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Introduction:  Accurate knowledge of the distribu-
tion and the abundance of TiO2 of the lunar surface is
key to understanding the magmatic history and thermal
evolution of the Moon. TiO2 abundance maps were de-
rived by various studies using multiple remote-sensing
datasets. The  UV sensitivity of the Lunar Reconnais-
sance  Orbiter  Wide  Angle  Camera  (WAC)  enables
quantification of the unique spectral shape of ilmenite
that increases toward shorter wavelengths from visible
to UV, whereas reflectance for other  major lunar sili-
cate  minerals  decreases  into  the  UV.  The  WAC
321/415 nm ratio derived TiO2 map [1] was sensitive
down to TiO2 abundances of 2 wt% (corresponds to the
dominance of ilmenite in  the total TiO2 content). Be-
low 2 wt% range for the WAC TiO2 map, a new algo-
rithm was proposed by [2,3]. It utilizes the 566/689 nm
ratio that correlates with the content of pyroxene, the
other TiO2 bearing mineral. The algorithm is valid only
for  mature soils;  for  immature soils it  gives a  lower
limit. Based on this new algorithm, here we created a
new merged WAC TiO2 map with no limit of the valid
range, and we compared it with other pre-existing TiO2

maps.
Methodology:  We  used  the  WAC  seven  color

semi-global mosaic created by [4] (400 m/pixel at the
equator, 70°S to 70°N in latitude). The new TiO2 algo-
rithm [2,3] first calculate two TiO2 values: 

where r(566/689) and r(321/415) correspond to the I/F
ratio of 566 nm over 689 nm and 321 nm over 415 nm,
respectively.  Then  the  final  TiO2 values  (hereafter
called WACTiO2) are derived by the following condi-
tion:

We compared the new WAC based map with the
TiO2 map  derived  from the Clementine  UVVIS 415
and 750 nm bands (200 m/pixel) [5] (hereafter called
CLMTiO2)  and  the  Lunar  Prospector Gamma-Ray
Spectrometer (GRS) based map  (1 pixel/degree) [6,7]
(hereafter  called  LPTiO2).  We  down-sampled  both
maps of WACTiO2 and CLMTiO2 to 32 degrees/pixel
to minimize the residuals of photometric normalization
along steep slopes. We also down-sampled WACTiO2

to the resolution of LPTiO2 (1 pixel/degree)  and ap-
plied the same smoothing filter as [1] to simulate the
GRS’s large footprint with the WAC data. 

Results:  First, we examined the incompatible re-
gions with the new TiO2 algorithm. From the scatter
plot of TiO2(321/415) vs. TiO2(566/689) (Fig.  1), we
defined the regions from  1 to 4  (Fig.  1, R1-R4).  Re-
gions 2  and  4  are  the  incompatible  regions  where
TiO2(566/689) is higher than TiO2(321/415) and lower
than 0 wt%, respectively.  In a map view (Fig.  2), re-
gion 2 has less than 0.04% of areal fraction and domi-
nantly  corresponds to abnormal pixels (such as shad-
ows). Thus we consider that region 2 is negligible. 

The region 4 is mainly located on immature high-
land  ejecta,  dominated  by  anorthositic  materials  [8]

Figure  1. Density plot of TiO2(321/415) vs TiO2(566/689) for
the whole area of WAC semi-global mosaic (70°S to 70°N). R#
indicates the region number.  

Figure  2. Spatial distribution of the R1 (black), R2 (red) and
R4 (blue) in Fig.1. 

Figure 3. WAC TiO2 map based on the algorithm proposed by
[2,3].  The  spatial  extent  is  from  180°W to  180°E,  70°S  to
70°N. 
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with TiO2 values close to zero. Since an immature low-
TiO2 soil [2,3] is not covered by the new algorithm and
is supposed to have too low TiO2 values, the region 4
negative values are an expected result. The semi-global
view of the new WACTiO2 map (Fig. 3) has no notice-
able offset at the 3 wt% transition. 

Compared to the CLMTiO2,  the WACTiO2 of re-
gion 1 is consistently lower (~2.5 wt% on average; Fig.
4 top). For TiO2 values less than 3 wt%, the WACTiO2

values are greater than (up to twice on average) those
of  the  CLMTiO2.  In  the  map  view of  CLMTiO2 –
WACTiO2 (Fig.  4 bottom), the maria are dominantly
red (= CLMTiO2 > WACTiO2) except  Mare Frigoris
and northern portions of Imbrium and Procellarum. In
the  highlands,  mature  regions  are  typically  blue  (=
CLMTiO2 < WACTiO2), and the immature ejecta (set
WACTiO2 = 0 wt%) are displayed in red. 

The difference between the LPTiO2 and WACTiO2

is relatively  small (-0.1 wt% on average with σ = 0.5
wt%, Fig.  5 top). The difference map (Fig.  5 bottom)
shows locally red (= LPTiO2 > WACTiO2) region (up
to +6 wt%) near Kepler and Aristarchus craters. A sim-
ilar trend was also found in [1], possibly related to the
sensible depth of GRS (~30 cm [9]) and the WAC (a
few  millimeters  [10]).  Immature  highland  ejecta  are
relatively red but boundaries are not as sharp in Fig. 4

(bottom), likely due resolution effects. The difference
in the highlands is -0.4 wt% on average, with σ = 0.7
wt%. Averaged  difference  only for  the mature  high-
land surfaces, however, will have a larger difference in
negative value (= WACTiO2 > LPTiO2).

Discussion:  The sharp discontinuity of WACTiO2

in  Fig.  4 (top)  corresponds  to  the  boundary  of
TiO2(321/415)  and  TiO2(566/689).  In  Fig.  5 (top),
however, such discontinuity was not observed. An im-
proved algorithm with a gradual  transition (based on
the  laboratory  experiments)  might  reduce  the  uncer-
tainty  of  this  discontinuity  observed  in  Fig.  4 (top).
More low-TiO2 samples from the highlands (and the
maria)  are  required  for  more  accurate  estimates  of
spectral  reflectance  for  low-TiO2 abundance,  particu-
larly in 0-1.5 wt% range. Once the polar color  WAC
mosaics are  released, the extended range of TiO2 esti-
mates can be applied to the poles, which could open a
new frontier of lunar polar science. 
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Figure 5. Density plot of LPTiO2 vs. WACTiO2 (top) and differ-
ence map of LPTiO2 - WACTiO2 (bottom). Bin size of the er-
rorbar is 0.5 wt%. 

Figure 4. Density plot of CLMTiO2 vs. WACTiO2 (top) and dif-
ference map of CLMTiO2 - WACTiO2 (bottom). Bin size of the
errorbar is 0.5 wt%. The mare boundaries are outlined by
black line. 
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