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Lunar wrinkle ridges were globally mapped, and the morphological parameters, including
length, width, elevation offset, and orientation, were also calculated. The results include the identiﬁcation
of 2839 segments with a total length of 25,560.69 km, and the mean width, height, elevation offset, and
orientation of all the wrinkle ridges are 3.70 km, 0.31 km, 46.37 m, and 1.99°, respectively, after weighted by
the length. Based on their morphologies and distribution, lunar wrinkle ridges were classiﬁed into three
categories: concentric, parallel, and isolated ridges, and most of the wrinkle ridges are distributed over
basalts, although a few extend to nearby highlands. The relations between the morphological parameters
were further quantitatively analyzed, and a similar linear correlation between the width and height was
found in each class of lunar ridges, implying that small and large ridges were formed as a continuum and that
the three classes of ridges were probably formed by some common processes. Finally, the relations between
the lunar wrinkle ridges and other geomorphic phenomena were analyzed, indicating that purely volcanic
origin or buried premare structures are difﬁcult to reconcile with the investigation. In addition, the
consistency between the occurrence of the lunar wrinkle ridges and the some thickness of lunar maria
indicates that the formation of lunar wrinkle ridges is closely related to the lunar maria; however, the
statistical NW or NE orientation of each class of lunar wrinkle ridges also suggests a suitable global stress ﬁeld
involved in their formation process.

1. Introduction
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Lunar wrinkle ridges are one of the most common linear to sinuous asymmetric topographic highs on the
lunar surface [e.g., Strom, 1972; Bryan, 1973; Maxwell et al., 1975; Chicarro et al., 1985] and are usually
disconnected, irregular, and may braid or rejoin along strike. Lunar wrinkle ridges were ﬁrst observed
through Earth-based telescopes by G. K. Gilbert in the early 1890s [cf. Watters and Johnson, 2010], and
most of them occur concentric or radial to the centers of maria basins [Plescia and Golombek, 1986;
Watters and Johnson, 2010], although a few are present in nearby highlands [Maxwell et al., 1975; Plescia
and Golombek, 1986]. Lunar wrinkle ridges typically consist of two components: a gently sloping, broad
arch and a sharper, but more irregular, ridge [e.g., Strom, 1972; Sharpton and Head, 1988]. In some cases,
some smaller secondary ridges are also found on or near larger primary ridges [Watters, 1988; Golombek
et al., 1991]. The broad arch can usually be distinguished from the surrounding mare by an obvious
change in slope, and the superposed ridge is typically located toward the center of the broad arch
[Golombek et al., 1991]. The dimensions of the basal arch and the superposed ridge are variable; arches
usually range up to 20 km in width, 300 km in length, and 0.5 km in relief, whereas superposed ridges are
typically less than 400 m wide and 200 m high [Sharpton and Head, 1988]. In addition, Apollo sounder
radar and topographic data reveal that many wrinkle ridges are characterized by an elevation difference
(50 to 250 m) between the mare surface on one side of a wrinkle ridge and that on the opposite side
[Maxwell et al., 1975; Lucchitta, 1976; Sharpton and Head, 1988], which is regarded as an evidence for the
fault beneath the ridge and used to infer the fault-induced shortening [Golombek et al., 1991]. Besides the
Moon, wrinkle ridges also appear in other terrestrial planets, especially on the plains units of Mercury [e.g.,
Harmon et al., 1986; Watters and Nimmo, 2010; Walsh et al., 2013], Venus [e.g., Price, 1995; Kreslavsky and
Basilevsky, 1998; Bilotti and Suppe, 1999; Byrne et al., 2014], and Mars [e.g., Greeley and Spudis, 1981;
Chicarro et al., 1985; Zuber, 1995; Mueller and Golombek, 2004] and are interpreted to also occur on Earth
[Plescia and Golombek, 1986; Watters, 1988; Mege and Reidel, 2001]. Most wrinkle ridges on different
planets have many common characteristics [cf. Plescia and Golombek, 1986], suggesting that wrinkle ridges
probably had similar formation mechanisms in different environments [e.g., Watters, 1991; Kreslavsky and
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Basilevsky, 1998]. Wrinkle ridges have also been comparatively studied to obtain a comprehensive
understanding of their formation processes [e.g., Watters, 1988; Golombek et al., 1991; Kreslavsky and
Basilevsky, 1998; Walsh et al., 2013].
Previous studies heavily debated on the origin of wrinkle ridges, with the proposed models indicating
volcanic, tectonic, and a combination of volcanic and tectonic processes as the formation mechanisms
[cf. Sharpton and Head, 1988; Watters and Johnson, 2010]; however, at present, wrinkle ridges are only
considered to have originated from tectonic processes. This conclusion has been substantially
supported by the interpretation of Lunar Sounder Experiment data from the Apollo 17
Command/Service Module [Peeples et al., 1978], the study of candidate terrestrial analogs [Plescia and
Golombek, 1986], and more recently, by the interpretation of the lunar radar sounder data from the
Kaguya spacecraft (SELENE) [Ono et al., 2009]. Most studies have concluded that wrinkle ridges are a
result of horizontal shortening [e.g., Plescia and Golombek, 1986; Plescia, 1991; Kreslavsky and Basilevsky,
1998; Schultz, 2000].
However, some disagreements still exist regarding the formation of wrinkle ridges, which include
interpretations of the geometry and number of faults [Schultz, 2000; Golombek et al., 2001]; the depth of
faulting, if wrinkle ridges are an expression of thick- or thin-skinned deformation [e.g., Watters, 1991;
Mangold et al., 1998; Montési and Zuber, 2003a, 2003b]; the importance and sequence between faults and
folds [Golombek et al., 1991]; and especially, the stress ﬁelds responsible for the thrust faulting [Mangold
et al., 2000]. In addition, as discussed by Lucchitta [1976], wrinkle ridges have a wide variety of expressions
and causes, which may be the result of speciﬁc formation processes and lithologies at their locations
[Chicarro et al., 1985]. For example, relative to the wrinkle ridges on Mars and Venus, more lunar wrinkle
ridges appear in maria basalt and a substantial number partially coincide with buried craters, which
indicates a close relation between them and the basalts [e.g., Fagin et al., 1978]. Therefore, as previously
suggested by some researchers [e.g., Bryan, 1973; Watters, 1988], the effects of maria basalts on the origin
of lunar wrinkle ridges should be considered. Similar to the analyses of ridges by Chicarro et al. [1985] for
Mars and Bilotti and Suppe [1999] for Venus, one effective strategy to obtain a comprehensive
understanding of the origin of lunar wrinkle ridges is to map them all and perform a statistical analysis of
their characteristics. Tjia [1970] used photographs from the Lunar Orbiter Mission IV to study lunar wrinkle
ridges in several mare plains; Maxwell et al. [1975] summarized the observations of lunar wrinkle ridges in
Mare Serenitatis primarily from Apollo metric and pan photographs; and Fagin et al. [1978] mapped
concentric lunar ridges in four maria (Crisum, Imbrium, Tranquillitatis, and Serenitatis). Using the
topographic data from stereoscopic Apollo photographs, Golombek et al. [1991] constructed 31
topographic proﬁles across nine ridges in Serenitatis, Imbrium, and Procellarum, and showed a general
relation between ridge width and relief, suggesting a continuum in formation between small and large
ridges. Recently, Walsh et al. [2013] measured 150 wrinkle ridges with the maximum relief and length in all
of the major mare basins of the Moon. However, to the best of our knowledge, no global mapping of lunar
wrinkle ridges has been analyzed in detail, especially with the recently acquired data from the Lunar
Reconnaissance Orbiter (LRO) mission.
This study aims to provide a better understanding of wrinkle ridges by globally mapping lunar wrinkle
ridges, using a 100 m/pixel wide-angle camera (WAC) mosaic and the Lunar Orbiter Laser Altimeter
(LOLA) data from the LRO mission. On the basis of the mapping of lunar ridges, measurements and
statistics of the extracted wrinkle ridges were further carried out, including those on the orientation,
width, height, length, and elevation offset. The extracted ridges were classiﬁed according to their
distribution and orientation, and each class was further grouped on the basis of their regional
distributions. Possible correlations between the parameters were analyzed, as were the relations
between the wrinkle ridges and other tectonics.

2. Data
A global mosaic of images acquired by the Lunar Reconnaissance Orbiter Camera (LROC) WAC and
topographic data from LOLA were used in this study. The image mosaic was used to identify and map
wrinkle ridges, and the topographic data were used to derive the morphologic characteristics of the
extracted wrinkle ridges.
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2.1. LROC Images
LRO is the ﬁrst mission in the Lunar Precursor Robotic Program of the National Aeronautics and Space
Administration (NASA) and was launched on 18 June 2009 [Chin et al., 2007]. LROC was designed to achieve
two measurement objectives: landing site assessment in meters and at smaller scales and determination of
polar illumination [Robinson et al., 2010]. LROC has three imaging subsystems, including one multispectral
WAC and two narrow angle cameras. In the present study, a global mosaic with a resolution of 100 m/pixel
from over 15,000 WAC images acquired between November 2009 and February 2011 (http://astrogeology.
usgs.gov/search/details/Moon/LRO/LROC_WAC/Lunar_LRO_LROC-WAC_Mosaic_global_100m_June2013/cub)
was used to map lunar wrinkle ridges. To handle the mosaic in ArcGIS, a format conversion was performed
using the Integrated Software for Imagers and Spectrometers.
2.2. LOLA Data
The LOLA, another payload on board the LRO, is useful for determining the global topography of the lunar
surface at high resolution and measuring landing site slopes [Chin et al., 2007]. LOLA operates at 28 Hz
with a range accuracy of 10 cm [Smith et al., 2010]. After range calibration, the position of each laser spot
on the surface is determined on the basis of the spacecraft trajectory, altitude history, and a lunar
orientation model [Smith et al., 2010]. The data are further processed to generate the gridded data record
products, one of which is at a resolution of 1024 pixel/deg × 1024 pixel/deg (approximately 30 m/pixel at
the equator) (http://geo.pds.nasa.gov/missions/lro/lola.htm). In this study, global data from 144 ﬁles were
downloaded and integrated into ArcGIS after format conversion.

3. Methodology
All the above data sets were ﬁrst integrated in ArcGIS, and then, lunar global wrinkle ridges were manually
extracted from the LROC WAC image. For the mapped wrinkle ridges, craters were also manually
identiﬁed, and the topographic data of crater interiors were masked to ensure the reliability of subsequent
calculations on the morphologies of ridges. Morphological properties, including length, width, height,
elevation offset, and orientation of the globally extracted wrinkle ridges, were automatically calculated in
ArcGIS, and the results along with the position information were ﬁnally used for analyses.
3.1. Extraction of Wrinkle Ridges From LROC Data
Lunar wrinkle ridges can be distinguished on the basis of their peculiar morphological characteristics,
especially the obvious change in slope contrasting with the surrounding mare and their asymmetric
positive relief [Golombek et al., 1991]. However, caution must be paid in distinguishing them from lunar
lobate scarps, which are relatively simple structures consisting of a steep scarp face and a gently sloping
back scarp [Watters and Johnson, 2010]. In addition, the irregular morphologies of lunar wrinkle ridges also
present some uncertainties when delineating them. In this study, a rectangle was used to represent
wrinkle ridge segments with the condition that each segment possesses at least similar strike and width.
To obtain accurate properties for further analysis, a further condition was that the rectangle should be
approximately the minimum bounding rectangle of the ridge segment along its orientation. Another
important condition was that the longer side of a rectangle should represent the strike of the corresponding
wrinkle ridge, keeping the same strike along the ridge as much as possible. Figure 1a shows an example of a
wrinkle ridge extracted as 23 segments on the basis of the above principles (Figure 1b). Figure 1c is an
enlarged portion of Figure 1b and shows one ridge divided into segments on the basis of the variation of its
width along its strike. Figure 1d shows another case wherein the strike of the ridge drastically changes,
leading to segmentation of the ridge.
To study the characteristics of lunar wrinkle ridges in detail, the extracted segments were ﬁrst classiﬁed
according to the regional clustering and distribution. The ﬁrst class was named concentric ridge and
includes the ridge segments located in large maria or basins possessing a clear circular or elliptical
boundary with the ridge segments occurring concentric to the corresponding center. The second group
was named parallel ridge and contains ridges also concentrated in lunar maria yet usually with a regionally
uniform orientation rather than concentric. In addition to the above two classes, there were also scattered
and isolated wrinkle ridges on the lunar surface, and these were considered as the third class, the isolated
ridges. Most of the isolated ridges also appear in basalt plains; however, the basalt plains usually do not
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Figure 1. An example of an extracted wrinkle ridge and all the images are in the equidistant cylindrical projection. (a) An
example of a wrinkle ridge from the LROC WAC mosaic (center location: 29.3°E, 24.4°N). (b) The extracted wrinkle ridge
composed of 23 segments. (c) An enlarged portion of Figure 1b (the upper rectangle denoted by letter c) demonstrating
how one ridge is divided into segments because of the variation of the width of the ridge along its strike, which is indicated
by the arrow directions. (d) An enlarged portion of Figure 1b (the bottom rectangle denoted by letter d) indicates a
situation in which the strike of the ridge changes, also leading to ridge segmentation.

have a regular boundary, and the ridge segments can extend to the nearby highlands. To study the regional
characteristics of the lunar wrinkle ridges, each class of lunar wrinkle ridges was further divided into many
groups according to their location. Figure 2a shows one group of concentric ridge segments in Mare
Imbrium. Most of these are concentric except for a few near the outer ring. Figure 2b shows an example of
the parallel ridge segments in the northwest of the Oceanus Procellarum; most of them show a preferred
NW orientation. A group of scattered wrinkle ridges is shown in Figure 2c, in which a few segments can be
seen to extend to the nearby highlands.
3.2. Calculation of Basic Parameters
Some parameters are calculated directly from the extracted segments of the wrinkle ridges, while the others
were calculated in combination with the regular gridded topographic data from LOLA. The former class of
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Figure 2. Classiﬁcation and grouping of the extracted wrinkle ridges from the LROC WAC mosaic in the equidistant
cylindrical projection. (a) An example of the concentric ridges in Mare Imbrium; they are composed of 337 segments
(center location: 18.4°W, 37.2°N). (b) One group of parallel wrinkle ridges composed of 661 segments (center location:
56.5°W, 39.5°N). (c) An example of isolated wrinkle ridges composed of 6 segments (center location: 73.2°E, 6.6°N).

parameters, including length, width, area, and orientation, consist of map view parameters. The latter
includes topographic parameters, such as height and elevation offset. We developed a geographical
information system tool on the ArcGIS platform to automatically calculate the above parameters, in which
the length and width of the segments of wrinkle ridges are represented by the longer and shorter
dimensions, respectively, of the corresponding rectangles. The planar area of a segment is the area of the
corresponding rectangle. To calculate the orientation of each segment, the central line of the rectangle
parallel to the longer edge was ﬁrst extracted, and a local coordinate system is constructed with the top
segment pointing to the north (Figure 3a). The orientation is calculated as the angle (indicated by α)
between the upper portion of the central line and the north with a range of 90° < α ≤ 90° (west is deﬁned
as a negative value and north as 0°; Figure 3a). The above calculation is based on spherical coordinates and
is thus projection independent. Because the longer edge parallel to the principal direction of the segment

Figure 3. An example of the calculation of the orientation and elevation offset of segments of wrinkle ridges. (a) The
process for calculating the orientation. (b) The process to calculate the elevation offset by overlapping the extracted
segments of wrinkle ridges on the LOLA data.
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Figure 4. Global distribution of the extracted lunar wrinkle ridges. (a) The extracted ridges in the global mosaic of LROC
WAC in the equidistant cylindrical projection, in which the blue, red, and green lines represent the extracted segments
of concentric, parallel, and isolated ridges, respectively; (b) longitudinal distribution of the extracted lunar wrinkle ridges;
and (c) latitudinal distribution of the extracted lunar wrinkle ridges.

was deliberately selected during extraction, the above orientation calculation effectively prevents the
calculated orientation from being perpendicular to the actual strike of the segment.
Figure 3b shows the process used to calculate the height and elevation offset of the segments. Because some
small craters (white circle in Figure 3) probably exist inside the rectangles representing the segments of
wrinkle ridges, we ﬁrst extracted those craters and then masked the topographic data inside them. The
height of the segments is deﬁned as the elevation difference between the highest and lowest points
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Figure 5. Frequency distribution of (a) width, (b) height, and (c) elevation offset of the extracted lunar wrinkle ridges.

inside the rectangle. The calculation of the elevation offset includes the following steps (Figure 3b): (1) a
wrinkle ridge segment is equally divided into four sections with ﬁve lines (three short lines as denoted by
l2, l3, and l4 and two shorter sides of the segment as denoted by l1 and l5 in Figure 3b) perpendicular to
the longer side; (2) the peaks of the above ﬁve lines are extracted and connected to represent the crest of
the segment of the ridge (denoted by l0 in Figure 3b), and the segment is thus divided into two parts by
the extracted crest; and (3) the lowest points of the two parts of the segment are identiﬁed, and their
elevation difference is calculated as the elevation offset of the segment. Because all the data were
integrated into a georeferenced system, all the parameters are globally consistent whether the wrinkle
ridges are located near the equator or in polar regions.
For obtaining the regional and global statistics of the wrinkle ridges characteristics, the length of each
segment was used as a weight to eliminate the effect from different sizes. For example, to calculate the
mean width or analyze the distribution of the width of ridges, the length of the segment must be
considered because a longer segment can be divided into several shorter segments and accurate results
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Table 1. Statistics of Morphologic Characteristics of Each Class of
Wrinkle Ridges in This Study

can only be obtained under the
condition that all segments are almost
Class of Lunar
Weighted
Weighted
Weighted Elevation
equal in length. In this study, the
Ridges
Width (km)
Height (km)
Offset (m)
shortest length of all the wrinkle ridges
Concentric
4.01
0.35
52.38
was used as a scale to evaluate the
Parallel
3.02
0.26
39.62
other ridge segments, resulting in
Isolated
3.99
0.42
146.46
many virtual segments with the same
length. For example, if a segment is
about 3 times longer than the shortest segment, it will lead to three virtual segments with the same
geometrical parameters for future statistics. And most of the statistics, such as the mean value of width,
height, and elevation offset, and the relationships between these parameters, are calculated based on the
virtual segments. This method can effectively assign reasonable weights to the segments and then
provide rational analyses.

4. Results
4.1. Global Distribution of Wrinkle Ridges
The global survey of wrinkle ridges in this study from the LROC WAC mosaic resulted in the identiﬁcation of
2839 segments with a total length of 25,560.69 km; after weighting by the shortest segment with a length
of 0.17 km, 145,341 segments were recognized. In addition, to remove the errors in calculating the height
of wrinkle ridges, a total of 13,132 small craters were extracted. Most wrinkle ridges are distributed in lunar
maria or over basalts, although a few of them extend to nearby highlands. After weighting by the length
of each segment, the mean width, height, elevation offset, and orientation of all the wrinkle ridges are
3.70 km, 0.31 km, 46.37 m, and 1.99°, respectively. The total area of the lunar wrinkle ridges is
1.08 × 107 km2, which is approximately 2.84% of the lunar surface area. Figure 4a shows the map of the
three wrinkle ridge classes: concentric (blue), parallel (red), and isolated (green), which are further divided
into 52 groups of wrinkle ridges on the lunar surface. Figure 4a also shows that Oceanus Procellarum and
the Maria Imbrium, Serenitatis, Crisium, and Tranquillitatis have a dense distribution of wrinkle ridges; the
densest ridge distribution is in the northwest of Oceanus Procellarum, where there are 661 segments that
have a total length of 4517.37 km.
Figures 4b and 4c show the global distribution of each class of wrinkle ridges on the lunar surface. Concentric
and parallel ridges are distributed in about the same latitude zone; the parallel ridges occur more westward
than the concentric ridges. Isolated ridges are dispersed around the lunar surface, but a large portion of them
are concentrated at 40°S–60°S. Figures 4b and 4c also indicate that most ridges are concentrated in the
lunar nearside in the midlatitude zones, and the statistical results indicate that 2650 ridge segments, or
approximately 93.34% of all the ridge segments, are located between 80°W–90°E and 70°N–60°S.

Figure 6. Rose diagrams of all the wrinkle ridges on the lunar surface. The rose diagrams are binned with the size of 5° in
orientation, and the lunar surface has been segmented into 30° × 30° boxes in latitudinal and longitudinal dimensions. Note
that the number of segments has been weighted by their length.
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Table 2. Properties of 20 Groups of Concentric Ridges
Group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Mare

Number of Segments

Central Location of the Mare

Total Length (km)

Imbrium
Serenitatis
Crisium
Tranquillitatis

337
263
148
113
106
99
95
80
87
69
43
41
37
17
15
10
8
9
4
3

16.28°W, 38.36°N
18.08°E, 26.00°N
58.28°E, 17.64°N
23.28°E, 5.05°N
31.05°E, 54.26°N
16.50°E, 21.45°N
50.28°E, 2.50°S
93.79°W, 18.73°S
40.55°W, 23.66°S
86.92°E, 1.13°S
7.38°W, 5.00°N
30.44°W, 44.65°N
22.79°W, 9.84°S
34.66°E, 15.65°S
68.59°W, 5.33°S
83.54°E, 16.70°N
148.38°E, 27.42°N
1.67°E, 56.99°N
68.54°E, 6.14°N
79.28°E, 56.02°N

3288.93
2698.94
1999.52
1440.56
1113.16
1203.14
1408.03
416.38
740.36
487.28
418.50
220.03
282.27
211.68
84.16
80.04
191.05
121.87
35.36
114.27

Nubium
Fecunditatis
Orientale
Humorum
Smythii
Iridum
Cognitum
Nectaris
Marginis
Moscoviense
Frigoris
Undarum

Another interesting observation is that all of the three categories of ridges are absent at both 110°E–140°E
and 110°W–140°W and 170°E–180°E and 170°W–180°W. However, the distribution of lunar ridges in the
northern and southern hemispheres is heavily asymmetric. Approximately 76.92% of the total length of
the lunar ridges is in the northern hemisphere.
Figure 5 shows the frequency distribution of the width and height of each class of ridge segments after
weighted by the length (Figures 5a and 5b). Generally, concentric and parallel ridges have a similar
distribution of the above morphologic characteristics, although the normalized number of concentric ridge
segments is much larger than that of parallel ridges. For the concentric and parallel ridges, their width and
height are, respectively, concentrated at 0.5–5.0 km and 0.0–1.0 km. The width and height of the isolated
ridges are much more dispersedly distributed than concentric and parallel ridges.
The maximum value of the elevation offset is up to 610 m in this investigation; however, more than 95% of
them are less than 300 m after weighted by the shortest ridge in this survey. Therefore, the maximum
value is set to 300 m in the result of elevation offsets of ridges in Figure 5c for providing a clear
presentation. For all the three classes of ridges, more than 55% of them have the elevation offset less than

Figure 7. Rose diagrams of the concentric wrinkle ridges on the lunar surface. The rose diagrams are binned with the size
of 5° in orientation, and the lunar surface has been segmented into 30° × 30° boxes in latitudinal and longitudinal
dimensions. Note that the number of segments has been weighted by their length.
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Table 3. Properties of Parallel Wrinkle Ridges on the Lunar Surface

10 m after weighting by the length,
which shows that the two sides of the
ridges are roughly similar in elevation.
21
661
56.2°W, 35.2°N
4517.37
For individual class of the ridges, the
22
297
50.4°W, 2.4°N
2125.44
23
164
14.6°W, 59.3°N
1315.80
elevation offset is also relatively
concentrated at less than 10 m, while
the isolated ridges again show a much
more dispersedly distributed pattern than concentric and parallel ridges. Table 1 lists the statistics of the
weighted morphological parameters for each class of lunar ridges.
Group

Number of Segments

Central Location

Total Length (km)

Figure 6 shows the rose diagrams of orientations of all the wrinkle ridges after weighting by the length of
each segment. Most ridges display a NE or NW orientation with most at 45° to 45°; the orientation of EW
is almost absent. However, no apparent regional pattern exists for the orientation distribution, which is
probably related to their complex formation mechanism.
4.2. Concentric Ridges
Twenty groups of concentric ridges, with a total of 1584 segments, were extracted in this study (Table 2). The
total length of the concentric ridges is 16,555.51 km or approximately 64.73% of the total length of the ridges
on the lunar surface. After weighting by the length of each segment, the mean width, height, and elevation
offset are, respectively, 4.01 km, 0.35 km, and 52.38 m (Table 1); the mean value of orientation for all the
concentric ridges is 2.21°. The number of ridge segments of each group varies from 337 in Mare Imbrium
(central location: 16.28°W, 38.36°N) to 3 in a small unnamed mare centered at 79.28°E, 56.02°N. Table 2 lists
the associated properties of each group of concentric wrinkle ridges.
Figure 7 shows the rose diagrams of the orientations of concentric wrinkle ridges after weighting by the
length of each segment. Most of the concentric ridges display a NE or NW orientation in different regions;
an EW orientation is almost absent.
4.3. Parallel Ridges
There are three groups consisting of 1122 segments of wrinkle ridges classiﬁed as parallel ridges distributed
in the western and northern sides of the Oceanus Procellarum (Table 3). Wrinkle ridges have an obvious
preferred northeast orientation (Figure 8) with most being oriented at 22.5°. The total length of parallel
ridges is 7598.62 km, which is approximately 29.71% of all the lunar ridges. After being weighted by the
length of each segment, the mean width, height, and elevation offset of the parallel ridges are 3.02 km,
0.26 km, and 39.62 m, respectively. Table 3 lists the associated properties of each group of parallel
wrinkle ridges.

Figure 8. Rose diagrams of the parallel wrinkle ridges on the lunar surface. There are totally three groups divided, and their
locations can be referred to in Table 3. The rose diagrams are binned with the size of 5° in orientation, and the lunar surface
has been segmented into 30° × 30° boxes in latitudinal and longitudinal dimensions. Note that the number of segments has
been weighted by their length.
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Table 4. Properties of Isolated Wrinkle Ridges on the Lunar Surface
Group
24
25
26
a
27
28
29
30
31
32
33
34
35
36
37
38
a
39
40
41
42
43
44
45
46
47
48
49
50
51
52
a

Number of
Segments

Central Location of
Groups of Ridges

Total Length
(km)

13
6
4
10
6
4
6
10
2
6
3
4
3
4
6
5
5
7
4
2
2
2
3
4
1
5
6
1
4

162.84°E, 58.45°S
79.59°E, 29.07°S
75.52°E, 51.95°S
74.48°E, 9.01°N
154.40°E, 14.08°N
150.12°E, 46.73°S
100.09°E, 57.22°S
85.10°E, 49.87°S
75.40°E, 53.23°S
103.15°W, 46.62°N
54.16°W, 45.60°S
146.30°E, 36.10°S
72.75°E, 52.83°S
75.32°E, 48.10°S
103.32°E, 55.43°S
103.57°E, 53.36°S
167.87°W, 57.47°S
142.43°W, 52.08°S
149.76°E, 6.34°S
65.88°E, 51.66°S
77.73°E, 51.85°S
147.11°E, 17.94°S
93.99°E, 9.95°N
76.42°E, 44.16°S
75.14°E, 57.52°S
74.59°E, 49.62°S
75.00°E, 47.23°S
97.52°E, 48.84°S
86.91°E, 33.88°S

72.04
32.18
38.22
55.22
28.89
28.77
70.10
65.44
17.94
30.57
17.09
16.58
50.14
44.94
36.52
46.60
12.25
18.35
27.37
47.87
33.94
5.77
20.23
37.50
14.49
35.75
41.65
82.80
29.57

Including ridge segment(s) on nearby highlands.
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4.4. Isolated Ridges
In this study, 158 isolated ridge segments
in 29 groups were identiﬁed, with the
number of segments varying from 1
to 13 (Table 4). Most isolated ridges
also appear in basalt plains as shown in
Figure 9a, in which an example of one
group of isolated ridges is limited inside
a crater ﬁlled by basalt lavas. In the global
investigation, there are 12 segments
that extend to nearby highlands as
shown in Figure 2c; however, there are
also scarps that extend into nearby
highlands (Figure 9b). Isolated ridges
are usually larger in dimensions than
the other two classes (Table 1). The total
length of all the isolated ridge segments
is 1058.81 km or approximately 4.14% of
the total length of the ridges on
the lunar surface. After weighting by
the length of each segment (Table 1),
the mean width, height, and elevation
offset are 3.99 km, 0.42 km, and
146.46 m, respectively. There is usually
a preferable orientation for each group
in different locations (Figure 10); however, an obvious overall trend cannot
be identiﬁed for the isolated ridges.
Table 4 lists the properties of each group
of isolated ridges.

Figure 9. Example of two groups of isolated wrinkle ridges. (a) A group of ridges (center location: 76.12°E, 43.71°S) conﬁned
in a crater ﬁlled by basalt lava. (b) An example of transition from ridges (white arrows) in basalt lava to lobate scarps
(black arrows) in nearby highland (center location: 103.37°E, 51.64°S).
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Figure 10. Rose diagrams of the isolated wrinkle ridges on the lunar surface. Twenty-nine groups of isolated ridges have been
identiﬁed, and their locations are mentioned in Table 4. The rose diagrams are binned with the size of 5° in orientation, and the
lunar surface has been segmented into 30° × 30° boxes in latitudinal and longitudinal dimensions. Note that the number of
segments has been weighted by their length.

5. Discussion and Implications
Similar to the analyses of ridges by Chicarro et al. [1985] for Mars and Bilotti and Suppe [1999] for
Venus, the analyses of the global distribution and characteristics of lunar wrinkle ridges are valuable
to investigating the mechanism of their formation. Although the Moon was the ﬁrst terrestrial body
on which wrinkle ridges were discovered [e.g., Watters and Johnson, 2010], to the best of our
knowledge, lunar ridges have not
been globally mapped. In the following sections, we further discuss the
above observations.
5.1. Comparison With Previous Studies

Figure 11. Rose diagrams of the orientations of the ridges in the Maria
Imbrium, Tranquillitatis, Serenitatis, and Crisum. The bin size is 5°. Note
that the number of segments has been weighted by the length of each
segment.
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The topography of lunar wrinkle ridges
varies dramatically in different regions.
Watters [1988] analyzed the lunar ridges
in the regions of the Oceanus
Procellarum and the Maria Cognitum,
Imbrium, and Serenitatis from images
of the Apollo metric and panoramic
camera; from the 34 ridges sampled in
the above regions, the ﬁrst-order ridges
had a mean width and height of 2.3 km
and 145 m, respectively. Golombek et al.
[1991] constructed 31 topographic proﬁles across nine ridges using stereoscopic Apollo photographs of the Maria
Serenitatis and Imbrium and Oceanus
Procellarum and calculated the mean
width (5.1–36.5 km), height (150–410 m),
and elevation offset (31–238 m) for
different regions. Watters and Johnson
[2010] measured 12 wrinkle ridge
segments using Lunar Topographic
Orthophotomaps for different regions
and derived a mean height of
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Figure 12. Plots of ridge width versus height and elevation offset for different classes of the lunar wrinkle ridges. Note that the number of segments has been
weighted by the length of each segment.

approximately 253 m. Walsh et al. [2013] measured 150 wrinkle ridges in the Maria Serenitatis, Crisium,
Imbrium, and Frigoris and Oceanus Procellarum from LROC WAC images and LOLA data and showed that
the height of the wrinkle ridges ranged from 33 to 590 m with a mean of 187 m. In our results, the mean
width, height, and elevation offset for concentric wrinkle ridges are 4.01 km, 0.35 km, and 52.38 m (Table 1),
respectively, which are largely of the same order as the previous results considering that either the different
data sets were used by Watters [1988], Golombek et al. [1991], and Watters and Johnson [2010] or only a subset
of the same data sets was used by Walsh et al. [2013]. However, our research is based on all wrinkle ridges with
the recent data sets, and thus, the results should be more reliable than previous studies.
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Ridge orientation is another important
feature to be considered when studying
lunar wrinkle ridges. Regional analyses in
the Maria Imbrium, Serenitatis, Crisum, and
Tranquillitatis have previously been performed [e.g., Maxwell et al., 1975; Fagin
et al., 1978]. Figure 11 shows the rose diagrams for the groups of ridges in the above
four maria from our results, which is generally consistent with the results of previous
studies (cf. Figure 2 for Mare Serenitatis in
Maxwell et al. [1975] and cf. Figure 2 for
the above four maria in Fagin et al. [1978]).
Figure 11 also indicates that a group of concentric ridges have a trend toward north
and one or more preferred orientations
might exist in the statistics with the bin of
5°. If lunar wrinkle ridges are compressional
features as we have mentioned before, the
statistics of the orientations would demand
a stress ﬁeld in which the greatest principal
stress direction is east-west.
5.2. Morphological Analysis of Lunar
Wrinkle Ridges
Figure 12 shows plots of width versus
height and width versus elevation offset
for wrinkle ridges of different classes and
all the ridges after being weighted by the
length of each segment. There are roughly
linear relations between the two pairs of
parameters for all and each class of the
lunar ridges. The ratio of height to width varies from 0.05 to 0.16 with a mean of approximately 0.09,
showing that ridge height generally increases with width. However, the ratio of elevation offset to width
varies from 0.009 to 0.03 with a mean of approximately 0.02, indicating that the elevation offset is not as
sensitive as height to the width. In addition, the relations between width and height of lunar ridges
always have much higher correlation coefﬁcients than that between width and offset, and the maximum
of 0.92 occurs between width and height of isolated ridges. The better correlations and the positive ratios
between the width and height of concentric ridges may reveal the similarity between these ridges and
suggest a continuum in formation between small and large ridges. However, for lunar ridges from
different categories, the correlation coefﬁcients between elevation offset and width are always very small,
coupled with the lower ratios between them, may indicate that the elevation offset of lunar ridges is
probably from the regional slope and the short-wavelength topography [Sharpton, 1992; Watters and
Robinson, 1997].
Figure 13. Relations between lunar wrinkle ridges and buried impact
crater. A buried premare impact crater did not generate the concentric
ridge systems (arrows indicating the exposed segments of premare
impacts; center location: 44.18°W, 25.47°N).

The relationship between width and height of lunar ridges has also been investigated by previous
researchers. For example, Golombek et al. [1991] sampled 31 topographic proﬁles from nine ridges in lunar
maria, and they also suggested a linear relationship with the correlation coefﬁcient of 0.73. Compared to
their results, the correlations are relatively lower in this research (0.61 for concentric ridges in all lunar
maria), which is probably caused by different data sets. However, the linear relations between them should
be able to suggest a continuum in formation between small and large ridges as discussed before, and the
relatively lower correlation coefﬁcients in global investigation than in regional survey reﬂect that local
conditions can affect the detailed morphologies of lunar ridges.
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Figure 14. Distribution of parallel ridges (red) and concentric ridges (blue) and the isopach map of mare basalts in the
western hemisphere. The isopach map is from De Hon [1979], and the isopach interval is 250 m. The major basins are
also labeled in the map (A: Orientale, B: Insularum, C: Oceanus Procellarum, D: Humorum, E: Nubium, F: Cognitum, and
G: Imbrium).

The main difference between this global investigation and previous regional survey by Golombek et al. [1991]
appears on the relation between the elevation offset and width of lunar ridges. Golombek et al. [1991] derived
the linear coefﬁcient of 0.67 while declined the ratio of the elevation offset to the width of 31 topographic
proﬁles from nine lunar maria ridges. However, in this research, the correlation coefﬁcient between the width
and elevation offset of concentric lunar ridges is only about 0.05. Therefore, it is not adequate to ascribe the
difference only to the different data sets, and the elevation offset seems unaffected by the dimension of lunar
ridges. Consequently, the elevation offset is probably irrelevant to the formation process of lunar ridges as we
have discussed.
5.3. Relationships With the Thickness Of Basalt
Lunar wrinkle ridges have been considered as the localization of premare impacts [e.g., Maxwell et al., 1975];
however, in many cases, the existence of buried rings alone is not sufﬁcient to generate ridges (Figure 13).
Thus, attributing wrinkle ridges as only the consequence of preimpact structures is difﬁcult. To clarify their
relationship, we further analyzed the distribution pattern of wrinkle ridges with the thickness of mare basalt.
Figure 14 displays parallel ridges (red) and concentric ridges (blue) together with the isopach map of
western mare basalts. The mare basalt thickness is derived from De Hon [1979], who used measurements
of the exposed rim height of partially buried craters and whose results are largely consistent with later
results [e.g., Thomson et al., 2009] yet gives a wider range. Figure 14 indicates that presence of concentric
ridges is generally consistent with the isopach of mare basalt thicknesses larger than 500 m and that
parallel ridges can appear in basalts with a thickness less than 250 m and usually intersect the isopach.
The above difference between the two classes of wrinkle ridges probably resulted from the different
principal stresses in orientations responsible for their formation.

6. Conclusion
In this research, lunar ridges were globally mapped; 2839 ridges or segments with a total length of 25,560.69
km were identiﬁed. The ridges were classiﬁed into three categories: concentric, parallel, and isolated ridges
on the basis of their morphology and distribution; quantitative morphological analyses including their
length, width, elevation offset, and orientation were also performed. To explore the possible formation
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mechanism of lunar ridges, the correlations between these morphological parameters of different classes
and the relations between the lunar ridges and related tectonics were also explored. Our mapping and
analysis reveal that
1. Lunar wrinkle ridges are mostly the result of some type of tectonism, and purely volcanic origin or buried
premare structures are difﬁcult to reconcile with the investigation;
2. Consistent with the distribution of lunar maria, most ridges are located on the lunar nearside, indicating
that the formation of lunar wrinkle ridges is closely related to the lunar maria;
3. All ridges show a statistical NW or NE orientation, which is especially obvious in parallel ridges, and then a
suitable global stress ﬁeld is also necessary.
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