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Introduction: The northern smooth plains on 
Mercury are characterized by generally flat topogra-
phy with fewer superposed craters than the nearby 
cratered terrain [1]. Due to the presence of diagnostic 
volcanic features (e.g., source vents and lava flow 
fronts), the northern smooth plains were interpreted to 
consist of highly effusive volcanic materials [1]. The 
unit (4.7×106 km2) covers 6% of the total surface area 
of Mercury [1] and was thought to be emplaced rapid-
ly at ~3.7 Ga [2]. The volume of the lava flows within 
the northern smooth plains is an important key to un-
veil the thermal evolution history of Mercury.  

Previous methods to estimate lava flow thickness-
es of the northern smooth plains include those based 
on crater morphometry [1, 2] and tectonic defor-
mation [3]. However, these estimates can only give 
lower limits of the thicknesses, and the precise lava 
flow thicknesses are still poorly constrained. 

In our previous study, we estimated lunar mare 
basalt thicknesses based on modeling the degradation 
process of partially buried craters [4]. Considering the 
similarities in crater morphology [5] and crater degra-
dation mechanism [6] between the Moon and Mercu-
ry, we propose a lava flow thickness estimation meth-
od for the northern smooth plains on Mercury using a 
similar technique. 

Partially Buried Craters On Mercury: Partially 
buried craters on Mercury are impact craters of which 
the distal ejecta were covered by lava flows, and 
whose crater rim still protrudes above the surrounding 
lavas. By this definition, a partially buried crater was 
identified if the exposed ejecta width is smaller than 
the typical value for an unburied crater (~0.8 crater 
radius [7]) and the transition between crater ejecta 
and subsequent lava flows is abrupt and well-defined 
(e.g., white arrows in Fig. 1). 

 The identified partially buried craters were fur-
ther evaluated and ranked by the percentage of the 
crater rim that is embayed by lavas. Only craters with 
rim embayments larger than 50% and without any 
nearby craters or wrinkle ridges of similar size were 
selected for further analysis. These craters were 
deemed to be the most likely to have undergone an 
idealized, axisymmetrical crater degradation process 
as required by the proposed model.  

In this study, we used the Reduced Data Records 
(RDR) acquired by the Mercury Laser Altimeter 
(MLA) onboard the MESSENGER spacecraft to study 
the surface topography [8]. For each surface bounce 
point, we selected the measurement labeled with the 
smallest channel ID number (CHANID=0–4), which 
corresponds to the minimum measurement error [8]. 
The topographic profiles were then produced by aver-
aging annularly the elevations within three crater radii 
from the crater center. Considering the footprint size 
(~15–100 m) and along-track spacing (~300–800 m) 
of the MLA nadir points [9], only craters larger than 
10 km in diameter were used in this study.  

 

Fig. 1. Mercury Dual Imaging System/Wide Angle 
Camera (MDIS/WAC) image of an unnamed partially 
buried crater (D=32.7 km; 54.26°N, 51.98°E). 

Lava Flow Thickness Estimation Method: The 
lava flow thickness estimation method is constructed 
based on modeling the initial profile, lava flooding, 
and degradation of the crater (Fig. 2). A crater starts 
to erode by meteoroid bombardment (green) after its 
formation (red). At a given time (~3.7 Ga for the 
northern smooth plains on Mercury [2]), the lava flow 
erupts and embays the crater, leaving only the rim 
crest standing above the lava flow (blue). After flood-
ing, the crater continues to erode to its present-day 
state (magenta). By using the diffusion equation [5] to 
model the topographic profiles during the above stag-
es, the lava flow thickness can be estimated by 
searching for the smallest misfit between the observed 
(black) and modeled crater profiles. To reduce the 
computational burden, a sequence quadratic polyno-
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mial optimization algorithm was used to search for the 
global minimum in the model parameter space [10]. 

To simulate the crater degradation process, a fresh 
crater profile is required as the initial condition. We 
selected 33 fresh craters on Mercury with the pres-
ence of optical rays, crisp rim, and well-preserved 
ejecta as candidates [11]. It has been found that the 
isolated central peak (without traces of debris flows 
from the crater inner wall) occurs when crater diame-
ter becomes larger than 25 km. Therefore, two types 
of fresh crater profiles were produced, including tran-
sitional craters with a flat floor (10–25 km), and com-
plex craters with a central peak (25–100 km).  

 
Fig. 2. Case study of an unnamed partially buried 
crater: modeled and observed topographic profiles. 

Results: To identify partially buried craters in the 
northern smooth plains, we examined all craters larger 
than 5 km in diameter in reflectance (166 m/pixel 
MDIS/WAC monochrome), topography (250 m/pixel 
MLA GDR), and composition (665 m/pixel 
MDIS/WAC color composite) maps. In total, 29 par-
tially buried craters with rim embayments larger than 
50% and without any nearby atypical features were 
identified. The crater diameters range from 12 to 91 
km, and the majority of the craters are located close to 
the smooth plains-cratered terrain boundary (Fig. 3). 

The inverted lava flow thicknesses vary from 1 to 
451 m with a median value of 193 m (Fig. 3). As an 
example, Fig. 2 shows an unnamed partially buried 
crater (the same crater from Fig. 1) with a 100% rim 
embayment and the best-fit profile suggests that the 
nearby lava flow is 210 m thick.  

Discussions: We compared our lava flow thick-
ness estimates with previous studies. Based on the 
crater depth-diameter ratio, the lava flows infilling the 
interior of completely buried craters (25–157 km in 
diameter) were estimated to be at least 0.7 km thick 
[1, 2]. Using the graben width and fault dip angle in-
side the Goethe basin, the lava flows within were cal-
culated to be at least 2 km thick [3]. Our estimates are 
much smaller than previous results, because most of 

the partially buried craters are located near the 
smooth plains boundary where the lava flows gradual-
ly thin to zero. 

The volume of the northern smooth plains on Mer-
cury was then calculated to be 9.1×105 km3. However, 
this value can only serve as a lower limit, as our mod-
el does not apply to completely buried craters and 
lava flows can be much be thicker in the interior of 
the smooth plains where partially buried craters are 
absent. Nevertheless, our estimates should help to 
further constrain the thermo-chemical evolution of 
Mercury [12]. 

 
Fig. 3. Spatial distribution of the estimated lava flow 
thicknesses of the northern smooth plains (magenta) 
[13] superposed on a MDIS/DTM basemap. 

 Conclusions: A global database of partially bur-
ied craters in the northern smooth plains of Mercury 
was constructed. Our inverted lava flow thicknesses 
(median value equal to 193 m) around these craters 
provide the first estimate of the lava flow thickness of 
the northern smooth plains on Mercury, which is im-
portant for understanding the thermal evolution of the 
planet.          
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