 
observe some overlap between the on-swirl and off-swirl region. 

The difference in CF between the on-swirl and off-swirl regions is −
0.07+

− 0.0005 μm (Fig. 3c) and between the on-swirl and dark lane is −
0.04+

− 0.0009 μm. The albedo difference between on-swirl and off-swirl 
region is 0.04+

− 9.72 e− 05 and on-swirl regions to dark lane is 0.02+
−

0.0002 μm (Fig. 3c). The CF difference between the dark lane and off- 
swirl region is − 0.03+

− 0.0009 μm and the albedo difference is 0.01+
−

0.0002 μm. The range of CF and albedo median differences being below 
the data sensitivity indicate that assuming one median value to be 
representative of the sample is statistically appropriate to proceed with 
the analysis. 

We have also plotted their empirical cumulative distribution func
tions (ECDF) for the same array size as the observed one with the initial 
values (Fig. 3a, b). The ECDF plots indicate that CF values are less 
scattered since the slope of the CDFs are steep while more scattered in 
case of albedo as seen with the relatively gentle slopes (Fig. 3a, b). We 
carried out a KS test on three set of samples: 1) on-swirl and dark lane 2) 
on-swirl and off-swirl region, and 3) dark lane and off-swirl region and 
calculated the D-statistic values to investigate if the dark lane and on/ 
off-swirl regions belong to the same distribution since their CF values 
seem to overlap in the histogram (Fig. 2d). The D-statistic has to be 

Fig. 5. a) On-swirl and off-swirl empirical cumulative distribution function (CDF) of CF b) On-swirl and off-swirl empirical cumulative distribution function (CDF) of 
albedo c) On-swirl and off-swirl CF and albedo difference scatterplot of Van de Graaff region. 
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higher than the critical value of the two samples and the p-value should 
be lower than the assumed value of the α coefficient for them to have 
different distributions, which we see here. The critical values for the 
three sets is much smaller than their D-statistics (Table A1 in Appendix). 
The p-values for all the sets were 0. The values of D-statistics being 
higher than their respective critical values for all the three sets indicate 
that though the dark lane values overlay both on and off-swirl regions, 
they all have different distributions. This leads us to reject the null hy
pothesis and thus the variation in CF distribution that we observe be
tween the on-swirl region, dark lanes and off-swirl regions is real and not 
arbitrary. The OMAT values plotted as a histogram of the on-swirl, dark 
lane and off-swirl regions show that the on-swirl regions are least 
mature, followed by dark lane and then the off-swirl regions (Fig. 3d). 
We do observe an overlap between the OMAT values of all the three 
regions as well. This variation in OMAT, albedo and CF values might 
mean that the dark lanes represent the transition from on-swirl to off- 
swirl regions on the spectrum of space weathering. 

The median and statistical test values for all swirls are given in 
Table A1 in Appendix. The OMAT values are available in Table A2 in 
Appendix. We note that an opposite trend is observed in the cases of the 
swirls in Sirsalis and Moscoviense where the CFs of on-swirl regions are 
higher than the off-swirl region. We have not included Mare Mosco
viense and Sirsalis swirl in the final plot of delta CF vs delta albedo 
despite rejecting the null hypothesis in both the cases due to two rea
sons: 1) The Diviner maps are heavily striped in both these regions 
despite using tighter constraints of incidence angles, time of day, activity 
flag etc. The stripes that persist through the normalization to equatorial 
noon imply that the correction is not doing a good job for those areas 
which is fairly typical for darker mare and is most likely caused by 
relatively smaller populations of these compositions in the photometric 
fits (Greenhagen et al., 2010, 2011). 2) The striped data is apparent in 
the statistical test where the D-statistic for CF samples of both the swirls 
is very close to 0 instead of 1, indicating that while the on-swirl regions 
are statistically separable from off-swirl regions, this difference is very 
small. 

In the highlands, we examined swirls within Van de Graaff crater, 
Firsov crater, Marginis highlands, Ingenii highlands, Gerasimovich 
crater, and near Airy and Descartes craters. The swirls in Van de Graaff 
lie on the crater floor and appear in a wavy pattern with high albedo 
compared to the surroundings (Fig. 4a, c). In the scatterplot, we see that 
the on-swirl and off-swirl CF values plot in two distinct clusters (Fig. 4b) 
with some overlap and we observe a similar trend in the histogram 
(Fig. 4d). The ECDF plots indicate that CF values are less scattered since 
the slope of the CDFs are steep while more scattered in case of albedo for 
on-swirl region as seen with the relatively gentle slopes (Fig. 5a, b). 

The median albedo of the on-swirl region is 0.12 and the median CF 
is 8.14 μm. The median off-swirl albedo and CF values are 0.07 and 8.22 
μm, respectively (Fig. 5a, b). The CF difference between the on-swirl and 
off-swirl regions is − 0.07+

− 0.0003 μm and the albedo difference is 0.04+
−

0.0001 (Fig. 5c). As shown in Table A1 in Appendix, the D-statistics are 
larger than the critical values and p-value smaller than the significance 
level, leading to rejection of the null hypothesis. 

The median and statistical values of all the other highlands swirls are 
given in Table 1, Table A1 and Table A2 in Appendix. 

4.2. Copernican craters 

We examined 7 craters with bright rays located in mare regions. 
These include Kepler, Kepler A, Gambart A, Messier, Dionysius and two 
unnamed craters. Craters Kepler and Kepler A have diameters of 29 km 
and 11 km, respectively, and display bright, radial rays (Fig. 6.a, d). 
Kepler A is located on the ejecta of Kepler with relatively higher albedo 
than the surroundings and makes a useful point of comparison to inspect 
the increasing effects of space weathering within regions with similar 
bulk composition. Due to the close proximities of the two craters, we 
have taken a common background mature mare region to compare to 
both of their crater rays. The median CFs of the on-ray regions of Kepler 
and Kepler A are both 8.17 μm, respectively, while the CF of the back
ground mare region is 8.27 μm. The median albedo is 0.09 for Kepler, 
0.10 for Kepler A, and 0.05 for the mature mare background. The 

Fig. 6. a) Kaguya albedo map with overlayed sampled sites from the on-ray region outlined in pink and the off-ray region outlined in blue. b) Scatterplot of albedo vs 
CF for the on-ray and off-ray regions of Kepler c) Histogram displaying the CF distributions for the on-ray and off-ray regions of Kepler d) CF image of the Kepler and 
Kepler A crater overlayed on a Kaguya albedo map e)Scatterplot of albedo vs CF for the on-ray and off-ray regions of Kepler A f) Histogram displaying the CF 
distributions for the on-ray and off-ray regions of Kepler A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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scatterplot for both the craters demonstrates that the off-ray and on-ray 
regions plot separately in two clusters (Fig. 6.b, e) with some overlap 
with off-ray regions. We observe a similar trend in the histogram (Fig. 6. 
c, f) with some overlap for Kepler and very little overlap between the on 
and off ray regions for Kepler A. The difference in CF between Kepler 
and the background is − 0.10+

− 0.0002 μm, while the difference between 
Kepler A and the background is − 0.11+

− 0.0002 μm. The albedo differ
ences are 0.04+

− 5.15e− 05 and 0.04+
− 4.79e− 05, respectively (Fig. 7c, f). 

The ECDFs of CF for Kepler and Kepler A have steep slopes which 
indicates that the data points for both areas are clustered together 
without much spread except the outliers (Fig. 7a, d). However, the al
bedo ECDF indicates that both the regions have relatively larger spread 
in the values because of their relatively gentler slopes (Fig. 7b). The 
OMAT histogram of the three regions shows that the on-ray region of 
Kepler is least mature, followed by Kepler A and further by off-ray region 
(Fig. 7e). The D-statistics for both craters are higher than the critical 
value and the p-values are lower than α, thus leading us to reject the null 
hypothesis (Table A1 in Appendix). We observe a higher median albedo 
and lower median CF for Kepler A rays compared to Kepler which is in 
contrast to their maturity where Kepler A is more mature than the 
Kepler. The D-statistics of the CF samples are also higher for Kepler A 
than Kepler, indicating the difference between Kepler A rays and 
background is slightly higher than that of Kepler rays and background. 

The median values for other mare craters and the statistical values are 
given in Table 1 and Table A1 in Appendix in detail. 

In the highlands, we carried out a similar comparison on 10 craters, 
including King, Necho, Pierazzo, Grigg E, Byrgius A, Giordano Bruno, 
Glushko, Mandel’shtam F, Tharp, and three unnamed craters. 

Giordano Bruno is a 21 km crater located at 102.8
◦

E, 35.9
◦

N asso
ciated with a bright rayed ejecta deposit (Fig. 8a, c) and impact melt 
deposits on the southern rim. In choosing our on-ray ROI, we have 
avoided any regions with melt deposits that could be compositionally 
altered. The scatterplot and histogram of the on and off-ray ROI show 
separate clusters with some overlap (Fig. 8b, d). The median values of 
albedo for on-ray and off-ray ROI are 0.21 and 0.12 respectively. The 
median values for on and off-ray CF are 8.03 μm and 8.14 μm respec
tively. The CF difference between the on-ray and off-ray regions of 
Giordano Bruno is − 0.11+

− 0.0005 μm (Fig. 9c) and the albedo difference 
is 0.10+

− 0.0003. The slopes of ECDFs for the on and off-ray regions are 
relatively gentle indicating that the values are relatively widespread for 
both CF and albedo. Based on the D-statistics, critical values and p- 
values in Table A1 in Appendix, we reject null hypothesis for these 
regions. 

Similar details of other highlands craters are given in Tables 1 and 
A1. 

Fig. 7. a) On and off-ray ECDF for CF of Kepler b) On and off-ray ECDF for albedo of Kepler. c) Scatterplot of albedo vs CF differences for the on-ray and off-ray 
regions of Kepler d) On and off-ray ECDF for CF of Kepler A e)Histogram displaying the OMAT distributions for the off-ray and on-ray regions of Kepler and Kepler A 
f) Scatterplot of albedo vs CF differences for the on-ray and off-ray regions of Kepler A. 
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4.3. H-parameter and rock abundance 

The rock abundance (RA) maps of Bandfield et al. (2011) display the 
surface area fraction of rocks (~1 m or greater) within a pixel. Most 
surfaces have RA values between 0 and 0.01 (converted to percentage in 
Fig. 10b) (Table A2 in the Appendix). We have used the median value of 
the RA and H-parameter maps overlaying the ROIs to measure the 
rockiness of the surface. The H-parameter and RA difference have been 
calculated by subtracting the average value of mare region (0.07 for 
H-parameter,0.4% for RA taken from Byron et al., 2022) from the ROIs. 

We have compared H-parameter and RA variations of on-swirl and 
on-ray regions among themselves. The RA values of the on-ray regions 
vary between 0.2% and ~ 8% and on-swirl regions vary between 0.3% 
and ~ 0.5%. The RA values of the on-swirl regions are lower than the on- 
ray regions. For swirls, we observe that the RA values are higher for the 
highland swirls compared to mare swirls. Our observations show that 
the H-parameter values are mostly higher on the on-swirl regions 
compared to crater rays. 

The H-parameter values of the on-swirl regions vary from ~0.08 m to 
~0.09 m and the on-ray regions vary from ~0.05 m to ~0.08 m. On- 
swirl regions display higher H-parameter values compared to on-ray 
and average mare regions. The H-parameter values (~ 0.08 m) of the 
swirls are high, but they are not as fluffy as cold spots (typical H-param 
>0.1 m) or composed of pyroclastic material (Hess et al., 2020). The H- 
parameter (mostly greater >0.05 m) values of the rayed regions are also 
the same as the majority of the lunar surface. 

Overall, we observe that the swirls have lower RA and higher H- 
parameter compared to mare regions and higher H-parameter compared 
to crater rays. 

5. Discussion 

Prior to Diviner observations, space weathering was not expected to 
affect TIR emission measurements. However, the spectral effects of 
space weathering on TIR measurements (a shift of CF to longer wave
lengths and reduction of band contrast) have been observed in several 
remote sensing and laboratory studies (Glotch et al., 2015; Lucey et al., 
2017, 2021; Shirley, 2018; Shirley et al., 2023). The leading hypothesis 
for these effects is the reduction of visible albedo and associated 
reduction in thermal gradient, which alters the CF position and reduces 
observed contrast. Several efforts to produce a global correction for the 
effects of space weathering on CF have been made (Lucey et al., 2017; 
Lucey et al., 2021). Here we will describe our observation of CF varia
tion between on-swirl/ray and off-swirl/ray regions as well as between 
the mare vs highlands and crater ray vs swirls and their relevance to 
space weathering correction efforts. 

5.1. CF variation between on-swirl/ray and off-swirl/ray region 

The observed histograms for all the sites (Fig. 2d,4d,6.c,6.f,8d) 
display some overlap in the ROI distributions both for CF and albedo 
values. This overlap is higher for swirls than crater rays because the 

Fig. 8. CF and albedo statistics for Giordano Bruno crater. a) Kaguya albedo map with overlayed sampled sites from the on-ray regions outlined in pink and the off- 
ray region outlined in blue b) Scatterplot of albedo vs CF for the on- and off-ray regions for King crater c) CF image of Giordano Bruno d) Histogram displaying the CF 
distributions of the on-ray and off-ray regions of Giordano Bruno. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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variation in albedo is larger for on-ray and off-ray regions than for on- 
and off-swirl regions. Also, while selecting crater rays, we were careful 
to choose regions that were completely covered by the rays with the 
least amount of the background (off-ray region). Thus, there was a 
minimal range of common albedo values and the overlap we see is pri
marily due to a few outlier pixels mostly within the ROIs. This overlap in 
CF and albedo histograms is higher for swirl regions because as we move 
away from the central portion of a swirl towards its edges, the albedo 
decreases gradually but substantially. This decrease in albedo is because 
even within a swirl the degree of space weathering away from the center 
(location with maximum magnetic field strength) presumably increases. 
This phenomenon can also be seen in the histogram for on-swirl OMAT 
values (Fig. 3d) where even though most of the population lies between 
on and off-swirl values, there is still a significant overlap between these 
regions. 

In addition, the median values of OMAT and albedo for the swirl dark 
lanes lie between the on-swirl and off-swirl regions. The CF positions of 
the dark lanes are at longer wavelengths than the swirls, but at shorter 
wavelengths than the mature regolith in the background, indicating that 

these lanes could be intermediate transition zones from immature 
regolith in lunar swirls to mature regolith in the background. A possible 
transition zone suggests that the magnetic fields might be close to, but 
not truly vertical in these regions, resulting in some deflection of the 
charged particles (Blewett et al., 2011; Garrick-Bethell et al., 2011). It is 
possible that only a portion of the funneled charged particles make it to 
the surface, partly slowing down the maturation process instead of 
making it ultra-mature, as has been previously suggested (Hood and 
Williams, 1989; Blewett et al., 2011). 

5.1.1. Variation between on-swirl and on-ray regions 
Fig. 10c shows that on-swirl regions have lower RA and higher H- 

parameter values compared to craters. The variation in CF that we 
observe between swirls and craters for comparable albedo changes could 
result from a larger average particle size distribution due to the presence 
of small rocks (< 1 m but larger than typical regolith fines) mixed with 
the regolith at the rays. Following Byron et al. (2022), the regions we 
observe with higher H-parameter (i.e., the swirls) could be interpreted 
as having a relatively finer-grained regolith layer with a lower 

Fig. 9. a) On and off-ray ECDF of CF b) On and off-ray ECDF of albedo c) Scatterplot of albedo vs CF for the on-ray and off-ray regions of Giordano Bruno.  
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abundance of small rocks or an increased porosity. Our observation of 
lower RA and higher H-parameter values on the on-swirl regions are 
similar to that observed by Byron et al. (2022) at irregular mare patches. 

5.2. CF variation between Mare and Highlands 

Fig. 11a shows that the CF variation vs albedo variation trend has a 
steeper slope for mare regions compared to highlands regions. Thus, for 
quantitatively similar variations in CF position, highland regions un
dergo higher albedo variation than mare (Fig. 11a). That is, if we choose 
a range of CF variation, the albedo variation will be higher for highlands 
compared to mare. Fig. 11b demonstrates that the CF variation for swirls 
is lower for the crater rays for similar albedo variation, i.e., if we select a 
range of albedo variation, the CF variation for crater rays will be higher 
than for swirls. Fig. 11c shows CF variation vs OMAT variation and we 
do not see a clear distinction between mare and highlands regions. 
However, the crater rays and swirls do display opposite trends of CF 
variation vs OMAT variation. Mare swirls display lower CF variation 
compared to highland swirls for similar OMAT variation. However, in 
the case of craters rays, highlands crater rays have higher CF variation 
for comparable OMAT variation to the mare crater rays. 

We know from previous studies that npFe accumulates on the outer 
surfaces of mineral grains (e.g., Gaffey et al., 1993; Pieters and Noble, 
2016) and the mare basalts display higher peak temperatures than 
highlands due to their low reflectivity (Williams et al., 2017). The 
accumulation of npFe has a minimal effect on the reflectivity of the 
low-albedo regolith. However, it can noticeably decrease the reflectivity 
of high albedo regolith. This change in albedo increases the heat con
ductivity of the high albedo regolith. These observations need to be 
investigated from two aspects: 1) particle size and 2) albedo. Smaller 
particle sizes result in steeper thermal gradients (Henderson and 
Jakosky, 1997). However, as particle size increases this thermal gradient 
is not as strong. 

For smaller particle sizes, high albedo anorthositic materials have 
higher thermal gradients compared to low albedo rocks like basaltic 
materials (Henderson and Jakosky, 1997). This means that the highland 
fine-grained particles have a steeper thermal gradient than fine grained 
(but darker) mare particles. So, within swirls, where the particle sizes 
are smaller (Garrick-Bethell et al., 2011; Chrbolková et al., 2019; Hess 
et al., 2020) (Fig. 11), the CF shift to longer wavelengths (for space 
weathered regions) is lower in mare regions compared to highland re
gions despite comparable changes in OMAT (Fig. 11c). The darkening of 
highland swirls and the change in albedo requires a relatively lower 
accumulation of npFe compared to mare swirls where the particles are 
already darker. Thus, though overall it might appear that CF variation is 
high for mare regions (Fig. 11a), the OMAT is also high (as seen either in 
Fig. 11c or as large circles of data points plotted in Fig. 11a). 

For crater rays, the thermal gradient is not very high due to the 
greater abundance of boulders and small rocks mixed in with the rego
lith. The CF changes more for craters for comparable changes to albedo 
because it is a combined effect of albedo changes due to space weath
ering and particle size breakdown. So, while the solid-state greenhouse 
effect is dominant for finer particle sizes, the lower albedos and resultant 
heating of the regolith is more important for larger particle sizes. If the 
albedo of the regolith is higher, the overall heating will be lower and 
thus for comparable OMAT changes, the darker mare will have larger CF 
shift. This also explains the opposite trend we see in the crater rays plot 
of OMAT vs CF changes (Fig. 11c). This effect is also observed in the 
laboratory studies of Shirley et al. (2023), who show that for fine 
grained minerals (<32 μm) there is a shallower induced thermal 
gradient and significantly less variation in CF position when darkening 
low albedo minerals (pyroxene) than when using high albedo minerals 
(anorthite). 

Fig. 10. a) H-parameter values observed on swirl and crater rays b)Rock abundance (%) values observed on swirl and crater rays b) H-parameter Vs RA values for 
crater rays and swirls. 
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5.3. Effect of magnetic field strength on space weathering 

In an attempt to understand the long-term effect of magnetic 
shielding on the space weathering of swirls, we used the magnetic field 
strength (nT) values from Blewett et al. (2011) (Table 2) and compared 
them to the observed CF differences on the respective lunar swirls. The 
rms deviation of Lunar Prospector Magnetometer measurement is 
~0.4nT. Fig. 11d demonstrates that stronger magnetic fields result in 
larger CF differences between on-swirl and off-swirl regions. We have 
used the highest magnetic field strength of the region for comparison, 
thus the outlier at 3 ΔCF, 20 nT corresponding to Mare Ingenii in the 
figure may not have an accurate field strength value, i.e., from the same 

location as the on-swirl ROI. For instance, the highest magnetic field 
strength in Rimae Sirsalis region is 8 nT, which is moderate, however, 
field strength in our ROI is only 4.5 nT, which is very weak. We haven’t 
used the magnetic field strength of the exact ROI location because we 
have used the value given in Blewett et al. (2011) tables and figures. The 
inaccuracy in determining the exact magnetic field strength might also 
be responsible for the inconsistency in the values of CF for on and off- 
swirl regions. 

6. Conclusion 

In this study, we have used LRO Diviner and Kaguya MI data to 
determine and understand the variation in CF values with respect to 
space weathering and investigated the relationship between magnetic 
field strength and variation in space weathering. 

This study demonstrates that the dark lanes in swirls are relatively 
immature compared to mature background regolith, indicating the 
magnetic field lines are not truly vertical at these locations and represent 
a transition zone between the high-albedo lanes of the swirls and the 
background regolith. By targeting high-albedo lunar swirls and rough 
surfaces from Copernican craters, we observe that the albedo and a 
combination of the abundance of small rocks, regolith porosity, or 
particle size distribution have a strong effect on the space weathering 
sequence and observed spectral properties of mature and immature 
surfaces. Crater rays have a higher Diviner rock abundance and lower H- 
parameter than similarly immature swirls, and experience a greater shift 
in CF. This suggests that the greater abundance of boulders/small rocks 

Fig. 11. a) Variation in differences of CF and albedo between ROIs at each site in the mare (orange) and highlands (green). The size of the points are representative of 
OMAT differences. The CF, albedo and OMAT differences have been scaled up by a factor of 102 and the absolute values have been taken for better visualization. b) 
Variation in differences of CF and albedo for swirls (light green) and craters (dark green). The size of the points are representative of OMAT differences. c) Variation 
in differences of CF and OMAT with respect to composition and site typed). Variation in differences of CF and magnetic field strength for lunar swirls given in Blewett 
et al. (2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Magnetic field strength observed from 30 km orbit at different swirls from 
Blewett et al. (2011). <7 nT: Weak, 7–15 nT: Moderate, >15 nT: Strong (Blewett 
et al., 2011).  

Name Magnetic Field Strength(nT) Classification 

Reiner Gamma 22 Strong 
Ingenii 20 Strong 
Marginis 6 Weak 
Firsov 11 Moderate 
Descartes 24 Strong 
Gerasimovich 28 Strong 
Airy 13 Moderate 
Marginis Highlands 6 Weak  
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and/or the larger average particle size distribution at crater rays causes 
a shift in the CF in addition to the shift caused by maturity and albedo. 
Though the relation between the effects of initial FeO content and par
ticle size on space weathering trends is not yet determined, our obser
vations indicate different behavior and phenomenon dominating the CF 
changes in different porosity, rock abundance and particle size ranges. 
This correlation with porosity, rock abundance and particle size has 
important implications for any proposed corrections for the effects of 
space weathering on CF position. 

This study strongly suggests that further laboratory measurements in 
the simulated airless body conditions are of paramount importance for 
understanding the various factors affecting TIR spectra of mature and 
immature surfaces and for accurate interpretation of remote sensing 
datasets from ongoing and upcoming missions on the airless bodies. It 
also indicates that we may need a model that considers porosity, rock 
abundance and particle size distribution in addition to the initial iron 
content and OMAT when deriving a space weathering correction for TIR 
spectra of airless bodies. A machine learning model with fine and coarse 
particulates and space weathered spectra in its training set should be the 
next course of action to actively avoid correcting for each variable 
individually. 
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Appendix 

Statistical comparison of ROIs 

We binned the CF data in histograms using the Freedman-Diaconis rule (Freedman and Diaconis, 1981). This method minimizes the area between 
theoretical and empirical distributions, thus avoiding any binning bias in the data. The bin sizes are estimated using the following formula: 

b = 2
IQR(x)

̅̅̅
n3

√ (1)  

where b is the number of bins, IQR is the interquartile range of the data, x is the pixel values in the selected ROIs and n is the number of samples (here 
pixels). As a result, the derived histograms do not have equal bin sizes. Equal weights have been provided to the observed pixel values to create relative 
frequency measurements. Bootstrapping is a standard statistical resampling method (Davison and Hinkley, 1997) that we apply to our data to un
derstand the variations in the CF and albedo ranges. A simple difference of CF or albedo between the medians of the different regions in each site is not 
enough to understand the range of variations. For instance, the differences upon which we make final conclusions on should hold true for every highly 
statistically probable combination of the selected ROIs. 

This is done in five steps:  

(1) We create an array of the ROIs length (by replacement) from the ROI values of both the on and off-site individually.  
(2) We calculate the median of each array for both regions of each site individually. 
(3) We calculate the difference between the two medians calculated from the two ROIs of the region. The delta CF has been estimated by sub

tracting off-swirl/ray regions from the on-swirl/ray regions.  
(4) We repeat this process for 105 times for each site to have a large enough statistical sample of median differences to prevent missing anything 

important (large variations). We have used median values because these are not affected by outliers unlike mean values.  
(5) We calculate the range between the maximum and minimum median differences of CF and albedo. If this value is below 0.002 μm for CF and 

0.02 for albedo, it implies the difference in median values between ROIs is statistically insignificant. If the median difference range is above 
that, that indicates that the variation of values in the ROI is large. That would imply that using one median value for difference estimation from 
each ROI is not representative of the data population. 

The small ranges (on the order of 10− 4) for CF and albedo differences indicates that the selected median is a good representation of these surface 
values. Furthermore, we find that the range of median differences is below the sensitivity of each dataset and thus using one value of the difference is 
also statistically appropriate. The range of the median differences of CF and albedo for each site is indicated after their respective values. There is 
always a chance of getting different CF and albedo values arbitrarily (randomly by chance). To further test that the variation in CF at these sites is true 
and not arbitrary, we have carried out Kolmogorov-Smirnov (KS) tests for two samples (here the two ROIs, i.e. on and off swirl/ray) to reject the null 
hypothesis using KS statistics and p-values of the CF values from on and off swirl/crater rays. The KS test was chosen because it does not require the 
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data to follow any distribution. 
The critical value, also known as distance statistics in the KS test can be calculated by: 

D = c (α)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n1 + n2

n1n2

√

(2)  

where D is the distance statistic,n1 and n2 are the sample sizes of the two samples, α is the indicator of the confidence level that the data belongs to 
different distribution, and c(α) corresponds to the critical value of n sample sizes at the confidence level of α. The value of α is the significance at which 
we want to test our data, with higher significance corresponding to lower confidence. Here we have taken α as 0.05 indicating a high confidence 
interval of 95% and the corresponding value of c(α) has been taken as 1.36 from statistical tables. Hence, we will have same critical value for both 
albedo and CF pixels of the two sites used in the testing. p-value for non-parametric two-sample tests is the probability of the data to belong to the same 
distribution. It is a property of the data and to reject a null hypothesis, it should always be less than the chosen value of α. 

We calculated the critical value individually for each site for comparison. Our null hypothesis is that both the on-site and off-site data have the 
same distributions, i.e., they are not different. To investigate this, we randomly mixed the data from both the ROIs together and calculated the 
difference (also known as the critical value) between their cumulative distribution function. If this difference is small, that would mean that the pixel 
values of both the ROIs (on-swirl/ray and off-swirl/ray) are not different. However, if these values are greater than the defined distance statistics (D- 
statistic; calculated using the eq. (2)) then they are vastly different. We used D-statistic to reject the null hypothesis for the CF and albedo distribution 
observed on the on-swirl/rayed and off-swirl/rayed sites. To reject the null hypothesis, the D-statistic has to be higher than the critical value of the two 
samples and the p-value must be lower than the α. The p-value is rounded off to 0 if it is lower than e− 16. The closer the D-statistic is to 1, the higher the 
difference between the samples and vice-versa.  

Table A1 
List of the CF and albedo differences and relevant statistical values. The greater the difference between the D-statistic and the critical value, the larger is the difference 
between the on-site and off-site ROIs. The p-value smaller than 0.05 indicates the probability of on-site and off-site data to be from the same distribution is <5%. The 
starred values have not been used in the Fig. 10a and b for reasons described in Section 4.1.  

Feature Name Delta CF 
(μm) 

Delta Albedo Critical Value D-Statistic (CF) D-Statistic (Albedo) P-value (CF) P-value (Albedo) 

Reiner Gamma − 0.07+
−

0.0005 
0.04+

−

9.72e− 05 
0.0207 0.759 0.994 0.0 0.0 

Mare Ingenii − 0.03+
−

0.0006 
0.03+

−

0.0001 
0.0313 0.485 0.995 3.89e− 10 0.026 

Mare Marginis − 0.04+
−

0.001 
0.02+

−

9.59e− 05 
0.0340 0.499 0.952 0.0 0.0 

Hopmann − 0.03+
−

0.0003 
0.02+

−

0.0001 
0.0174 0.512 0.748 0.0 0.0 

Moscoviense 
Basin* 

− 0.00+
−

0.001 
0.02+

−

0.0001 
0.0521 0.139 0.992 4.73e− 12 0.0 

Van de Graaf − 0.07+
−

0.0003 
0.04+

−

0.0001 
0.0198 0.875 0.992 0.0 0.0 

Firsov − 0.06+
−

0.0005 
0.04+

−

0.0003 
0.0437 0.931 0.989 0.0 0.0 

Marginis Highlands − 0.06+
−

0.0006 
0.05+

−

0.0003 
0.0347 0.923 0.993 7.32e− 15 7.32e− 15 

Ingenii Highlands − 0.09+
−

0.0005 
0.05+

−

0.0002 
0.0256 0.887 0.906 0.0 0.0 

Airy − 0.07+
−

0.0005 
0.05+

−

0.0001 
0.0276 0.916 0.996 0.0 0.0 

Gerasimovich − 0.06+
−

0.0003 
0.04+

−

0.0001 
0.0192 0.862 0.983 0.0 0.0 

Descartes − 0.07+
−

0.0005 
0.05+

−

0.0003 
0.0237 0.909 0.933 0.0 0.0 

Sirsalis* 0.01+
−

0.0001 
0.02+

−

0.0001 
0.0845 0.146 1.0 2.53 e− 05 2.22e− 16 

Kepler − 0.10+
−

0.0002 
0.04+

−

5.15e− 05 

0.0119 0.938 0.999 0.0 0.0 

Kepler A − 0.11+
−

0.0002 
0.04+

−

4.79e− 05 
0.0123 0.979 0.999 0.0 0.0 

Unnamed K − 0.14+
−

0.001 
0.05+

−

0.0002 
0.925 1.0 1.0 2.22e− 16 2.22e− 16 

Unnamed E − 0.19+
−

0.001 
0.06+

−

0.0003 
0.0843 1.0 1.0 0.0 0.0 

Gambart A − 0.12+
−

0.0004 
0.03+

−

7.23e− 05 
0.0165 0.982 0.996 0.0 0.0 

Messier − 0.04+
−

0.0003 
0.01+

−

4.98e− 05 
0.0208 0.772 0.983 0.0 0.0 

Dionysius − 0.10+
−

0.0004 
0.04+

−

0.0001 
0.0218 0.976 0.998 0.0 0.0 

King − 0.13+
−

0.0002 
0.08+

−

0.0001 
0.0116 0.999 0.999 0.0 0.0 

(continued on next page) 
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Table A1 (continued ) 

Feature Name Delta CF 
(μm) 

Delta Albedo Critical Value D-Statistic (CF) D-Statistic (Albedo) P-value (CF) P-value (Albedo) 

Necho − 0.13+
−

0.0002 
0.08+

−

9.32e− 05 

0.0113 0.997 0.999 0.0 0.0 

Pierazzo − 0.10+
−

0.0003 
0.09+

−

0.0001 
0.0176 0.983 1.0 0.0 0.0 

Grigg E − 0.10+
−

0.0004 
0.07+

−

0.0002 
0.0232 0.957 1.0 0.0 0.0 

Byrgius A − 0.11+
−

0.0003 
0.06+

−

0.0002 
0.0148 0.972 0.999 0.0 0.0 

Giordano Bruno − 0.11+
−

0.0005 
0.10+

−

0.0003 
0.0250 0.955 0.999 0.0 0.0 

Glushko − 0.11+
−

0.0003 
− 0.11+

−

7.86e− 05 
0.0136 0.997 1.0 0.0 0.0 

Unnamed Crater − 0.11+
−

0.0003 
0.12+

−

0.0004 
0.038 1.0 1.0 0.0 0.0 

Mandel’shtam F − 0.11+
−

0.0003 
0.08+

−

0.0001 
0.0167 0.978 0.996 0.0 0.0 

Tharp − 0.12+
−

0.0007 
0.08+

−

0.0001 
0.0472 0.995 1.0 0.0 0.0   

Table A2 
List of the median and median difference for on - swirl/ray, off – swirl/ray OMAT, Rock Abundance and H-parameter for on-swirl/ray regions.  

Feature Name Median OMAT 
(On Swirl/Ray) 

Median OMAT 
(Off Swirl/ Ray) 

Delta OMAT Median RA(%) 
(On Swirl/Ray) 

Median H-parameter 
(On- swirl/ ray) (m) 

Reiner Gamma 0.27+
− 0.03/ 

0.20+
− 0.03 

0.17+
− 0.02 − 0.11 0.004 0.075875 

Mare Ingenii 0.19+
− 0.02 0.14+

− 0.02 − 0.05 0.004 0.073347 

Mare Marginis 0.18+
− 0.06 0.14+

− 0.07 − 0.04 0.005 0.068928 

Moscoviense 
Basin* 

0.17+
− 0.02 0.17+

− 0.01 − 0.002 − −

Van de Graaf 0.22+
− 0.02 0.13+

− 0.02 − 0.02 0.003 0.0759905 

Firsov 0.25+
− 0.03/ 

0.16+
− 0.02 

0.15+
− 0.02 − 0.08 0.004 0.07903 

Marginis Highlands 0.16+
− 0.02 0.16+

− 0.03 − 0.1 0.004 0.072419 

Ingenii Highlands 0.21+
− 0.04 0.16+

− 0.03 − 0.0004 0.003 0.07658 

Airy 0.24+
− 0.02 0.14+

− 0.02 − 0.04 0.003 0.0722135 

Gerasimovich 0.23+
− 0.02 0.15+

− 0.03 − 0.09 0.004 0.074816 

Descartes 0.25+
− 0.1 0.16+

− 0.02 − 0.08 0.004 0.071278 

Sirsalis* 0.17+
− 0.03 0.15+

− 0.01 − 0.09 − −

Kepler 0.21+
− 0.01 0.17+

− 0.02 − 0.04 0.004 0.0668875 

Kepler A 0.207+
− 0.01 0.17+

− 0.02 − 0.03 0.003 0.067566 
Unnamed K 0.24+

− 0.02 0.16+
− 0.009 − 0.08 0.002 0.06324551 

Unnamed E 0.24+
− 0.01 0.16+

− 0.009 − 0.08 0.002 0.072155 

Gambart A 0.19+
− 0.01 0.17+

− 0.01 − 0.02 0.004 0.072002 

Messier 0.21+
− 0.03 0.15+

− 0.009 − 0.07 0.005 0.067643 

Dionysius 0.17+
− 0.01 0.15+

− 0.008 − 0.02 0.004 0.0629485 

King 0.28+
− 0.03 0.16+

− 0.02 − 0.01 0.005 0.0607725 
Necho 0.26+

− 0.02 0.16+
− 0.02 − 0.11 0.005 0.063226 

Pierazzo 0.33+
− 0.02 0.17+

− 0.01 − 0.16 0.012 0.0412435 

Grigg E 0.29+
− 0.02 0.17+

− 0.0 − 0.12 0.007 0.056405 
Byrgius A 0.26+

− 0.03 0.19+
− 0.02 − 0.07 0.005 0.06295501 

Giordano Bruno 0.36+
− 0.04 0.20+

− 0.02 − 0.2 0.076 0.01475 
Glushko 0.23+

− 0.02 0.14+
− 0.01 − 0.08 0.005 0.070151 

Unnamed Crater 0.31+
− 0.03 0.15+

− 0.02 − 0.15 0.008 0.0480175 
Mandel’shtam F 0.30+

− 0.05 0.16+
− 0.01 − 0.14 0.007 0.0474765 

Tharp 0.28+
− 0.02 0.15+

− 0.01 − 0.13 0.003 0.058134  
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