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Introduction:  Space weathering by micrometeor-

oids and the solar wind produces optical changes on a 
surface that complicate interpretation of its composi-
tion. Recent work has attempted to elucidate the role of 
the solar wind flux in producing spectral changes by 
examining spectral variation with latitude [1-3], or 
longitude due to the Moon’s passage through the 
Earth’s magnetotail [4]. 

Here we report the discovery that the susceptibility 
of a surface’s spectral properties to changes in solar 
wind flux is a function of the soil iron content. In par-
ticular, high iron soils on the lunar maria show little 
sensitivity to solar wind flux: their reflectance at high 
latitudes is very similar to that at low latitudes.  In con-
trast, low iron soil reflectances show large variations 
across the solar wind fluxes experienced at the Moon. 
When we apply our results to swirls we find that 
Reiner Gamma, located on a high iron soil, shows 
slightly anomalous brightness compared to our predic-
tions. We also report that reflectances inside Reiner 
Gamma are among the top 5% brightest on the maria, 
which suggests that further study of space weathering 
there would help explain much of the Moon’s spectral 
variation due to space weathering effects.  

Methods:  We use 750 nm Clementine and Kaguya 
reflectance, LOLA 1064 nm laser reflectance [2], the 
spectral parameter β (characteristic of swirls) [1], and 
Lunar Prospector (LP) iron [5] and titanium, to deter-
mine how the color of the surface varies as a function 
of both latitude and composition. We isolated the ma-
ria using topographic roughness [6], as in [1]. We used 
maria pixels 22.5 and 45 km from the nearest maria-
highlands boundary, since the LP gamma ray footprint 
is ~45 km.  We also limited our analysis to maria with 
FeO > 14 wt. % to conservatively avoid contamination 
by highlands pixels. We binned the maria into 1 wt. % 
FeO bins and two different titanium bins (0-2 and 2-4 
wt. % TiO2).  We then fit the change in reflectance to 
cosine(latitude), since solar wind flux varies linearly 
with this function. 

Results: Generally, we find that reflectance de-
creases with cos(lat), as expected (Fig. 1). More im-
portantly, we find that the slope of the reflectance vs. 
cos(lat) function gradually approaches zero at the 
highest iron soils, which implies they experience little 
reflectance variation across a range of solar wind flux-
es (Fig. 2). We tested that this was not an effect of the 
smaller latitudinal coverage by high iron bins, by re-

stricting our entire analysis to the range in latitude 
covered by the highest iron bin used. This eliminated 
Mare Frigoris, a region with numerous highlands con-
tacts relative to its surface area, which could compli-
cate our analysis. Overall this resulted in a slightly 
weaker effect, but the slope of reflectance vs. cos(lat) 
still trended toward zero at high iron soils. The effect 
was also present in other spectral parameters. We also 
compared the best-fit predicted reflectance at 60° N to 
the observed reflectance at 0° N  (Fig. 3). The reflec-
tance variation up to 60° N, representing a flux reduc-
tion of 50% from the equator, is ~0.05 for 14 wt. % 
FeO soils, and only ~0.01 for 20 wt. % FeO soils. 

When we compare our results to Reiner Gamma 
swirl, with soils of ~20 wt. % FeO, we find its reflec-
tance increases by up to 0.055 from the background to 
its brightest non-crater pixels (Fig. 4). For a complete 
reduction of flux to zero the predicted increase is 0.04, 
which is not far from the observed change. When 
comparing the magnitudes of predicted and observed 
reflectances for other iron bins, a difference of 0.015 
appears to be resolvable and may be real. 

Discussion: Trang and Lucey [6] recently modeled 
the abundance of nanophase iron across the Moon as a 
function of soil FeO. They found that at high iron bins 
the amount of nanophase iron saturates. They did not 
bin this analysis by latitude, as we have done, but their 
findings are generally consistent with our result.  

One physical interpretation of the near-saturation 
of darkening at typical lunar solar wind fluxes in high 
iron soils (Fig. 3) is that nanophase iron accumulation 
approaches saturation on the rims of such soils, while 
low-iron soil grains are destroyed or refreshed by mi-
crometeoroid gardening before their rims reach this 
state. Any global scale mapping of soil composition 
should take this effect into account, since the solar 
wind flux varies with both latitude and longitude. 

Assuming it is a real difference, the unexplained 
~0.015 portion of the brightness at Reiner Gamma may 
be due to one of three effects. The first is that soils 
may brighten non-linearly when solar wind fluxes drop 
much below 50%, which represents the approximate 
range of our analysis.  The second is that there may be 
unaccounted for uncertainties in our analysis. For ex-
ample, the maximum latitudinal range used to derive 
the slope for the higher iron bins is 0 to ±45° N. Our 
analysis showed that the effect persisted across all iron 
bins when restricted to this latitudinal range, but it is 
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possible that random geologic “noise” (e.g. crater rays) 
could produce the effect. We note, however, that Hem-
ingway et al. [1] argued against such an effect in their 
work on latitudinal spectral trends binned by iron. The 
third effect may be that there is something anomalous 
about space weathering at swirls. For example, dust 
phenomena [7] or field-induced differences in He and 
H ion fluxes may contribute to the soil’s spectrum.  

Conclusions: The spectral variation of a soil due to 
solar wind exposure is a function of its FeO content, 
over the range of fluxes witnessed by the maria.  
Reiner Gamma swirl appears to be anomalously bright, 
but the nature of this anomaly requires further study. A 
way to definitively resolve this issue, as well as the 
many statistical shortcomings in our study, would be to 
measure the solar wind flux near the surface of swirls 
with diverse FeO content, as discussed in [8]. 

 
Figure 1. Example fits of Clementine 750-nm-
reflectance vs. cos(latitude) for two iron bins and tita-
nium from 0-2 wt. % TiO2.   

 
Figure 2. Slopes of the best-fit line for the 750-nm-
reflectance vs. cos(latitude) (e.g. Fig. 1) data, vs. iron 
content, for two titanium bins, and for two different 
maria-highland standoff distances (“etches”).  Analysis 

was restricted to data < 22 wt. % FeO, due to insuffi-
cient pixels at higher iron values. 

 
Figure 3. Best-fit predictions of reflectance at 60° N 
compared with equatorial reflectances. 

 

 
Figure 4. (Top) Reiner Gamma reflectance. (Bottom) 
Histogram showing Reiner Gamma’s bright and dark 
areas (illustrated in top panel), compared to the reflec-
tance statistics for the entire lunar maria.  Reflectances 
at Reiner Gamma are among the brightest 5%. 
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