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Displacement-length scaling relations of nearside graben: Evidence of 
restricted normal faults on the Moon 
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A B S T R A C T   

Evidence of significant extension on the Moon is associated with nearside mare. The load induced by the mare 
basalts resulted in lithospheric flexure and graben forming extension. We use high-resolution topographic and 
image data from the Lunar Reconnaissance Orbiter (LRO) and the SELenological and ENngineering Explorer 
(SELENE) to generate detailed fault displacement-length (D/L) scaling observations for graben bounding normal 
faults. Specifically, we focus on the Dmax/L relations of graben within three geologic settings: lunar highlands, 
mare, and mixed highlands-mare terrains. The population scaling factor γ for the measured lunar graben is 4.5 ×
10− 3 (n = 50), falling within the range for terrestrial normal faults. The scatter in the Dmax/L data for mare 
graben (γ = 4.9 × 10–3,n = 25) is significantly higher than that for graben in highlands (γ = 6.3 × 10− 3, n = 16) 
and mixed terrains (γ = 3.0 × 10− 3, n = 9). The shape of a displacement profiles for faults is indicative of the 
mode of growth (i.e., restricted or unrestricted). Displacement plots show 52% of mare graben exhibit plateau- 
shaped profiles, indicating restricted fault growth, compared to 19% and 33% for highlands and mixed terrain 
graben, respectively. We attribute the large percentage of plateau-shaped profiles and the scatter in mare graben 
Dmax/L data to restricted fault growth controlled by the local thickness of the mare basalts. Finally, we consider 
whether observationally based estimates of the distribution of mare basalt thicknesses is consistent with the 
width-depth relation of the inferred restricted graben.   

1. Introduction 

The characteristics of faults and fractures express the stress state, 
mechanical properties, and structure of planetary lithospheres in which 
they form. The most recent period of lunar tectonism is preserved in 
small lobate thrust fault scarps, the most common tectonic landforms on 
the farside (Watters et al., 2010, 2015). Lobate scarps are very young, 
some estimated to be active within the last 50–100 Ma (Watters et al., 
2012; van der Bogert et al., 2018), and some may still be active (Watters 
et al., 2019). Larger scale tectonic landforms on the Moon are the 
nearside graben and wrinkle ridges, spatially related to lunar mare. 
Lunar graben may form as the result of different stress environments like 
those resulting from dike intrusion (e.g. Head and Wilson, 1993; Wilson 
and Head, 2017; Head & Wilson, 2017), or passive extension (e.g. Sol-
omon and Head, 1979, 1980; Freed et al., 2001; Martin and Watters, 
2021; Schleicher et al., 2019) from subsidence and flexure induced by 
loading of the lunar lithosphere by the mare basalts. In the presence of a 
mascon, subsidence and flexure results in passive extension, forming 
radial and concentric graben along basin margins, and contraction 

forming wrinkle ridges in the basin interiors (Melosh, 1978; Solomon 
and Head, 1979, 1980; Freed et al., 2001; Melosh et al., 2013). In non- 
mascon mare settings, subsidence and flexure may be modulated by the 
local strength and/or thickness of the elastic lithosphere (Martin and 
Watters, 2021; Schleicher et al., 2019; Watters, 2022). As such, the focus 
of this study are the ancient, large, mare proximal graben, rather than 
the recently formed (<50 myr) small graben concentrated on the back 
limb of lobate scarps (Watters et al., 2012). 

The early onset of thermal expansion on the Moon likely induced 
graben formation (e.g. Andrews-Hannah et al., 2013; Sawada et al., 
2016), however the best preserved graben are proximal to the nearside 
mare, forming prior to 3.6 Ga (Boyce, 1976; Lucchitta and Watkins, 
1978; Hiesinger et al., 2000, 2003). Nearside graben typically exhibit a 
symmetric geometry in cross-section (often referred to as simple graben 
(Golombek, 1979; Golombek and McGill, 1983)). Lunar graben also 
generally lack offset or crosscut graben floors or walls that are charac-
teristic of multiple episodes of extension, often referred to as complex 
graben (e.g Watters and Johnson, 2010). Unlike wrinkle ridges that are 
confined solely to the mare basalts, nearside graben are found in mare 
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and highland terrains, as well as crosscutting both terrains (Fig. 1) 
(hereafter, referred to as mixed terrains). We can use fault displacement- 
length scaling to characterize lunar graben and assess whether their 
formation is influenced by the geologic setting (highlands, mare, or 
mixed) within which they form. 

Displacement-length scaling, the relationship between the maximum 
displacement on a fault and its length, has been widely used to char-
acterize terrestrial fault populations (e.g. Walsh and Watterson, 1988; 
Cowie and Scholz, 1992a, 1992b; Gillespie et al., 1992; Cartwright et al., 
1995). The ratio of a fault’s maximum displacement to its total length is 
influenced by the mechanical properties and tectonic setting of 
deformed crustal materials (Cowie and Scholz, 1992a, 1992b; Schultz 
et al., 2010). A fault’s length and maximum displacement are related by 
a scaling factor γ where Dmax = γLn, where n = 1 has been shown to be a 
good approximation to terrestrial and planetary fault populations 
(Cowie and Scholz, 1992a; Dawers et al., 1993;Watters et al., 2000; 
Schultz et al., 2010). The γ of a fault population is typically between 
~1.0 × 10− 1 and 1.0 × 10− 3 and individual faults within a population 
may have widely different Dmax/L ratios resulting from various in-
fluences. Variations in the Dmax/L ratios (also referred to as scatter) in a 
fault population could result from fault linkages, interactions, overlap, 
or layering in the host rock (Schultz et al., 2010). 

As a fault grows, it accumulates displacement and length propor-
tionally according to the mechanical controls on the fault. Assuming a 
Linear Elastic Fracture Mechanics (LEFM) behavior (Pollard and Segall, 
1987; Walsh and Watterson, 1988; Pollard and Fletcher, 2005), a plot of 
the displacement and length of an unrestricted fault will be semicircular 
to elliptical (Fig. 2a). Fault growth frequently occurs through the 
interaction and linkages of individual fault segments. As fault segments 
begin to interact, displacement where the faults overlap, often referred 
to as ‘soft-link’, will appear to deviate from the ideal elliptical shape 
(Fig. 2b). The two faults will begin to behave as one, the length will 
increase to the sum of the two individual faults, and the displacement 
profile will flatten or plateau. Plateau-shaped displacement profiles are 
also indicative of restricted fault growth, where faults are restricted from 
accumulating displacement as they grow in length. Fault restriction can 
occur when a developing fault encounters a mechanical discontinuity in 
the subsurface. Continued evolution of soft-linked fault segments will 
result in fully linked, or ‘hard-link’ faults, where the combined segments 
behave as a single fault with an elliptical displacement profile, consis-
tent with unrestricted fault growth (Fig. 2c). 

Previous studies of displacement-length scaling relationships of 

lunar graben were limited to lower resolution data returned prior to the 
Lunar Reconnaissance Orbiter (LRO) (Watters and Johnson, 2010), 
where the value of γ for the lunar graben population was reported to be 
3.5 × 10− 3. Callihan and Klimczak (2019) examined a subset of the 
lunar graben population using high resolution imagery and altimetry 
data returned by LRO and report γ = 2.3 × 10− 3. Here, we examine the 
displacement-length scaling relationships and displacement profiles of a 
subset of lunar graben within specific geologic terrains. We include 
graben forming in mare basalts, highlands, and mixed terrains (graben 
crosscutting both mare and highlands), to determine whether geologic 
setting has any control on graben formation on the lunar nearside. The 
displacement profiles are examined for evidence of restricted normal 
fault growth in the three settings. Additionally, we examine estimates of 
the thickness of the mare basalts and compare them with estimates of the 
depth of penetration of graben bounding normal faults. 

2. Data collection 

Two primary criteria were used to identify graben for this study: 1) 
those that are not heavily degraded and 2) those in which the full extent 
is discernable. Graben with en echelon segments were assessed to 
determine whether segments were fully-linked. Segments that were 
fully-linked were treated as a single graben; segments that were not 
fully-linked were treated as individual graben. Graben within floor 
fractured craters were not included, as the focus of this work is on 
nearside graben associated directly with the mare. All graben have 
experienced some degree of degradation including overlying impacts 
and emplacement of ejecta. Therefore the best preserved graben were 
chosen because they provide the most accurate measure of the structural 
relief and allow the most accurate estimate of the maximum displace-
ment and the displacement along their length. A graben was deemed 
satisfactorily preserved if both rims were visible, and the presence of 
superposed impacts and ejecta emplacement did not obscure large 
portions of the normal faults. Additionally, graben were only selected if 
both terminuses were detectable to ensure an accurate measurement of 
total length. A total of fifty graben were selected for analysis (Fig. 3). 

2.1. Maximum displacement 

The throw on each of the two graben bounding normal faults were 
measured at 1 km intervals using Lunar Orbitar Laser Altimeter/SELe-
nological and ENngineering Explorer gridded data (Barker et al., 2016). 

Fig. 1. Lunar graben within three terrain types, (a) highlands (centered at 6.61◦N, 13.11◦E), (b) mare (centered at − 0.49◦N, 22.41◦E), (c) and a combination of the 
two referred to herein as mixed terrain (centered at − 30.58◦N, − 21.78◦E). Graben on the moon are generally symmetrical in their cross section, with flat floors 
bound by antithetic normal faults indicative of extension localized around nearside mare. 
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Throw was determined by measuring the minimum and maximum 
elevation on each fault resulting in over 20,000 elevation measurements 
collected for this study. Displacement was inferred from throw assuming 
an average fault dip of 60◦, assuming lunar graben are best characterized 
by a simple graben geometry (normal faults converge to a common point 
at depth). A displacement profile (Fig. 4) was created for each of the 
bounding normal faults to assess which of the two faults preserved the 
greatest displacement. Displacement profiles provide a robust means to 
determine a fault’s maximum displacement and its location along the 
fault because Dmax will not always occur at the fault-length midpoint. 
Models for fault geometries (i.e., Linear Elastic Fracture Mechanics 
(LEFM), post-yield fracture mechanics, or symmetric linear stress dis-
tribution, (see Schultz et al., 2010)) predict an unrestricted fault should 
achieve its maximum displacement near the midpoint of its length and 
zero displacement at the fault tips. The Dmax assigned to each graben was 
determined by identifying the normal fault with the greatest displace-
ment. We assume that degradation has removed some structural relief, 
thus the preserved relief at any point along the fault is a minimum 
including the estimate of maximum displacement. At locations along a 
graben where an overlying crater or ejecta obscured fault scarp relief, 
displacement data was not recorded. 

2.2. Total length 

An inaccurate estimate of fault length will result in an inaccurate 
Dmax/L ratio. Fault degradation, superposed impact craters, illumination 

geometry, and fault segmentation all play a role in potentially compli-
cating an accurate measurement of the fault length. We measured the 
relief beyond the discernable fault tips to ensure there was no unac-
counted for structural relief. This technique ensured the full length of 
each fault from tip-to-tip was captured by identifying where displace-
ment falls to zero (Fig. 4). 

2.3. Displacement plot shape 

The shape of a displacement profile can be indicative of unrestricted 
or restricted fault growth. LEFM theory predicts that unrestricted fault 
growth will produce an elliptically-shaped displacement profile. 
Restricted fault growth, where the fault is not free to extend vertically as 
it increases in length horizontally, can produce a flat- or plateau-shaped 
displacement profile (e.g. Soliva et al., 2005, 2006). A plateau-shaped 
displacement profile will also be produced by faults undergoing link-
age (Fig. 2). Therefore, classifying the shape of displacement profiles is 
an important tool for identifying the mode of fault growth (i.e., 
restricted or unrestricted). Furthermore, the measurement of fault dis-
placements within each profile generated in this study (Fig. 5) can be 
variable over short distances, making it difficult to characterize the 
overall shapes of the profiles. To more accurately characterize the 
displacement shapes, convex hulls were fit to each plot (Fig. 5). Convex 
hull fits are a means of representing the dominant shape of a distribution 
of points, avoiding potential errors introduced by methods such as a 
Fourier transform (e.g Atkins et al., 2021). To establish a statistical basis 

Fig. 2. Displacement evolution models. (a) As individual, unrestricted faults experience growth, their displacement profiles will be elliptical in shape. (b) As in-
dividual faults begin to interact and link, the combined displacement profile will flatten. If an individual fault encounters a restriction as it grows, it will continue to 
accumulate length with limited vertical displacement, also producing a plateau-shaped displacement profile. (c) As the faults fully link, they will grow as a single 
fault and the displacement profile will return to an elliptical shape. Plots after Schultz et al. (2010) and Fossen (2016). 
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for classifying the shape of a displacement profile, we use the coefficient 
of variation (the ratio of the mean to the standard deviation) of all non- 
zero points in the convex hull fit. A plateau-shaped profile is one in 
which this ratio is generally ≥2.3 and an elliptical-shaped profile has a 
ratio generally <2.3 (see Appendix A). 

3. Results 

Of the 50 graben identified for this study (Fig. 3), 16 were within the 
highlands, 25 within mare basalts, and 9 were identified as mixed 
(within both highlands and mare) (Table 1). Mare terrains were iden-
tified using the mare basalt map from Nelson et al. (2014). Thirty-one of 
the 50 graben were found to have displacement profiles classified as 

elliptical-shaped, with 19 plateau-shaped (Fig. 5). Thirteen of the 25 
graben in the mare have plateau-shaped profiles, a higher percentage 
than in either the highlands or mixed terrains. By contrast, only 3 of the 
16 profiles of graben in the highlands are classified as plateau-shaped 
(see Appendix B). 

Convex hull fits generalize the displacement profiles of the examined 
lunar graben. The high degree of scatter in many of the displacement 
profiles is at least partially due to the degradation state of the selected 
graben. Thus, outliers are expected (Table 2) and occur where convex 
hulls classified as elliptical, appear more plateau-shaped, and vice versa 
(see Appendix B). Excluding outlier graben has a negligible effect on the 
scaling factor of each fault population, and their resulting scatter. 
Furthermore, mare graben would still maintain the highest proportion of 
plateau-shaped displacement profiles relative to the other populations of 
graben. 

The Dmax/L relations were evaluated for normal faults examined in 
each of the three geologic settings. Values of γ were determined by a 
least squares fit to the Dmax/L data for each sample graben population 
(Fig. 7). The γ value for graben in the highlands is ~6.3 × 10− 3, ~4.9 ×
10− 3 for graben in the mare, and ~ 3.0 × 10− 3 for graben in the mixed 
setting (Fig. 5, Table 1). Each graben population shows some scatter, 
quantified by the correlation coefficient R2 (Fig. 7) for each least squares 
fit. The greatest amount of scatter and the lowest R2 of ~0.58 is found in 
the population of mare graben. The highlands and the mixed setting 
graben populations have the highest R2 values at ~0.77 and thus the 
least scatter. 

4. Discussion 

Lunar graben fall in the lower range of values of γ found for terres-
trial normal faults (1.0 × 10− 1 to 1.0 × 10− 3) (Watters and Johnson, 
2010; Callihan and Klimczak, 2019), consistent with values of γ reported 
here (Fig. 8). Rheology can play a role in variations in γ of a fault 
population, however, the contrast in strain regime between Earth and 
one-plate lithosphere planetary bodies like the Moon is a key factor in 
accounting for the differences. Furthermore, the presence of liquid water 
likely acts to lubricate terrestrial faults resulting in higher values of γ 

Fig. 3. Distribution of 50 selected nearside graben examined in this study color coded by setting (e.g., mare, highlands, or mixed mare-highlands terrains). Basemap 
is from the Lunar Reconnaissance Orbiter Camera Wide Angle Camera (WAC) (e.g. Speyerer et al., 2011). 

Fig. 4. An example graben displacement profile used to identify a graben’s 
length and maximum displacement (Dmax). At locations along graben where 
significant degredation affects robust measurements of throw, displacement 
was not recorded. 

E.S. Martin and T.R. Watters                                                                                                                                                                                                                



Icarus 388 (2022) 115215

5

compared to populations of similar faults on the Moon and Mercury 
(Watters et al., 2000; Watters and Johnson, 2010). 

While values of γ for lunar graben populations fit within an expected 
range for normal faults on terrestrial bodies, the high-scatter in Dmax/L 
ratios of mare graben relative to highland graben may be an expression 
of the difference in the geologic setting. Scatter in Dmax/L ratios of mare 
graben could be attributed to the number of fault segments that may 
have ceased development at different stages in the evolution of the fault 
linkages (e.g., Fig. 2). The stage of development of fault linkages can also 
add variability to the shape of displacement profiles of the graben 
normal faults (Fig. 2). In an analysis of fault segments, the number of 
segments was determined by identifying en echelon steps or large var-
iations in fault azimuth along graben strike. While the mare graben 

appear to have a greater number of relatively short graben segments 
overall, the general distribution of each sample graben population are 
similar with few segments over 100 km long, and most segments 10–70 
km in length (Fig. 9). Thus, it is concluded that the number of fault 
segments does not significantly influence the scatter in the Dmax/L ratios 
or the shape of the displacement profiles (Fig. 5–7). We suggest the 
scatter in the Dmax/L ratios of normal faults in the lunar mare is the result 
of restricted growth. This is consistent with a subset of lunar graben 
previously identified as having plateau-shaped displacement profiles 
also attributed to mechanical restriction (Callihan and Klimczak, 2019). 

The near surface highlands crust is best characterized as a mechan-
ically isotropic megaregolith. The high percentage of elliptical-shaped 
displacement profiles (Table 1) of highlands and mixed graben 

Fig. 5. A selection of elliptical- and plateau-shaped displacement plots for graben within each terrain (highlands, mare, mixed) identified for this work. Each 
displacement plot is accompanied by their associated convex hull fits (black lines). Pink points on the x-axis are the locations of segment intersections along the 
length of the fault (see Fig. 9). Displacement profiles are classified as plateau-shaped if the coefficient of variation (ratio of the mean to the standard deviation) of the 
non-zero points of the convex hull fit is ≥2.3. Here, the ratios are 2.4, 4.2, and 2.7 respectively for plateaued graben in the highlands, mare, and mixed terrains. The 
ratios are 1.2, 2.1, and 1.7 for elliptical graben in the highlands, mare, and mixed terrains respectively. See Appendix B for displacement profiles and convex hulls for 
all 50 graben in the population of graben selected for this work. 

Table 1 
Population and percentages of our sample of lunar graben with plateau- or elliptical-shaped displacement profiles in three geological settings: highlands, mare, and 
mixed terrains.   

Total Plateau Elliptical %Plateau %Elliptical γ R2 

Highlands 16 3 13 19% 81% 6.3 × 10− 3 0.77 
Mare 25 13 12 52% 48% 4.9 × 10− 3 0.58 
Mixed 9 3 6 33.3% 66.6% 3.0 × 10− 3 0.77  

E.S. Martin and T.R. Watters                                                                                                                                                                                                                



Icarus 388 (2022) 115215

6

suggests that normal fault growth in these settings is largely unre-
stricted. We interpret the unrestricted growth as an indication of the 
homogeneity of the mechanical properties of the lunar highlands. Based 
on Gravity Recovery and Interior Laboratory (GRAIL) data, a bulk 
density of 2550 kg m− 3 suggests a pervasively fractured and highly 
porous lunar crust (Wieczorek et al., 2013). The large percentage of 
elliptical-shaped displacement profiles in the mixed highland-mare 
setting (Table 1), suggests that the mechanical properties of the high-
lands have the greater influence on normal fault growth in these loca-
tions. It is interesting to note that γ for mixed setting graben is similar to 
mare graben but with much less scatter in the Dmax/L data. Other sources 
of scatter in Dmax/L data may result from factors such as rock property 

variations, and error in determining maximum displacement and total 
fault length (Cartwright et al., 1995, 1996; Cowie, 1998; Dawers and 
Anders, 1995; Wojtal, 1996; Schultz, 1999). 

If the high percentage of plateau-shaped displacement profiles for 
lunar mare graben are indicative of restricted fault growth, then fault 
restriction likely results from the mechanical discontinuity between the 
mare basalt sequence and the basin floor material. A mechanical 
discontinuity could limit the accumulation of vertical displacement as 
normal faults increase in length, resulting in a plateau-shaped 
displacement distribution. Local variations in the depth of mechanical 
discontinuities are expected to restrict normal fault growth to different 
degrees. Fault restriction controlled by varying thicknesses of mare 

Table 2 
Location information for each selected graben as well as geological context, maximum displacement 
(Dmax), length, and displacement-length ratio (Dmax/L). Data outliers are identified by ‘*’. A 
displacement profile each graben can be found in Appendix B. 
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basalt sequences would be consistent with the greater scatter in Dmax/L 
data and the lower correlation coefficient of the least squares fit for the 
sample mare graben population (Fig. 7). Although we interpret the 

greater scatter in the mare Dmax/L fault population to be the result of 
variations in the total thickness of the mare basalts, the presence of 
layering in the sequences may also be a contributing factor. 

Restricted mare graben may be an important indicator of the local 
thickness of the basalt sequence if the restricting mechanical disconti-
nuity is the interface between mare basalts and basement rocks. The 
width of a restricted mare graben can be used to estimate the local basalt 
thickness. The simple graben model has antithetic normal faults inter-
secting at depth at a mechanical discontinuity (McGill, 1971; Golombek, 
1979). The depth of intersection of the normal faults can be inferred 
from the graben width and an assumption about the fault-plane dip, 
generally assumed to be 60◦ (McGill, 1971; Golombek, 1979; Watters 
and Johnson, 2010). Because nearside graben are mostly confined to the 
margin of mare basins (excluding graben within floor fracture craters (e. 
g. Jozwiak et al., 2012, 2015), thickness estimates from graben widths 
are spatially restricted and may represent minimum thicknesses. 

Previous methods for estimating variations in basalt thicknesses 
across the mare are based on partially buried (ghost) impact craters 
(300–400 m thick on average, up to 2 km) (DeHon, 1974, 1975, 1977, 
1979; DeHon and Waskom, 1976; Horz, 1978), gravity data and 
topography (average 0.75 km on average, up to 1.62 km) (Gong et al., 
2016), and buried lunar impact craters from GRAIL (1.5 km on average, 
up to 7 km) (Evans et al., 2016). 

Fig. 6. Displacement profiles classified by shape of convex hull fits (elliptical- or plateau-shaped) for all 50 graben within the highlands (a,b), mare (c,d), and mixed 
terrains (e,f). Profile shape is defined by the coefficient of variation of non-zero points in the convex hull fits. 

Fig. 7. Displacement-length scaling of three populations of lunar nearside 
graben selected in this study e.g. Fig. 3. Error bars represent ±25% of the Dmax 
at each graben in our sample accounting for some unspecified amount of 
degradation of graben topography over time. 
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The depth of faulting of mare graben normal faults is estimated to be 
1 to 3 km for all mare graben examined (Fig. 10a), inferred from graben 
width. The mare graben normal faults classified as restricted extend to a 
depth of ~1–2 km, where the faults of those classified as unrestricted 
graben reach depths of ~3 km. The difference in depths between 
restricted and unrestricted mare graben might suggest that an initial 
restriction was eventually overcome by some graben, restoring the 
displacement profile to a more elliptical shape. Where mare graben are 
located near ghost craters, (DeHon, 1974; DeHon, 1975, 1977, 1979), 
basalt thicknesses are estimated to be under 1 km, two or more times 
thinner than the estimated restricted fault depth (Fig. 10a). Quasi- 
circular mass anomalies in the nearside mare revealed in GRAIL data 

are interpreted to be buried impact craters (Evans et al., 2016). There is 
good agreement between the inferred depth of faulting of the mare 
graben and estimates of basalt thicknesses from GRAIL buried craters 
(Fig. 10b). While some deviation occurs in southern Humorum, overall 
mare basalt thickness estimates from ghost craters (DeHon, 1974; 
DeHon, 1975, 1977, 1979) are consistently less than those derived from 
depth of normal faulting. It is worth noting that basalt thickness esti-
mates from ghost craters were initially considered by some investigators 
to be too high (e.g. Horz, 1978), the more recent basalt thickness esti-
mates derived from GRAIL suggest the opposite is true (Gong et al., 
2016; Evans et al., 2016). 

Many estimates of mare basalt thicknesses rely on the assumption 
about the shape of the mare prior to infilling. However, in the case of 
basins it is possible these basins were initially more pan-shaped than 
bowl-shape, meaning steeply sloping rims and flat-bottomed interiors 
(Watters and Konopliv, 2001). If the mare were initially pan-shaped, it 
would suggest some of the reported basalt thicknesses near the mare 
centers are overestimates (Fig. 10 see assumed partially buried craters). 
Furthermore, basalt thickness estimates would likely increase overall, as 
they would be more uniformly distributed across each mare. A pan- 
shaped basin would be consistent with the basalt sequences of up to 2 
km thick near the basin rims inferred from the mare graben herein. 
While a selection bias exists because nearside graben are predominantly 
found on the perimeter of the mare, a pan-shaped basin would account 
for thick basalt sequences near the margins of mare basins. 

5. Summary and conclusions 

We present detailed observations of the displacement-length scaling 
of graben bounding normal faults around the nearside lunar mare to 
better understand the controls on their formation. The analysis reveals 
differences in the scatter of Dmax/L ratios and the shape of displacement 
profiles of lunar graben in different geologic settings including high-
lands, mare, and mixed highland-mare terrains. We find greater scatter 
in the Dmax/L data of mare graben, and find that it is likely not the result 
of immature fault linkages. It is concluded that many mare graben 
normal faults develop in an environment restricted by the local thickness 
of the mare basalts and the mechanical discontinuity at the base of the 
basalt sequences. Analysis of graben normal faults developed in the 
highlands and mixed settings show less evidence of restricted fault 

Fig. 8. Displacement-length scaling for terrestrial normal faults (Cowie and Scholz, 1992b) compared with lunar graben from this, and previous work (Watters and 
Johnson, 2010;Callihan and Klimczak, 2019). 

Fig. 9. Distribution of fault segment lengths within graben in lunar terrains. 
Mare graben have a slight trend towards more short fault segments overall, but 
the distribution of segment lengths are not significantly different between 
graben populations. The similarity in distribution of segment lengths suggests 
that no individual graben population is more segmented than another, and that 
graben segmentation is not influencing the shape of graben displacement pro-
files (Fig. 5). 
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growth likely due to the absence of shallow depth mechanical discon-
tinuities. The results of this work provide new insight into the devel-
opment of the nearside graben and the influence geologic setting had on 

their formation. The width-depth relation of the restricted mare graben 
suggests basalts up to 2 km thick, consistent with multiple studies based 
on observations from GRAIL. 

Fig. 10. Distribution of mare basalt thicknesses estimated using (a) ghost craters (circles) (DeHon, 1974; DeHon, 1975, 1977, 1979) and (b) buried lunar impact 
craters detected from GRAIL (Evans et al., 2016). Mare graben from this study plotted as squares (restricted graben) and diamonds (unrestricted graben). 
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Appendix A 

The coefficient of variation is defined as the ratio of the mean and the standard deviation. The coefficient of variation (CV) is used as a statistical 
characterization the shape of the convex hull fits to the displacement profiles. The threshold is determined by assessing the CV values of convex hulls 
that represent endmembers of plateau- and elliptical-shaped displacement profiles. An idealized elliptical endmember is represented by a triangular- 
shaped displacement profile (Fig. A1a) with a CV of 1.4. An idealized plateau-shaped profile has a CV of 10.8. An idealized minimum plateau-shape 
profile, one with a shape roughly between the endmembers (Fig. A1c), has a CV of 2.3. Thus we characterize displacement profiles as plateau-shaped 
(CV ≥ 2.3) or elliptical-shaped (CV < 2.3).

Fig. A1. Profiles highlighting endmembers for idealized elliptical- and (CV = 1.4) plateau-shaped (CV = 10.8) displacement profiles (a, b). The coefficient of variation 
was calculated for each plot. (c) Graphic representation of the threshold between elliptical- and plateau-shaped profiles. The threshold value of CV is 2.3. 
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Appendix B 

The complete set of displacement profiles for all 50 graben within the sample population are shown. Each displacement profile is accompanied by 
their associated convex hull fit (black lines). Pink points on the x-axis are the locations of fault segments (e.g. Fig. 9). Graben are grouped by their 
geological terrain, either as highlands, mare, or mixed highlands-mare terrain. Each plot is also labeled with the coefficient of variation of all non-zero 
points in the convex hull fits indicating whether the profile is plateau-shaped (≥ 2.3) or elliptical-shaped (<2.3).    

Fig. B1. Displacement profiles for all highlands graben in our sample population. A total of 16 highlands graben are included with 31% classified as restricted 
indicated by their plateau-shaped displacement profile and their CV value.  
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Fig. B2. Displacement profiles for all mare graben in our sample population. A total of 25 mare graben are included with 52% classified as restricted indicated by their 
plateau-shaped displacement profile and their CV value. 
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. (continued).  
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Fig. B3. Displacement profiles for all mixed highlands-mare graben in our sample population. A total of 9 mixed graben are included with 33.3% classified as 
restricted indicated by their plateau-shaped displacement profile and their CV value. 
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