Reviews in Mineralogy & Geochemistry 1 6
Vol. 89 pp. 691-727, 2023
Copyright © Mineralogical Society of America

Tectonics of the Moon

Amanda L. Nahm!, Thomas R. Watters?, Catherine L. Johnson®*,
Maria E. Banks?**5, Carolyn H. van der Bogert®, Renee C. Weber’,
Jeffrey C. Andrews-Hanna®

'NASA Headquarters, 300 E Street SW, Washington,
District of Columbia 20024-3210 U.S.A.

amanda.l.nahm@nasa.gov*

2Center for Earth and Planetary Studies, National Air and Space Museum,
Smithsonian Institution, Washington, District of Columbia 20560 U.S.A.

watterst@si.edu™

’Department of Earth, Ocean, and Atmospheric Sciences,
University of British Columbia, Vancouver, British Columbia, Canada

*Planetary Science Institute, 1700 E Fort Lowell Rd STE 106,
Tucson, Arizona 87519, U.S.A.

cjohnson@eoas.ubc.ca

SNASA Goddard Space Flight Center, Greenbelt, Maryland, U.S.A.

maria.e.banks @nasa.gov

SInstitut fiir Planetologie, Westfiilische Wilhelm-Universitéit Miinster
Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany

vanderbogert@uni-muenster.de

’NASA Marshall Space Flight Center, Huntsville,
Alabama 35812, U.S.A.

renee.c.weber@nasa.gov

8Lunar and Planetary Laboratory, University of Arizona,
Tucson, Arizona 85721, U.S.A.

Jjecahanna@ gmail.com

* = corresponding authors

1. SUMMARY

In less than a decade, the long-held view that the tectonics of the Moon were largely just
a consequence of the evolution of the near side mare basins has been changed dramatically.
The discovery of a vast population of small-scale lobate thrust fault scarps in images returned
by the Lunar Reconnaissance Orbiter Camera (LROC) has provided evidence that the Moon
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experienced global-scale tectonics. Efforts to date these small fault scarps indicate a young age,
actively forming within the last 50 to 100 Ma. High-resolution images and topographic data
obtained by the Lunar Orbiter Laser Altimeter (LOLA) and LROC stereo imaging have enabled a
new generation of global tectonic maps of wrinkle ridges and graben, allowing morphologic and
dimensional analysis of these landforms in unprecedented detail. An unparalleled new view of
the Moon'’s crustal structure provided by the Gravity Recovery and Interior Laboratory (GRAIL)
mission, along with the new tectonic data sets, hint at a more complex evolution of near side
mare than previously thought, and perhaps present some challenges to classic mascon tectonic
models. For example, a large, regional-scale rift system bordering Oceanus Procellarum and
Mare Frigoris discovered in GRAIL gravity gradient maps may have influenced mare tectonics.
GRAIL has also revealed evidence of widely-distributed ancient buried rifts, graben, and dike
intrusions that formed early in the Moon’s thermal evolution when the dominant stress state was
extensional. The young thrust faults and young small-scale graben detected in LROC images
provide a window into the recent stress state of the Moon and offer insights into the origin of
current lunar near-surface stresses. The global pattern of lobate fault scarps is consistent with
stresses from global contraction in combination with tidal stresses from

recent true polar wander, orbital recession, and Earth-raised diurnal tides. The young
age of the fault scarps raises the possibility that coseismic slip events on the developing faults
were recorded by the Apollo Seismic Network. Some relocated epicenters of recorded shallow
moonquakes are in close proximity (<30 km) to mapped fault scarps. The emerging new view of
the Moon as more tectonically dynamic in its ancient past and as a potentially still active body
may give fresh insight into the formation and tectonic evolution of small, one-plate rocky bodies.

2. INTRODUCTION AND MOTIVATION

On the Moon, tectonic landforms occur globally, but with distinct types concentrated on
the near side, associated spatially with lunar maria. Previously, three main types of tectonic
structures on the Moon were identified: basin-localized compressional wrinkle ridges and
extensional graben and the more broadly-distributed lobate scarps. Tectonic landforms are
a direct expression of the state of stress in the Moon’s near-surface crustal materials at the
time of deformation. Thus, the spatial distribution, morphometry (lengths, widths, and reliefs),
as well as absolute and relative ages of such structures, provide critical constraints on the
temporal and spatial evolution of stress in the lunar lithosphere.

Lunar wrinkle ridges are one of the earliest recognized extraterrestrial tectonic landforms,
seen first in Earth-based telescopes. G. K. Gilbert described the ridges as anticlinal forms over
one hundred years ago (Gilbert 1893). Their exclusive occurrence in mare basalts, however,
spawned an early debate that extended into the Apollo era over whether wrinkle ridges were
volcanic or tectonic in origin. Some concluded the association with maria as evidence that wrinkle
ridges are volcanic ridges related to either the emplacement, intrusion, or extrusion of mare lava
(Fielder 1961; Quaide 1965; Whitaker 1966; Tija 1970; Hartmann and Wood 1971; Colton et
al. 1972; Strom 1972; Hodges 1973; Scott 1973; Young et al. 1973). Like Gilbert (1893), others
concluded that wrinkle ridges are purely tectonic landforms (Baldwin 1963, 1965; Bryan 1973;
Hodges 1973; Howard and Muehlberger 1973; Schaber 1973; Muehlberger 1974; Maxwell et al.
1975; Lucchitta 1976; 1977; Maxwell and Phillips 1978; Sharpton and Head 1981, 1982, 1988).
Images returned by robotic missions to Mercury, Venus, and Mars show that wrinkle ridges are
found in volcanic plains on all the terrestrial planets (Watters and Schultz 2010).

Structures previously termed linear and arcuate rilles are long, narrow troughs interpreted
to be graben formed by extension, deforming both mare basalts at basin margins and the adjacent
highlands. They are thus primarily located on the lunar near side. Their highly symmetric
cross-sectional geometry and characteristic flat floors with steeply inward-dipping walls led to
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the nearly unanimous interpretation that they are graben formed by crustal extension (Baldwin
1963; Quaide 1965; McGill 1971; Lucchitta and Watkins 1978). The basin-localized nature of
both wrinkle ridges and graben was interpreted in terms of lithospheric loading by volcanism
that produced the mare basalts (see review in Watters and Johnson 2010), constraining stresses
to the mare-filled basins after the major episodes of mare magmatism. Basin-localized
extension was inferred to have ceased ~3.6 Ga ago (Lucchitta and Watkins 1978), with crustal
shortening continuing to ~1.2 Ga (Hiesinger et al. 2003).

Lobate scarps on the Moon are relatively small tectonic landforms that were first detected
only in high-resolution Apollo Panoramic Camera and Lunar Orbiter (LO) photographs
(Mattingly et al. 1972; Schultz 1976a; Masursky et al. 1978). Because of the relatively small
size of the scarps and the limited coverage of the Panoramic Camera and LO photographs (i.e.,
limited to a portion of the lunar equatorial zone), only relatively few lobate scarps had been
identified and their global number and spatial distribution was previously unknown (Binder
1982; Binder and Gunga 1985; Watters and Johnson 2010). These structures were generally
inferred to be ~1 Ga and younger, and, by analogy with the similar but much longer and larger
relief structures on Mercury (Strom et al. 1975; Watters et al. 1998), were inferred to be an
expression of global contraction resulting from interior cooling (Strom et al. 1975; Melosh and
McKinnon 1988; Watters et al. 1998; Hauck et al. 2004).

Over the past decade, the Moon has been explored extensively with new high-resolution
imaging, topography and gravity data sets (Section 3 and Gaddis et al. 2023, this volume).
These have enabled tectonic structures to be mapped in unprecedented detail. Key aspects
of tectonic features relevant to understanding the evolution of stress in the lunar crust are
their global distribution, relief and length, orientation, and ages. Significant progress has been
made in all of these aspects with new data sets for lobate scarps, wrinkle ridges, and graben
now available (Sections 4.1, 4.2, 4.3). In addition, new classes of features, not identifiable in
previous data sets, have been discovered. Specifically, high-resolution images have provided
evidence for very young, small-scale graben (Section 4.4) and gravity data have provided
evidence for ancient, buried extensional structures with no surface expression (Section 4.5).
In this chapter, we summarize progress in the characterization of lunar tectonic landforms over
the past decade, including improved constraints on their ages (Sections 4 and 5). We discuss
what these new data sets reveal about the Moon’s evolution and recent activity (Section 6). In
particular, we show that the new data sets have been able to address some previous outstanding
issues (Watters and Johnson 2010), namely (i) the global distribution and ages of lobate scarps,
(i) the nature of tectonism in and around Oceanus Procellarum and constraints on the origin
of Oceanus Procellarum, (iii) knowledge of subsurface structures, and (iv) understanding of
recent tectonism and any connection to present-day seismicity. The discoveries reviewed here
are thus intimately linked in terms of understanding to lunar interior structure (Andrews-
Hanna et al. 2023, this volume). We conclude with some remarks on possible future directions
for research on the tectonics of the Moon.

3. NEW GLOBAL DATASETS FOR TECTONIC STUDIES

More than 15 spacecraft have been sent to the Moon since 2006, including several
impactors, landers, and orbiters. These spacecraft collected four types of data relevant
to tectonic studies: 1) high resolution imagery, 2) laser altimetry, 3) gravity, and 4) radar
sounding. Digital elevations models (DEMs) have been derived from laser altimetry, stereo
imaging, and combination of the two. In particular, image data were collected by the CCD
Stereo Camera onboard the Chinese orbiter Chang’E-1 (launched 2007), the Terrain Camera
(TC) onboard the Japanese SELenological and ENgineering Explorer (SELENE) (Kaguya)
orbiter (launched 2007), and the Lunar Reconnaissance Orbiter Camera (LROC) onboard the
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Lunar Reconnaissance Orbiter (LRO, launched 2009). Laser altimetry data were collected by
the Chang’E-1, SELENE, and LRO missions, as well as the Indian Chandrayaan-1 mission
(launched 2008). For detailed descriptions of the missions, their instruments, and where to find
their data, please see Gaddis et al. (2023, this volume).

4. TECTONIC STRUCTURES
4.1. Lobate scarps

4.1.1. Morphology and morphometry. Lobate scarps are morphologically simple landforms
that express contraction of crustal materials (Howard and Muehlberger 1973; Lucchitta 1976;
Schultz 1976a; Binder 1982; Binder and Gunga 1985; Watters and Johnson 2010; Watters et al.
2010). In plan view, lobate scarps are typically linear to arcuate landforms. In cross section, they
are generally asymmetric, with steeply sloping scarp faces (~5°-29°) and more gently sloping
back-scarp terrain (Fig. 1) (Watters and Johnson 2010; Watters et al. 2010; Banks et al. 2012).
LROC images and stereo-derived digital terrain models (DTMs) (Robinson et al. 2010) enable
detailed morphometric analysis of the lobate thrust fault scarps (Banks et al. 2012; Watters et al.
2015a). Lobate scarps average tens of meters of relief, reaching a maximum of ~ 150 m and have
lengths of up to tens of kilometers (Binder and Gunga 1985; Banks et al. 2012). The lunar scarps
are about an order of magnitude smaller in scale than the largest lobate scarps on Mercury and
Mars and thrust fault structures on Earth, which have reliefs of > 1 km and lengths of hundreds of
kilometers (Watters 2003; Watters et al. 2009; Watters and Nimmo 2010), but are comparable in
scale to recently-detected young thrust fault scarps on Mercury (Watters et al. 2016).

The morphology and dimension of lunar lobate scarps is directly influenced by the
geometry, depth, and cumulative slip on their underlying thrust faults. Detailed topography
obtained from LROC Narrow Angle Camera (NAC) stereo-derived DTMs has been used to
constrain elastic dislocation modeling of lunar scarps (Williams et al. 2013). Model results for
six lunar lobate scarps show that the morphology and dimensions are very well approximated
by deformation from planar thrust faults with dip angles of 35° to 40° and maximum depths of
faulting from a few hundred meters to about 1 km (Williams et al. 2013). Employing a method
that assumes arcuate segments of some lunar scarps are controlled by thrust faults with conical
geometries (Binder 1982), dip angles ranging from 4° to 46° (mean 23°) were obtained for
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Figure 1. Lobate scarp Simpelius-1 and topographic profile. A) The lobate scarp is located on the located
on the wall of Simpelius crater (~73.6°S, 13.0°E) (Banks et al. 2012). The white line indicates the location
of the topographic profile shown in 1B. LROC NAC image M139804021LE. B) Topographic profile across
Simpelius-1 from a LROC NAC stereo-derived DTM. The detrended profile shows that the vergent side
of the scarp is upslope on the crater wall. The DTM has a horizontal spatial scale of 2 m and was gener-
ated using NAC stereo images M139804021LE, M139804021RE, M139817589LE, and M139817589RE.
The vertical exaggeration is ~6.
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five lunar scarps (Clark et al. 2017a). A range of fault dips of 35° to 40° is comparable to those
estimated for lobate scarps on asteroid 433 Eros (Watters et al. 2011) and larger scarps on
Mercury and Mars (Schultz and Watters 2001; Watters et al. 2002).

4.1.2. Global distribution. In spite of their diminutive size, lobate scarps have emerged
as one of the most common tectonic landforms on the Moon. The new high-resolution images
and topography data from stereo imaging (summarized in Gaddis et al. 2023, this volume) have
allowed identification of many previously unrecognized scarps as short in length as 100 m,
and greatly improved characterization of their reliefs. Over 3,500 individual scarps have been
identified and mapped to date (Fig. 2) (Watters et al. 2015a). They are observed principally in
the highlands and are globally distributed, occurring at all latitudes on both the near side and far
side (Watters et al. 2010, 2015a; Banks et al. 2012). Although lobate scarps are the dominant
tectonic landform in the lunar highlands, some are also found in mare basalts (~3% of mapped
scarps) and in highlands at the margins of mare deposits (~4% of those mapped) (Watters et
al. 2015a). The thrust fault scarps commonly crosscut impact craters and are often observed on
crater walls where the vergence direction is frequently oriented upslope (Mattingly et al. 1972;
Schultz 1976a; Masursky et al. 1978; Banks et al. 2012; Roggon et al. 2017). The small lunar
thrust faults are almost always observed in clusters consisting of multiple individual scarps with
parallel/subparallel orientations that are often en echelon. Some clusters can extend for large
distances, such as the ~250 km long north-east trending Vitello cluster south of Mare Humorum
(Fig. 2). Overall, lobate scarps are oriented broadly N-S at low- to mid-latitudes and E-W at
high latitudes, though some structures are oriented N—S at high latitudes (Watters et al. 2015a).
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Figure 2. Global map showing more than 3,500 mapped lobate scarps. Because many are very small, they
overlap at the scale of this map (from Watters et al. 2019). Basemap: LROC WAC global morphologic map,
100 m/px, in equidistant cylindrical projection. Mare Frigoris (Fr), Mare Imbrium (Im), Oceanus Procella-
rum (Pr), Mare Serenitatis (Se), Mare Crisium (Cr), Mare Tranquillitatis (Tr), Mare Fecunditatis (Fe), Mare
Nectaris (Ne), Mare Nubium (Nu), Mare Humorum (Hu), Mare Moscoviense (Mo), Mare Orientale (Or),
Mare Humboldtianum (Hm).

4.1.3. Formation mechanisms. A number of attributes provide evidence that lunar lobate
scarps are the surface expression of thrust faults (Howard and Muehlberger 1973; Lucchitta
1976; Binder 1982; Binder and Gunga 1985; Watters and Johnson 2010; Watters et al. 2010,
2015a; Banks et al. 2012; Williams et al. 2013; Clark et al. 2017a; Roggon et al. 2017).
In addition to their general morphology, these characteristics include scarp segment linkage,
reversals in vergence of en echelon stepping scarps, and upslope vergence.
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Thrust faults associated with lobate scarps are formed in response to contraction of near-
surface crustal materials. Compressional stresses inducing contraction must exceed the local
strength of the crustal material to initiate faulting. The surface expression of cumulative slip
on the developing thrust fault is strongly influenced by the bulk mechanical properties of the
displaced crustal materials. The lunar highlands, where the vast majority of the lobate scarps
occur, are devoid of the type of layering inherent in mare basalts (Watters and Johnson 2010).
At the depths which lobate scarp thrust faults are likely to extend (upper few kilometers) the
highlands are thought to be mechanically homogeneous and isotropic because the ancient
highlands crust has been subjected to billions of years of impact cratering resulting in a thick
megaregolith. This is not to suggest that the lunar highlands are mechanically homogeneous
and isotropic at depth. In fact, high-resolution gravity data from GRAIL (Zuber et al. 2013a)
indicate that porosity decays exponentially with depth (Besserer et al. 2014) likely resulting in
an increase in mechanical strength. The bulk density of the lunar highlands crust from GRAIL
data is estimated to be 2550 kg-m~ (Wieczorek et al. 2012). The bulk density is a key parameter
in estimating the frictional strength of the highlands crust, and this in turn constrains the depth
to which thrust faults may extend (Williams et al. 2013). The lack of strong mechanical layering
of the upper few kilometers of the highlands is the likely factor controlling the relatively simple
morphology of lunar lobate scarps (Watters 1988; Watters and Johnson 2010).

4.1.4. Displacement-length relationship. 1t is now well established from studies of
terrestrial faults that the maximum displacement on a fault D,,,, scales with its planimetric
length L (e.g., Walsh and Watterson 1988; Cowie and Scholz 1992a,b), and that this
relationship also holds for faults on other bodies (Schultz et al. 2010a). Measurements of the
maximum relief /2 of individual lobate scarp segments have been used to estimate the maximum
displacement on associated thrust faults using the relationship D,,, = h/sin®, where 0 is the
dip of the surface-breaking fault plane (e.g., Wojtal 1996; Watters et al. 2000). For terrestrial
fault populations formed in uniform rock types, D,,.« scales with L as a linear function, such
that D = yL, where y is a constant determined by tectonic setting and the mechanical properties
of the near-surface crustal materials (e.g., Cowie and Scholz 1992a,b).

The D/L relationship of lunar scarps has been estimated using measurements from LROC
NAC stereo-derived DTMs of over 40 scarps. Banks et al. (2017) found D, to range from ~ 10
to 390 m for the scarps measured, assuming a range in 6 of 25° to 40°. Obtaining y as a linear
fit to the D/L data in a log-log plot of D, as a function of L, the value of y for the lunar lobate
thrust fault scarp population was found to range from ~2.1 x 1072 to ~ 1.4 x 1072 for 6 = 25° to
40° (~ 1.8 x 1072 for 6 = 30°) (Banks et al. 2017). The standard deviation of y is ~0.2-0.3 x 1072
for the range in 0 (0.24 x 10~2for 6 = 30°). Roggon et al. (2017) used LROC NAC stereo-derived
DTMs and assumed scarps have a uniform far-field back slope to estimate D,,,, for four scarps,
which ranged in D, from ~34 to 384 m. This corresponds to a range in y of 1.7-2.8 x 1072 for
6 = 30°. The values of y for the lunar scarps reported by Banks et al. (2017) and Roggon et al.
(2017) are broadly consistent with, but systematically slightly larger than, the pre-LROC value
of y = 1.2 x 1072 for 0 = 30° based on only nine scarps (Watters and Johnson 2010).

Values of y for lunar thrust faults underlying lobate scarps are lower than y values for
typical thrust faults on Earth (~8.0 x 1072 for 0 = 30°) (Watters et al. 2000), higher than
estimates of y for lobate scarp populations on Mars (~6.2 x 103 for 0 = 30°) (e.g., Watters and
Nimmo 2010) and the large-scale scarps on Mercury (~8.2 x 1073 for 6 = 30°) (Watters et al.
2016), but comparable to those determined for more recently discovered small (< 100 m relief)
scarps on Mercury (y ~ 5.4 x 1072 for 6 = 30°) (Watters et al. 2016). The greatest influence on
differences in y for thrust faults on these different bodies is likely the amount of accumulated
strain that is principally dictated by the tectonic setting and rock type. The order of magnitude
difference in y between the small-scale thrust faults on the Moon and Mercury and large-scale
thrust faults on Mercury and Mars may be the result of small, shallow-depth faults forming in
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near surface, mechanically weak megaregolith (see Watters et al. 2016). The lack of linked and
merged thrust fault clusters forming larger lunar faults that extend in length and depth into the
stronger mechanical lithosphere is likely due to the relatively small amount of accumulated
contractional strain (Watters et al. 2015a, 2016).

4.2. Wrinkle ridges

4.2.1. Morphology and morphometry. Wrinkle ridges are morphologically complex
structures that are often composed of a number of superimposed landforms, usually consisting
of a broad arch and superposed narrow, asymmetric ridges (Fig. 3a). The arch component is a
relatively wide, gently sloping topographic rise that is commonly asymmetric in cross-section
(Fig. 3b) and is only clearly distinguishable in high incidence (low sun) angle photographs and
images (Strom 1972; Bryan 1973; Maxwell et al. 1975; Watters 1988). The ridge component
is usually long, relatively narrow, and often segmented, as well as commonly strongly
asymmetric in cross-section. The vergent side of the ridge often changes either along strike or
from one ridge segment to the next, and segments may occur in en echelon arrangements (see
Tija 1970; Watters 1988). The ridge is often superposed on the arch (Strom 1972; Bryan 1973;
Maxwell et al. 1975), but the two morphologic elements may also occur independently of one
another (Watters 1988; Watters and Johnson 2010). Smaller second- and third-order ridges
that flank or cap the larger ridges are common (Watters 1988). A class of wrinkle ridges that
most often occur near the margins of the mare basins exhibits large elevation offsets from one
side of the ridge to the other (Watters 1988; Golombek et al. 1991; Watters and Johnson 2010),
referred to as “elevation offset ridges” or “EO ridges”. The basin-interior sides of these ridges
are consistently lower in elevation than the basin-exterior sides.

4 8 12 16 20 24 28
Profile Length (km)

Figure 3. Map view and cross-sectional geometry of the Dorsa Smirnov wrinkle ridge. A) Portion of WAC
geomorphologic mosaic showing Dorsa Smirnov in Mare Serenitatis. The white line shows the location of
the topographic profile in 4B. B) The profile was extracted from the SLDEM2015 topographic data, and
elevations are relative to 1737.4 reference radius. Profile shows morphologic elements of wrinkle ridges,
broad arch and superposed ridge. The vertical exaggeration is ~39.

The dimensions of lunar wrinkle ridges vary widely and characterization of their reliefs is
complicated by the fact that some mare ridges have very large elevation offsets (Watters 1988;
Golombek et al. 1991; Watters and Johnson 2010). The relief of ridges without significant
elevation offsets, most of which occur in basin interiors, ranges from tens to hundreds of
meters, with measured ridges reaching a maximum relief of ~430 m (Schleicher et al. 2019).
Many of the EO ridges have large maximum reliefs, with the largest relief measured on Dorsa
Harker in Mare Crisium of ~590 m (Schleicher et al. 2019).
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The mean width of the wrinkle ridge population (broad arch) measured by Yue et al.
(2015) is 3.7 km, the mean relief is 46 m, and the mean orientation is N358°E, consistent
with average orientation calculated by Thompson et al. (2017). The maximum relief of these
wrinkle ridges is 610 m, but the majority of ridges have reliefs below 300 m (Yue et al. 2015).
Most ridges exhibit NE-SW or NW-SE orientations (Yue et al. 2015).

Watters and Johnson (2010) measured maximum reliefs for several wrinkle ridges using
Lunar Topographic Orthophotomaps (LTOs), at a scale of 1:10,000 (Wu and Doyle 1990),
and their associated displacements were calculated using these values. To demonstrate the
improvement high resolution data makes to previous estimates, updated measurements of a
subset of structures have been determined (Table 1) using the LOLA global LDEM, which has
a resolution of 118 m/px at the equator. In half of the cases (3 of 6), the improved resolution
of the topographic data resulted in an increase in the estimates of the maximum relief and
calculated displacement, while in the other half of cases, the updated values were smaller
than previously estimated. However, the sum of both the maximum relief and calculated
displacements increased, from 1,434 m to 1,445 m and from 2,868 m to 3,190 m, respectively
(Table 1). Thus, a small increase in measured relief can result in a substantial increase in
calculated displacement, reinforcing the necessity and utility of the recent high-resolution
datasets applied to questions regarding basic morphometry of tectonic structures.

Table 1. Dimensions of selected lunar wrinkle ridges.

Center Center Maximum Maximum Df (m), D% (m),
Ridge name latitude longitude  relief{ (m) relieff (m) 0=30° 0=230°
Nicol 18.5°N 22.8°E 240 200 480 400
Lister S 20° N 23.3°E 408 365 816 730
Zirkel 30° N 25.5°W 272 240 544 780
Rubey 9.8°S 42.3°W 48 85 96 170
Smirnov 25°N 255°E 300 360 600 720
Von Cotta 25.5°N 12°E 166 195 332 390

Notes:
FMeasurements from Watters and Johnson (2010) using topographic data from Lunar Topographic Orthophotomaps (LTOs).
£This chapter using LOLA data. For more data on lunar wrinkle ridge dimensions, see Watters (2022).

4.2.2. Global distribution. Mapping of wrinkle ridges using new high-resolution image
data sets has resulted in two recent maps—those of Yue et al. (2015) and Thompson et al.
(2017). Both Yue et al. (2015) and Thompson et al. (2017) mapped wrinkle ridges using the
LRO WAC global mosaic with a resolution of 100 m/px as their basemap, while Thompson et
al. (2017) also used the GLD100 DTM (Scholten et al. 2012), allowing the identification of
more subtle features that may not be visible in imagery alone. The mapping methodologies also
differed between the two maps. Thompson et al. (2017) mapped the centerline of each wrinkle
ridge structure, while Yue et al. (2015) delineated each ridge segment with a rectangle, where
a segment was defined to have similar strike and width. Thus, a single wrinkle ridge structure
may be represented either as multiple boxes (Yue et al. 2015) or one polyline (Thompson et al.
2017). These differences in mapping techniques result in differing total numbers of structures
mapped: 2839 segments (Yue et al. 2015) versus 5495 structures (Thompson et al. 2017).

Despite the differences in mapping techniques, the geographical distribution of wrinkle
ridges in both data sets is similar. Ridges are observed between +£60° latitude, with the majority
of structures found between 20-30°S and 50-60°N. Wrinkle ridges are also restricted in
longitude, primarily between ~+90°. The largest concentration of wrinkle ridges occurs in
NW Oceanus Procellarum. Because wrinkle ridges are confined to the lunar mare (Fig. 4)
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(Watters and Johnson 2010; Yue et al. 2015; Thompson et al. 2017), their spatial distribution
is limited by the distribution of the mare basalts, and covers ~15% of the near side surface and
~1% of the farside surface (Nelson et al. 2014). The distribution of wrinkle ridges within the
mare basalts varies and is strongly related to the boundary geometry that controls the overall
shape of the mare deposits (i.e., broadly circular, quasi-circular, or rectilinear). Within the
broadly circular mare basins, Imbrium, Serenitatis, Crisium, Nectaris, and Humorum, wrinkle
ridges are not evenly distributed, but are more concentrated near the margins than in the central
basin (Fig. 4). Within the broadly rectilinear mare regions of Procellarum and Frigoris, ridges
are more evenly distributed throughout the mare basalts (Fig. 4). This is also the case in the
more irregular, quasi-circular mare basins (Tranquillitatis, Fecunditatis, and Nubium).
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Figure 4. Global distribution of mare wrinkle ridges. Over 5,800 individual wrinkle ridges are mapped
(red lines) from LROC WAC and NAC images (Thompson et al. 2017). Basemap: LROC WAC global
morphologic map, 100 m/px, in equidistant cylindrical projection.

4.2.3. Wrinkle ridge-lobate scarp transitions. Lobate scarps and wrinkle ridges have
distinctly different morphologies. As described above, wrinkle ridges are complex structures
that may have multiple superposed landforms while lobate scarps are relatively simple
morphologically. The fact that both landforms are the surface expression of thrust faults
and are thus related tectonic features is clearly demonstrated by the occurrence of wrinkle
ridge—lobate scarp transitions (Howard and Muehlberger 1973; Lucchitta 1976; Schultz
1976a; Masursky et al. 1978; Watters 1988; Watters and Johnson 2010). These transitions
are most common at contacts between mare and highlands (Fig. 5) and are found in various
settings: at the margins of mare basins and rectilinear-shaped mare (e.g., eastern Serenitatis
and northwestern Frigoris), at highlands separating mare basins (e.g., Montes Riphaeus), and
at small patches of mare separating highland massifs (e.g., Vitello scarp south of Humorum)
(Watters and Johnson 2010; Watters et al. 2012; Williams et al. 2019).

The contrast in the morphologic expression of the thrust faults is likely due to the difference
in mechanical properties between the mare basalts and the highlands material (Watters
1988), specifically the presence or absence of layering (Watters 1991). Mare basalts consist
of a sequence of flows separated by interbeds, while the highlands are mostly mechanically
isotropic, lacking discrete layering. A multilayer sequence with mechanically weak layer
contacts (i.e., low yield strengths) will have a greater tendency to deform by folding and
faulting (Johnson 1980). In contrast to lobate scarps, wrinkle ridges do not show clear evidence
of surface-breaking thrust faults. An upward propagating blind thrust fault will induce folding
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Figure 5. Wrinkle ridge—lobate scarp transition. A) The wrinkle ridge transitions to a lobate scarp at the
mare-highland boundary in northwestern Mare Frigoris (~60.8°N, 27.1°W) (see Williams et al. 2019).
The box shows the location of Fig. 5B. B) The change in morphologic complexity occurs at the contact
between mare basalts and highlands where the wrinkle ridge (white arrows) changes to a lobate scarp
(black arrows). LROC NAC image M188429848R (1.67 m/pixel).

of a multilayer sequence if the layer contacts are weak, while through-going, surface-breaking
faulting is favored if layer contacts are strong (Roering et al. 1997; Nifio et al. 1998). Slip
between flows in the mare basalts probably occurred in interbeds with low shear strengths
(Watters 1991), accounting for the more complex morphology of wrinkle ridges. The relatively
simply morphology of lobate scarps may be due to the mechanically isotropic behavior of the
highlands megaregolith, or if layered, the contacts must therefore be strong and resist slip.

4.2.4. Formation mechanisms. The debate over a volcanic versus tectonic origin for
lunar ridges has been replaced by discussions of the relative roles of folding and faulting,
the geometry and number of thrust faults, and whether faults are surface breaking or non-
surface breaking (blind) (e.g., Golombek et al. 1991, 2001; Watters 1992, 2004; Schultz 2000;
Mueller and Golombek 2004). Support for a tectonic origin for mare ridges has been found in
subsurface data provided by orbiting radar sounders. Radargrams of the subsurface obtained
by the Apollo Lunar Sounder Experiment (ALSE) (Phillips et al. 1973; Maxwell and Phillips
1978; Peeples et al. 1978) and the Kaguya Lunar Radar Sounder (LRS) (Ono et al. 2009)
show evidence of anticlinal rises in subsurface horizons and thinning of mare basalt units over
structural relief. This demonstrates the importance of subsurface radar sounder data in the
study of lunar tectonics. The success of the ground penetrating radar (GPR) instrument on the
Chang’E-3 Yutu rover in discriminating layers within Imbrium basalts (Xiao et al. 2015) shows
the potential that future rover-based GPRs have to investigate lunar tectonic landforms. Thus,
it is generally accepted that lunar and planetary wrinkle ridges are the result of contractional
deformation, expressing both folding and thrust faulting, an interpretation further supported
by studies of terrestrial analogs, particularly the anticlinal ridges of the Columbia Plateau in
the northwestern United States (Plescia and Golombek 1986; Watters 1988; Schultz 2000).

In spite of the consensus on the general formation mechanism of wrinkle ridges, the depth
of faulting is debated, specifically whether lunar and planetary wrinkle ridge thrust faults are
shallowly (s4 km) (Watters 1993, 2004; Allemand and Thomas 1995; Watters and Robinson
1997; Mangold et al. 1998) or deeply rooted (=20 km) (Zuber and Aist 1990; Golombek et al.
1991, 2001; Tanaka et al. 1991; Zuber 1995; Montési and Zuber 2003a,b; Byrne et al. 2015).
Although the class of mare ridges with large elevation offsets are cited as evidence for deeply
rooted thrust faults on the Moon (Golombek et al. 1991; Byrne et al. 2015), the majority of
ridges either have relatively small elevation offsets that can be accounted for by regional slope
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(Sharpton 1992; Watters and Robinson 1997) or no offsets. Evidence cited for shallowly-
rooted thrust faults is the apparent sensitivity of wrinkle ridges to be localized by shallow
buried landforms, such as interior basin rings and impact craters forming interior ridge rings
and ghost craters (Maxwell et al. 1975; Wilhelms 1987; Watters 1988, 1993, 2004; Allemand
and Thomas 1995; Watters and Robinson 1997).

4.2.5. Wrinkle ridge boulder fields. One of the surprise discoveries made possible by LROC
NAC images are large boulder fields associated with wrinkle ridge that had gone undetected
in pre-Apollo and post-Apollo photographs and images (French et al. 2019; Valantinas and
Schultz 2020). Blocky wrinkle ridges are generally evenly distributed throughout the mare,
with the most prominent boulder fields often found on the steep slopes of the vergent side of
the ridges (French et al. 2019). Likely explanations for the boulder fields are that preexisting
blocks formed by faulting and folding during initial ridge formation are then exposed by
downslope movement of regolith from seismic shaking unrelated to activity on ridge-related
thrust faults (French et al. 2019), or blocks are formed and exposed by recent reactivation of
ridge-forming thrust faults (Valantinas and Schultz 2020). Evidence of recent tectonic activity
in the near side mare is indicated by small-scale wrinkle ridges that are comparable in age
to young lobate scarps (Nypaver and Thomson 2022), and may result from the same global
stresses thought to be forming lobate scarps.

4.2.6. Displacement-length relationship. From measurement of maximum relief and
assuming a planar thrust fault geometry, the displacement has been estimated for many mare
ridges (Watters and Johnson 2010; Li et al. 2018). A planar fault geometry, however, does not
approximate the ridge-arch cross-sectional morphology of many wrinkle ridges (Watters 2022)
(see Fig. 3). Modeling shows a listric fault geometry better accounts for the morphology (Watters
2004, 2022), and Dy, for a listric fault can be approximated by scaling the displacement
obtained assuming a planar fault geometry Dy;, by a factor of 2.8 (Watters 2022). A linear fit
to estimates of Dy, /L for over 98 wrinkle ridges in non-mascon Procellarum and Frigoris and
in the mascon basins of Imbrium, Serenitatis, Crisium, and Humorum (using LROC image
mosaics and the LOLA-SELENE DEM) yields a value of y = 1.37 x 1072 (Watters 2022). This
value of y is significantly higher than an earlier estimate of y = 6.5 x 1073, assuming a planar
fault with 6 = 30° (Watters and Johnson 2010).

The linear scaling relationship between the maximum displacement and fault length of
lunar wrinkle ridges (on a log-log plot) indicates that the growth of the thrust faults was not
restricted by the thickness of the mare basalt sequences or other influences (see Schultz et al.
2010a). Restricted fault growth can be expressed by nonlinear paths that deviate significantly
from unrestricted growth trends (see Soliva et al. 2005). This behavior is evident in the D,,,/L
relationship of the EO ridges (Watters 2022). The D,,,,/L values of these ridges do not fall along
the trend defined by the population of mare ridges without large offsets. The observed deviation
between the two populations of lunar ridges may be the expression of the restricted growth of
large EO ridges due to the influence of subsurface basin structure (Watters 2022). The apparent
sensitivity of wrinkle ridges to shallow mechanical discontinuities leaves open the possibility that
the EO ridges were localized by basin margin subsurface structures that predate mare volcanism
and are not the result of deeply rooted thrust faults. Nonetheless, it can be fairly argued that
deeply rooted faults created by the impact process have influenced the formation of EO ridges.

4.3. Large-scale graben and extensional structures

4.3.1. Morphology and morphometry. Previously called linear and arcuate rilles, large-
scale graben have been long known on the Moon from telescopic observations of its surface,
and are distinguished from sinuous rilles that are volcanic in origin (cf. Watters and Johnson
2010). These structures as long, narrow troughs that are either arcuate or linear in plan view
with cross-sectional geometry consisting of flat floors and symmetric, steeply dipping inward-
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facing walls; based on their geometry, these structures were interpreted to be graben (Baldwin
1963; Quaide 1965; McGill 1971; Lucchitta and Watkins 1978; Golombek 1979). Similar to
other planetary tectonic structures, many of these large-scale graben and extensional structures
are segmented with en echelon steps, indicating that these structures formed through segment
linkage (McGill et al. 2000).

The symmetric cross-sectional geometry inferred for most of the graben, as well as the lack
of offset of the walls across the structure (i.e., the walls have generally the same relief as they
cut through different materials) led to the interpretation that the bounding antithetic faults have
roughly similar dips (Watters and Johnson 2010). Based on this interpretation, one kinematic
model for lunar graben formation states that the bounding faults intersect at a subsurface
discontinuity, commonly assumed to be the megaregolith (Golombek 1979; Golombek and
McGill 1983). Assuming a typical normal fault dip angle of 60°, the thickness of the megaregolith
can be calculated, and was found to be up to 4 km thick in some places (Golombek 1979).

Two main map-view geometries and one cross-sectional geometry were previously
identified: linear and arcuate (e.g., Watters and Johnson 2010) and flat-floored, respectively.
However, recent higher resolution imagery and topography has allowed a more detailed
investigation of the extensional structures on the lunar surface, resulting in the identification
of a more varied array of map-view and cross-sectional geometries than previously described.
Nahm et al. (2018) identified four major categories of extensional structures, based primarily
on inferred or observed cross-sectional geometry: catena, flat-floored, scarp, and v-shaped.
A catena (Fig. 6) consists of a chain of circular to elliptical rimless depressions or pits that
are often aligned. A flat-floored structure (Fig. 7a) is a narrow trough with a planar floor and
wall that are clearly delineated parallel scarps. These landforms are often segmented. A scarp
(Fig. 7b) is an individual or non-paired cliff or escarpment with some elevation offset across
the structure. Lastly, a v-shaped structure (Fig. 7¢) is a depression with walls converging along
the floor, often creating the appearance of a line along it, and thus, forming a “v” shape in
cross section. Secondary classifications, based primarily on map-view geometry, have also
been defined: linear, arcuate, or elliptical. Structures with deflections (or change in orientation)
of 50° or less are defined to be linear, while structures with deflections in excess of 50° are
defined to be arcuate (Nahm et al. 2018). Structures with elongate oblong shapes in map view
and an enclosing scarp are defined to be elliptical.

8 km ' N v e L5 ,
Figure 6. Example of a catena. A) The catena is part of a linear graben that extends into Montes Archime-

des (26.8°N, 8.5° W). The box shows the location of Fig. 6B. B) The pits reach depths of more than 300 m.
LROC NAC image M1123655039LR (1.34 m/pixel).
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A total of ~4,800 extensional structures were mapped with a cumulative length of
~74,000 km (Nahm et al. 2018). The longest mapped structure is ~250 km long, while
96% of structures are 50 km in length or less. The extensional landforms were mapped as
polylines composed of multiple segments separated by vertices with segments of roughly
equal orientation. The start and end points of a polyline are defined by the visible plan view
extent of the extensional trough. The mapped structures show a strongly bimodal distribution
of orientations: NE-SW and SE-NW (Fig. 8), consistent with previous maps of a subset of
global structures (‘lineaments,’ i.e., linear structures independent of fault type) (Fielder 1963;
Strom 1964; Casella 1976; Chabot et al. 2000), though a N-S orientation previously described
by those authors was not identified in the extensional structure map by Nahm et al. (2018).

180°W 120°W 60°W 0° 60°E 120°E 180°E
90°N p* : = -
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0° 0°
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60°S [ 60°S
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Figure 8. Global distribution of extensional structures. Over 4,800 individual graben are mapped (red
lines) from LROC WAC and NAC images (Nahm et al. 2018). Basemap: LROC WAC global morphologic
map, 100 m/px, in equidistant cylindrical projection

Watters and Johnson (2010) measured maximum depths and widths for several graben
using Lunar Topographic Orthophotomaps (LTOs). Assuming a fault dip angle of 60°,
the displacements for one of the paired faults were calculated using these depth values.
The measured widths are not significantly different between the values determined using
LTOs versus those measured with the LROC WAC mosaic (Table 2). Again, updated depth
values have been determined (Table 2) using the LOLA global LDEM. In half of the cases
(3 of 6), the estimates of the maximum depth and calculated displacement increased, while in
the other half of cases, the values were either smaller than or the same as previously estimated.
However, the sum of both the maximum depths and calculated displacements increased, from
1270 m to 1660 m and from 1467 m to 1915 m, respectively (Table 2). As was the case for
the wrinkle ridges, a small increase in measured relief can result in a substantial increase in
calculated displacement, reinforcing the necessity and utility of the recent high-resolution
datasets applied to questions regarding basic morphometry of tectonic structures.

4.3.2. Global distribution. Previously thought to exist only on the lunar near side,
extensional structures on the Moon are found to be globally distributed (Fig. 8), though
the majority of structures (~2/3) occurs on the near side (Watters and Johnson 2010; Nahm
et al. 2018). The majority of structure length is concentrated between 40°S and 50°N and
100°W and 40°E (Nahm et al. 2018). Most of these structures are spatially associated with
the margins of mare basins (Watters and Johnson 2010; Nahm et al. 2018), though there is
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a notable lack of structures within and along the margin of Mare Crisium, the northern and
eastern margins of Oceanus Procellarum, the northern and western margins of Mare Imbrium,
and the southeastern portion of Mare Fecunditatis (Fig. 8; Nahm et al. 2018). Both basin-radial
and basin-concentric structures are observed (Quaide 1965; McGill 1971; Golombek 1979;
Wilhelms 1987; Watters and Johnson 2010) (Fig. 8), though many structures are located within
mare, in the highlands, and on the far side, far from basin margins (Nahm et al. 2018).

Table 2. Dimensions of selected lunar graben.

Graben Center Center Maximum  Maximum Maximum Maximum ¥ (m), Di(m),
name latitude longitude  depthf (m) depthi (m) width{ (km) widthi(km) 6=60° 6=60°
Brackett 17.5°N 232°E 230 195 1.71 1.6 266 225
Tetrazzini 26°N 0.6°W 140 175 5.0 4.4 162 202
Patricia 24.8°N 0.5°E 100 90 1.4 1.4 115 104
Bradley 24°N 1°wW 400 765 3.25 4.1 462 883
Alphonsus 13°S 1.8°W 120 155 0.8 0.8 139 178
Littrow 22.2°N 294°E 280 280 2.25 2.3 323 323

Notes:
fFMeasurements from Watters and Johnson (2010) using topographic data from Lunar Topographic Orthophotomaps (LTOs).
£This chapter using the LROC WAC mosaic and LOLA data. Als For more data on lunar graben dimensions, see Martin and Watters (2021), Table 2.

4.3.3. Formation mechanisms. Several mechanisms have been proposed for the formation
of graben and extensional structures on the Moon, ranging from local stress sources (e.g., dikes
or other igneous intrusions (e.g., Klimczak 2014) to global stress sources (e.g., global expansion
(Solomon and Chaiken 1976). Superposition of local basin-related stresses on a global thermal
stress field may be responsible for the formation and observed distribution of graben (Solomon
and Head 1979). The local stress field is hypothesized to develop in response to loading of the
lithosphere by filling and subsidence of mare basins (Solomon and Head 1979). In general,
this scenario predicts compressional stresses (and thus, thrust faults) in the basin interior, and
extensional stresses (and thus, normal faults) accumulate on the basin margins or exterior to
the basins depending on the load geometry (Solomon and Head 1979). The location of peak
extensional stresses and graben formation is greatly influenced by the thickness of the elastic
lithosphere T; the larger the value of 7, the greater the distance of peak extension from the basin
center (Solomon and Head 1979, 1980; Watters 2022). The global stress field on which these
local stresses are superposed is hypothesized to be thermal stress associated with expansion and
contraction of the lunar interior with time (Solomon and Chaiken 1976; Solomon and Head 1979).

This so-called ‘mascon tectonics’ model is generally supported by the observations,
namely the presence of wrinkle ridges within basin interiors and concentric graben on basin
margins. However, many extensional tectonic structures occur within mare or are not concentric
to basin margins (Fig. 8). This observation suggests that the formation of at least a subset of
the extensional structures on the Moon was not solely influenced by basin-loading stresses.

An alternative mechanism suggested for graben formation is magma intrusion. Several lines
of evidence for the existence of dikes below graben have been discussed in the literature, including
magnetic signatures, topographic analysis, and geologic context or associations. A strong linear
magnetic anomaly (>100nT) was identified in the vicinity of and roughly coincident with Rimae
Sirsalis (~15.01°S, 61.36°W) (Anderson et al. 1976, 1977, Srnka et al. 1979; Head and Wilson
1993). The geographic association of a graben with a magnetic anomaly has led to the suggestion
that both formed as a result of dike intrusion (Anderson et al. 1976; Srnka et al. 1979).

Deformation of the surface due to dike intrusion is known to cause graben in some cases
on Earth (e.g., Pollard and Holzhausen 1979; Pollard et al. 1983; Mastin and Pollard 1988;
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Rubin and Pollard 1988; Rubin 1992) and other planetary bodies (e.g., Krassilnikov and Head
2003; Schultz et al. 2004; Head et al. 2009). In dike intrusions, the country rock is displaced
up and away from the dike, forming a characteristic topographic signature observable at the
surface. Based on this topographic signature, Klimczak (2014) identified a total of 8 graben
that are likely to be underlain by dikes. Four of these graben are located within Schrédinger
basin (74.73°S, 132.93°E), while the other four (Rimae Daniell [37.53°N, 24.33°E], Rima
Hyginus [7.62°N, 6.77°E], Rima Ariadaeus [6.48°N, 13.44°E], and Rima Hesiodus [30.54°S,
21.85°W]) are distributed across the near side close to basin margins. However, recent analysis
and modeling by Martin and Watters (2020) suggests there is no definitive evidence of dike
involvement in the formation of near side mascon and non-mascon related graben. Analysis of
D/L relations of near side graben normal faults and their displacement profiles suggests that
normal fault growth of graben in the highlands is unrestricted, while normal faults of graben in
the mare basalts show evidence of restricted growth (Martin and Watters 2022).

Other intrusive processes have also been invoked to explain the formation of certain
extensional features on the Moon, particularly in the context of fractures within floor-fractured
craters (FFCs). Ascending magma stalls in the low-density zone below the FFC floor, forming
a sill, which inflates to form a laccolith (Schultz 1976b; Head and Wilson 1979; Jozwiak et al.
2012; Wilson and Head 2018). The laccolith inflation forms fractures in the overlying crater
floor and favors magma ascent, which, in some cases, results in subsequent eruption (effusive,
explosive, or both). This hypothesis is supported by the observation that lunar pyroclastic
deposits and/or lava often occur within FFCs (e.g., Head and Wilson 1979; Coombs et al.
1992; Gaddis et al. 2003; Wilson and Head 2018), such as within Lavoisier crater (38°N,
81°W) (Coombs et al. 1992) or Gassendi crater (17.55°S, 39.96°W) (Schultz 1976b).

Some extensional structures have pit chains associated with them, such as Rima Hyginus
(~7.62°N, 6.77°E). Pit chains may form volcanically by localized explosive venting of gas
exsolved from magma at depth (Wilson and Head 1996, 2018) or are expressions of dilational
normal faulting (e.g., Ferrill and Morris 2003; Grant and Kattenhorn 2004), in which draining
of unconsolidated regolith into the subsurface may occur, as proposed for Mars (e.g., Ferrill
et al. 2004, 2011), Enceladus (e.g., Michaud et al. 2008; Martin et al. 2017), and, recently, the
Moon (Xiao et al. 2010).

4.4. Small-scale graben

4.4.1. Morphology and morphometry. NAC images have revealed previously undetected
small-scale graben associated with lobate scarps and wrinkle ridges (Fig. 9; Watters et al. 2010).
The small-scale graben have relatively steeply sloping walls and flat floors (Watters et al. 2010)
and are typically oriented parallel or perpendicular to the strike of the scarp or ridge (Watters et
al. 2010; French et al. 2015). It is generally assumed that the graben are bounded by symmetric
antithetic normal faults with fault dip angles of ~60°, typical for normal faults, and that they are
rooted or extend to the base of the regolith (Watters et al. 2010; French et al. 2015).

Larger small-scale graben, such as the Vitello graben (lengths up to 600 m and widths
up to 15 m), exhibit en echelon steps (Watters et al. 2012), indicative of growth by segment
linkage (e.g., Schultz et al. 2010b). Pit chains occur in the Vitello graben as well as other small-
scale graben (Watters et al. 2012; French et al. 2015). These pit chains exhibit depressions that
are circular to elliptical in map view and may span the entire width of the graben (Watters
et al. 2012). The Virtanen graben consist of closely spaced and overlapping segments and
exhibit complex fault linkages (Watters et al. 2012). The constituent faults are often segmented
and some are linked by relay ramps (downward-sloping landforms bounded by two adjacent,
overlapping normal faults: Watters et al. 2012).

Lengths, maximum widths, and orientation of 238 small-scale graben were measured
(French et al. 2015). The orientation of graben with respect to ridges and scarps varies; in some
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Figure 9. Small-scale graben associated with lobate scarp. A) Pasteur scarp (white arrows) has
maximum relief of ~20 m and is located in nearside highlands (~8.6°S, 100.6°E). LROC NAC frame
M103854211L. B) Small graben oriented parallel to the scarp face are found ~1.2 km in the back-scarp
terrain (white arrows). Location of 9B is shown by the box in 9A (after Watters et al. 2015). LROC NAC
image M1113517026LR (1.05 m/pixel).

cases the graben change from ~perpendicular to ~parallel to the main structure within a single
group (Watters et al. 2010; French et al. 2015). Graben widths vary from 5 to 56 m, while
the mean width of the small-scale graben is 26 m and the median is 15 m, representing the
presence of the larger graben sets (French et al. 2015). Graben lengths have a mean of 179 m
and a median of 139 m (French et al. 2015). The mean graben spacing is 76 m, determined
from 158 graben (French et al. 2015).

Differences in small-scale graben morphometry are observed between those in the highlands
and those in the mare (French et al. 2015). In general, graben lengths and widths are larger for
structures in the highlands versus the mare (French et al. 2015), perhaps representing a difference
in material strength. In addition, graben associated with either lobate scarps or wrinkle ridges are
smaller (both width and length) than those independent of larger structures (French et al. 2015).

Dozens of small-scale graben have been identified in an area of locally high relief in the
southeastern portion of the ejecta blanket of Copernicus crater (French et al. 2015; Xiao et
al. 2017). This system is over 7 km long and 3 km wide, though most graben are shorter than
1 km; graben widths range from 10 to 400 m (French et al. 2015; Xiao et al. 2017). The graben
system strikes NW-SE (Xiao et al. 2017). Based on photoclinometry, individual scarps have
been determined to be 1 to 10 m high (Xiao et al. 2017). The bounding faults of the graben
system exhibit right lateral en echelon steps, suggesting a component of right lateral slip
(Xiao et al. 2017). These small-scale graben crosscut craters that superpose the ejecta deposit,
implying that the tectonic activity here is Copernican (French et al. 2015; Xiao et al. 2017).

4.4.2. Global distribution. Small-scale graben are distributed globally (Fig.10), but are
slightly more prevalent in or close to the near side mare. These structures are observed largely
near lobate scarps in the highlands and wrinkle ridges in the maria, though several graben
groups are not located near a scarp or ridge (French et al. 2015). Small-scale graben, such
as those in the back-limb area of the Lee-Lincoln scarp, are often spatially correlated with
a narrow topographic rise along the scarp crest (Watters et al. 2012). In the cases where the
graben are not related to a scarp or wrinkle ridge, they may form in locally low-lying areas,
such as the graben on the floor of Seares crater (Watters et al. 2012), or local high-relief areas,
such as in Mare Humorum near the Vitello crater (Watters et al. 2012; French et al. 2015).
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Figure 10. Global distribution of small-scale graben. The map shows the locations (green circles) of over
100 small graben detected thus far (French et al. 2015). Basemap: LROC WAC global morphologic map,
100 m/px in equidistant cylindrical projection

4.4.3. Formation mechanisms. Some small-scale graben are interpreted to have formed
as a result of regolith and bedrock extension as a result of flexural bending of the thrust fault
hanging wall (Watters et al. 2010; Watters et al. 2012; French et al. 2015). During fault slip,
bending stresses cause extensional stresses and resultant normal faulting in the near-surface
regolith and crust of the back-limb area (Watters et al. 2010; French et al. 2015). These bending
stresses may have locally exceeded the background compressional stress, limiting extension to
the back-limb areas of lobate scarps and wrinkle ridges (Watters et al. 2012).

In several cases, graben sets occur between en echelon wrinkle ridge segments, likely
forming from dilation of the regolith as the ridge segments slipped (French et al. 2015), while
other small-scale graben (e.g., in Seares crater) may have formed as a response to extensional
stress as dilation occurred surrounding the developing lobate scarps (Watters et al. 2012).
In addition, the occurrence of pit chains at several graben is evidence for dilational normal
faulting (Ferrill and Morris 2003), in which extension allows drainage of loose regolith
material into a subsurface void.

Shallow magmatic intrusion may be responsible for the formation of small-scale graben
in cases where they are not associated with contractional structures (French et al. 2015).
The larger of the small-scale graben sets (Copernicus, Numerov, and Virtanen) are independent
of contractional tectonic landforms and are likely not confined to the upper regolith layer,
suggesting a formation mechanism separate from the majority of the smaller small-scale
graben (Watters et al. 2012; French et al. 2015). For example, these small-scale graben may
have formed as a result of localized uplift from shallow intrusions such as laccoliths or dikes
(Watters et al. 2012; French et al. 2015; Xiao et al. 2017).

4.5. Structures without surface expressions

4.5.1. Deep-seated structures observed in GRAIL data. The earliest tectonic evolution
signatures of the Moon are of great interest and have important implications for early lunar
evolution. However, while tectonic structures formed since the Imbrian period are often well
preserved and clearly expressed at the surface, structures dating back to the Pre-Nectarian,
Nectarian, and early Imbrian epochs are often hidden from view by the effects of subsequent
resurfacing by impacts and volcanism. Nevertheless, lasting subsurface density anomalies
associated with faulting can be preserved even after the surface record is lost and can in some
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cases be detected in gravity data. Such density anomalies can arise when faults offset a density
interface in the subsurface, when structures are associated with dense intrusions of igneous
material, or when surface structures are flooded by dense lava. For this purpose, dikes are
considered here to be tectonic structures, since the orientation and opening of the dike is
often controlled by regional stresses. A dike is a mode I (opening) fracture accompanied by
or caused by an intrusion of magma. Moreover, dikes are often accompanied by tectonism at
the surface (Rubin 1992), and lunar dikes have been interpreted to underlie some graben (see
Section 4.3.3) (Head and Wilson 1993; Wilson et al. 2011; Klimczak 2014).

Data from the GRAIL mission (Zuber et al. 2013b; Konopliv et al. 2014; Lemoine et al.
2014) provided the ability to reveal density anomalies associated with ancient tectonic structures
in the subsurface. GRAIL gravity models have been made to spherical harmonic degree and
order 1200 (corresponding to a half-wavelength resolution of 4.5 km), though the data begins to
show signs of noise and orbit-parallel striping beyond degree 600 (half-wavelength resolution
of 9 km). In practice, pervasive small-scale variability in the gravity field due to variations in the
near-surface density and porosity of the crust (Jansen et al. 2017) makes detecting structures near
the limit of resolution of the data difficult. Nevertheless, the GRAIL data have revealed a number
of large-scale ancient tectonic structures that shed light on the early evolution of the Moon. Other
features revealed by GRAIL are basin ring structures (Zuber et al. 2013b). Basin rings buried by
mare basalts may have a significant influence on localizing wrinkle ridges (see Section 4.2.4).

A number of randomly oriented linear gravity anomalies with lengths up to 1000 km were
first identified in GRAIL gravity gradients (second horizontal derivatives of the Bouguer gravity
field) (Andrews-Hanna et al. 2013). These anomalies are distributed across the entire globe
including the most ancient terrains and lack any surface expression. The pattern and magnitude of
the anomalies is most simply explained by the presence of large-scale dike-like intrusions in the
subsurface, with modeled widths typically in the range of 4-30 km (Andrews-Hanna et al. 2013).
Individual structures may represent single large-scale intrusive bodies, analogous to the intrusions
associated with collapse pits near Valles Marineris on Mars (Mége et al. 2003). Alternatively,
individual gravity lineations may represent tightly clustered linear swarms of unresolved smaller
dikes (Ernst et al. 2001). In either interpretation, substantial horizontal extension is required to
accommodate the intrusions. By analogy with dike swarms and intrusions on other planets (e.g.,
Head and Wilson 1993; Ernst et al. 2001; Wilson and Head 2002; Mege et al. 2003), one can
infer that these ancient lunar structures would have formed in combination with rifts, graben,
and/or collapse pits at the surface. The lack of surface expression accompanying the gravity
anomalies indicates that the associated structures must pre-date the surfaces beneath which they
are found, which in many cases are Nectarian or pre-Nectarian in age. Thus, the ancient igneous
intrusions record an episode of pre-Nectarian magmatic-tectonic activity.

Sawada et al. (2016) studied 20 ‘probable’ linear gravity anomalies (LGAs) to determine
whether or not an associated surface expression could be observed. A subtle long wavelength
surface depression (up to 400 m in relief) is observed in LOLA topography above 17 of the
20 studied LGAs, confirming that these structures likely formed as a result of horizontal
extension (Sawada et al. 2016). Crater counting on the surface in the vicinity of individual
LGAs indicates formation prior to 4.1 Ga (Sawada et al. 2016), consistent with the timing
inferred for LGAs by Andrews-Hanna et al. (2013).

Another set of ancient structures is revealed on the lunar near side bordering the
Procellarum region (Andrews-Hanna et al. 2014). These structures also consist of largely
linear gravity anomalies, but they differ in several key respects from the ancient igneous
intrusions described above. Most notably, the Procellarum border structures circumscribe a
quasi-rectangular pattern, comprised of nearly linear structures along its sides, intersecting
at sharp angles. The structures are larger in scale, with widths on the order of 100 km. The
gravity anomalies are associated with mare-flooded depressions in the feldspathic crust, most
clearly manifest in the structure beneath the arcuate Mare Frigoris.



710 Nahm, Watters, et al.

4.5.2 Formation mechanisms. The population of structures interpreted as ancient
igneous intrusions are randomly oriented and show no evidence for control by any known or
hypothesized stress fields, including tidal-rotational stresses from the early orbital evolution of
the Moon (Matsuyama and Nimmo 2008; Andrews-Hanna et al. 2013; Keane and Matsuyama
2014). Rather, the structures are most simply interpreted as forming through magmatism in
an isotropic extensional stress field as could arise from expansion of the interior. The length
and widths of the inferred intrusions lead to estimates of interior expansion by 0.6-4.9 km
(Andrews-Hanna et al. 2013). Sawada et al. (2016) also estimated the expansion implied by
the topographic lows associated with a small subset of LGAs, obtaining somewhat lower
values of 50 m—0.5 km. Combined with the inferred early timing of these features, the results
suggest an early period of global expansion not heretofore observed.

The gravity anomalies bounding the edge of the Procellarum region are consistent with
the interpretation of these structures as volcanically flooded ancient rift zones, buried beneath
the near side maria (Andrews-Hanna et al. 2014). This interpretation is supported by the
arcuate pattern of some structures resembling arcuate half graben in rift zones, as well as the
intersections of structures at 120° angles similar to triple junctions of terrestrial rift zones.
Models of the subsurface crustal structure associated with the border anomalies are consistent
with crustal thinning driven by extension of 8—18 km. This interpretation is noteworthy, since
similar rift zones have been documented on the Earth, Venus, and Mars (e.g., Nimmo 2004;
Kiefer and Swafford 2006; Hauber et al. 2010), but large-scale rifting and thinning of the lunar
crust has not been previously documented. More recent extension and normal faulting on the
Moon is much smaller in scale and likely confined to the upper crust (Watters et al. 2012).
Scenarios that might predict both the early global expansion and the localized buried rift zones
around the Procellarum terrain are discussed in Section 6.

4.6. Lunar seismicity

During the Apollo missions to the lunar surface, a network of four passive seismometers
were installed at the 12, 14, 15, and 16 landing sites, and this network continually monitored
the Moon for seismic signals from 1969 to 1977. During this period of operation, over 12,000
seismic signals were detected (Nakamura et al. 1981). Naturally-occurring seismicity on the
Moon was found to consist of four primary types: meteorite impacts, thermal moonquakes,
shallow moonquakes, and deep moonquakes.

Thermal moonquakes are extremely small, local high-frequency signals associated with
lunar sunrise and sunset, probably representing the thermal “pinging” and cracking of regolith,
rocks, and crater walls in the immediate vicinity of the landing site, and possibly including the
lunar lander itself (Duennebier and Sutton 1974; Weber et al. 2017).

Over 6000 deep moonquakes were recorded. Their epicenters were found to be distributed
over much of the near side, with a few just beyond the limb on the far side. The deep
moonquakes were observed to originate from discrete source regions, called clusters, at depths
between ~750 and 1200 km (Nakamura 2005). Deep moonquakes occur with tidal periodicity,
suggesting that they are either triggered or caused by the buildup and release of tidal stress
(Weber et al. 2010; Kawamura et al. 2017). Their mechanism is not completely understood,
since brittle failure is not expected at the temperature and pressure conditions at that depth
(ductile regime). Some proposed hypotheses include phase-change-induced transformational
faulting and dehydration embrittlement (Frohlich and Nakamura 2009).

Shallow moonquakes were comparatively rare. The signal characteristics of the 28 shallow
moonquakes recorded by Apollo seismic network distinguish them from deep moonquakes
and seismic activity caused by impact events (Nakamura 1977, 1980; Nakamura et al. 1979).
The shallow moonquakes occur at depths generally constrained to be less than 100 km and are
the most energetic recorded seismic events (Nakamura et al. 1979; Nakamura 1980).
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4.6.1. Relationship to tectonic structures. The combination of inferred shallow moonquake
depths and their released energy led Nakamura (1980) to conclude that the shallow moonquakes
are similar to tectonically-generated intraplate earthquakes. The spatial correlation of some
shallow moonquakes with the edges of mare basins suggests that the inferred tectonic activity
might be basin-localized (Nakamura et al. 1979; Nakamura 1980). The discovery of the globally
distributed population of young thrust fault scarps has greatly expanded the number of possible
tectonic landforms that could be connected with the recorded shallow seismic activity.

Lobate thrust fault scarps are the youngest and most widely distributed tectonic landforms
on the Moon (Fig. 2; Section 4.1; Binder and Gunga 1985; Watters et al. 2010, 2012, 2015a;
van der Bogert et al. 2018). A direct comparison of locations of the shallow moonquakes with
mapped fault scarps is hindered by the large uncertainty of the epicentral locations that may be
only accurate to several degrees, perhaps greater for smaller, more distant events. Using clouds
of relocated candidate locations generated by an algorithm adapted for inaccurate data from
sparse seismic networks, 8 out of 17 epicenters with surface solutions fall within 30 km of a
mapped lobate scarp, the distance over which shake models predict strong ground shaking,
with the closest <4 km from a scarp (Watters et al. 2019). To show that the proximity of
the 8 relocated epicenters is not a random effect, Monte Carlo tests with 10,000 sets of 17
randomly-generated epicentral locations indicate that less than 4% of the random locations
occur within 30 km of a lobate scarp and none of the 10,000 sets have more than 5 quake
locations within 30 km of a scarp (Watters et al. 2019). Further, 7 shallow moonquakes with
epicenters within 60 km of a fault scarp occur when the Moon was near-apogee, the time stress
models predict peak compressional stresses. Thus, the proximity of young lobate scarps to
relocated epicentral locations with surface solutions and the timing of the events supports the
hypothesis that the shallow moonquakes are due to slip events on scarp-related thrust faults.

Finally, although it is unlikely that a quake occurring at the depths of deep moonquakes
would have a surface expression, they have been suggested to coincide with the locations of
mare basalts (Watters and Johnson 2010; Qin et al. 2012), also possibly linking their origin to
the presence of volatiles that weaken rocks under pressure.

4.6.2. Evidence for recent seismic activity. Seismic shaking of the lunar regolith is a
direct consequence of shallow moonquakes. Manifestations of this might include disturbed
regolith on relatively steep slopes, landslides, and boulder movement (Watters et al. 2010,
2019; Kumar et al. 2016, 2019). Seismically-induced downslope creep or landslides should
expose fresh material with a higher albedo than the surrounding regolith that has been darkened
by space weathering (Watters et al. 2019). Another phenomenon related to seismic shaking is
local resetting of the population of small-scale impact craters (van der Bogert et al. 2018).

Boulders in close proximity to lobate scarps on the Moon are common (Watters et al.
2010, 2019; Kumar et al. 2016, 2019). Perhaps the best known are the Apollo 17 Station 6 and
7 boulders that are located on the slope of North Massif, only about 5 km from the Lee-Lincoln
scarp that cuts across the Taurus-Littrow valley (see Arvidson et al. 1975). Other boulders
are concentrated along a segment of the scarp face of Lee-Lincoln where it extends into the
highlands of North Massif (Watters et al. 2010).

Lobate scarps identified in Schrodinger basin and Laue crater have been associated with
numerous boulder falls (Kumar et al. 2016, 2019). Boulder fall populations in Schrédinger and
Laue exhibit boulders without trails or bounce marks and boulders with one or both characteristics
(Kumar et al. 2016, 2019). It is suggested the boulder falls in Laue are due to seismic shaking
from a recorded shallow moonquake with an epicenter estimated by Nakamura et al. (1979) to be
located on the northwestern interior wall of the crater (Kumar et al. 2019). A relocated epicenter
of this shallow moonquake has a surface solution located just outside the northeastern rim of
Laue (see Watters et al. 2019), approximately 80 km from the most prominent lobate scarp in the
crater, supporting a possible connection between the boulder falls and the shallow moonquake.
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Movement of boulders from coseismic slip events is not restricted to falls and rolls
on slopes on or nearby lobate scarps. Boulder fields are usually associated with patches of
relatively high albedo regolith and may indicate very recent downslope movement of regolith
exposing the boulders due to seismic shaking (Watters et al. 2019). Boulders within a degraded
crater located in the back-scarp terrain that are aligned in rows paralleling the orientation of
the scarp are further evidence of the effects of shaking induced by coseismic slip on scarp-
related thrust faults (Watters et al. 2019).

The accumulation of structural relief on lobate scarps is expected to involve many
coseismic slip events on associated thrust faults. The effect of multiple episodes of seismic
shaking might be expressed in the degradation state of craters, which could result in an under-
represented or missing range of small-diameter craters in crater size—frequency distributions
(CSFDs) proximal to lobate scarps relative to CSFDs in areas distant from the scarps. In an
analysis of five lobate scarps, van der Bogert et al. (2018) show that fault slip events may affect
crater populations with craters up to 100 m in diameter and that surface renewal occurs both
adjacent to and kilometers away from scarps.

5. TIMING OF TECTONIC STRUCTURE FORMATION

The relative and absolute ages of the different classes of tectonic structures on the Moon
are important to understanding the timing of tectonic stresses (and their sources). Typically,
absolute ages of tectonic structures are constrained by determining the ages of the units that
they deform (Watters and Johnson 2010). Work from the 1970s suggested that large-scale
extensional tectonics associated with lunar maria ceased on the Moon around 3.6 Ga (Boyce
1976; Lucchitta and Watkins 1978), though as discussed below, our recent understanding of
ages of extensional structures has changed this view somewhat. Wrinkle ridges deform the
youngest basalts on the Moon, dated to be 1.2 Ga (Hiesinger et al. 2003), as well as the oldest
basalts (Watters and Johnson 2010). This suggests that crustal shortening associated with the
lunar maria occurred at least as recently as 1.2 Ga.

The results of tectonic mapping enabled by recent missions, including the identification of
subsurface structures with no surface expression and previously undetected types of structures,
has implications for the understanding of the evolution of lunar stresses and their resultant
tectonic activity. First, results from the GRAIL mission have provided new evidence of the
earliest lunar tectonic activity (see Section 4.5), likely extension related to early expansion, as
well as the formation of the Procellarum region. Second, the duration and interplay of tectonism
in the lunar mare, while still similar to previous interpretations, is known in more detail (see
Sections 5.1 and 5.2.2). Third, there is a variety of lines of evidence for recent tectonic activity
(see Section 5.3), perhaps even reflected in the present-day lunar seismicity (see Section 4.6).

5.1. Relative ages of structures

Based on previous work regarding the absolute ages of tectonic structures, basin-related
graben are older than ~3.6 Ga (Lucchitta and Watkins 1978) and some wrinkle ridges are nearly
as old as the oldest mare basalts (~4 Ga) with some ridges younger than the youngest mare
basalts (~ 1.2 Ga) (Hiesinger et al. 2003). A recent survey of globally-distributed crosscutting
relationships between large-scale graben and wrinkle ridges (Nahm et al. 2016) indicates that
of the 33 cases examined, most crosscutting relationships show that graben are older than
wrinkle ridges. However, in 5 cases, this relationship is reversed (Nahm et al. 2016). The cases
where the wrinkle ridges pre-date the graben are located at the margins of Mare Vaporum,
Mare Serenitatis, and Mare Humorum. These cases indicate that more detailed study into both
the relative and absolute timing of difference classes of tectonic structures is important to
understand the evolution of tectonic stresses.
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5.2. Absolute ages from crater counting

5.2.1. Lobate scarps and associated small-scale graben. Lobate scarps are interpreted to
be very young, among the youngest tectonic landforms on the lunar surface (Schultz 1976a;
Binder and Gunga 1985; Watters and Johnson 2010; Watters et al. 2010). Watters et al. (2010)
assigned a Copernican age to lunar scarps because many scarps cross-cut craters <50 m in
diameter, which themselves are estimated to be Copernican based on their expected degradation
lifetime (Trask 1971). Absolute model ages (AMAs) derived from buffered and traditional
CSFD measurements at lunar lobate scarps also support a late Copernican age. Ages derived for
several lobate scarps vary depending on the location of the measurement area. For the hanging
wall of Mandel’shtam (5.67°N, 161.62°E), AMAs are ~91, 128, and 307 Ma, while the AMAs
for the footwall are ~ 146 and 372 Ma (van der Bogert et al. 2012). Similarly, the AMA for the
hanging wall is younger than the footwall for the Lee-Lincoln (20.27°N, 30.56°E) scarp, with
the hanging wall dated to be ~76 Ma and the footwall dated to be ~91 Ma (van der Bogert et al.
2012). Using the method developed by van der Bogert et al. (2012), Clark et al. (2017a) dated
both the hanging walls and footwalls for five additional lobate scarps: Joy (25.28°N, 6.84°E),
Barrow A (69.89°N, 4.73°E), Wilsing Z (20.36°S, 156.16°W), Romer P (26.45°N, 39.78°E),
and Plummer C (23.5°S, 153.09°W). The AMAs derived for the hanging walls of these scarps
range from ~86 Ma (Plummer C) to ~132 Ma (Wilsing Z), while the AMAs for their footwalls
range from ~54 Ma (Wilsing Z) to ~210 Ma (Barrow A) (Clark et al. 2017a). Also following
the method from van der Bogert et al. (2012), van der Bogert et al. (2018) dated the hanging
walls and footwalls for five lobate scarps: Henderson 2 (7.77°N, 152.07°E), Kondratyuk
(15.03°S, 116.78°E), Koval’skiy 3
(20.9°N, 102.6°E), Mandel’shtam 3
¢ (5.83°N, 161.03°E), and Morozov
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Furthermore, the small-scale graben associated with some scarps are also interpreted to be very
young; they cut meter-scale craters, have crisp and undegraded appearances, and are expected
to have short (tens of Ma) degradation lifetimes (Watters et al. 2012, 2015a; French et al. 2015).

5.2.2. Wrinkle ridges. Absolute model ages derived from buffered CSFD measurements for
mare wrinkle ridges across the Moon indicate they have ages that range from 3.5 to 2.4 Ga (Yue
et al. 2017). The oldest wrinkle ridges are located within Fecunditatis and Crisium, with model
ages of ~3.5 Ga, while the youngest, dated to be 2.4 Ga, occur in Tranquillitatis (Yue et al. 2017).
The dated wrinkle ridges formed between 100 Myr (in Crisium) and 1.4 Gyr (in Tranquillitatis)
after the formation of the mare units within which the ridges are contained, though most are 100
to 650 Myr younger (Yue et al. 2017). In a study based on subsurface stratification observed in
radar data from Mare Serenitatis, Ono et al. (2009) inferred that ridges there are younger than
2.84 Gyr, much younger than the 3.4 Ga age obtained for these ridges by Yue et al. (2017).

Details now revealed in LROC NAC images also suggest more recent activity at some
mare wrinkle ridges. For example, a population of morphologically crisp wrinkle ridges was
identified in Mare Frigoris (Williams et al. 2019). These wrinkle ridges in western Frigoris
have relatively steep slopes, few superposed large craters (>400 m in diameter), and crosscut
small craters (<100 m diameter) (Williams et al. 2014, 2016). This ridge population was
found to exhibit not only morphologic but also stratigraphic evidence for recent formation
or reactivation, and some ridges have associated small-scale graben, morphometrically and
morphologically similar to the small graben associated with some highland lobate scarps.
Previous work (see Section 4.1) has suggested that lobate scarps may be as young as 50 Ma
(Watters et al. 2015a) and that small-scale graben may have formed within the last 50-100 Myr
(Arvidson et al. 1975; Watters et al. 2012). Thus, the presence of these small graben implies
that not only are they very young, but also that the wrinkle ridge faults causing the associated
flexure resulting in their formation must have been active within the past few tens of millions
of years, and indeed could still be active today. An additional study showed that absolute
model ages derived in Mare Serenitatis at a wrinkle ridge that transitions into a lobate scarp
in the adjacent highlands indicate a common recent origin or reactivation (Clark et al. 2017b).
In summary, previous and new results together indicate wrinkle ridge formation has occurred
for more than 3.5 Gyr, perhaps nearly as early as the emplacement of the oldest mare basalts at
>4 Ga (e.g., Taylor et al. 1983; Dasch et al. 1987), with most ridges having formed at ~3 Ga.
However, modest activity on these structures has likely continued until up ~ 100 Ma, and some
wrinkle ridges may have been active even more recently (see Nypaver and Thomson 2022).

6. IMPLICATIONS OF TECTONIC STRUCTURES FOR GLOBAL AND
REGIONAL EVOLUTION MODELS

Models for the origin of tectonic stress on the Moon are closely tied to the two scales of the
observed deformation, regional and global. Regional-scale stresses are clearly expressed in the
mare basins by near side mare wrinkle ridges and basin-related graben. Most of the tectonism
associated with the mare took place between ~3.5 and 2.4 Ga (e.g., Yue et al. 2017), but some
tectonic activity has continued until much more recently (e.g., Williams et al. 2016; Clark et al.
2017a), as evidenced in particular by younger wrinkle ridges (Section 5.2.2). In addition, the
presence of concentric extensional structures around some mare basins (Fig. 8) is likely indicative
of regional basin-related stresses. Lastly, some extensional structures have been proposed to be
underlain by dikes (see Section 4.3.3) (e.g., Head and Wilson 1993; Klimczak 2014), which
would have formed as a consequence of dilational stresses (e.g., Pollard et al. 1983).

Global-scale stresses are evidenced by the widespread occurrence of ancient buried dikes
(see Section 4.5) (Andrews-Hanna et al. 2013, 2014; Sawada et al. 2016) and the distribution
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of lobate scarps, now known to occur globally (see Section 4.1.2) (Watters et al. 2015a), with
some scarps having very young ages (see Section 5.2.1) (e.g., Kumar et al. 2016; Clark et
al. 2017a; van der Bogert et al. 2018). Taken together, the results above are consistent with
an early global extensional stress state, followed by an extended period (likely 3.5 Ga to the
present) of contractional stresses (see Section 5). Past and present-day stresses have likely
also included contributions from the recession of the Moon away from the Earth, as well as
diurnal solid-body tides (Watters et al. 2019; Matsuyama et al. 2021).

6.1. Models for regional tectonic stresses

The most successful class of stress models to account for spatial distribution and the
relative timing of formation of the mare ridges and graben is the mascon tectonic model
(Phillips et al. 1972; Melosh 1978; Solomon and Head 1979, 1980; Freed et al. 2001).
The classic mascon tectonic model involves subsidence of relatively dense mare basalts
inducing flexure of an impact-thinned and weakened lithosphere and resulting in basin interior
radial thrust faults, a zone of strike-slip faulting, and concentric normal faulting near the basin
margins (Melosh 1978; Freed et al. 2001). The lack of evidence of strike-slip faults has been
addressed in several studies that have examined conditions that can affect whether strike-slip
faulting is expected and if it occurs, what the spatial extent would be. First, Golombek (1985)
found that the presence of a 1-3 km thick megaregolith layer would result in low near-surface
stresses, and that furthermore the stresses in the underlying, higher-stiffness lithosphere would
predict strike-slip faulting in a much narrower region. More generally, incorporation of a
realistic failure criterion (Freed et al. 2001) was also found to predict a smaller region of
faulting (cf. the region where strike-slip stresses are predicted). Second, the stress evolution,
which depends on both the time-dependent loading history and the rheology as seen in models
for volcano growth on Mars (McGovern and Solomon 1993; Schultz and Zuber 1994) and
lunar basins (Schultz and Zuber 1994; Freed et al. 2001), can affect the extent of strike-slip
faulting (Freed et al. 2001). Furthermore, the use of a faulting style criterion that accounts for
transitional faulting and considerations of planetary curvature can also minimize the extent of
strike-slip faulting (Freed et al. 2001). Finally, the dominance of concentric rather than radial
wrinkle ridges can also be explained by an initially super-isostatic basin model, and a uniform
thickness of mare basalt fill (Freed et al. 2001; Wieczorek et al. 2006).

GRAIL data have also revealed the presence of ancient tectonic features, specifically
linear Bouguer gravity gradient anomalies that border Procellarum, interpreted as dikes that
represent an early episode of regional-scale rifting (Andrews-Hanna et al. 2014). The timing
and geodynamic mechanism responsible for this early episode of rifting remains unknown.
The structures clearly pre-date the overlying mare, which date to ~3.51 Ga (Hiesinger et al.
2010). Thermal contraction of the Procellarum KREEP (Potassium, Rare Earth Elements, and
Phosphorus) Terrane (PKT) (Jolliff et al. 2000; Wieczorek and Phillips 2000; Grimm 2013)
contained within the pattern of structures provides a simple mechanism for explaining the
inferred extensional tectonics (Andrews-Hanna et al. 2014). The high concentration of heat
producing elements in the crust and upper mantle in this region would have led to warmer
temperatures, as well as a faster rate of cooling over time than experienced by the surrounding
feldspathic highlands terrane. As the crust within the PKT cooled and contracted, extension is
predicted around its periphery, consistent with the inferred rifting. However, it is also possible
that this rifting reflects a more dynamic mechanism related to the patterns of mantle convection
associated with this region (Laneuville et al. 2013).

The Procellarum border structures have also clearly influenced later tectonics in the region.
Associated with these gravity anomalies are sets of parallel wrinkle ridges in the overlying maria.
These wrinkle ridges occur outside mascon basins, in particular in Procellarum and Frigoris, and
thus cannot be accounted for by the mascon tectonic model. They were previously identified
as marking the rim of an ancient Procellarum impact basin (Whitaker 1981), though the quasi-
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rectangular pattern of border structures revealed by GRAIL is clearly incompatible with that
interpretation. Instead, subsequent basaltic fill of the buried rifts surrounding Procellarum may
have locally induced flexure, subsidence, and the formation of wrinkle ridges. An analysis of the
DIL relationships of wrinkle ridges within and outside zones defined by the gradient maps in
Procellarum and Frigoris, as well as those within mascons, indicates no significant difference in
the distribution of maximum displacement or lengths of the measured ridges, and all populations
have nearly identical values of y (Watters 2022) (see Section 4.2.5), suggesting similar physical
properties of the deformed basaltic material in these locations (see Section 4.1.4).

A comparison of the maximum relief of wrinkle ridges within and outside of mare
mascons indicates there is no statistically significantly difference, suggesting comparable
levels of contractional strain in non-mascon mare (Schleicher et al. 2019). Thus, the presence
of a mascon may not strongly influence the amount of subsidence and contraction of the mare
basalts. This might indicate the critical role lithospheric thickness plays in supporting the mare
loads by either allowing or inhibiting subsidence and contraction (see Melosh 1978).

6.2. Global tectonic models

6.2.1. Early expansion. The randomly-oriented, narrow linear gravity anomalies observed
in GRAIL data and the length and widths of the inferred intrusions suggest early lunar interior
expansion (estimated radius increase of 0.6-4.9 km; Andrews-Hanna et al. 2013). Such
expansion could arise from the early thermal equilibration of the Moon, if it formed with
a shallow (200 to 400 km) magma ocean overlying a cooler interior (Solomon and Chaiken
1976; Solomon 1977). However, some models predict accretion of the Moon to have been
accompanied by melting of the entire interior (Pritchard and Stevenson 2000), and more recent
models of lunar formation by giant impact favor hotter material in the circum-terrestrial disk
(Canup 2012; Cuk and Stewart 2012; Salmon and Canup 2014). A hot start for the Moon would
lead to global contraction throughout its history, in conflict with the tectonic evidence for early
expansion and for limited contraction at later times (Solomon and Chaiken 1976; Solomon
1977). Alternatively, global expansion could have been brought about by the sinking of dense
ilmenite-rich cumulates accompanied by high concentrations of heat producing elements
associated with material enriched in KREEP following the crystallization of the magma
ocean (Parmentier et al. 2002). This process would have sequestered high concentrations of
heat producing elements deep within the lunar interior, causing global internal warming and
expansion consistent with the constraints from GRAIL (Zhang et al. 2013). An even earlier
stage of expansion during magma ocean crystallization is also possible (Elkins-Tanton and
Bercovici 2014), though at this early stage in lunar evolution it is not clear if the crust would
have been sufficiently strong for brittle failure and dike intrusion.

6.2.2. Global contraction and interior cooling. Observable evidence for global
contraction is the record by lobate scarps. Key aspects of these tectonic features relevant to
stress models are their (i) global distribution, (ii) generally small relief and length, (iii) non-
random orientation, and (iv) ages that span <1 Ga (e.g., Binder and Gunga 1985; Watters et al.
2010) to the population of very young (<100 Ma; Kumar et al. 2016; Clark et al. 2017a; van
der Bogert et al. 2018) scarps. Global contraction estimates from the lobate scarp population
suggest 25—-100 m of radial contraction over the past 800 Myr (Watters et al. 2010, 2015a).

Global contraction of the Moon is predicted by two classes of thermal history models.
Large amounts of contraction (generally >2 km) are predicted by models that assume the early
Moon was initially total molten (Binder and Lange 1977; Binder 1986; Pritchard and Stevenson
2000). This amount of radial contraction and the associated compressional thermal stresses of
up to 350 MPa (Binder and Lange 1977; Binder and Gunga 1985) would be expected to result in
large-scale lobate thrust fault scarps, perhaps comparable in scale to the large fault scarps found
on Mercury (see Watters et al. 2015b; Watters 2021). It has been suggested that the absence
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of such large-scale thrust faults may be due to significant unexpressed contractional strain
absorbed by a highly porous regolith and an underlying pervasively fractured zone (Binder and
Gunga 1985; Pritchard and Stevenson 2000). However, these levels of compressional stress
are at odds with the discovery of relatively young graben on the Moon (Watters et al. 2012;
French et al. 2015). Areas of localized extension would be expected to be mostly or completely
suppressed by such high late-stage compressional stresses (Watters et al. 2012).

An alternative model that limits the amount of radial contraction and circumvents the
need for a total molten state involves an early Moon with an initially relatively cold, deep
mantle overlain by a hot magma ocean. In this model, the total decrease in radius after 3.8 Ga
is <1 km and predicted surface horizontal thermal stresses are ~ 100 MPa or less (Solomon and
Chaiken 1976; Solomon and Head 1979, 1980).

Zhang et al. (2013) examined the effects of cumulate mantle overturn (after magma ocean
solidification) with an insulating megaregolith on lunar interior heat loss. They conclude
that the low thermal conductivity of the regolith layer and deep heat-producing elements are
necessary for early expansion and to limit contraction to <1 km. This combination of effects,
a cool interior due to mantle overturn and an insulating regolith, might eliminate the need for
a cold central interior immediately post-accretion accretion invoked by Solomon (1977, 1986).

Finally, radial global contraction from continued cooling of a hot interior that includes
a still liquid outer core (as required by the observations of Weber et al. 2011) is the likely
dominant source of present-day stress, contributing stresses estimated to be more than 2 MPa,
but less than 10 MPa (Watters et al. 2010, 2015a, 2019; Matsuyama et al. 2021). This is
important for understanding the young population of lunar thrust faults.

6.2.3. Global tidal stresses and despinning. Global contraction, absent of other influences,
is expected to generate horizontally isotropic compressional stresses (Watters et al. 2015a).
The resulting population of thrust faults should be uniformly distributed but without preferred
orientations. An analysis of the distribution of orientations of mapped lobate scarps shows there
is a distinctly non-random pattern; the orientations of many scarps are broadly north—south at
low to mid latitudes and east—west at high latitudes (Fig. 2; Section 4.1.2) (Watters et al. 2015a).
Ancient far side basins and the near side mare basins introduce mechanical inhomogeneities that
may play a role in locally orienting the stresses, but the large-scale distribution of orientations
suggests that other global-scale stresses have influenced the formation of the thrust faults.

Tidal forces are an additional source of global stress acting on the Moon, both in the
distant past and at present. Stresses associated with despinning and relaxation of a rotational
bulge result in contraction and north—south-oriented thrust faults in the region in and around
the sub-Earth and anti-Earth points and extension and east—west-oriented normal faulting in
the polar regions (Melosh 1977, 1980).

Tidal despinning likely peaked early in the Moon’s evolution and thus cannot account
for the population of young faults scarps. Although global contraction is likely the dominant
source of present day stress, two other sources of tidal stress are acting on the Moon at present:
stresses from orbital recession and Earth-raised diurnal tides (Watters et al. 2015a, 2019;
Matsuyama et al. 2021). The magnitude of stresses due to orbital recession is a function of
the distance the satellite has receded over a period of time and the value of Love number #,,
the vertical displacement in response to a gravitational potential (Melosh 1980; Collins et al.
2010). Solid body diurnal tidal stresses are induced by the Earth as the Moon moves from
perigee to apogee. Stresses from recession accumulate over time of up to ~20 to 40 kPa and
diurnal solid body tides reach a maximum of 5 kPa (Watters et al. 2015a, 2019; Matsuyama
et al. 2021). Although relatively small in magnitude, stresses from orbital recession o, and
diurnal tides o, superimposed on stresses from global contraction o, will result in a net non-
isotropic compressional stress field o, where 6. > o, > o. Predicted fault orientations from
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the combination of ¢, + G, + G, are generally in good agreement with the observed orientations
of the lobate scarps, markedly different from faults with random orientations from isotropic
contraction (Fig. 12) (Watters et al. 2015a, 2019; Matsuyama et al. 2021).
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Figure 12. Plot of lobate scarp orientation vectors and orientations of predicted faults. Vectors (black
double arrows) are the median orientations of over 3,200 lobate scarps sampled in areas with dimensions
of 40° longitude by 20° latitude and scaled by total length of structures in sampled areas. Thin black full
and half circles represent the anti-Earth and sub-Earth zones, respectively. Predicted fault trajectories (red
lines) represent the orientation orthogonal to the most compressive stress due to the combination of global
contraction, recession stresses, and diurnal tidal stresses at apogee (after Watters et al. 2015b).

6.2.4. True polar wander. Recent analysis of orbiting neutron spectrometer data indicates
that polar hydrogen deposits do not match the expected distribution of water ice inferred from
present-day lunar temperatures (Siegler et al. 2016). The observed distribution of remnant polar
hydrogen is consistent with true polar wander (Siegler et al. 2016). The change in the spin axis
occurs when a body reorients itself relative to its axis of rotation driven by mass redistribution
(Matsuyama and Nimmo 2008) with the reorientation direction roughly perpendicular to the
tidal axis (Melosh 1980; Collins et al. 2010). Siegler et al. (2016) attribute the change in the
Moon’s moments of inertia due to a low-density thermal anomaly beneath Procellarum, related
to the radiogenic-rich PKT. True polar wander contributes an additional component of stress to
the current lunar stress state (Collins et al. 2010; Watters et al. 2019; Matsuyama et al. 2021).
Stresses from ~3° of true polar wander over the last 1 billion years are estimated to contribute
up to 8 kPa (Watters et al. 2019). These stresses induce extension in the region leading the
reorientation direction because the spin axis there must lengthen, and contraction is induced
in the trailing region because the spin axis there must shorten (Leith and McKinnon 1996;
Matsuyama and Nimmo 2008; Collins et al. 2010). Although not large compared to stresses due
to global contraction, stresses from true polar wander are comparable in magnitude to diurnal
tidal stresses (Watters et al. 2015a, 2019; Matsuyama et al. 2021). A relatively low level of
compressional stress in the lunar lithosphere is supported by the presence of a population of
relatively young small-scale graben (Watters et al. 2012; French et al. 2015). For these small
graben to form, extensional stresses must locally exceed the background compressional stresses,
and thus the magnitude of the compressional stresses cannot be large (Watters et al. 2012).
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7. CONCLUSIONS AND OUTSTANDING QUESTIONS

Recent high-resolution imagery, topography, and gravity datasets have led to substantial
advances in our understanding of lunar tectonism and its implications for the evolution of
stresses in the lunar lithosphere. The ancient tectonic structures revealed by GRAIL reflect
an early period of lunar tectonics that was more dynamic than its later history. Unlike the
majority of later tectonics, the earliest tectonism was dominantly extensional, including both
the ancient, randomly-oriented intrusions associated with early global expansion (Andrews-
Hanna et al. 2013) and the Procellarum border structures associated with rifting at the margins
of the PKT (Andrews-Hanna et al. 2014). The ancient lunar surface may have been crossed by
numerous large-scale rift zones, graben swarms, or collapse pits, which were later destroyed
by impacts and buried beneath the maria.

Subsequent near side tectonics reflects the combined effects of global interior thermal
evolution and regional stresses associated with the mare-filled basins. From a global
perspective, the evolution of crustal stresses on the Moon, like other single-plate rocky bodies
in our solar system, likely progressed from an early phase of dominantly extensional stresses
due to bulk interior heating to a later stage dominated by compressional stress due to bulk
interior cooling. High-resolution mapping of lobate scarps has revealed these to be the most
ubiquitous among the various types of lunar structures and has confirmed them to be globally
distributed, solidifying the case (e.g., Binder 1982; Watters and Johnson 2010) that they are
the surface manifestation of interior cooling and contraction. Their small reliefs indicate that
contraction has been limited in comparison with that of Mercury (e.g., Watters and Nimmo
2010; Byrne et al. 2014; Watters et al. 2015b; Watters 2021), as expected on the basis of the
small lunar core (Weber et al. 2011). Estimates of crustal shortening from lobate scarp reliefs
suggest between 25 m and 100 m of radial contraction over the past ~800 Myr (Watters et
al. 2010, 2015a), placing quantitative new constraints on thermal evolution models. The N-S
orientations of these features at low-to-mid latitudes and E-W orientations at higher latitudes
are incompatible with the random orientations predicted by contraction of a mechanically
isotropic lithosphere and indicate that additional long-wavelength stresses play a role in the
locations and/or orientations of lobate scarp formation. Tidal stresses, in combination with
thermal contraction stresses, successfully predict lobate scarp orientations (Watters et al. 2015a,
2019; Matsuyama et al. 2021). The very young population of lobate scarps (Watters et al. 2010,
2012, 2015a; van der Bogert et al. 2018) suggests that global contraction has been continuing
until very recently. Furthermore, re-analysis of the locations of shallow moonquakes indicates
that several have occurred within 30 km of a mapped lobate scarp (Watters et al. 2019), and in
combination with other evidence for recent ground motions on the lunar surface, provides the
tantalizing suggestion of ongoing tectonism today (Watters et al. 2019). The new discovery
of small-scale, young graben in association with contractional features indicates that at least
locally recent (or even present-day) extensional stresses can overcome compressional stresses.

New data sets for wrinkle ridges (Yue et al. 2015; Thompson et al. 2017) and graben (Nahm
et al. 2018) are consistent with the majority of these structures being basin-localized, resulting
from loading by mare basalts that flooded the impact basins and associated topographically low
elevations introduced localized stresses across much of near side. Wrinkle ridges around the
periphery of Procellarum and Frigoris may have been influenced by similar volcanic loading in
association with lavas-filled rifts and underlying dikes (Andrews-Hanna et al. 2014). However,
is there a greater influence on wrinkle ridge formation in these non-mascon mare units?

The wealth of new data from recent lunar missions is exposing some of the gaps in the
current understanding of tectonic processes on the Moon. One emerging question is the role
mascons play in the tectonic deformation of the mare basalts. Wrinkle ridges are present in
both mascon and non-mascon mare, yet a study by Schleicher et al. (2019) finds no significant
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evidence of ridges with greater relief, suggesting comparable levels of contractional strain.
This may be an indication of the critical role lithospheric thickness and/or strength has in
controlling subsidence and contraction of mare sequences.

Additionally, there remains an outstanding question involving lunar tectonics that
directly relates to models for the origin of the Moon. What insight does very recent tectonic
activity provide about the initial thermal state of a newly accreted Moon? Compressional
stress levels and amounts of post late heavy bombardment radial contraction predicted by
some thermal history models that invoke an initial totally molten Moon are incompatible with
the magnitude of stresses inferred from the population of young lobate thrust fault scarps.
Can the combination of a cool interior from cumulate mantle overturn after solidification of a
magma ocean and an insulating megaregolith limit global contraction of an initial total molten
Moon (as suggested by Zhang et al. 2013), or are there other early conditions or effects that
contributed? Perhaps the most intriguing question is whether the Moon is still tectonically
active. The possible link between multiple lobate scarps and recorded shallow moonquakes
supports a tectonically active Moon (Watters et al. 2019). Does a still hot lunar interior that
includes a liquid outer core, required by the observations of Weber et al. (2011), make current
radial global contraction and tectonic activity inevitable?
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