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New Morphometric Data of Lunar Sinuous
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Abstract— On the surface of the Moon a large number of linear
features are recognizable. Long and narrow depressions are
defined as lunar rilles. Their morphology has different
characteristics, related to their origin. Among these, the sinuous
rilles represent lineaments considered remnants of shallow lava
channels. In this study, a quadrant of the Moon has been analyzed
to recognize and map this type of morphology. An accurate
morphometric analysis has been accomplished, using the Lunar
Reconnaissance Orbiter Camera (LROC) which has a resolution
of 100 m/pixel, and the Digital Elevation Model from Lunar
Orbiter Laser Altimeter (LOLA) with a resolution of 6 m/pixel.
Fifty-one sinuous rilles have been recognized in the study area,
eighteen of which are new, improving a previous catalogue. The
resulting quantitative and qualitative measurements were analyze
and compared each other’ to identify potential morphological
trends. Different relationships between morphological parameters
have been proposed, and the results enhance the importance of
substrate composition in the evolution of these features, emerged
mainly from the variations in width and depth values. The linear
relationship between these two parameters is consistent with the
idea that erosion efficiency acts proportionally in both vertical and
horizontal directions. Partial filling phenomena by subsequent
lava flows probably occurred in some sinuous rilles located in
maria. The hypothesis of a constructive genesis requires further
investigation to identify the levees created by sinuous rilles’
formation process.

Index Terms—Moon, Lunar Sinuous Rilles, Volcanic
activity.

L

I. INTRODUCTION

unar sinuous rilles are enigmatic lineaments that would
represent the remnants of shallow lava channels [1], [2], or
collapsed subsurface lava tubes [3], [4], [5], [6]. On lunar
surface, sinuous rilles are generally located in maria regions,
and they are often associated with depressions of different
morphologies, interpreted as potential source vents [6]. These
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particular lava channels are characterized by highly varying
depths and widths with parallel, laterally continuous walls, that
exhibit variable degrees of sinuosity (Fig.1). The origin of
sinuous rilles is still debated, particularly in regards to whether
these channels originated by constructive or erosive processes
[7]. This discussion is open also to other planets, where similar
features have been recognized, i.e. Mars, Venus and the
Jupiter’s moon, Io [8]–[10], [11].
In the last years, these morphologies, and in general, the
surficial features of the Moon, received a new attention, as they
can be connected with the presence of lava tubes on the lunar
surface and with possible sites for human landing and activities
[12], [13], [14], [15], [16].
A constructive origin would generate sinuous rilles as the
result of differential cooling of lava flow, which would create
leeves channelizing the flow into a built channel [17]. In this
way, rather shallow open channels or deeper underground
channels (lava tubes) would have formed. Lava tubes are
detectable on the lunar surface only if they have undergone a
collapse of the roof. The alignment of several collapses likely
generates the so-called skylights, which however cannot be
considered sinuous rilles, because they lack the typical
characteristics of these morphologies, such as sinuosity and
parallel laterally continuous walls.
Erosional origin is further divided into thermal and
mechanical erosive processes [1], [6], [18], [19]. Mechanical
erosion would occur as a result of the collision between lava
flow particles and substrate particles. Thermal erosion, on the
other hand, occurs when the temperature of the lava flow is his
higher than the melting point of the substrate. Thermal erosion
preferably occurs if the slope of the lunar surface is less than
3.5°, since the low gravity value is not sufficient to produce the
kinetic energy capable of driving mechanical erosion [2]. These
two processes of erosion could be associated to the changes in
depth along the channel. The depth of a thermally-eroded
channel shows a decreasing with increasing distance from the
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source, while the depth of a mechanically eroded channel is
highly variable along the channel [8], [20].
Constructive and erosive processes are also associated with
different eruptive styles. Sinuous rilles resulting by erosive
processes are generated from turbulent lava flows, high effusion
rates and prolonged eruptions lasting several months or years.
Instead, a constructive origin is associated to less turbulent
flows and stationary effusion rates within weeks or months [2],
[21], [22], [23]. The lava composition and its rheological
characteristics are also important elements that influence
sinuous rilles formation. Indeed, the formation of lava channels
by thermal erosion is consistent with high flow volumes of lowviscosity lavas during superheated volcanisms [20]. The model
discussed by these authors proposes lavas with the composition
of the komatiite, an ultramafic effusive rock, consistent with a
very high temperature eruption (∼ 1600°C).
The early analyses of the distribution and morphology of
lunar sinuous rilles, categorized them into two main classes [3],
[24]:
- Simple channels, usually with no tributaries;
- Complex rille systems, with many intersecting or
branching sections.

2
solidified lava crust.
A global map of sinuous rilles identified on the lunar surface,
has been produced and discussed in [6]. This map was obtained
by considering only those features formed by lava erosion.
The current study aims at updating this catalog of lunar
sinuous rilles, in a specific area, to map all typologies of sinuous
rilles described above. The purpose is to apply a morphometric
analysis of these features, as well as to identify any trends useful
for a better understanding of sinuous rille formation. Indeed, the
morphological features can support the geological models to
understand the origin (thermal/ mechanical erosion or
constructional), and the dynamics of evolution based on
rheological characteristics of the lavas and the geological
substratum.
The major objectives of this study are:
(i) To add new data to the existing map of sinuous rilles, in a
region of the lunar near side, and systematically document
them;
(ii) To analyze the morphometric parameters of each rille,
and compare them each other’.
(iii) To use the mapped rilles and their morphological
characteristics to discuss the proposed models of their origin,
and the parameters controlling the dynamics and the interaction
with the geological substratum.
II. STUDY AREA

Fig. 1 Example of a sinuous rille observed on the Moon. Sinuous rilles are
probably the remnants of shallow lava channels (e.g., the feature in this
Wide Angle Camera -WAC- image is centered at 2.0° N, 27.1° E).

Most of the “complex rille systems” are located in impact
craters, which exhibit a typical fractured floor. Their origin is
likely the result of tectonic uplift and/or volcanic modification
of the lava flooding into the crater floor [25].
A detailed analysis on the origin of the sinuous rilles, with a
morphological classification of Rima Marius, is described in
[26]. In this study, the term of “rillette” is proposed to identify
short and narrow rilles connected to the main channel, as
generated from the main volcanic source. The authors proposed
an evolution of this system of rilles, assigning relative ages to
each ones and to relative volcanic layers. The results of this
study demonstrates an origin of the rilles based on the evolution
of concentrated flows of molten lavas beneath a thin layer of

The study area is a quadrant of the northern hemisphere of
the lunar nearside, between 0°E to 90°E longitude and 0°N to
60°N latitude (Fig. 2). It is characterized by geological units of
different time periods, as indicated in the Geological Map of the
study area (Fig.3). This map is extracted from the Unified
Global Geologic Map of the Moon at 1:5,000,000- scale [27].
In this map, the 43 geological units recognized on the entire
moon surface are grouped into the following classes: materials
of craters, basins, terra, plains, Imbrium Formation, Orientale
Formation, and volcanic units. In the map, sinuous rilles
described in this study, are overlaid.
The western region of the study area is dominated by the
“dark materials” (i.e., maria deposits) with four maria: Mare
Serenitatis, Mare Tranquillitatis, Mare Vaporum, and Mare
Crisium. The eastern side is mainly made up of highlands
deposits, called “terra and plains”. This subdivision is also
reflected in a different age of the outcrops: the western sector is
broadly younger than the eastern one. Furthermore, the whole
area is also characterized by “crater materials”, which represent
distinct geological units deriving from impact craters. The three
typologies of deposits date from different periods, and refer to
the time-stratigraphic nomenclature proposed in [27], [28]:
- Dark materials (maria and basins) from the Imbrian and
Eratosthenian epochs;
- Terra and plains from pre-Imbrian and Imbrian epochs; and
- Crater materials from pre-Imbrian, Imbrian, Eratosthenian
and Copernican epochs.
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Fig. 2 The study area is located in the northern hemisphere on the lunar nearside, between 0°E to 90°E longitude and 0°N to 60°N latitude: the image of the
Moon on the left is a view from LROC Quick Map-ASU (https://quickmap.lroc.asu.edu/), and the box on the right is a WAC image. The area is characterized
by numerous maria, such as Mare Vaporum, Mare Serenitatis, Mare Tranquillitatis and Mare Crisium, and by the highlands on the eastern side.
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Fig. 3 Geological map of the study area. In the legend, the ages of the units are provided. The new sinuous rilles, mapped in this study, are displayed in red.
The black labels are referred to the geological units: pNc, pre-Nectarian Crater; pNb, pre-Nectarian Basin; Nt, Nectarian Terra; Nbsc, Nectarian Basin,
secondary crater; Nbl, Nectarian Basin, lineated; Nc, Nectarian Crater; It, Imbrian Terra; Ip, Imbrian lains; Im2, Imbrian Mare, Upper; Iif, Imbrian Imbrium
Fra Mauro Formation; Iia, Imbrian Imbrium Alpes Formation; Ib, Imbrian Basin, Undivided; Ic2, Imbrian Crater, Upper; Ic1, Imbrian Crater, Lower; Ic,
Imbrian Crater, Undivided; Em, Eratosthenian Mare; Ec, Eratosthenian Crater; Cc, Copernican Crater, [27].
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Moreover, the lunar surface is covered by the regolith, a thin
layer (< 15 m) of fine material, exposed to a continuous particle
bombardment [29], [30].
The highlands region appears rugged with numerous impact
craters and circular basins of varying size. The maria region
seems smoother when compared to the highlands regions. But
this condition is valid only at the global scale. On the regional
scale these maria regions appear also as rugged terrain.
Moreover, tectonic features such as graben and wrinkle ridges,
and volcanic morphologies (domes, sinuous rilles and probable
skylights) originated mainly in the maria (Fig. 4).
III. DATA AND METHODOLOGY
The detection, classification and mapping of sinuous rilles
have been achieved with the geographic mapping software
program ESRI ArcMap, using the Global Morphologic Map
and the SLDEM2015 (global lunar digital elevation model)
(Fig. 5). The Global Morphologic Map is the mosaic of the
images taken by the Wide Angle Camera (WAC) of the Lunar
Reconnaissance Orbiter Camera (operated by NASA) with a
resolution of 100 m/pixel [31]. The SLDEM2015 is obtained
from the combination of Lunar Orbiter Laser Altimeter data
(LOLA), and Selenological and Engineering Explorer
(SELENE or Kaguya Terrain Camera, operated by the Japan
Aerospace eXploration Agency - JAXA) data. The
SLDEM2015 has a resolution of approximately 60 m/pixel and
a vertical accuracy of approximately 3- 4 m respectively [32].
Our study is based on a semi-automatic procedure that

4
provides a quantitative analysis of morphologies extracted by
visual interpretation. Automatic extraction of landforms is a
well-known methodology to obtain quantitative data from DEM
and spectral imagery in geological and planetary studies [33],
[34], [35], [36]. Morphometric variables are widely used in
geomorphic research supporting models of evolution of
landforms [37], [38].
Studying the sinuous rilles, two main characteristics of these
features have to be considered: i) the variability of the shape of
these morphologies; ii) the spatial resolution of the available
data.
As described in [6], the sinuous course of these morphologies
is the main element that allows to distinguish them from other
structures, which can have similarly continuous and parallel
side walls, but with a rectilinear or gently curved trend, such as
grabens (Fig. 4b). Moreover, the width and the depth of sinuous
rilles are very variable along the channel because they may be
subject to collapse phenomena and impacts which therefore
make them asymmetrical. In this case, the improvement of the
interpretation can be provided by the observation of optical
data. In some cases, the visual interpretation alone is not
sufficient to identify the sinuous rilles, since curved structures
have similar characteristics and may often be confused.
Therefore, it is useful for this purpose to measure the values of
the sinuosity index, which represent a further verification. In
this study, all the rilles that showed a sinuosity index lower than
1.03 were excluded, since such a low value is indicative of an
arched or rectilinear structure.

Fig. 4 The images taken from the Digital Elevation Model of the Moon (SLDEM2015) represent different morphologies which characterize the study area:
(A) Impact morphologies within the Gauss Basin (feature centered at 36°N, 79°E) such as simple and complex craters [39]; (B) Tectonic graben (centered
at 21.3°N, 29.9°E) located at the edge of Mare Serenitatis; (C) Wrinkle ridge (centered at 25°N, 25.4°E) located in Mare Serenitatis; (D) Probable lava
tube (centered at 7.7°N, 6.3°E) characterized by roof collapse in different parts of the channel (skylights).
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Fig. 5 The images show the data used in the current study: WAC Global Morphologic Map (left) and the SLDEM2015 (right).

Based on the general assumption that the smallest object to
be generated by a DEM is at least twice the size of the grid [40],
the 100 m resolution cannot be considered satisfactory for the
identification of the morphologies, one of the objectives of this
research.
The detection of sinuous rilles using WAC and SLDEM has
been done, knowing that these morphologies typically are
characterized by parallel laterally continuous walls and varying
degrees of sinuosity. Moreover, they generally tend to avoid
topographic obstructions. Subsequently, all the potential lava
channels with these characteristics have been mapped.
On the basis of the recognition and digitalization of the
channels, the extraction of the morphometric parameters were
done using the DEM. The resulting quantitative and qualitative
measurements were analyze and compared each other’, to
identify potential morphological trends connected to different
geological dynamics.
A. Morphometric features
Measurements of morphological parameters, such as width,
depth, length, sinuosity index, regional slope, and azimuth have
been collected for each sinuous rille, and they are described in
the following.
Width: sinuous rille width represents the distance between
the top of the two parallel walls of the channel. The method
relies on the automatic managing of the elevation profiles
obtained on transects orthogonal to the lava channel axis.
According to the methodology of [6], width measurements have
been acquired at 15 points along the length of each sinuous rille
(Fig. 6). The resulting values have been averaged to get a
characteristic width of each rille.
Depth: sinuous rille depth is defined as the difference of the
mean altitude between the terrain surrounding the channel (i.e.,
walls elevation) and the bottom of the channel. Altitude values
of the walls have been averaged in order to remove local
topographic influences. According to the adopted methodology,
the depth value has been measured at 10 points along the length
of each sinuous rille, and then the measurements have been
averaged to get a characteristic depth of each rille.

B

Fig. 6 The image shows the measurement of the width (red bar),
perpendicular to the propagation direction of the lava flow. In this sinuous
rille the variation of width along the feature is clear.

The points of measures, either for the width and for the depth,
were equally spaced. The points overlapping collapse or impact
features have been excluded to avoid distortion of the final data.
Length: sinuous rille length’s was obtained by averaging the
lengths of the two walls of the channel, mapped individually.
Sinuosity index: this dimensionless quantity is the ratio of the
channel length and the distance (straight line) between the start
and the end points of the channel. Sinuosity values for terrestrial
water channels typically range from 1 (straight course) to 5
(high sinuosity). In this study, the straight distance between the
two points of the channel has been calculated creating the
minimum bounding geometry enclosing each feature. The value
of the longest side of the rectangle has been used as straight line
of the rille (Fig. 7).
Regional slope: it is the slope of the terrain where the sinuous
rilles formed, as defined in [6]. This value has been calculated
as the ratio of the difference in elevation between the source
point and the terminus point of each sinuous rille, and the
distance (straight line) between the two points. If the elevation
values of the terrain adjacent to the rilles increase from the
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source area towards the terminal area of the channels, the
surfaces will have a negative slope value. Instead, if the depth
values decrease towards the terminal area of the channels, the
surfaces will have a positive value.
Azimuth: it approximates the average trend of the rilles,
calculated as the horizontal angle between north and the
baseline measured clockwise. The straight line of the box, used
for the extraction of the sinuosity index has been adopted as
baseline.
All the morphological measurements are listed in Table 1
(Appendix 1), where the localization, expressed in latitude and
longitude, is provided.

Fig. 7 The image shows the graphic operations performed on sinuous rilles
to obtain the straight line value of the channel. The rectangle enclosing the
channel has been created as oriented bounding box, and it provides the
straight line value of each sinuous rille.

IV. RESULTS AND DISCUSSION
A. Global results
The analysis based onbWAC and SLDEM2015 images
resulted in the detection, mapping and measurement of 51
distinct sinuous rilles (Fig.8, and appendix 2). These features
include 37 simple channels (18 new features with respect to
[6]), and a sample of 14 new features that represent complex
rille systems, as defined in §I. The identified sinuous rilles have
different morphological and morphometric characteristics, with
varying length, width, depth, slope and sinuosity values (Fig.
9).
Sinuous rilles’ length range from 3.1 km to 207.2 km, with
94% of them having a length shorter than 100 km (Fig. 9a).
These fluctuations in length may be ascribed to the different
lava eruption mechanisms. Longer rilles are likely associated
with continuous and prolonged flows lasting for a longer time
[2], [26].
Sinuous rilles’ width are observed to span from 331 m to 2.8
km, with 76% of the rilles characterized by a width less than 1
km (Fig. 9b). The highest width values are detected in sinuous
rilles located in the highlands. Moreover, it can be noticed that
these values show significant variations along the length of each
channel, specifically for the sinuous rilles with a high mean
value of width, as in Fig. 6. Indeed, the averages of the

6
measured widths and the standard deviation of each set of
measures show a logarithmic correlation (R2= 0.78). This
behavior demonstrates that for low values of width the sinuous
rille is more regular than for high value.
Channel depths are observed to range from 7.9 m to 601.5 m,
with 62% of them characterized by values less than 100 m Fig.
9c). Highest depths are found in sinuous rilles located in the
highlands (similarly to what observed for the width). Depth
values acquired at several points along the length of each
sinuous rille showed significant variations and an average
standard deviation of 72.23. This variability has been observed
in numerous channels located in the maria and in the transition
areas with the highlands. Depth variations in the transition areas
between maria and highlands may be related to the different
composition of substrate materials, that are less resistant than
the ones in the highlands. The variations of depth along each
rilles located in the maria, could be related to any subsequent
lava flooding on these areas, confirming the data observed in
detail on the Rima Marius [26]. Moreover, the variability of the
depth values along a rille can be explained with a mechanism
of mechanical and thermal erosion [8].
The regional slopes values range from -5.0° to +3.5°, with
94% of slopes less than 1.0° (almost flat terrain). The negative
or positive sign depends on the trend of the elevations of the
surface around the sinuous rilles, starting from the elevation of
the source area of the channels. Up to 36% of the observed
sinuous rilles reside on positive slopes, suggesting that
modification of the surfaces have likely occurred after their
formation. The majority of sinuous rilles residing on positive
slopes lack a visible source area, and thus the lava flow
direction can be determined based on the variations in width
and depth values of the channels (Fig. 10). In this regard, since
lava erosion potential tends to decrease with increasing distance
from the source area, also width and depth values are expected
to decrease in terminal areas of the channels. Sinuous rilles on
positive slopes are located in the craters and in maria regions.
Positive slopes in the craters are probably the result of surfaces
tectonic adjustment after the impact events. Positive slopes in
maria are detected for sinuous rilles located at the edge of basins
or in association with wrinkle ridges, which cause tectonic
deformations of the terrain.
Sinuosity index values are observed to range from 1.03 to
2.43, with 12% of these greater than 1.5 and with 18% less than
1.1.
Further analysis of width and depth average values has been
done considering the distribution of sinuous rilles in the three
main geomorphologic units: maria, craters, and highlands (Fig.
11a, and b). The number of identified sinuous rilles in the maria
regions, in the craters and in the highlands, are respectively: 25,
13, and 24 rilles.
The plots enhances clear differences of width and depth
values of the sinuous rille in the three specific areas. In maria
regions, the median values of width and depth are lower than in
the other units, and the distributions are more homogeneous
rather than in the craters and highlands.
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Fig. 8 The WAC image shows the distribution of the identified sinuous rilles in the area. The channels in red represent the 32 newly identified features with
respect to previous work (in black). (This map is provided also as Appendix, Map 1).

A

B

D

C

E

Fig. 9 Frequency graphs of the measured sinuous rilles lengths (A), widths (B), depths (C), slopes (D) and sinuosity index (E) values. Each bar in length, width
and depth graphs represents the frequency (%) of sinuous rilles observed within the corresponding ranges of 20 km, 0.1 km and 20 m respectively. Each bar in
regional slope and sinuosity index graphs represents the number of features observed within the corresponding ranges of 0.2° and 0.1, respectively.
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Fig. 10 Example of a sinuous rille on a surface with a positive slope value. In
this case, the channel (feature in this WAC image centered at 40.9° N, 21.2° E)
lacks a visible source area, and thus the native direction of regional slope is
determined based on the variations in width and depth values, that tend to
decrease from the north to the south area of the rille as showed by the red
arrows.

parameters in the highlands, where the range of values is very
large, and positive outliers can be observed.
Moreover, the channel geometry, calculated as the ratio
between the ½ width and depth of the rilles, has been extracted.
Values of this shape index range from 1 (semicircular shape of
the channel), to 12.2 (a high shallow channel). This
morphometric parameter can be used in volcanology studies to
model the rheological behavior of the lavas flowing into the
channels [41]. Moreover, the variability of this geometry can
support the interpretation of the lithological characteristics of
the eroded rock layer. The distribution of these values is
represented in Fig.12. It can be seen that the highest values of
this index are relative to the maria regions, suggesting a wide
extension of the rilles and a thin erosion capacity. These values
can be interpreted as a resistance to a linear erosion of the
consolidated lavas that constitute the maria regions. On the
other hand, the low values of this index in the craters and
highlands can demonstrate a higher rate of erodibility on that
regions. These observation can be confirmed by the distribution
of the sinuosity index of the rilles in the three regions (Fig. 13).
Highest values can be seen in the craters, where the
discontinuities of the lavas surfaces are common, due to the
melting and cooling stages.

a
Fig. 12 Distribution of the values of the channel geometry of the sinuous
rilles into the three units.

b
Fig. 11 Distribution of the width (a), and depth (b) average values of the
sinuous rilles in the geomorphological units of the study area.

These values can confirm that the composition and the
geomorphological structure of the region may affect the
evolution of the rille. In maria regions, the flat landscape and
the lava flows are extremally more monotonous than in
highlands and craters. The variability of these geological
characters are particularly clear in the distribution of the

Fig. 13 Distribution of the width (a), and depth (b) average values of the
sinuous rilles in the geomorphological units of the study area
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Eventually, the analysis of the azimuth distribution has been
carried out with the objective of verifying if preferred trends
were recognizable. Furthermore, these trends were compared
with the orientations of existing linear geological features
(graben traces, lineaments, and ridge crests), referred to the
Global Geologic Map of the Moon [27].
All the values were divided into three families, according to
their presence in the three geological units, i.e., maria, craters,
and highlands, and were plotted in Rose diagrams (Fig. 14a, b,
c, d, e, and f). As it can be noted, the distribution of the values
range in almost all directions (from 0° to 180°), and it is difficult
to identify preferred orientation trends. In the maria regions and
in the craters (Fig. 14a and c), a favorite north-south direction
can be considered as specific of these regions. Indeed, in the
highlands, it is not observed. Again, some favorite directions in
the highlands (Fig. 14e) can be observed also in the maria.

a

b

c

d

e

f

Fig. 14 Rose diagrams of the distribution of the azimuth of the sinuous rilles
and linear geological features into the three geological units: a) and b),
maria; c) and d), craters; e) and f), highlands.

Moreover, the comparison with the orientations of existing
geological linear features highlights that the behavior of the

sinuous rilles can be considered almost independent from the
other geological structures (Fig. 14b, d, and f). This
consideration could suggest the importance to date the sinuous
rilles and relate them to the geological history of the lunar
volcanism.
B. Observed Trends
Observations have been made by analyzing the existing
relationships between the different morphometric parameters,
in order to identify any morphological trends. Width and depth
values show a linear correlation (Fig.15). This trend is
consistent with the hypothesis that lava erosion acts
proportionally in both vertical and horizontal directions during
the eruptions required for sinuous rilles formation.

Fig. 15 The graph shows the linear relationship between depth and width
values of the identified sinuous rilles. The graph shows a linear relationship
(R2= 0.82) between the two parameters, which confirms the idea that lava
erosion efficiency acts proportionally in both vertical and horizontal
directions.

Moreover, the graph in Fig. 15 highlights that this correlation
decreases for the longest rilles. These forms are mainly
developed into the maria, where the calculated channel
geometry provides a wide and thin rille (Fig. 12).
The relationships between the different parameters have been
analyzed separately for simple channels and for complex rille
systems. The correlation graphs of width-depth and sinuosityslope show the same relationships between the parameters
resulting from the analysis of all features (Fig. 16).
Furthermore, width and depth values, related to those sinuous
rilles located in the craters, in the highlands, and in the maria
regions have been analyzed. The results are similar to the same
obtained for all features. Only the width-depth correlation graph
of the channels located in maria regions shows a less linear
relationship between the two parameters (Fig. 17). This fact is
consistent with the measured standard deviation values of the
two parameters. Indeed, these showed large variations in depths
values compared to the ones observed in width values. These
variations could be due the origin of the channel, due to a
thermal and mechanical erosion, as suggested in studies on
similar processes on Venus [8].
The relationship between the sinuosity index and the slope
values of the surfaces on which sinuous rilles formed has been
analyzed. These two parameters have a complex relationship in
terrestrial fluvial channels, which are expected to become
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sinuous at slopes of 0.11° and continue developing meanders
until a sinuosity index maximum value of 1.25 [42]. According
to this model, beyond the slope of 0.92 the channels would
become braided. This relationship also depends on other
parameters such as for example, the sediment load [6]. As the
gravity and compositions of the flowing lava on the Moon are
different from the ones on Earth, the relationship between the
sinuosity index and slope could change substantially. Indeed,
the correlation between the sinuosity and the (positive) slope
shows that there is no correlation, according to the observation
of previous authors [6].
5. CONCLUSIONS AND CLOSING REMARKS
The analysis conducted in this study has shown that sinuous
rilles are rather complex features, with different morphological
and morphometric characteristics.

In this study, fifty-one sinuous rilles have been recognized in
the study area, eighteen of which are new, improving the
previous catalogue [6]. The observed morphologic variability,
highlighted by the measured parameters, depends both on the
eruptive mechanism, and on the surface compositional
characteristics in which sinuous rilles formed.
The first step of the study was focused on the identification of
these morphologies. The visual recognition was adopted as
main methodology of interpretation, due to technological limit
of the available data, mainly in terms of spatial resolution. The
automatic extraction of morphometric parameters from DEM
allowed to obtain the following values for each sinuous rille:
width, depth, length, sinuosity index and regional slope.
Moreover, the channel geometry and the azimuth of each rille
has been used to obtain more information on its origin and
evolution.

a

b

Fig. 16 Simple channels and Complex rille systems correlation graphs. These graphs show the relationship between the morphometric parameters separately
for simple channels (a) and for complex rille systems (b). The observed relationships are the same of that resulting by the analysis of all sinuous rilles. Depth
and width values have a linear relationship.

A

B

C

Fig. 17 Correlation graphs Depth - Width based on the location of the identified sinuous rilles, that are observed in the craters (A), in highlands (B), and in
maria regions (C). The graphs show that the relationship between depth and width values is less linear in maria regions in reference to the other location zones.
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All the morphometric values, expressed as the average value
of each variable, have been plotted and compare each other’, to
understand the distribution of their values and the general
characteristics of the studied morphologies. From these first
observations, differences between their parameters have been
highlighted, and the need to divide them according to the
geological unit where they formed emerged. For this purpose,
morphometric parameters have been analyzed dividing them
into three families, referred to maria, craters and highlands
regions.
The importance of the substrate composition in the evolution
of these features emerged from the variations in width and depth
values. The emerged linear relationship between both
parameters is consistent with the idea that erosion efficiency
acts proportionally in both vertical and horizontal directions.
This relationship, clear for low values of depth and width,
changes for higher values and, in particular, in maria regions.
Indeed, the lower depth values in maria and the resulting wide
geometry of the channel are due to the presence of more
resistant rocks such as basalts. By these observations, the trend
of erosion results strictly connected with the lithology of the
eroded layer, providing useful geological information. The
linear correlation in highlands for most of the rilles is related
to more erodible rock and abundant loose layer of regolith,
which is therefore eroded more easily than basaltic lavas. Into
the craters, this linear correlation can be explained with the
presence of lineaments and discontinuities on the surface,
which allows thermal and mechanical erosion of the channel.
Moreover, the observed less linear relationship in the high
values od width into maria could be connected to three different
factors:
- The rheological behavior of the flowing lavas during
the thermal erosion of the basaltic rock, as discussed
above;
- A constructive genesis of sinuous rilles;
- Partial filling phenomena of the channels by
subsequent lava flows.
The hypothesis of a constructive genesis requires further
investigation with higher resolution data, to identify the levees
created by sinuous rilles’ formation process. Partial filling
phenomena by subsequent lava flows probably occurred in
some sinuous rilles located in maria (Fig. 18). This is also
confirmed by large variations in the depth values between the
source area and the terminal area of the channels. Instead, these
variations were not measured in width values, and this fact
confirms the hypothesis.
The control of the composition of the substratum on the
evolution of the sinuous rilles, has been confirmed by the
sinuosity values. The highest and most variable sinuosity values
have been found into the craters. Although the median value is
almost the same, in maria regions the sinuosity is more uniform
than into the craters and highlands. The relationship between
sinuosity index and slope values did not show any significative
trend.
Instead, positive values of the regional slope around 36% of
the rilles, suggest a tectonic activity of deformation of the
surfaces after the creation of these rilles.

11
Azimuth values, analyzed separately in the three geological
units and compared with the linear geological features do not
seem to give indication of preferred directions. These results
could suggest further analysis for proposing different ages to
the creation and evolution of the sinuous rilles.
The analyses carried out separately for simple channels and
for complex rille systems did not show large differences
between the behavior of these two features. The measured
morphometric parameters of complex rille systems showed a
similar trend of simple channels. This result may challenge the
idea that the main control factor of complex rille systems
formation is tectonic. These morphologies are probably the
result of tectonic deformations associated with lava thermal
erosion. Indeed, tectonic control is visible by visual
interpretation, because the course of these systems appear
angular and less sinuous than simple channels, while the lava
thermal erosion control results by measured parameters’ values.
The results of this study highlight that these morphologies
have rather complex and still unclear formation and evolution
processes. The complexity of sinuous rille morphology doesn’t
allow to perform an automatic detection alone, because their
identification still requires an accurate visual interpretation, and
the spatial resolution of the DEM, in the study area, is the main
limit.
The information extracted from visual interpretation and
automatic detection have been integrated to provide suggestions
on the origin and evolution of sinuous rilles. In this study, a
particular attention has been done to the relationship between
the morphometric parameters values and the geological units.
This approach allowed to provide new suggestions for future
improvement on the knowledge of these “enigmatic
lineaments”.

Figure 18 Example of a sinuous rille characterized by partial filling
phenomena by subsequent lava flows. The observed rille (feature in WAC
image centered at 25.9° N, 2.8° E) have a great difference in width values
between the source area and the terminal area showed by the yellow lines.
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