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Introduction: The reflectance of a surface changes 

with photometric conditions, i.e., the illumination (in-
cidence, i), observing (emergence, e), and phase (g) 
angles [e.g., 1]. The phase angle is measured between 
the directions of incidence and emergence. The phase 
behavior of a material is controlled by factors such as 
albedo, textural properties (porosity, roughness, grain 
size), and the scattering characteristics of the particles. 
Therefore, different materials may change their bright-
ness at different rates as the phase angle changes. This 
phenomenon can be used to infer differences in scatter-
ing properties or sub-resolution texture from images of 
a planetary surface collected at different phase angles. 
Generally, brightness increases as phase angle decreas-
es because of the opposition effect. Phase-ratio images 
have been employed to identify differences in regolith 
texture at locations on the Moon, including Apollo 
landing sites [2] and impact melts at Giordano Bruno 
crater [3] using images from the Lunar Reconnais-
sance Orbiter camera. Here we examine surfaces on 
Mercury with images returned by MESSENGER. Of 
particular interest are hollows [4,5], pyroclastic depos-
its [6], and a prominent dark impact melt flow. 

Data: The MESSENGER database was searched 
for sets of images returned by the Mercury Dual Imag-
ing System (MDIS) [7] of features of interest that have 
similar spatial resolutions but differences in phase an-
gle of >~10°. The raw images were processed through 
the standard calibration pipeline with the USGS Inte-
grated Software for Imagers and Spectrometers (ISIS) 
and were normalized to a standard photometric geome-
try [8]. Ratio images were formed by first placing the 
numerator and denominator images in the same map 
projection, then improving alignment using the ISIS3 
"coreg" sub-pixel registration routine. Our ratios have 
the smaller-g image in the numerator. Areas of anoma-
lous phase behavior appear brighter or darker than the 
surroundings in a phase-ratio image. Lower values of 
the ratio indicate that the surface has not increased its 
brightness as strongly with decreasing phase as has an 
area with higher ratio values. 

Hollows:  Hollows are unusual shallow, bright de-
pressions mostly associated with some impact struc-
tures on Mercury [4,5]. Hollows have high reflectance 
and spectral slopes in the visible to near-infrared (NIR) 
that are much shallower (bluer) than that of average 
Mercury surfaces. Hollows appear to be extremely 

fresh and may be actively forming today via a sublima-
tion process. Hence, it would be expected that the tex-
ture and particle-size distribution of hollows could 
differ from that of ordinary impact-generated regolith. 
Figure 1 presents an image of the 35-km-diameter 
crater Hopper, near 12.5° S, 304° E. Hopper's floor 
contains an extensive field of coalesced hollows [4,5]. 
In the phase ratio image (35°/49°), the high-reflectance 
hollows clearly stand out with values ~4% lower than 
the surroundings. 

Pyroclastic deposit: Materials thought to have 
been deposited in explosive volcanic eruptions were 
discovered in images returned from MESSENGER's 
first Mercury flyby in early 2008. Since then over 40 
examples have been cataloged [e.g., 6]. The deposits 
are generally brighter than their surroundings and have 
an overall spectral slope in the visible to NIR that is 
steeper (redder) than that of the average Mercury sur-
face. Pyroclastic deposits are another example of sur-
faces that may have particle-size distributions or tex-
tures that differ from normal regolith. One of the most 
prominent examples is located in the southwest portion 
of the Caloris basin, near 22° N,  146° E. The feature 
consists of an irregular rounded rimless depression 
surrounded by a high-reflectance annular deposit with 
diffuse edges [9]. We co-registered an image obtained 
at g = 29° to one at g = 44°. The phase-ratio image is 
shown in Fig. 2. The pyroclastic deposit adjacent to the 
vent has ratio values ~3% lower than the background.  

Impact melt deposit: A prominent tongue of dark 
impact melt extends ~21 km from a bright rayed 13-
km-diameter impact crater (Waters) located at  ~9° S,  
255° E. The melt flow has a distinctive, relatively flat 
("blue") spectral slope. The high degree of morpholog-
ical freshness of the crater and ray system suggest that 
it is quite young. The combination of extreme youth 
and the potential for lava-like cooling and flow fea-
tures suggest that the surface of the impact melt could 
possess a special texture. An impact melt flow emanat-
ing from lunar crater Gerasimovich D has been shown 
to have high radar roughness [10], and distinctive pho-
tometric properties have been documented in impact 
melts in the lunar crater Giordano Bruno [3]. Figure 3 
shows a reflectance image of the region around Wa-
ters, and the ratio image made by dividing an image 
obtained at 45° phase angle by one at 78°. The area of 
high-reflectance bright ejecta surrounding Waters cor-
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responds to an area of values in the phase-ratio image 
that are ~5% lower than the background. The low-
reflectance impact melt flow is a positive anomaly in 
the ratio image, with average values ~9% greater than 
the background. The Waters impact melt tongue is an 
interesting case because, unlike the hollows and pyro-
clastic deposit, it is darker than the surroundings rather 
than brighter. 

Discussion:  The hollows and pyroclastic deposit 
appear as negative anomalies in the phase-ratio imag-
es, with ratio values that are lower than the nearby 
background terrain. A lower ratio corresponds to a 
less-steep phase-function for the material, interpreted 
to indicate a smoother surface and perhaps smaller 
particle sizes [2]. The specific formation mechanism of 
Mercury's hollows is not known, but it is plausible that 
sublimation of a volatile-bearing phase could produce 
a smooth, fine-grained lag [5]. Qualitatively, the pyro-
clastic deposit has a "velvety" appearance that is con-
sistent with a smoother than average surface. Also, 
pyroclastic deposits on the Moon are known to have 
finer grain sizes and better sorting than normal lunar 
regolith [11]. 

The dark impact-melt tongue is a positive anomaly 
in the phase-ratio image, having increased its bright-
ness more rapidly at the smaller phase angle than has 
the background. This behavior is consistent with the 
surface of the impact melt having a rougher surface 
than the background. As mentioned above, a lunar im-
pact-melt flow has been found to have high roughness 
at decimeter-to-meter scales [10]. The texture of the 
tongue's surface can be attributed to cooling and flow 
processes as the melt was emplaced. 

In Figs. 1 to 3 it can be noted that there is an in-
verse correlation between reflectance and the phase-
ratio values. Some degree of anti-correlation is ex-
pected. This is because brighter surfaces have more 
multiple scattering, which tends to fill in shadows and 
thus  weaken the shadow-hiding opposition surge. We 
are exploring a method for estimating and removing 
the inverse correlation between albedo and phase ratio 
[3] in order to examine the portion of the phase behav-
ior that can be attributed more directly to differences in 
texture or particle scattering characteristics. 
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Fig. 1. Left: Reflectance image of the extensive floor 
hollows within Hopper crater. Right: Ratio image 
formed by dividing an image obtained at g = 35° by one 
with g = 49° (images EN0241374944M and 
EN0241541370M). 
  

 
Fig. 2. Left: Reflectance image of a large volcanic vent 
surrounded by a high-reflectance pyroclastic deposit 
(arrow). Right: Phase-ratio image (29°/44°) produced 
from images EW0233348467G and EW0218373494G. 
 

 
Fig. 3. Left: Reflectance image of Waters crater and the 
dark impact melt deposit that extends to the south (ar-
row). Right: Phase-ratio image (45°/78°) produced from 
images EW0211455955G and EW0242377691G.  
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