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a b s t r a c t 

Iron and optical maturity (OMAT) are two key geological marks of the Moon that closely related to its 

geochemical evolution and interactions between surface and space environment. We apply Partial Least 

Squares (PLS) regression to Chang’E-1 Imaging Interferometer (IIM) (32 bands between 480 and 960 nm) 

in mapping lunar global FeO and OMAT, and the FeO and OMAT values are derived based on reasonable 

spectral parameters (absorbance, band ratios, TiO 2 and maturity sensitive parameters, etc.). After been 

calibrated by the FeO map from Lunar Prospector Gamma-Ray Spectrometer (LP-GRS), the global FeO 

map derived from PLS modeling shows a quantitatively more reasonable result consistent with previous 

remote sensing results (LP) as well as lunar feldspathic meteorite studies and Chang’E-3 landing site. 

Based on the new FeO map by Chang’E-1, we discover a compositional inhomogeneity across lunar high- 

land regions, which has not been suggested by previous datasets (e.g., Clementine UVVIS). Furthermore, 

we suggest that at least part of the FeO enrichments in highlands would be caused by mixing of highland 

and mare materials. The IIM derived OMAT map does not suggest a dichotomy of the lunar highlands and 

mare regions, implying the compositional differences between those two terrains have been suppressed. 

We further check the maturity effect for the young mare basalts ( < 3.0 Ga), and find that (1) the OMAT 

values of the young basaltic units with medium and high FeO and TiO 2 show a linear decrease with 

ages; (2) units with ultrahigh-FeO ( > 20 wt%) and ultrahigh-TiO 2 ( > 10 wt%) tend to have greater OMAT 

values and vary little with ages; (3) this may be due to the distinct optical maturity effects of ultramafic 

minerals (i.e., ultrahigh Fe and Ti) and/or the spectral blue shifts of abundant ilmenite. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

Iron is one of the most abundant and varying rock-forming el-

ments on the Moon, whose accurate quantification and global

istribution are important for the recognition of mineralogy and

rustal evolution ( Lucey et al., 20 0 0a; Lucey et al., 1995 ). In com-

arison with the analysis of the limited number of samples from

nown (e.g., Apollo and Luna samples) or unknown (e.g., lunar

eteorites) locations, lunar remote sensing studies can obtain

atasets at high spectral (e.g., Moon Mineralogy Mapper, ∼10 nm,

reen et al., 2011 ) and spatial resolutions (e.g., Multiband Imager,
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20 m, Ohtake et al., 2008 ), and thus provide a fine scale and

omprehensive global view of the Moon. As the Moon has been

xposed to the space environment for billions of years since its

ormation, impactors like meteorites and solar wind particles have

een working on the lunar surface materials and generating space

eathering products in the lunar soils, including the reduction of

oil particle size, the accumulation of submicroscopic metallic Fe

SMFe) and the production of agglutinates ( Fischer and Pieters,

994; Hapke, 2001; Pieters et al., 20 0 0; Wilcox et al., 20 05 ). Space

eathering products darken and redden the ultraviolet, visible and

ear-infrared (UV–vis–NIR) spectra and attenuate absorption depth

typically located at 1 μm and/or 2 μm from Fe 2 + in mafic miner-

ls) ( Fischer and Pieters, 1996 ). The degree of space weathering can

e described by the term “maturity”, and higher degree of ma-

urity represents a longer time of exposure to the space ( Lucey

t al., 20 0 0b; McKay et al., 1991; Wilcox et al., 2005 ). Space weath-

ring effect is common for airless bodies in Solar System and need

http://dx.doi.org/10.1016/j.icarus.2016.07.010
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to be decoupled when mapping elemental information from the

remotely acquired VIS–NIR spectral data. 

There have been many attempts using VIS reflectance and

NIR/VIS ratio (e.g., 750 nm and 950/750 nm for Clementine UVVIS

as well as Multiband Imager datasets) and Clementine NIR data

to derive the abundance of FeO with efforts to suppress the

maturity effects from lunar soils spectra ( Blewett et al., 1997;

Fischer and Pieters, 1994; Fischer and Pieters, 1996; Gillis-Davis

et al., 2006; Gillis et al., 2004; Le Mouélic et al . , 20 0 0; Le Mouélic

et al., 2002; Lemelin et al., 2015; Lucey et al., 20 0 0a; Wilcox

et al., 2005 ). In addition to the above empirical band-ratio meth-

ods, statistical regression method such as Multiple Linear Regres-

sion (MLR), Principle Component Analysis (PCA), and Partial Least

Squares Regression (PLS) are also widely used in the derivation of

lunar chemical abundances from remotely-sensed as well as lab-

oratory measured spectral datasets (e.g., Li, 2006, 2008; Pieters

et al., 2006; Pieters et al., 2002; Shkuratov et al., 2003 ). Pieters

et al . (2002) studied the relations among lunar mare mineralogy

and chemistry and reflectance data from Lunar Soil Characteriza-

tion Consortium (LSCC) by PCA, and then built a series of statisti-

cal equations for the estimation of mineral abundances. They then

derived the global distribution of pyroxene minerals content and

maturity parameters using the Clementine UVVIS dataset ( Pieters

et al., 2006 ). PLS is effective in resolving the mutual influence of

variables and has been widely applied in chemical and mineral

estimations of Moon and Mars (e.g., Cousin et al., 2015; Cousin

et al., 2012; Dyar et al., 2012; Li, 2006, 2008 ). Li (2006) quanti-

fied the abundance of lunar soil chemical compositions (including

FeO and TiO 2 ) with LSCC spectral reflectance data using PLS and

PCA regression, and PLS is preferred to PCA for using fewer com-

ponents during regression. Later, Li (2008) transformed the spec-

tral data of LSCC into single scattering albedo to evaluate the abil-

ity of PLS and PCA for estimating the abundance of FeO, Al 2 O 3 and

TiO 2 . Cousin et al. (2015) used PLS to retrieve elemental composi-

tions from the Laser Induced Break-down Spectroscopy (LIBS) spec-

tra of Martian soils derived by the ChemCam onboard the Curiosity

rover. 

Many efforts have estimated the abundance of FeO from the

dataset of the first Chinese lunar hyperspectral imager, using both

empirical band-ratio methods and statistical regression methods.

i.e., Chang’E-1 IIM ( Ling et al., 2016; Ling et al., 2011a; Wang

et al., 2013; Wu, 2012; Wu et al., 2012; Yan et al., 2012 ). Us-

ing band-ratio method, Ling et al. (2011a) derived a FeO algo-

rithm from IIM 757 nm and 891 nm/757 nm images, and produced

a FeO map of southern Mare Crisium, which is consistent with

Clementine results. Following similar methods but adopting the

same hypermature endmember (i.e., x 0Fe = 0.08, y 0Fe = 1.19) as that

of Clementine UVVIS data derived by Lucey et al. (20 0 0a), Wu et

al. (2012) derived the global distribution of iron and titanium us-

ing IIM data. Wu (2012) also applied PLS regression to derive the

abundance of major elements (e.g., FeO, TiO 2 , CaO, Al 2 O 3 , etc.) with

IIM dataset, however, those models have been derived from the

IIM spectral bands (22 bands from 561 to 918 nm) alone, which

has limitations in maturity suppressing. Wang et al. (2013) claimed

that 891 nm performs better than 918 nm for its higher accuracy

in FeO derivation with IIM data. Yan et al. (2012) made a global

FeO map using IIM data and lunar sampling stations published by

Lucey et al. (20 0 0a) , and the global FeO content ranges from 0 to

21 wt% based on their study. However, most of the former IIM FeO

models did not take the influence of TiO 2 content into account or

ignored the space weathering effect. Here we report our work on

FeO and OMAT mapping using the PLS method. The goal of this

work is to explore the utility of IIM hyperspectral data for FeO and

OMAT mapping, and to compare with previous remote sensing de-

rived estimates (e.g. Clementine UVVIS and Lunar Prospector). Dif-

ferent combinations of spectral parameters (reflectance, band ra-
ios, TiO 2 and maturity sensitive parameters) will be tested and

ompared in order to derive a robust PLS-derived FeO and OMAT

odels with Chang’E-1 IIM dataset. 

. Data descriptions 

.1. IIM data set and lunar sampling stations 

Chang’E-1 IIM is the first Sagnac-based push-broom imaging

pectrometer to collect data of the Moon, with the goal to col-

ect the compositional and mineralogical properties of lunar sur-

ace materials. With a global coverage of ∼78% at 200 m/pixel spa-

ial resolution ( Ling et al., 2011b ), data from IIM have higher spec-

ral sampling from 480 to 960 nm than provided by other instru-

ents, and therefore has great potential for improved composi-

ional and space weathering mapping. While due to the limited

esponse of the CCD detector, we only use bands from 513 to

91 nm, which have good signal to noise ratios ( Ling, 2011; Ling

t al., 2011a , Supplementary Table S1). The IIM level 2A dataset

sed in this work has been processed with dark current and flat-

eld calibration, radiometric calibration, etc. ( Ling et al., 2011a )

nd released by Ground Research and Application System (GRAS)

f Chang’E-1 Project ( Zuo et al., 2014 ). In addition, the data we

sed has undergone photometric calibration ( Zhang et al., 2013 ),

nd empirical flat-filed corrections and spectral calibrations ( Ling

t al., 2012, 2014b ), in order to further remove residual artifacts of

IM datasets. 

PLS modeling requires chemical compositions associated with

pectra to quantify the statistical relationship between spectral and

ompositional properties. We use IIM spectra of Apollo and Luna

anding sites for which chemical analysis is available from mea-

urement of soils from those locations from the Moon ( Table 1

nd supplementary Table S2). The chemical compositions of repre-

entative samples from Apollo and Luna sampling sites are ground

ruths for lunar remote sensing studies. Therefore, the accurate po-

itioning of these sites is very important for the FeO and OMAT

apping using Chang’E-1 IIM dataset. We carefully located the 38

ampling sites within IIM images by visual inspection with the aid

f the high spatial resolution images from Lunar Reconnaissance

rbiter Camera (LROC) ( Robinson et al., 2010 ), where most of the

ampling site can be discerned in detail by recognizing their sur-

ounding geological features (see supplementary material Fig. S1).

inally, all the Apollo and Luna sampling stations except Apollo 15

re resolved in IIM images ( Table 1 ). The typical spectra of the sta-

ions are averaged by 2 × 2 or 3 × 3 pixels in order to improve

heir signal-to-noise ratios. 

The abundances of FeO used as the inputs of PLS model are

rom compositions of sampling-site soils ( Blewett et al . , 1997;

ucey et al., 20 0 0a ). OMAT values for the modeling inputs are cal-

ulated by the equations from Lucey et al. (20 0 0b) using Clemen-

ine UVVIS data (from Table 2 of Wilcox et al., 2005 ). The range of

he FeO content for the sampling sites listed in Table 1 is about 4–

0 wt%. Most of the low-Fe data points come from Apollo 16 lunar

oils, which are known not to be typical lunar highland samples

 Gross et al. 2014; Warren, 1990 ). Thus we add a spectrum from

he wall of South Ray crater, which may consist of pure anorthosite

PAN) ( Ohtake et al., 2009 ). The FeO content of this site is re-

arded as 0.5 wt% ( Adams and Goullaud, 1978 ), and TiO 2 content

0.032 wt%) is calculated based on equations from Ling, Zhang, and

iu (2013) , and OMAT value is 0.3, which was calculated from the

ame location of Clementine images by equations from Lucey et al.

20 0 0b) . Fresh lunar regions typically have OMAT values exceeding

.25 ( Lucey et al., 2014 ), while the OMAT values of most sampling

ites included are less than 0.2, except the Apollo 16-S11 site. Thus
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Table 1 

Lunar sampling stations’ coordinates in LROC images, composition and optical maturity (OMAT). 

Site Orbit no. Latitude, °N Longitude, °E boxes FeO (wt%) TiO 2 (wt%) OMAT 

Apollo 11 2218 0 .6733 23 .4847 3 ×3 15 .8 7 .5 0 .13 

Apollo 12 2567 −3 .0089 −23 .4179 3 ×3 15 .4 3 .1 0 .17 

Apollo 14-LM 2562 −3 .6453 −17 .4714 2 ×2 10 .5 1 .73 0 .14 

Apollo 14-Cone 2562 −3 .6327 −17 .4714 2 ×2 10 .3 1 .6 0 .15 

Apollo 16-LM 2224 −8 .9731 15 .5002 2 ×2 5 .6 0 .6 0 .16 

Apollo 16-S1 2224 −8 .9767 15 .4481 2 ×2 5 .4 0 .6 0 .17 

Apollo 16-S2 2224 −8 .9734 15 .4762 2 ×2 5 .5 0 .6 0 .18 

Apollo 16-S4 2224 −9 .0997 15 .5180 2 ×2 4 .6 0 .5 0 .17 

Apollo 16-S5 2224 −9 .0811 15 .5170 2 ×2 5 .9 0 .7 0 .16 

Apollo 16-S6 2224 −9 .0687 15 .5051 2 ×2 6 0 .7 0 .18 

Apollo 16-S8 2224 −9 .0643 15 .4814 2 ×2 5 .4 0 .6 0 .19 

Apollo 16-S9 2224 −9 .0543 15 .4 86 8 2 ×2 5 .7 0 .6 0 .17 

Apollo 16-S11 2224 −8 .8298 15 .4970 2 ×2 4 .2 0 .4 0 .23 

Apollo 16-S13 2224 −8 .8502 15 .5114 2 ×2 4 .8 0 .5 0 .20 

Apollo 17-LM 2212 20 .1908 30 .7717 2 ×2 16 .6 8 .5 0 .14 

Apollo 17-S1 2212 20 .1598 30 .7814 2 ×2 17 .8 9 .6 0 .17 

Apollo 17-S2 2212 20 .1028 30 .5326 2 ×2 8 .7 1 .5 0 .16 

Apollo 17-S3 2212 20 .1739 30 .5657 2 ×2 8 .7 1 .8 0 .15 

Apollo 17-S5 2212 20 .1862 30 .7249 2 ×2 17 .7 9 .9 0 .14 

Apollo 17-S6 2212 20 .2897 30 .7939 2 ×2 10 .7 3 .4 0 .13 

Apollo 17-S7 2212 20 .2898 30 .8091 2 ×2 11 .6 3 .9 0 .14 

Apollo 17-S8 2212 20 .2772 30 .8683 2 ×2 12 .3 4 .3 0 .13 

Apollo 17-S9 2212 20 .2338 30 .8265 2 ×2 15 .4 6 .4 0 .14 

Apollo 17-LRV1 2212 20 .1775 30 .6 84 9 2 ×2 16 .3 8 0 .14 

Apollo 17-LRV2 2212 20 .1834 30 .6435 2 ×2 13 .4 4 .4 0 .13 

Apollo 17-LRV3 2212 20 .1857 30 .6297 2 ×2 14 .8 5 .5 0 .12 

Apollo 17-LRV4 2212 20 .1146 30 .5490 2 ×2 8 .5 1 .3 0 .15 

Apollo 17-LRV5 2212 20 .1874 30 .5897 2 ×2 9 .8 2 .6 0 .15 

Apollo 17-LRV6 2212 20 .1990 30 .5976 2 ×2 10 .3 2 .6 0 .14 

Apollo 17-LRV7 2212 20 .2175 30 .6672 2 ×2 16 .1 6 .8 0 .12 

Apollo 17-LRV8 2212 20 .2072 30 .6918 2 ×2 15 .7 6 .6 0 .13 

Apollo 17-LRV9 2212 20 .2366 30 .7771 2 ×2 14 .6 6 .1 0 .12 

Apollo 17-LRV10 2212 20 .2806 30 .7808 2 ×2 11 .2 3 .7 0 .14 

Apollo 17-LRV11 2212 20 .2734 30 .8619 2 ×2 12 .7 4 .5 0 .14 

Apollo 17-LRV12 2212 20 .2004 30 .8042 2 ×2 17 .4 10 0 .16 

Luna 16 2189 −0 .5129 56 .3675 2 ×2 16 .7 3 .3 0 .13 

Luna 20 2189 3 .7872 56 .6216 2 ×2 7 .5 0 .5 0 .13 

Luna 24 2184 12 .7148 62 .2165 3 ×3 19 .6 1 0 .15 

Apollo15-S9 ∗a 2852 – – 2 ×2 16 .9 1 .8 0 .21 

Pure Anorthosite b 2843 – – 2 ×2 0 .5 0 .032 0 .30 

The compositions are from Table 1 from Lucey et al . (20 0 0a) , and the OMAT values are calculated with Eq. (1) 

from Lucey et al . (20 0 0b) and Clementine reflectance spectra ( Table 2 from Wilcox et al . , 2005 ). The latitude and 

longitude of sampling sites are solved from LROC Quickmap by comparing to the LROC traverse maps. 
a Apollo15-S9 is not covered by IIM data. This site is extracted from where the spectrum is the same with the 

original Apollo15-S9 site with Clementine UVVIS image (File Name: ui31n003). 
b This site is a supplementary data for lunar highland regions located in the wall of South Ray crater, which is 

suggested to consist pure anorthosite by Ohtake et al. (2009) . 

Table 2 

Coefficients (C refers to p in the OMAT model and a, b, c in FeO-1–FeO-3) of the PLS models. 

models C0 C1 C2 C3 C4 C5 C6 C7 

OMAT −0 .495 −0 .131 0 .0089 −0 .491 0 .632 1 .089 −0 .498 −0 .0012 

FeO-1 −10 .097 11 .271 −11 .854 −26 .334 40 .448 20 .011 40 .04 −62 .693 

FeO-2 −15 .575 −3 .069 −2 .985 −3 .479 23 .35 0 .037 16 .803 –

FeO-3 −14 .747 1 .377 −4 .981 −4 .269 22 .127 −2 .691 18 .222 –

w  
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b  

a  

s  

t  
e add the additional fresh data point of Apollo 15-S9 ∗, which can

lso be served as supplementary data of low-Ti, High-Fe soil ( Ling

t al., 2011a ). As all the Apollo 15 sampling sites are not covered by

IM images, we tend to find a substitute site (Apollo 15-S9 ∗) that

as the same spectrum with Apollo 15-S9 using Clementine UVVIS

igital image model from U.S. Geological Survey (USGS). Apollo 15-

9 ∗ is located by spectral matching (least root-mean-squares error)

f Apollo 15-S9 sampling station with its surrounding Clementine

VVIS images (File Names: ui24n0 03.img, ui31n0 03.img), and the

ptimum location is found in Clementine file ui31n003.img. The

orresponding Apollo 15-S9 ∗ site for IIM data is then located by

onnecting IIM image (Orbit Number: 2852) with Clementine im-

ge (File Name: ui31n003.img) using ground control points (GCPs).
.2. Data processing and partial least squares regression 

The PLS models are built using PLS_toolbox from Eigenvector

esearch, Inc. ( http://www.eigenvector.com/software/pls _ toolbox. 

tm ). PLS has been proved to be effective to derive lunar soils

hemical compositions from VIS–NIR spectral data (e.g., Li, 2006 )

s well as terrestrial soil contamination (e.g., Kooistra et al., 2001 ).

s an advanced multivariate statistical method, PLS is aimed to

nd the best latent variables (LVs) based on maximum covariance

etween variables. PLS as a statistical method can be considered

s a combination of principle component analysis (PCA) and clas-

ical component analysis (CCA). Supposing the matrix of predic-

or is X (Dimensions = n ×m ), which is measured from n sampling

http://www.eigenvector.com/software/pls_toolbox.htm
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stations and m variables (e.g., spectral bands, ratios), and the ma-

trix of response is Y (Dimensions = n ×p ), which is measured from

n sampling stations and p variables (e.g., FeO content or OMAT

value, p = 1 in this study). X and Y can be decomposed into the

right side of Eqs. (1) and ( 2 ). T and U are the score matrixes of

X and Y , and their dimensions are n ×a; P and Q are loading ma-

trixes of X and Y , and their dimensions are m ×a ( a is the number

of latent variables). E and F are the error matrixes, and their di-

mensions are same to X and Y respectively. The rule of the decom-

position shown in Eqs. (1) and ( 2 ) is to maximize the covariance

between T and U , and then the correlation relation between T and

U can be derived ( Eq. (3) ), B is the regression coefficient matrix

( n ×n ). Bring Eqs. (1) and ( 3 ) into Eq. (2) , we can get Eq. (4) , which

is the correlation relation between X and Y . 

X = T P T + E (1)

 = U Q 

T + F (2)

 = BT (3)

 = X B + F (4)

Before modeling, all the reflectance spectra are transformed

into absorbance by applying a natural logarithmic function ( Eq. (5 ),

R refers to reflectance and A refers to absorbance, Li, 2006 ). This

relation can be derived based on Beer’s Law assuming zero trans-

mittance and small A . Absorbance is assumed to correlate linearly

with the abundance of chemicals ( Li, 2006; Yen et al., 1998 ). Ow-

ing to the limited number of sampling stations that extracted from

IIM images, all the data are used as the modeling set. In order to

get a more robust result, all the data are mean centered (i.e., sub-

tracting the mean value from the original data) before modeling.

Leave-one-out cross validation (CV) is executed during the mod-

eling to find the best LV number ( Li, 2006 ). Among data from 40

stations, 39 of them is used to build the PLS model, and 1 sampling

site is left out as validation data. Repeating this process until each

data has been left out once and we can get the root-mean-square

error for all the CV models (RMSECV, Eq. (6 )) ( Li, 2006 ). During the

modeling, the LV number is corresponding to the CV model with

minimum RMSECV. 

− ln (R ) = −ln (1 − A ) ≈ A (5)

RMSECV = 

√ √ √ √ 

40 ∑ 

i =1 

( ̂  y i − y i ) 
2 

40 

(6)

3. Correlations between IIM data and chemicals 

We examine the correlations between chemical abundances

(i.e., FeO, TiO 2 ), OMAT and IIM spectral bands for 40 lunar sites

at first, with intent to find the most optimum spectral parameters

(i.e., spectral bands and ratios) for the PLS modeling. The univari-

ate correlations between the absorbance of IIM spectral bands and

the abundance of FeO, TiO 2 and OMAT values are shown in Fig. 1 a,

and these correlation coefficients vary very little with IIM spectral

bands. The band ratios of IIM spectral data from 40 lunar locations

are correlated with FeO, TiO 2 and OMAT respectively, as shown in

Fig. 1 b, c and d. Each point in these three figures represents the

correlation coefficient between the ratio of the related bands (cor-

responding band in y axis versus band in x axis) and the abun-

dances of FeO or TiO 2 or OMAT values. Here we will discuss these

correlation relationships in detail. 

FeO: FeO is highly correlated with absorbance over all IIM

bands, and the correlation coefficients do not vary substantially
higher than 0.95, and the maximum value is 0.966). In contrast,

or band ratios, high correlations seem to concentrate in the upper

eft and lower right triangle in Fig. 1 b, which indicates that larger

nterval of two bands may yield a better estimation of FeO for the

pectral ratio. The three ratios with largest correlation coefficients

re 841 nm/531 nm (0.88), 891 nm/531 nm (0.877), 865 nm/531 nm

0.871). While the band ratio 891 nm/757 nm used by Ling et al .

2011, 2013 ) in the derivation of FeO only has a coefficient of about

.48 based on our modeling. 

OMAT: OMAT correlates inversely with absorbance ( Fig. 1 a).

ost of the coefficients for IIM bands are around −0.65, and the

est is −0.6 6 6 (513 nm). For band ratios, the highest correlation

s 541 nm/797 nm (0.765), and the other two high correlations are

41 nm/673 nm (0.755), 541 nm/704 nm (0.751). 

TiO 2 : Absorbance over all IIM bands are highly correlated

ith TiO 2 abundance with an average correlation of ∼0.81, and

he highest correlations occur at band 738 nm (0.824), 688 nm

0.82), 757 nm (0.817) and 721 nm (0.817).The highest correla-

ion coefficient between TiO 2 abundance and IIM band ratios is

bout 0.8 (738 nm/631 nm), and the correlations higher than 0.75

re located at 738 nm/531 nm (0.8), 757 nm/531 nm (0.768) and

38 nm/513 nm (0.758), respectively. This correlation result is con-

istent with the band ratio 757 nm/522 nm (0.716) used by Ling

t al. (2011, 2013 ) in the TiO 2 derivation. 

. Partial least squares modeling 

.1. Estimating the degree of optical maturity 

Optical maturity (OMAT) is a parameter to measure the space

eathering effect by lunar remote sensing ( Lucey et al., 20 0 0b ).

MAT values using Clementine UVVIS data is defined as the Eu-

lidean distance of a point to the theoretical hyper-mature ori-

in in a 950/750 nm versus 750 nm plot ( Lucey et al., 20 0 0b ). Al-

hough OMAT can be derived based on a similar algorithm from

IM spectra (e.g., Ling et al., 2013 ), our goal is to build a robust

MAT model with multiple spectral parameters, and test its ability

n suppressing the uncertainties caused by chemical compositions

i.e., FeO, TiO 2 ) by comparing to Clementine OMAT values ( Lucey

t al., 20 0 0b ). 

The degree of lunar surface optical maturity is first estimated

sing PLS modeling, and the modeling data is given in Table 1 and

upplementary Table S2. As discussed in Section 3 , maturity is cor-

elated with spectral ratios, thus band ratios can be used to repro-

uce maturity parameters. Three band ratios best correlated with

MAT (541 nm/797 nm, 541 nm/673 nm, 541 nm/704 nm) and four

pectral bands are included as modeling parameters. Since the cor-

elation coefficients of all the spectral bands are similar to each

ther, we apply a cycle modeling method to find the most opti-

um combination of spectral bands: firstly, four bands (e.g., bands

–4) are chosen from 26 available bands, and we combine these

our bands with the three band ratios above to build a PLS model;

econdly, we apply this model to the test region on southern rim

f Mare Crisium ( Fig. 4 a, center coordinate: 61 °E, 11 °N) to eval-

ate its ability in the derivation of OMAT. These band selection

rocesses were repeated 14,950 times until all the combinations

f the 4 bands out of 26 bands have been modeled and applied

o the test region once. Finally, the best spectral bands are deter-

ined based on both the regression coefficients of the PLS regres-

ion and the standard deviation of the OMAT map of the test re-

ion. A higher regression coefficient indicates a better PLS regres-

ion and a lower standard deviation indicates a better ability in

uppressing the compositional differences of OMAT values between

ighland and mare regions. Base on the above rules, we derive the

ost optimum spectral parameters for the OMAT model as shown

n Eq. (7) . In Eq. (7) , A represents absorbance, and the subscript
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Fig. 1. Correlations of IIM modeling data and chemical abundances. (a) Correlations between spectral bands and FeO, TiO 2 , and OMAT respectively, (b) correlation between 

FeO and band ratios, the ratio of each point refers to the band on y axis versus band on x axis (c) correlation between OMAT and band ratios, (d) correlation between TiO 2 
and band ratios. 
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efers to wavelength of the IIM spectral channels in nanometer, p 0 
p 7 are regression coefficients ( Table 2 ). In this case, the four ab-

orption bands and three ratios refers to X and OMAT refers to Y

uring the PLS modeling. 

MAT = p 0 + p 1 A 541 + p 2 A 618 + p 3 A 704 + p 4 A 891 + p 5 
A 541 

A 797 

+ p 6 
A 541 

A 673 

+ p 7 
A 541 

A 704 

(7) 

The PLS regression result of the OMAT model is shown in

ig. 2 a, where the points in the plot represent different sampling

tations, and the coefficient of determination ( R 2 ) is 0.878 and

MS is about 0.012. Considering the uncertainties of reflectance

s less than 15% ( Qiu et al., 2009; Zhang et al., 2013 ), we add a

10% noise into the original IIM reflectance spectra of the sam-

ling stations, and the corresponding error caused by this noise in

he OMAT model is about ±2.6%. When applying the OMAT model

 Eq. (7 )) to IIM image (test region), we can derive the OMAT map

as shown in Fig. 3 b). Comparing the derived IIM OMAT map with

he Clementine UVVIS OMAT map of the same region calculated by
ucey et al. (20 0 0b) algorithm ( Fig. 3 a), the former could also

how the major variations of maturity. High OMAT values repre-

ent low maturity degree, and the red spots shown by Fig. 3 a, b

re fresh craters. From the histogram, our OMAT is consistent with

he results of Lucey et al. (20 0 0b) , but IIM OMAT result is more

niformly distributed ( Fig. 3 c). The small peak pointed out by an

rrow ( Fig. 3 c) in Lucey et al. (20 0 0b) result, reveals a bimodal

istribution of OMAT degree in lunar highland and mare regions.

owever, the small peak of highland materials is invisible in IIM

esult ( Fig. 3 c), indicating the IIM OMAT model is more efficient

n suppressing lunar composition effects than that the band ratio

lgorithm. 

.2. PLS modeling for FeO 

Here we conduct PLS regressions of FeO in terms of physi-

al parameters, i.e., taking both the space weathering and com-

ositional effects (TiO 2 ) into consideration. The modeling data are

isted in Table 1 and supplementary Table S2. Spectral bands and

and ratios are both adopted in the FeO model. The spectral
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Fig. 2. Regression results of the PLS models. (a) The regression result of the OMAT model ( Section 4.1 ). (b, c, and d) Regression results of the three FeO models resepctively 

( Section 4.2 ). 

Fig. 3. Optical maturity (OMAT) maps of the test region (center coordinate: 61 °E, 11 °N). (a) Lucey et al . (20 0 0b) result, (b) partial least squares (PLS) modeling result for IIM 

data using Eq. (7) , high OMAT value refers to low maturity degree. (c) Histograms for (a) and (b). 
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atios that best correlate with FeO, TiO 2 or OMAT are added into

he FeO models for the suppression of compositional and/or matu-

ity effects. The bands selection for FeO modeling follows the sim-

lar procedures to the OMAT modeling as discussed in Section 4.1 .

hree models (FeO-1–FeO-3, Eqs. (8 )–(10) ) using different param-

ters (bands, band ratios, OMAT and TiO 2 content) are examined

n order to evaluate their ability in the derivation of FeO content

hile suppressing the maturity effect. In Eq. (8 )–(10) , A represents

bsorbance, and the subscript refers to wavelength of the IIM spec-

ral channels in nanometer, a, b and c are regression coefficients

 Table 2 ). 

The first model (FeO-1, Eq. (8 )) is built based on spectral pa-

ameters alone, which is widely used by former statistical stud-

es in the derivation of chemical contents ( Li, 20 06, 20 08; Pieters

t al., 2006; Pieters et al., 2002; Shkuratov et al. , 2003 ).

e add three band ratios (891 nm/531, 865 nm/531 nm and

41 nm/531 nm) that best correlate with FeO abundances. Le

ouelic et al. (20 0 0) suggested that band ratio could provide an

valuation of spectral alteration caused by space weathering effect.

esides, these ratios are well correlated with OMAT values, there-

ore, they can also contribute as maturity suppressing indexes. a 0 –

 7 are PLS regression coefficients for the modeling ( Table 2 ). In this

ase, the four absorption bands and 3 ratios refers to X and FeO

efers to Y during the PLS modeling. 

 eO − 1 = a 0 + a 1 A 561 + a 2 A 594 + a 3 A 704 + a 4 A 891 + a 5 
A 841 

A 531 

+ a 6 
A 865 

A 531 

+ a 7 
A 891 

A 531 

(8) 

Le Mouélic et al . (20 0 0) and Gillis et al. (2004) pointed out that

he abundance of TiO 2 would affect the abundance of the derived

eO. The presence of opaque minerals (dominated by TiO 2 -rich il-

enite) will reduce the spectral contrast in iron-bearing silicates.

o take the influence of titanium into consideration, two FeO mod-

ls including parameters related to TiO 2 are built. TiO 2 abundances

r OMAT values are directly added into the models to explore their

bility in mineral or maturity suppressing, while at the same time,

t is important to keep the independence of FeO model and avoid

oo much variances introduced from other algorithms. Therefore,

e only add one extra term (TiO 2 abundance or OMAT value) into

he next two FeO models ( Eqs. (9 ) and ( 10 )), and the other one

s represented by spectral ratio that best correlate with TiO 2 abun-

ance or OMAT value. In FeO-2 ( Eq. (9 )), band ratio 738 nm/631 nm

s added as a TiO 2 sensitive parameter for its largest correlation

oefficient, and OMAT performs as maturity sensitive parameter.

 0 –b 6 are coefficients for Eq. (9) ( Table 2 ). Model-3 ( Eq. (10 )) adds

iO 2 abundance to accommodate the variation of titanium content

nd the band ratio 541 nm/797 nm that best correlated with OMAT

or the suppression of maturity. c 0 –c 7 are coefficients for Eq. (10) ,

s shown in Table 2. 

eO − 2 = b 0 + b 1 A 522 + b 2 A 594 + b 3 A 757 + b 4 A 865 + b 5 
A 738 

A 631 

+ b 6 OMAT (9) 

eO − 3 = c 0 + c 1 A 561 + c 2 A 594 + c 3 A 704 + c 4 A 891 + c 5 Ti O 2 

+ c 6 
A 541 

A 797 

(10) 

.3. Regional validations of PLS-derived FeO 

The PLS regression results of the FeO models are shown in

ig. 2 , and the points in the plot represents FeO contents of

he sampling stations. The coefficients of determination for all
he three models are higher than 0.94. Considering the uncer-

ainties of reflectance is less than 15% ( Qiu et al., 2009; Zhang

t al., 2013 ), we add a ±10% noise into the original IIM re-

ectance spectra of the sampling stations, and the correspond-

ng error caused by this noise in the FeO models are: ±1.33 wt%

FeO-1), ±1.12 wt% (FeO-2) and ±2.20 wt% (FeO-3). As shown in

ig. 2 , FeO-1 has the highest coefficient of determination ( R 2 =
.946) and lowest root-mean-square (RMS) value (1.129), and FeO-

 has the lowest coefficient of determination ( R 2 = 0.941) and

ighest RMS value (1.188), FeO-2 provides an intermediate re-

ults ( R 2 = 0.943, RMS = 1.162). However, the regression result

hould not be the only criteria for the evaluation of FeO mod-

ling; further verification and validation is accomplished by ap-

lying these models to lunar spectral images. Two validation re-

ions are selected for this purpose: one is from the south region

f Mare Crisium (center coordinate: 61 °E, 11 °N, Fig. 4 a), located

round the border of mare and highland regions; the other one

s from Oceanus Procellarum (center coordinate: 39.5 °W, 15 °N, Fig.

 b), and is suggested to be low-Ti and high-Fe soils ( Lucey et al.,

0 0 0a ). The FeO maps derived from these two regions are shown

n Fig. 4 , and the corresponding statistical results are shown in

ig. 5. 

In Fig. 4 , it can be observed that most of the fresh craters exhib-

ted to be bright in the reflectance images are invisible from all the

LS-derived FeO maps, which indicates that the maturity has been

ell suppressed by the PLS models. The homogeneity (can be mea-

ured by standard deviation) of FeO-1 iron map is worse than the

aps of other two FeO models, which might be induced by the

oise of IIM images or a worse maturity suppressing ability. The

eO maps of Model-2 and Model-3 are very similar to the result

f Ling et al. (2013) , whose model is based on band-ratio method

ollowing Lucey et al. (20 0 0a) , indicating that the maturity sup-

ressing ability of Model-2 and Model-3 are as good as band ratio

lgorithm. 

The histograms of FeO content in Fig. 5 a have a bimodal distri-

ution, the left peak (peak1) represents the abundance of FeO in

ighland region and the right peak (peak2) presents that in mare

egion. The lower iron values in the highlands are due to abun-

ant plagioclase, while mare regions are filled with Fe-rich mafic

asalts. We resample the same region of Clementine UVVIS im-

ges (at 100 m/pixel) to IIM resolutions (at 200 m/pixel) by 2 ×
 pixels average, making it convenient for comparing our result

ith Lucey et al. (20 0 0a) result. The FeO contents for peak1 of

he three PLS models are almost the same (9–10 wt%), and this

alue is about 1.5 wt% higher than that derived by Ling et al.

2013) . As for the FeO content of peak2, the result of PLS Mod-

ls are around 16 wt%, which is 0.1–0.3 wt% higher than the re-

ult of Ling et al. (2013) . The FeO content of peak1 and peak2

rom Clementine iron map are 9.0 and 16.9 wt%, and peak2 value

s ∼0.9 wt% higher than IIM. The effect of TiO 2 content in FeO

apping is examined by PLS modeling with the mare region of

est Oceanus Procellarum ( Fig. 4 b), where is low-Ti and high-Fe

asalts. The average abundance of TiO 2 for this region is ∼2.8 wt%

s calculated by the equations from Ling et al. (2013) . As shown

y Fig. 5 b, the peak value of FeO concentrations derived by FeO-

 (14.9 wt%) and FeO-2 (14.6 wt%) are higher than the results

f Ling et al. (2013) (14.4 wt%). Gillis et al. (2004) find that af-

er adjusting the effect of TiO 2 , a higher FeO content can be

erived from the FeO algorithm for high-Fe, low-Ti soils. How-

ver, although Model-3 directly add TiO 2 content as a parameter

hile modeling, it has the lowest FeO content (14.2 wt%), imply-

ng the TiO 2 compositional effects is worse constrained in com-

arison with the other two models. FeO-2 is both sensitive to

he compositional effect of TiO 2 and performs well in maturity

uppressing, thus is our favored PLS-derived FeO model in this

tudy. 
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Fig. 4. Reflectance at 757 nm from IIM, and FeO maps derived from Lucey et al . (20 0 0a), Ling et al . (2013) and from the three FeO models presented herein. (a) The south 

of Mare Crisium, and this region contains both mare and highland area (center coordinate: 61 °E, 11 °N). (b) East Oceanus Procellarum (center coordinate: 39.5 °W, 15 °N), the 

soil of which is suggested to be low-Ti and high-Fe based on the Clementine global FeO and TiO 2 maps derived by the equations from Lucey et al . (20 0 0a) and IIM map by 

the equations from Ling et al . (2013) . 
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5. Global mapping of FeO and OMAT 

5.1. Global distributions of FeO 

We derive the global distribution of FeO by applying FeO-2 to

the global mosaic of IIM dataset ( Fig. 6 a). The nearside mare basins

show abundant FeO, while the farside is short of FeO. This result

is to be expected due to the fact that the mare basalts consist of

FeO-rich mafic minerals and highland rocks are mainly FeO-poor

feldspathic minerals ( Taylor et al., 2006 ). In order to further cor-

rect potential systematic errors of our global FeO quantification we

compare the PLS-derived global FeO map with that derived from

LP gamma ray spectrometer (GRS) data ( Prettyman et al., 2006 ).
P-GRS FeO map is more reliable through direct measures (the

ounting rate of 7.6 MeV gamma ray lines) of iron abundances im-

une to possible space weathering effects ( Lawrence et al . , 2002 ),

lthough it has coaser spatial resolution ( > 15 km/pixel) than that

f IIM ( ∼200 m/pixel). By resampling the IIM and LP maps into

he same spatial resolution (0.5 °/pixel, Fig. 6 b), it is evident that

ost of the differences of the FeO distributions between the re-

ult of PLS and LP are within ±3.0 wt%, while LP derived a much

igher FeO content in middle Mare Imbrium and Oceanus Procel-

arum. PLS-derived FeO map seems to have higher FeO values in

igh latitude areas, which might be the result of topographic shad-

ng (caused by large phase angle) and/or residual effect of photo-

etric correction in these regions ( Lucey et al., 1998a ). PLS-derived



L. Sun et al. / Icarus 280 (2016) 183–198 191 

Fig. 5. Histograms corresponding to the FeO maps shown in Fig. 4 , and derived from different models. 
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eO map shows an overestimation in high latitude regions and an

nderestimation in mare regions, suggesting further calibration is

eeded for the quantification of FeO contents. 

We resample IIM FeO map and LP-GRS FeO map ( Prettyman

t al . , 2006 ) to the same 0.5 ° resolution, and scatter plot LP ver-

us PLS result in Fig. 7 a, the correlation between them is quadratic

ather than linear ( Lawrence et al., 2002 ). The PLS-derived FeO val-

es are corrected by LP-GRS result with a quadratic fitting ( Eq. 11 ).

fter the correction, a linear relationship can be achieved between

IM and LP FeO maps ( Fig. 7 b). 

P = (0 . 0731 PL S 2 ) + (−0 . 3934 PLS ) + 4 . 0885 (11)

The corrected IIM FeO map (PLS corrected) is shown in Fig. 6 c.

he former global mode of the PLS-derived FeO content is ∼7.2 wt%
nd the cut off value is ∼20 wt% ( Fig. 8 ). After the correction, the

eO map is improved by a decrease in highland FeO content and

n increase in mare FeO content ( Fig. 6 ). The global mode (4.8 wt%)

nd mean value (7.4 wt%) of this FeO map is more consistent with

he result of Prettyman et al. (2006) (mode = 4.7 wt%, mean =
.3 wt%) ( Fig. 8 ). The global mode of the FeO map from Clemen-

ine spectral reflectance (CSR) is ∼5.8 wt% after being linearized by

P-GRS data ( Lawrence et al., 2002 ), and it is about 1.0 wt% higher

han our result. Korotev et al. (2003) obtained an average FeO con-

ent of 4.4 ± 0.6 wt% from a systematic study of 11 feldspathic me-

eorites, indicating the FeO concentrations of typical anorthositic

unar highlands are less than 5.0 wt%. The global mode of a FeO

ap is representative of the peak FeO concentrations in lunar

ighland regions. The mode of the corrected PLS (4.8 wt%) FeO
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Fig. 6. Global maps derived from IIM mosaic, all of the maps are at 800 m resolution except that the image in (b) has been resampled to 0.5 ° /pixel, and background is 

Kaguya topography. (a) The FeO map derived from PLS Model-2 ( Eq. 9 ). (b) The difference between the FeO map using the PLS FeO-2 model and the LP-GRS map from 

Prettyman et al . (2006) . (c) is the FeO map of the corrected PLS Model. 
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Fig. 7. The 2D scatter plots of global FeO maps derived by PLS versus FeO from LP-GRS derived by Prettyman et al. (2006) , (a) LP versus PLS results, (b) LP versus corrected 

PLS results. All the maps have been resampled to 0.5 ° /pixel and the red line is the 1:1 line. 

Fig. 8. Histograms of the global distribution of FeO content, with the frequency being normalized to 1.0. From the top to bottom are: the result of PLS model FeO-2 and 

PLS model FeO-2 result corrected by the FeO map of LP-GRS, LP-GRS result at 2 ° resolution derived by Prettyman et al. (2006) , LP-GRS result of Lawrence et al. (2002) and 

the linearized result of Clementine spectral reflectance (CSR) ( Lawrence et al., 2002 ). For the convenience of comparison between these works, all the maps used to derive 

histograms have been resampled to 0.5 ° resolution. The average FeO content of Apollo 16 sampling sites (5.3 wt.%) is marked with a dashed line. 
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ap and Prettyman-2006 (4.7 wt%) FeO map are more consistent

ith lunar feldspathic meteorites study than the others mentioned

bove ( > 5.0 wt%). According to the geochemical studies of lunar

eldspathic meteorites (which are assumed as randomly sampling

he lunar highlands) and their incompatible elements, the Apollo

6 highland samples have been suggested not to be typical high-

and soils ( Gross et al. 2014; Korotev et al . , 2003; Warren, 1990 ).

he FeO contents of representative Apollo 16 lunar samples ( Lucey

t al., 20 0 0a ) are ∼5.3 wt% on average (indicated by the dashed

ine in Fig. 8 ). The global mode of the corrected PLS FeO map is

.8 wt%, suggesting that most of the highland materials are poorer

n Fe (more anorthositic) than Apollo 16 lunar samples. Thus our

eO mapping of highland regions supports that Apollo 16 soils may

ot be typical highland soils. We also examined the FeO abundance
t the Chang’E-3 (CE-3) landing site using the corrected PLS FeO

ap, and the value is ∼20.7 wt%, in accordance with 22.8 ± 2.1 wt%

easured by the active particle-induced X-ray spectrometer (APXS)

nboard Yutu rover ( Ling et al., 2015 ). Therefore, the corrected PLS

eO map is in agreement with the both the low-FeO (feldspathic

eteorites) and high-FeO (CE-3 site) endmembers, and moreover,

t combines the advantages of high resolution of IIM images and

he accurate FeO content of LP-GRS. 

The global distribution of FeO contents can be used as the dis-

riminators for different types of lunar surface materials (e.g., min-

rals assemblages, soils, and rock types). We classify the abun-

ance of FeO into 6 groups (3 for highlands and 3 for mare re-

ions) with corrected PLS FeO map ( Fig. 9 a), with intent to bet-

er understand the iron distribution of different lunar terrains.
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Fig. 9. (a) Lunar global FeO map derived from the corrected PLS model FeO-2 (same to Fig. 6 c, but with different classification of iron values), (b) global OMAT map derived 

from the OMAT model ( Eq. (7 )). 
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According to the lunar sample analysis ( Haskin and Warren, 1991 ),

the boundary of highlands and mare can be determined as 8–

10 wt% FeO, i.e., < 8 wt% FeO regions are classified as highlands,

> 10 wt% FeO regions are classified as mare. Highland regions show

an inhomogeneous FeO distribution ( Fig. 9 ) and can be further di-

vided into two parts: the feldspathic highland region (0–5 wt%)

and the mixed highland region (5–8 wt%). Except for the felds-

pathic materials located near Orientale and Tycho, the feldspathic

highland region is mostly concentrated in the northern farside

of the Moon, which is consistent with the Feldspathic Highlands

Terrain (FHT) proposed by Jolliff et al. (20 0 0) . The mixed high-

land regions are evident (in Fig. 9 a) on the boundaries between

those feldspathic highlands and mare regions, which is probably

caused by the contamination from the high-FeO basaltic ejecta

of the nearside mare. Mare regions are classified to three kinds

of FeO concentrations: ultrahigh ( > 20 wt%), high (16–20 wt%) and

medium (10–16 wt%). Different geological basaltic units can be

distinguished via the variation of FeO abundances. Regions from

northern Oceanus Procellarum, northeast Mare Imbrium and Si-

nus Iridum have medium FeO concentrations and are regarded

as older Imbrian basalts ( Hiesinger et al., 20 0 0; Thiessen et al.,
 c  
014 ). Whereas the western Oceanus Procellarum and central Mare

mbrium have high to ultrahigh FeO concentrations and are con-

idered to be younger Eratosthenian lava flows ( Hiesinger et al.,

003; Thiessen et al., 2014 ). We also compare the FeO abun-

ance of corrected PLS model with LP-GRS FeO map ( Prettyman

t al., 2006 ) and the linearized CSR FeO map ( Lawrence et al.,

002 ) for SPA region after resampling these three maps to the

ame 0.5 ° resolution. SPA region is suggested to contain LKFM

Low-K Fra Mauro) basalt, which has ∼8.8 wt% FeO on average

 Lawrence et al., 2002; Lucey et al., 1998b; Vaughan and Head,

014 ). The peak concentration of FeO for SPA region derived by

orrected PLS model is ∼9.0 wt%, with some exposures exceed-

ng 10 wt% ( Fig. 10 ). Our result is consistent with the hypoth-

sis that SPA consists of LKFM rocks with some enrichment of

eO-rich upper mantle materials ( Jolliff et al., 20 0 0; Lawrence

t al., 2002; Lucey et al., 1998b ). 

.2. The relation of OMAT and age for young mare basaltic units 

A maturity parameter is intended to reflect the long-term ac-

umulation of space weathering products, such as SMFe and ag-
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Fig. 10. Histograms of the FeO abundances for SPA region. The LP FeO map ( Prettyman et al., 2006 ), linearized CSR FeO map ( Lawrence et al . , 2002 ; Lucey et al . , 20 0 0) and 

corrected PLS FeO map of IIM (this work) has been resampled to 0.5 ° before comparison. 
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lutinates ( Fischer and Pieters, 1994 ). The OMAT value is one of

he maturity indices widely used for lunar spectral remote sensing

tudies (e.g., Lucey et al., 20 0 0b; Nettles et al., 2011 ). In principle,

MAT values should relate to the ages of certain lunar rock units,

hich are determined by the duration time of space weathering

hat lunar materials have undergone. Fresher materials have been

xperienced a shorter time of space weathering, thus have high

MAT values; older materials have experienced a longer time of

pace weathering, thus have low OMAT values, and their maturity

ight have already saturated ( Lucey et al . , 20 0 0b ). However, dif-

erent compositional and mineralogical features of lunar rock units

lso affect their VIS-NIR spectral features, thus lead to complex ef-

ects need in-depth analysis. In fact, the Moon is a very nice "labo-

atory" for our understanding of billions of years space weathering

ffects on its surface units, especially those young lunar basaltic

nits whose OMAT may not saturated. 

The global OMAT map derived from Eq. (7) is shown in Fig.

 b. This map shows the lunar highland and mare regions have

o obvious dichotomy, indicating the compositional differences be-

ween those two terrains have been well suppressed in our OMAT

apping . Young lunar craters (e.g., Tycho and Aristarchus) usually

ave OMAT values higher than 0.25 ( Lucey et al., 2014 ) with bright

jecta rays in our OMAT map, thus this OMAT map can be used as

 tool to distinguish young impact events. 

It has been shown that OMAT would be saturated for mature

Is/FeO ≥ 50) lunar soils ( Lucey et al., 20 0 0b ). Young lunar mare

asalts have undergone less space weathering and their OMAT

ay have not reached saturation. Therefore, we can correlate their

MAT values with ages, in order to estimate the space weather-

ng effects on lunar basalts with different ages. Here we make a

tatistics of the OMAT values of 41 youngest ( < 3.0 Ga) lunar mare

nits ( Morota et al., 2011 ) (including 29 units from Oceanus Procel-

arum, 10 units from Mare Imbrium and 2 units from Mare Insu-

arum). During the calculation of the average OMAT value for each

asaltic unit, the individual statistical area for OMAT is carefully

elected within the crater size-frequency counting areas used by

orota et al. (2011) . We exclude those obvious visible large and/or

resh craters and their ejecta in case of their influences of the

true” OMAT values of the local mare basalts. The OMAT values,

eO and TiO 2 contents of 41 geological units are listed in Table 3 ,

nd their OMAT values versus ages are plotted in Fig. 11 . The FeO

 

ontent is calculated with Eq. (9) and the TiO 2 content is calcu-

ated with equations from Ling et al. (2013) . For the convenience

f comparisons, we divide these units into three groups based on

heir FeO and TiO 2 contents: ultrahigh-Fe & Ti (FeO > 20 wt% and

iO 2 > 10 wt%), high-Fe & Ti (FeO ≈ 16–20 wt% and TiO 2 ≈ 8.5–

0 wt%) and medium-Fe & Ti (FeO < 16 wt% and TiO 2 < 8.5 wt%)

 Giguere et al., 20 0 0; Ling et al., 2014a ). 

An overall inverse correlation ( Fig. 11 ) shows older lunar basalts

end to have lower OMAT values. This is to be expected that older

unar mare surface has undergone longer exposure time and thus

ccumulated more space weathering products including SMFe and

gglutinates. For units with ultrahigh-Fe & Ti, OMAT shows a weak

orrelation with age ( R 2 < 0.01, Fig. 11 ). Whereas the OMAT shows

 relatively good linearity with age for units has medium to high-

e & Ti ( R 2 ≈ 0.45, Fig. 11 ). Hence, OMAT is correlated with age for

unar young basalts with medium to high-Fe & Ti. 

OMAT of ultrahigh-Fe & Ti units are weakly correlated with

ges, which may be the result of: 

(1) The spectroscopic influence of abundant ilmenite. Ultrahigh

TiO 2 content of the lunar soils suggest the existence of

abundant ilmenite, which would lead to blue shift and flat-

ter of the VIS-NIR spectra ( Hapke et al., 1975; Lucey et al.,

1998a ). While the maturity effects of lunar soils will in-

duce a red shift of the observed remotely sensed spectra

( Hapke et al . , 1975; Lucey et al., 1998a ). Therefore, the pres-

ence of ilmenite would reduce the spectral reddening effect

of lunar soils, which thus appear to be fresher (i.e., higher

OMAT value) materials. On the other hand, the existence of

opaque mineral (i.e., ilmenite, Isaacson et al . , 2011 ) would

also make the soils appear to be darker and more mature.

These two phenomena compete with each other yet coexist

in ilmenite-rich basaltic soils. Ultrahigh-Fe & Ti units tend

to be fresher than other groups based on our observations

of young basaltic units ( < 3Ga), suggesting the bluish effect

of the ilmenite may dominate the reflectance variations. 

(2) The unique space weathering mechanism of ultrahigh-Fe &

Ti soils. That means ilmenite may have gone through a dif-

ferent weathering processes from other minerals. Fu et al .

(2012) simulated the space weathering process of ilmenite

using terrestrial samples, and they measured the reflectance

spectral variations from 375 to 2500 nm. After being irradi-
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Table 3 

The OMAT, age and chemical contents of 41 geological units. 

Unit a Age (Ga) a Omat b FeO (wt%) b TiO 2 (wt%) b Unit a Age (Ga) a Omat b FeO (wt%) b TiO 2 (wt%) b 

P60 1 .73 0 .160 19 .3 9 .7 P36 2 .48 0 .138 12 .8 7 .0 

P59 1 .81 0 .144 16 .4 8 .6 P35 1 .5 0 .153 24 11 .2 

P58 1 .91 0 .143 16 .9 8 .8 P34 2 .87 0 .147 22 10 .6 

P57 1 .73 0 .152 22 .5 10 .8 P32 1 .79 0 .151 20 .6 10 .1 

P56 2 .34 0 .135 16 .9 8 .9 P28 2 .87 0 .135 12 .7 6 .9 

P55 2 .5 0 .138 17 .9 9 .3 P27 2 .73 0 .151 21 10 .3 

P54 2 .06 0 .144 19 .8 9 .9 P25 2 .05 0 .145 17 8 .8 

P53 2 .1 0 .144 20 .2 10 .0 P24 2 .6 0 .152 20 .4 10 .1 

P52 1 .87 0 .151 20 .8 10 .2 IN4 2 .31 0 .155 14 .1 7 .4 

P51 1 .84 0 .154 19 .8 9 .8 IN3 2 .1 0 .149 17 .4 8 .9 

P50 2 .2 0 .158 16 .9 8 .7 I30 1 .96 0 .151 16 .6 8 .7 

P49 1 .71 0 .150 24 11 .2 I29 1 .86 0 .147 18 .6 9 .5 

P48 1 .85 0 .153 14 .6 7 .8 I28 2 .01 0 .144 19 .3 9 .7 

P47 2 .19 0 .149 20 .9 10 .3 I27 2 .44 0 .127 14 .4 7 .8 

P46 1 .76 0 .150 17 .4 8 .9 I26 1 .98 0 .142 18 9 .3 

P45 1 .88 0 .155 22 .5 10 .7 I25 2 .55 0 .139 14 .2 7 .7 

P44 2 .15 0 .148 23 .5 11 .2 I24 2 .48 0 .125 15 .4 8 .3 

P43 1 .58 0 .147 21 .6 10 .5 I23 2 .68 0 .135 15 .6 8 .3 

P40 2 .56 0 .132 14 .6 7 .9 I22 1 .98 0 .138 20 10 .1 

P39 1 .97 0 .137 17 .5 9 .1 I4 2 .04 0 .148 19 .1 9 .6 

P38 1 .91 0 .146 18 .8 9 .5 

a The counting area of each unit is according to the work of Morota et al. (2011) , and fresh craters as well as ejecta of fresh 

craters are excluded to avoid contamination from fresh materials. 
b OMAT is calculated with Eq. (7) , FeO content is derived from the corrected PLS model (FeO-8) and TiO 2 content is calculated 

using equations of Ling et al . (2013) using IIM spectral images. 

Fig. 11. OMAT versus Age of geological units from lunar nearside mare for medium, high and ultrahigh Fe & Ti. Medium Fe & Ti units (pluses) correspond to geological units 

with < 16 wt% FeO and < 8.5 w t% TiO 2 , high-Fe & Ti units (asterisks) correspond to geological units that have 16–20 wt% FeO and 8.5–10 wt% TiO 2 , ultrahigh-Fe & Ti units 

(triangles) correspond to geological units that have > 20 wt% FeO and > 10 wt% TiO 2 . The dashed line is a regression line fit medium to high-Fe & Ti units and the correlation 

coefficient is ∼0.45. The dotted line represents a regression fit to units with ultrahigh-Fe, Ti and the correlation coefficient is below 0.01. The OMAT value and age of the 

landing site of Chang’E-3 (20.66 wt% FeO, 10.23 wt% TiO 2 ) has been marked with a square on the plot. 
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ated with 50 keV He + , higher reflectance and stronger ab-

sorption features are observed from ilmenite spectra, sug-

gesting the ilmenite has become fresher ( Fu et al . , 2012 ).

When the abundance of ilmenite reaches a high level (e.g.,

10 wt%), the reflectance of the lunar soils may be signifi-

cantly affected and presented to be fresher. 

The different trend of ultrahigh-Fe & Ti basalts is caused by

abundant ilmenite, but the detailed space weathering process of

ilmenite are complicated and need more experimental work to val-

idate. 
. Conclusions 

New OMAT and FeO models of Chang’E-1 IIM data are built

ith Partial Least Squares regression considering the influence of

iO 2 abundances and space weathering effect. Global FeO cor-

ected with LP-GRS FeO map shows a quantitatively reasonable

esult, which is consistent with previous remote sensing results

 Ling et al., 2016; Ling et al . , 2011b; Prettyman et al., 2006 ) as

ell as lunar feldspathic meteorite studies ( Korotev et al., 2003 )

nd the Chang’E-3 landing site ( Ling et al., 2015 ). Although the

avelength range of IIM spectra are limited, a valid FeO model was
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till achieved with PLS regression and physical parameters, indicat-

ng this method is promising for other imaging spectral datasets

imilar to IIM (e.g. Visible and InfraRed (VIR) on DAWN and Mer-

ury Dual Imaging System (MDIS) on MESSENGER). Based on the

ew FeO map by Chang’E-1, we discover an obvious compositional

nhomogeneity across lunar highland regions, which have not been

uggested by previous datasets (e.g., Clementine UVVIS). Further-

ore, we suggest that at least part of the FeO enrichments would

e caused by mixing of highland and mare, as the FeO enrich-

ent are seen around the major mare regions. The new PLS de-

ived OMAT map is effective in suppressing the compositional dif-

erences between highlands and mare regions. We examined the

orrelation between OMAT and age for basalts younger than 3 Ga

nd find that OMAT values show a linear decrease with ages, sug-

esting the OMAT value is well correlated with the age of young

unar basalts with medium to high FeO ( < 20 wt% FeO) and TiO 2 

 < 10 wt% TiO 2 ) contents. Basaltic units with ultrahigh FeO and

iO 2 , OMAT values tend to be higher and varies little with ages,

hich may be the result of the unique optical maturity effects of

bundant ilmenite. 
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