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Wrinkle ridges are a common feature of the lunar maria and record subsequent contraction of mare infill. 
Constraining the timing of wrinkle ridge formation from crater counts is challenging because they have 
limited areal extent and it is difficult to determine whether superposed craters post-date ridge formation 
or have alternatively been uplifted by the deformation. Some wrinkle ridges do allow determination to be 
made. This is possible where a ridge shows a sufficiently steep boundary or scarp that can be identified 
as deforming an intersecting crater or the crater obliterates the relief of the ridge. Such boundaries 
constitute only a small fraction of lunar wrinkle ridge structures yet they are sufficiently numerous 
to enable us to obtain statistically significant crater counts over systems of structurally related wrinkle 
ridges. We carried out a global mapping of mare wrinkle ridges, identifying appropriate boundaries for 
crater identification, and mapping superposed craters. Selected groups of ridges were analyzed using the 
buffered crater counting method. We found that, except for the ridges in mare Tranquilitatis, the ridge 
groups formed with average ages between 3.5 and 3.1 Ga ago, or 100–650 Ma after the oldest observable 
erupted basalts where they are located. We interpret these results to suggest that local stresses from 
loading by basalt fill are the principal agent responsible for the formation of lunar wrinkle ridges, as 
others have proposed. We find a markedly longer interval before wrinkle ridge formation in Tranquilitatis 
which likely indicates a different mechanism of stress accumulation at this site.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Lunar wrinkle ridges are linear to sinuous landforms on the 
lunar surface (Strom, 1972; Bryan, 1973; Maxwell et al., 1975;
Chicarro et al., 1985), and most of them occur in maria basins 
(Plescia and Golombek, 1986; Watters and Johnson, 2010) ex-
cept a few extending into nearby highlands (Maxwell et al., 1975;
Plescia and Golombek, 1986). Lunar wrinkle ridges typically con-
sist of a broad arch and a superposed sharper ridge although the 
detailed morphologies can vary to a large extent (e.g., Strom, 1972;
Sharpton and Head, 1988). This enables them be distinguished 
from the surrounding terrains by the change in slope (Golombek 
et al., 1991).

The debate on the lunar ridges being of tectonic or volcanic ori-
gin gradually reached the consensus (see the reviews by Sharpton 
and Head, 1988) that they result from tectonism (e.g., Ono et 
al., 2009; Watters and Johnson, 2010). However, understanding 
of the mechanisms that control their development is less well 
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agreed upon, for example, the depth of faulting or whether wrin-
kle ridges are an expression of thick- or thin-skinned deformation 
(e.g., Watters, 1991; Mangold et al., 1998; Montési and Zuber, 
2003a, 2003b), and the stress field(s) responsible for their forma-
tion (Mangold et al., 2000). Another important issue is constraining 
the time periods over which they were formed. In previous studies, 
Fagin et al. (1978) argued that ridge formation reflects a late stage 
in the deformation of the lunar surfaces, and then proposed that 
ridges in Maria Crisium, Imbrium, Serenitatis, and Tranquilitatis 
developed beginning from 3.8–2.5 Ga. By analyzing the stratifica-
tion in the Serenitatis basin, Ono et al. (2009) showed that lunar 
ridges formed after 2.84 Ga. Watters and Johnson (2010) proposed 
that lunar wrinkle ridges continued to form as recently as 1.2 Ga 
ago. All of these works infer the possible ages of the ridges from 
upper/lower bounds. In an effort to tighten the uncertainty associ-
ated with their ages, we attempt to determine ridge ages directly 
using the buffered crater counting method.

Crater counting has long been used to determine the age 
of units of the lunar surface (e.g., Shoemaker et al., 1962). 
The rationale of the approach is to fit the observed crater 
size-frequency distribution (SFD) of a given surface unit to a 
known crater production function (PF) (e.g., Hiesinger et al., 2000; 
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Michael and Neukum, 2010), which is further used to derive the 
absolute ages along with a chronology function (CF) calibrated 
to radiometric dating from lunar samples (Stöffler and Ryder, 
2001). There are various uncertainties in the procedure arising 
from the methods used to determine the production function and 
the subsequent calibration of the chronology function from ra-
diometric samples, which requires inferring the source locations 
for components of returned samples. Further difficulties occur in 
identifying the crater population resulting from the primary im-
pactor flux; the population may suffer losses through removal pro-
cesses (e.g. Hartmann, 1971; Melosh, 2011; Michael and Neukum, 
2010), such as material diffusion by impact gardening at small 
scales or viscous relaxation at large scales, or be contaminated 
by fragmented or secondary impactors (McEwen et al., 2005;
McEwen and Bierhaus, 2006; Ivanov, 2006). Nevertheless, crater 
statistics measurements have yielded a series of predictions later 
verified by other techniques (Fassett, 2016), and have been broadly 
applied to date planetary surfaces achieving results consistent with 
the observed stratigraphy (e.g. Tanaka et al., 2014).

Normally, the procedure involves mapping the surface unit and 
identifying the craters that are superposed on it. When applying 
this method to dating lunar ridges, however, many craters within 
the mapped area of the ridges could have been formed prior to 
ridges themselves and have been uplifted during ridge formation. 
Therefore, to date the ridges with craters which unambiguously 
post-date the features, we developed a method whereby we map 
selected boundaries of wrinkle ridges where craters can be iden-
tified that either postdate these boundaries or are cut by them. 
A detailed description of the method will be presented below. In 
principle, this method should provide ages for lunar wrinkle ridges 
with a level of uncertainty comparable to that of conventional 
crater dating for a surface area.

2. Data and the buffered crater counting method

Using a global mosaic of images from the Lunar Reconnaissance 
Orbiter Camera (LROC) wide-angle camera (WAC), Yue et al. (2015)
mapped the population of wrinkle ridges on the Moon. To remove 
effects from lighting bias, a hillshade map from the Lunar Orbiter 
Laser Altimeter (LOLA) data was also used in the mapping. The 
lunar ridges are categorized into many groups based on their lo-
cations and spatial continuity. In our work we assumed that each 
group of lunar wrinkle ridges within a particular area were formed 
by the same geologic process and thus have a roughly uniform age, 
and sometimes make sub-divisions where breaks in the structural 
orientation or spatial continuity of the ridges are observed.

To date the wrinkle ridges, we need to identify a population 
of impact craters that was emplaced after the ridges formed and 
relate it to an appropriate accumulation area: this allows us to 
find the population density required for the chronology model. 
Close examination of the ridges reveals that many craters intersect 
them, but it is often not possible to determine whether a crater 
formed before or after the ridge itself. A crater uplifted during 
ridge formation may appear very similar to one which was em-
placed on top of the ridge structure. We therefore restricted our 
analysis to portions of the ridges showing scarps or well-defined 
steep scarp-like boundaries. In such cases, we were able to iden-
tify whether a crater cuts the scarp – indicating that the crater 
formed later – or the scarp cuts the crater, indicating that the 
crater was pre-existing. Scarps are associated with mapped wrinkle 
ridges sufficiently often that we may expect they provide a good 
local sampling of the superposed crater population.

Image data for the study were drawn from the Lunaserv 
mapserver LROC NAC overlay (Estes et al., 2013) at 2048 pix-
els/degree, equivalent to about 15 m/pixel, to cover the area of 
ridges previously mapped by Yue et al. (2015). The ridges were 
re-mapped at this resolution, and portions of the ridge boundaries 
showing scarps or pronounced steep boundaries were marked with 
polylines in a GIS system. Superposed craters were mapped using 
CraterTools to determine the crater diameter correctly with regard 
to the map projection (Kneissl et al., 2011). We used a simpli-
fied buffering scheme compared to that described by Kneissl et al.
(2015), calculating the buffer area as the product of the polyline 
length and crater diameter. However, the intent was the same: 
to reference each crater to a buffer area around the polylines, 
representing the area where we would have been able to iden-
tify other superposing craters of the same diameter if they were 
present. Since the scarps show limited local curvature, the simpli-
fied approach is a good approximation, and avoids the very large 
computational effort of calculating geodesic buffers around such a 
large number of features. The simplified approach is valid so long 
as the buffer areas of adjacent mapped sections do not intersect, 
which could occur if scarps are present on both sides of a wrinkle 
ridge. Where we observed such configurations, we chose to map 
only one of the boundaries, typically selecting the more prominent 
or longer side. Given that we are working from the assumption 
that spatially associated ridges formed together – especially the 
two sides of a single ridge – we do not expect this selection to 
bias the measured population.

Each scarp-intersecting crater was examined and included only 
if judged to post-date the scarp formation. Fig. 1 illustrates scarp-
intersecting craters in Mare Imbrium and Mare Serenitatis. Fig. 1a 
shows a narrow ridge interrupted by three younger craters as 
shown in Fig. 1b. The polyline was constructed along a steep 
boundary segment of the ridge as seen from the image: it repre-
sents a path where we are confident that we would have been able 
to identify superposed craters if they were present. To calculate a 
crater density, we determined the accumulation area, which is the 
product of the polyline length and the crater diameter (Tanaka, 
1982; Fassett and Head, 2008; Kneissl et al., 2015). To obtain good 
statistics, we compiled the results from all the ridges within a 
basin, sometimes making sub-divisions where breaks in the struc-
tural orientation or spatial continuity of the ridges may indicate 
that a different stress field may have acted. Fig. 2 shows the group-
ings we made represented with different colors: generally they are 
grouped by basin, but in some cases there are further divisions 
within a basin (different shades of same color). The exact divisions 
may be found in the shape files in the supporting data.

Figs. 1c and 1d show an example where the craters were 
formed earlier than the ridge in Mare Serenitatis. The three marked 
craters were modified by the ridge formation. These craters are ex-
cluded from the counts used to date the ridges in this research.

The strategy of only using the craters along scarp-like bound-
aries of the lunar ridges allows us to avoid the result being con-
taminated by craters which pre-date the wrinkle ridges. It does, 
however, limit the number of countable intersecting craters avail-
able for the dating statistics. As a result, we can only derive the 
ages of nine groups of lunar wrinkle ridges with confidence as 
shown subsequently (Fig. 3 and Table 1). In our work groups of 
lunar wrinkle ridges were always associated with more craters 
than in other recent publications (e.g., Xiao and Strom, 2012;
Kneissl et al., 2015).

Absolute ages were determined from the buffered crater counts 
in the conventional manner, i.e., fitting the differential form of the 
lunar production function to the range of data points consistent 
with it, and deriving the age from the measured population density 
through the chronology function (Neukum, 1983; Michael, 2013).

3. Results

Table 1 lists the results of our mapping and analysis, includ-
ing the total length of the mapped ridge segments, the number of 
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Fig. 1. Examples of craters which (a, b) post-date (red circles, 19.1◦W 42.6◦N, Mare Imbrium) and (c, d) pre-date (yellow circles, 11.1◦E 24.9◦N, Mare Serenitatis) wrinkle 
ridge formation. Images from Lunaserv mapserver LROC NAC overlay (Estes et al., 2013). (For interpretation of the references to color in this figure, the reader is referred to 
the web version of this article.)

Fig. 2. Mapped wrinkle ridge scarps overlaid on LROC WAC mosaic. Note that only portions of the ridges where we interpret the slope to be sufficiently steep to enable 
identification of the superposition relationship with intersecting craters are shown. Colors represent groups of ridges which were aggregated for analysis.
post-dating craters, and the derived age of each group of ridges. 
Fig. 3 plots the ages found for the nine groups of lunar wrinkle 
ridges, with the Group ID corresponding to the names in Table 1. 
The quoted errors relate to the Poisson statistics of the chronol-
ogy model and do not include the uncertainty of calibration of the 
chronology model itself.

According to the derived model ages for the nine groups of lu-
nar ridges, the wrinkle ridges in maria Fecunditatis and Crisium 
are the oldest with the model ages of 3.52 Ga and 3.51 Ga. All of 
these ridge systems were formed from Late Imbrian to Early Er-
atosthenian.

The ridge system in Tranquilitatis which, notably, is not concen-
tric to the basin as for the neighboring mascon basins Serenitatis 
and Crisium, yielded a formation time of 2.4 Ga, that is 1.4 Ga after 
its oldest surface lavas.

Fig. 4 shows the crater size frequency distributions (CSFDs) of 
all the groups of ridges in this global survey (the same data is 
given in R-plot form in online supporting Fig. S1). In those basins 
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Table 1
Age measurements for eight groups of lunar wrinkle ridges.

Group 
ID

Group name Center location Mapped ridge length 
(km)

Counted crater number Ages 
(Ga)

1 Oceanus procellarum 57.38◦W, 18.42◦N 9148.9 1358 3.35+0.067
−0.11

2 Imbrium 16.28◦W, 38.36◦N 4508.3 629 3.10+0.17
−0.38

3 Serenitatis 18.08◦E, 26.00◦N 1717.5 307 3.40+0.12
−0.42

4 Crisium 58.28◦E, 17.64◦N 1713.7 275 3.51+0.064
−0.11

5 Frigoris 14.6◦W, 59.3◦N 2854.0 244 3.20+0.15
−0.40

6 Nubium 16.60◦W, 21.30◦S 1218.1 218 3.25+0.17
−0.62

7 Tranquilitatis 34.32◦E, 6.18◦N 890.9 200 2.41+0.73
−0.90

8 Fecunditatis 50.28◦E, 2.50◦S 1175.9 89 3.52+0.088
−0.23

9 Humorum 40.55◦W, 23.66◦S 568.9 72 3.29+0.25
−2.1
Fig. 3. Summary of geologic ages of eight groups of lunar wrinkle ridges, against the 
Wilhelms (1987) geologic timescale. The groups of lunar wrinkle ridges are denoted 
from left to right according to the number of craters available for dating (group ID 
corresponds to names in Table 1). Error bars are 1-sigma and relate to the Poisson 
statistics of the chronology model, not including the uncertainty of calibration of 
the chronology model itself.

where we identified structurally or spatially distinct sub-groups of 
ridges, we found no significant difference in the superposed crater 
populations. We show the sub-group data in Fig. 4 with alternative 
symbols, but the ages are measured in each case from the aggre-
gate of the whole basin (shown with solid circles). For the maria 
Australe, Grimaldi, Moscoviense, Nectaris, Orientale, Smythii, Un-
darum, and Marginis, the data were insufficient to make isochron 
fits, but we note that the populations nevertheless appear gener-
ally consistent with those where we could.

4. Discussions

In our work, we determined the ages of lunar wrinkle ridges di-
rectly, where previously they were only loosely constrained by the 
ages of the surfaces they deform. Fagin et al. (1978) recorded that 
the ridges in maria Crisium, Imbrium, and Serenitatis occur on sur-
faces aged between 3.8 and 2.5 Ga, noting that they may have con-
tinued developing up to the present since they are seen to deform 
small craters in eastern Mare Serenitatis as well as the landslide 
material crossing the Lee-Lincoln scarp at the Apollo 17 landing 
site. Ono et al. (2009), by studying the relationship between buried 
regolith layers and subsequent basalt deposition from radar sound-
ing, proposed that the ridge formation was dominantly produced 
by global cooling, and occurred after 2.84 Ga. Based on strati-
graphic constraints that the youngest mare basalt units have been 
deformed by the wrinkle ridges, Watters and Johnson (2010) de-
rived that formation of wrinkle ridges continued at least until as 
recently as ∼1.2 Ga ago..

Our results indicate average formation times of 3.5 Ga for Mare 
Crisium, 3.4 Ga for Serenitatis, and 3.1 Ga for Imbrium, placing the 
majority of contraction close to the beginning of the previously 
constrained intervals. To analyze the temporal relation between the 
lunar maria and the wrinkle ridges, we made a summary of the 
formation times of the lunar mare basalts and the derived ages of 
the corresponding ridge systems (Table 2). The ages of the lunar 
mare basalts include the duration of all the different units where 
the basalts are located and, as would be expected, all the mea-
sured ridge ages were found to be younger than the lunar basalts 
upon which they occur. Table 2 also includes the age differences 
between the oldest basalt units and the ridges. Aside from the 
ridges in Mare Tranquilitatis, all the other dated groups show for-
mation times 0.10∼0.65 Ga after the earliest observable erupted 
material from the same mare. The development of the lunar wrin-
kle ridges depends heavily on the thickness or volume of the lunar 
basalt (Yue et al., 2015), which may last as long as the periods 
described in Table 2. Solomon and Head (1979) proposed that sub-
sidence usually continued for some time after the emplacement of 
flooding, due to the fluid behavior of the mantle.

The recent ridge formation noted by Fagin et al. (1978) would 
serve, in our analysis, to bring down the average age of the ridge 
groups. The measured ages being so early, however, indicates that 
ridge formation was not evenly distributed through time. A rea-
sonable interpretation of our data could be that the majority of 
ridge formation occurred soon after basalt emplacement, followed 
by sporadic development at a rather low level. Local stresses from 
loading by basalt fill are probably the principal agent responsible 
for the formation of lunar wrinkle ridges as argued by numer-
ous previous studies (e.g., Maxwell et al., 1975; Melosh, 1978;
Freed et al., 2001).

The ridge system in Tranquilitatis which, notably, is not concen-
tric to the basin as for the neighboring mascon basins Serenitatis 
and Crisium, yields an average formation time of 2.4 Ga, that is 
1.4 Ga after its oldest surface lavas, a significantly longer period 
than for any other basin. The curvature of the ridges at Tranquili-
tatis could indicate a more distant center of deformation, although 
the more linear trends of wrinkle ridges in Procellarum and Frig-
oris suggests a different character of stress field is typical in the 
absence of a mascon. The age discrepancy, however, appears to 
point to a different stress mechanism acting in this basin.

5. Conclusions

In this research, we demonstrate a new approach to dating lu-
nar wrinkle ridges, based on the crater size-frequency distribution 
along particular segments of their boundaries where we can un-
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Fig. 4. The CSFDs and derived model ages of the lunar wrinkle ridge systems in Table 2. μ is a function representing the uncertainty of calibration of the chronology model 
(Michael et al., 2016). The groups and sub-divisions are corresponding to the field of group in the supported online shapefiles.
ambiguously determine cross-cutting relationships. We use these 
segments to sample various population groups of ridges, making 
a systematic survey over all the lunar maria, and applying the 
buffered crater counting method to estimate the average ages of 
the groups.

We provided direct measurements of the ages of nine groups of 
lunar wrinkle ridges, making use of superposed craters in the size 
range of 1 km to several kilometers for all groups of lunar wrinkle 
ridges, such as to minimize the possible effect of contamination 
by secondary craters, considering the current debate on uncertain-
ties associated with using small craters in dating the lunar surface 
(Xiao and Strom, 2012).

Our investigation indicates that, except for the ridges in mare 
Tranquilitatis, typical lunar wrinkle ridge groups have average ages 
from late Imbrian to early Eratosthenian, or from 3.5 to 3.1 Ga, 
which is 0.1–0.7 Ga later than the eruption of the oldest basalts 
where they are located. We note that the average ages may be 
reduced by sporadic development of more recent ridges. Lobate 
scarps, which in some cases are seen to transit into wrinkle ridges, 
are known elsewhere to be young features (Watters et al., 2010; 
Clark et al., 2015). It thus seems not likely that some wrinkle ridge 
development may also be young.

Our findings are consistent with local stresses from the loading 
by basalt fill being the main cause of the formation of lunar wrin-
kle ridges, as others have proposed. We note that the average age 
of the wrinkle ridges in Mare Tranquilitatis differs from the trend 
seen elsewhere, which may point to a different stress mechanism 
having acted in this region.
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Table 2
Summary of the formation times of the lunar mare basalts and the corresponding ages of the wrinkle 
ridges. The basalt ages include the duration of different units where the ridges are distributed.

Group Ridge ages 
(Ga)

Basalt ages 
(Ga)

Difference 
(Ga)

Reference

Oceanus procellarum 3.35+0.067
−0.11 1.20∼3.72 0.37 Hiesinger et al. (2003)

Imbrium 3.10+0.17
−0.38 2.01∼3.57 0.47 Hiesinger et al. (2000)

Serenitatis 3.40+0.12
−0.42 2.44∼3.81 0.41 Hiesinger et al. (2000)

Crisium 3.51+0.064
−0.11 2.71∼3.61 0.10 Hiesinger et al. (2011)

Frigoris 3.20+0.15
−0.40 2.61∼3.71 0.51 Hiesinger et al. (2010)

Nubium 3.25+0.17
−0.62 3.25∼3.85 0.60 Hiesinger et al. (2003)

Tranquilitatis 2.41+0.73
−0.90 3.39∼3.80 1.39 Hiesinger et al. (2000)

Fecunditatis 3.52+0.088
−0.23 3.14∼3.68 0.16 Hiesinger et al. (2006)

Humorum 3.29+0.25
−2.1 2.93∼3.94 0.65 Hiesinger et al. (2000)
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