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Lunar Mare Ridges: Analysis of Ridge-Crater Intersections and 
Implications for the Tectonic Origin of Mare Ridges 
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A variety of volcanic and tectonic models have been proposed to explain the diverse morphological 
characteristics of lunar mare ridges. Volcanic models stress the ''flow-like" appearance of mare ridges 
and particularly the manner in which these features modify the interiors of small preexisting impact 
craters. We have investigated the nature of ridge-crater intersections to gain a better understanding 
of mare ridge formation. Distinct evidence of ridge-related deformation was obsetved in 65 small craters 
within the lunar maria Our results indicate that ridge deformation within these craters is inconsistent 
with any type of lateral transport such as volcanism or mass wasting. Instead, these ridge segments 
appear to consist of crater floor materials uplifted along nearly vertical splay liwlts. Ridge topography 
(generated by uplift along splay liwlts) accommodates most of the strain across mare ridges; additional 
lateral olfsets are usually minor. SUch small lateral olfsets accompanied by up to 250 m of vertical 
offset across ridge axes disfuvor recent suggestions that all mare ridges are simple thrust liwlts ( Plescia 
and Golombek, 1986). Fault attitudes, measured from the walls of small fresh craters, range from -15° 
to near-vertical and also indicate that a broad range of tectonic mechanisms are involved in ridge formation. 
In light of these fin~, the evidence cited to support a volcanic origin for mare ridges is 
Two tectonic models are in accordance with available surface and subsurlilce data and may represent 
end members in a broad suite of formative mechanisms: one calls upon vertical faulting to explain 
olfsets across mare ridges, and the other relies upon buckling of the surface to produce ridges with 
no vertical offsets. The morphology and posmbly the occurrence of mare-type ridges appear to be influenced 
not only by the near-surface stress field, but also by such material properties as competency, thickness, 
and the presence or absence of layering. 

INTRODUCflON 

Lunar mare ridges are among the most common landforms 
observed on the Moon and occur almost exclusively within 
the mare basins. Adhering to Strom's (1972) nomenclature, 
mare ridges typically consist of two components (Fig. 1 ): a 
gently sloping, broad arch, and a sharper but more irregular 
and discontinuous crenulation or "wrinkle" ridge. The 
dimensions of these components are variable, but arches usually 
range up to 20 km in width, 300 km in length, and 0.5 km 
in relief, whereas the ridge is typically less than 400 m wide 
and 200 m high. Although the ridge is commonly superposed 

' on the arch, generally in the vicinity of the arch crest, the 
relationship exhibited by these two components is highly 
variable. The ridge, for instance, may be situated adjacent to 
and oriented subparallel to the arch ( Hodges, 1973 ), or may 
extend beyond the arch onto the adjacent mare surface 
(Luccbitta, 1977). Additionally, arches are sometimes present 
without their ridge counterparts ( OJlton et al., 1972; Hodges, 
1973 ), and numerous examples of ridges without conspicuous 
arch development have been documented (Hodges, 1973; 
Maxwell et al., 1975 ). In cross section the arch may appear 
symmetrical or asymmetrical, and there is sometimes a 
measurable vertical offset (50 to 250 m) of the mare surface 
across asymmetrical arches (Luccbitta, 1977; Young et al., 
1973). Mare ridges, while sometimes occurring as single 
features, more commonly occur in groups forming a variety 
of braided (Young et al., 1973; Scott, 1973), sinuous (Bryan, 

1973 ), or en echelon ( 1jia, 1970; Fagin et al., 1978) patterns. 
Regional trends and global patterns have been discussed by 
1jia (1970), Fagin et al. (1978), and .Raitala (1978). The 
diversity in small-scale morphology, texture, and associated 
structures characteristic of these features is thoroughly 
documented by Schultz (1976). 

Proposed models for the origin of mare ridges are divisible 
into three main categories: ( 1) volcanic; ( 2) tectonic; and 
(3) a combination of volcanic and tectonic. Evidence presented 
in support of categories ( 1) and ( 2) is summarized in Table 
1. It is interesting to note that terrestrial anal~ have been 
advanced in favor of both the volcanic [lava lake features 
(Hodges, 1973)) and the tectonic [thrust faults (Plescia and 
Golombek, 1986) and folded lavas ( Greeley and spudis, 1978; 
Luccbitta and Klockenbrink, 1981; Watters and Maxwell, 
1985)) hypotheses. It is perhaps the difficulty in refuting or 
substantiating either of the first two categories, as well as the 
wide variability in mare ridge surface expression, that has led 
to a wide acceptance of the third category. 

While a tectonic origin is supported by a variety of data, 
including stratigraphic relationships, relative ages, and 
sectional analyses (Table 1 ), it is the flow-like appearance of 
mareridgesandparticularfythestylebywhichridgesmodify 
preexisting impact craters (Fig. 2) that is the keystone to the 
hypothesis that mare ridges are volcanic landforms (Table 1, 
V-1). Previous to this report, however, the intersections of mare 
ridges and impact craters have been described only casually. 
Here we present the results of our analysis of ridge-crater 
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Fig. 1. A complex arrangement of 
mare ridge systems composed of 
broad arches (a) and steep-crested 
ridges ( r ). The area within the box 
in the southeastern portion of the 
image is shown in Fig. 2 and 
includes a small crater whose 
interior morphology has been 
modified by the adjacent mare 
ridge. This region in southern 
Oceanus Procellarum, west of Mare 
Cognitum, also illustrates the com-
mon association of mare ridges with 
buried topography, such as crater 
rims ( c ), as well as volcanic features 
such as sinuous rilles and vents ( v ). 
Apollo 16-2838 metric. 

intersections in Oceanus Procellarum and Maria Cognitum, 
Imbrium, and Serenitatis, and document the range of fault 
attitudes and displacements associated with mare ridge 
development. As our findings indicate tectonic rather than 
volcanic involvement, the evidence cited to support a volcanic 
origin for mare ridges is reassessed and plausible end-member 
tectonic models are advanced. 

RFSUll'S 

In the majority of instances where ridges intersect craters, 
inferred by their preservation state to predate ridge formation, 
the craters show no evidence of deformation Only 65 small 
craters ( < 2% total number of preexisting craters) were found 
to show unambiguous evidence of mare ridge deformation. 
None exhibit offsets in the crater rim suggestive of strike-slip 
faulting and only five show measurable lateral offsets in the 
crater rim or distortion of the presumed original crater 
circularity consistent with displacement along low-angle reverse 

PROCEEDINGS OF THE 18th LPSC 

0 km 50 

(thrust) faults. An example of a small crater that has apparently 
been shortened in the direction normal to the mare ridge 
axis is shown in Fig. 3. If this 700-m-diameter crater were 
originally circular, it has been shortened by about 150 m, the 
largest amount of overthrusting we have obsetved. The other 
examples of overthrusting associated with mare ridge formation 
indicate lateral displacements of less than 50 m. 

The more typical style of crater modification does not result 
in significant impairment of the crater circularity, although small 
offsets in the rim are commonly observed (Fig. 4) and these 
may have a minor lateral component. Instead, lobate or welt-
like mounds of material are present within the crater interior. 
The 60 ridge-crater intersections expressing this type of 
modification were observed to have the following 
characteristics: 

1. The morphology, distribution, and surfuce appearance 
of ridge segments within crater interiors appear to correlate 
with the degradation state the crater: Older, more degraded 
craters consistently contain flat lobate features, whereas 
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younger, IC$ degraded craters contain narrow welts of material, 
typically better developed on the rim than on the floor of 
the crater (Fig. 5 ). Degraded craters contain lobes with smooth, 
dark, and fine-grained surfaces, similar to the regolith that 
mantles other parts of the crater (Fig. 4). In contrast, fresher 
craters are modified by light-colored material with the bright 
rubbly texture characteristic of fresh ejecta and impact breccia 
fu.cies (Figs. 4 and 5). In some cases several craters of various 
degradation states are modified by a single mare ridge as shown 
in Fig. 4. These observations indicate that the ridge segments 
represent material uplifted from the crater floor along splay 

TABLE 1. Evidence cited for the origin of lunar mare ridges. 

Origin 

Volcanic 
(V) 

Tectonic 
(T) 

Evidence 

( 1) Ridges modify adjacent craters by a flow-like mecha-
nism [1-5]. 

(2) Braided, discontinuous, overlapping, or ropy patt-
erns suggest an extrusive origin [1,3,5]. 

(3) Some ridges are with sinuous rilles and 
other volcanic landforms (1,4]. 

( 4) Ridges are sometimes associated with positive grav-
ity anomalies suggesting dyke intrusion. 

( 5) The broad arch suggests a laccolith [ l ]. 
(6) Ridges express some similarities to "squeeze-up" 

features in lava lake environments on Earth [3]. 

( 1) Mare sudace topography implies tectonic deforma-
tion [7]. 

(2) Ridges cross volcanic unit boundaries [4,8-10]. 
(3) Several ridges extend into highlands as f.tul.t scarps 

[4,9,11,12]. 
( 4) Vertical offsets in the mare sudace occur across 

some ridges [ 13 ]. 
(S) Ridges modify fresh craters, thus the latest ridge for-

mation postdates last regional volcanic episode 
(9,11,14,15] 

(6) Ridges often occur over buried premare topography 
[3,16,18,19]. 

(7) Ridges sometimes deform postmare craters by shor-
tening [2,9]. 

(8) Ridge locations correlate with changes in basalt 
thickness where stresses might be localized 
(13,16,18-20]. 

(9) Regional trends of mare ridges are consistent with 
global fracture patterns (16,21-23]. 

( 10) Circular basin trends are consistent with deforma-
tion due to loading by mare fill (18,19,22]. 

( 11) Local ridge trends may parallel regional topographic 
contours (24]. 

References: (l] Strom (1972); [2] Haward and Mueblberger 
(1973); [3] Hodges (1973); [4] Young et al. (1973); (5) Scott 
(1973); (6) Scott(l974); [7] Scott et al. (1978); [8] Howardetal. 
(1973); [9] Luccbitta (1976); (10] El-.Baz (1978); (11] Wolfe et al. 
(1972); [12] O>lton etal. (1975); [131 Luccbitta (1977); (14] 
Mueblberger (1974); (15] Haward (1978); [16] Maxwell et al. 
(1978); [17] Peeples et al. (1978); (18] Maxwell(l978); (19] 
Sbatpton and Head ( 1982 ); (20] De Hon and Waskom ( 1978); (21] 
Raitala (1978); (22] Solomon and Head (1979); [23] Fagin et al. 
(1978); and [24] Bryan (1973). 
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or tear faults associated with ridge deformation and not material 
that has been extruded into the crater by volcanic processes. 

2. In many craters, ridge segments appear on the steep 
slopes of the crater walls, rather than the floors where fluid 
extrusions might be expected to collect. These segments may 
also occur on the opposite side of the crater from the main 
ridge. 

3. Noticeable vertical displacements of the crater rim 
associated with ridge deformation are common (Fig. 4). 

4. The bright zones often observed on mare ridges and 
previously interpreted as viscous lavas of an unusual 
composition ( Strom, 1972) were determined instead to be 
concentrations of boulders (Fig. 6) protruding through areas 
where the finer-grained regolith has either wasted downslope 
or seeped between the larger blocks during deformation 
Numerous occurrences of such zones, containing much fresher 
looking materials than are associated with the majority of small 
impact craters on the lunar maria, suggest that ridge 
deformation continued long after the termination of mare 
volcanism. 

Marc Ridge Deformation Within Craters 

The characteristics of all mare ridge-crater intersections 
examined in this study imply that mare ridge segments 
extending into adjacent impact craters consist of materials that 
have been structurally uplifted from the crater rim and floor 
along high-angle splay faults. These segments can appear as 
asymmetrical structures involving displacement along a single 
fault, or symmetrical ridges indicative of uplift along bounding 
fuults that converge with depth as schematically depicted in 
Fig. 7. We attribute the motphological differences between 
features in fresh and degraded craters to variations in the crater 
depth profile as well as the relative competency of the materials 
inside the craters. Because the bounding faults are converging, 
the uplifted zone narrows rapidly down the steep slopes of 
fresh craters, resulting in thin zones of uplift that appear better 
developed on the higher rim areas than on the floor. In contrast, 
the depth profile of degraded craters is significantly reduced 
by accumulations of unconsolidated crater fill and loss of rim 
topography. This results in a broad relatively uniform width 
to the uplifted zone that may appear somewhat lobate in plan 
view. 

Fauh Displacements and Attitudes 

The paucity of overridden or truncated craters indicates that 
overthrusting is not characteristic of mare ridge formation 
There is no indication of a significant strike-slip component 
to the displacements associated with the mare ridges we 
examined. While these observations do not preclude local 
thrusting or shearing along individual splay faults associated 
with ridge development, they do imply that ridge topography 
is generated primarily through uplift along steeply-dipping 
reverse faults, resulting in very small lateral offsets ( typically 
< 20 m ). In most cases, the total amount of shortening across 
a mare ridge does not significantly exceed that contained in 
the ridge topography. 
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310 PROCEEDINGS OF THE 18th LPSC 

Fig. 2. Oblique photograph of area marked in Fig. 1 shows a small ( apro:ximately 1 km diameter) crater that has been modified by a 
narrow, welt-like mare ridge lobe extending into the crater interior. Apollo 16-119-19158. 

Because lateral offsets are typically very small, displacements 
along high-angle master fault systems seems to be required 
in order to account for the distinct vertical offsets ( up to 250 
m) and topography characteristic of many ridge systems. We 

Fig. 3. The small crater (black arrow) appears to be substantially 
shortened by the mare ridge. White arrow points north and is 1 km 
in length. Black arrow indicates direction of solar illumination. Apollo 
16-5439 pan. 

have estimated the dip angle of ridge-related faults by measuring 
lateral excursions of detectable fault traces with depth inside 
21 fresh simple craters, such as those in Fig. 8. Where available, 
depth control was provided by LTO maps, otherwise a depth-
to-diameter ratio of 0.2 (Pike, 1977) was assumed. The 
frequency distribution of these fault attitudes (Fig. 9) also 
clearly indicates that ridge formation is associated with a broad 
range of fault attitudes, with high-angle faulting as the 
predominant mode of deformation. These results do not support 
recent suggestions by Plescia and Golombek ( 1986) that all 
mare ridge systems are simple low-angle reverse (thrust) faults. 

DISCUSSION AND IMPLICATIONS 

The results of our study suggest that the manner in which 
the "flow-like" ridge segments modify small adjacent impact 
craters is inconsistent with any type of lateral transport 
mechanism such as volcanism or mass wasting. Instead, the 
mare ridge extensions appear to be material that has been 
structurally uplifted along nearly vertical splay faults that are 
probably activated impact fracture systems. Thus a major 
argument for the volcanic model (Table 1, V-1) appears to 
be more consistent with a tectonic origin. 

Assessment of Volcanic Models 

The ropy, braided, or overlapping patterns mare ridges 
exhibit in plan view are suggestive of the influence of volcanic 
processes (Table 1, V-2). However, our analysis indicates that 
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this appearance is due to a combined occurrence of the lobate 
features above, and the complex patterns of mare 
ridge segments within individual systems. Several terrestrial 
examples of tectonic features with similar moiphological 
attributes such as overlapping and braided arrangements have 
been~ by Plescia and Golombek (1986). In addition, 
the lunar maria have sustained a long and intense history of 
impact bombardment. The frequent association of mare ridge 
systems with flooded premare topography such as basin rings 
( Sbmpton and Head, 1982; Maxwell, 1978; Maxwell et al., 
1975) and crater rims (Maxwell, 1978; Maxwell et al., 1975; 
Hodges, 1973) indicates the strong control large impact events 
have had on the location of mare ridges. Smaller craters can 
also fracture the mare and provide depressions in which 
ponding of subsequent lavas can occur. This suggests to us 

Fig. 4. Several craters (black arrows) of various degradation states 
illustrating the typical style of modification by mare ridges. Also note 
the apparent vertical offset in the rim of the southern-most affected 
crater (a). White arrow points north and is 1 km in length. Black 
arrows indicate direction of solar illumination. Apollo 16-5428 pan. 
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Fig. 5. Fresh crater modified by a narrow mare ridge lobe (black 
arrow). White arrow points north and is 1 km in length. Black arrow 
indicates direction of solar illumination. Apollo 16-5428 pan. 

the possibility that small-scale variations in ridge trends may 
be controlled by local variations in competency induced by 
smaller ( < 10 km diameter) but more abundant impact craters, 
thus providing an additional component of sinuosity to lunar 
ridge trends. An example of this effect is shown in Fig. 10, 
where a portion of the small crater's rim has been uplifted 
and integrated into the mare ridge, funning a distinct arc in 
the ridge trend The remaining portion of the crater rim is 
almost totally inundated by subsequent mare deposits. Many 
similar examples indicate that local anisotropy induced by small 
craters may play an important role in determining ridge location 
and moiphology. 

The spatial association of mare ridges and the source 
depressions of volcanic sinuous rilles (Table 1, V-3) does not 
require that they be caused by the same p~ The ascent 
of magma occurs preferentially along zones of weakness or 
fracture in planetary crusts. Tectonic deformation is also 
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312 PROCEEDINGS OF THE 18th LPSC 

Fig. 6. Close-up of bright material on a mare ridge slope illustrating the abundance of boulders (black arrows). White 
arrow points north and is 1 km in length. Black arrows indicate direction of solar illumination. Apollo 15-9358 pan. 

~eel with such wnes. There is abundant evidence for 
mare ridge formation postdating most sinuous rilles ( Young 
et al., I 973; Scott et al., I 978). Thus a more plausible 
explanation for this occasional association is simply the well-
established correlation in space of tectonic and volcanic 
features. 

The occurrence of positive gravity anomalies over some mare 
ridges (Table 1, V-4) has been reported by Scott (1974). He 
identified extended linear gravity anomalies, both positive and 
negative, in Oceanus Procellarum, trending northwest-
southeast, roughly parallel to major systems of mare ridges 
in the area. The interpretation that the mare ridges correlate 
with positive gravity anomalies and "are the surface expressions 
of deep-seated systems of basaltic dikes" ( Scott, 1974) is based 
on shifting the observed anomalies westward as much as 70 
km "to produce a better correspondence, in places, between 
the positive gravity trends and some of the larger or more 
dense clusters of mare ridges" (Scott, 1974). The observation 
that mare ridges in this area ( and elsewhere) are confined 
to the mare basalt units and do not modify the frequent "islands" 
of highland-type material disfavors the hypothesis that mare 
ridges are related to "basaltic dikes which have intruded 
fractures and faults in less dense crustal rocks" (Fig. lla). 
Instead, we suggest that the elongate gravity anomalies, which 
parallel the mare-highlands boundary in western Oceanus 
Procellarum, express regional variations in the thickness of the 
mare fill due to subsurface topography. These thickness 

variations determine the local strength of the mare layer, 
influence the mare stress field, and therefore assert a control 
over the location of mare ridge systems. This results in a general 
parallelism between the basalt fill, the trends of major mare 
ridge systems, and observed gravity anomalies in Oceanus 
Procellarum. 

The broad arch commonly ~eel with mare ridges has 
suggested to some investigators the presence of a shallow 

RIDGE LOBE FORMATION 
IN SMALL SIMPLE CRATERS 

D Unconsolidated reworked crater fill 

[3 Fresh impact breccia 

m] Heavily fractured mare basalts 

FRESH DEGRADED 

Fig. 7. Sketch of a section through a fresh (left) and a degraded 
(right) simple impact crater, illustrating uplift along high-angle reverse 
fuults and the manner in which the degradation state of the crater 
affects the motphology of the ridge segments. ( See text for details.) 
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SHARPTON AND HEAD: ORIGIN OF LUNAR MARE RIDGES 313 

a b 
Fig. 8. Two fresh simple craters similar to those used in this study to estimate lilult attitudes ~eel with mare ridge deformation. 
Both craters are approximately 1 km in diameter; north is up. (a) This crater shows a conspicuous near-vertical lilult trace along the inner 
crater wall. Apollo 16-5433 pan. (b) The rim of this crater is offset slightly and the prominent lilult trace dips approximately 50° W. An 
antithetic splay lilult (located by arrows) appears to dip at approximately 50° E. Apollo 16-5428 pan. 

laccolith-type intrusion (Table 1, V-5). The ridges would then 
be viscous extrusions of lava from extensional fractures along 
the crest of the arch (Fig. 1 lb). Several observations, however, 
pose difficulty for this model: ( 1) Mare arches typically follow 
regional topographic trends (Table 1, T-12), implying that the 
arches, like the variations in regional topography (Table 1, T-
l), result from regional deformation of the mare surface 
(Luccbitta, 1977; Scott et al., 1978); (2) ridges and arches 
frequently occur separately, and when observed together, the 
ridge segments may not trend parallel to the arch, sometimes 
cro~ the arch or trending off the arch all together ( Hodges, 
1973; Luccbitta, 1977), suggesting only an indirect relationship 
between the two features; and ( 3) there is commonly a 
significant topographic offset on either side of the arch implying 
a tectonic rather than volcanic origin for these features (Table 
1, T-5). 

Fig. 9. Histogram of lilult attitudes estimated from lilult traces in 
21 small fresh craters. These results indicate that a broad range of 
fault attitudes is characteristic of mare ridge deformation and that, 
in this sample, nearly vertical displacements are most common. We 
estimate the uncertainties ~eel with these measurements to be 
approximately ± 10°. 
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The auto-intrusive or "squeeze-up" hypothesis (Table 1, V-
6) is somewhat similar to the laccolith model above. Here 
the morphology of mare ridges ( disregarding monumental 
differences in scale) has been compared to small-scale features 
associated with the solidification of terrestrial lava lakes 
(Hodges, 1973). As the upper portion of the cooling lava 
solidifies, it tends to fracture and sink, squeezing partially 
solidified material up from below and creating small linear 
welts (Fig. 1 lc ). However, in addition to the obvious difficulties 
with the scale differences, two observations seem to lessen 
the applicability of this analogy: ( 1) The presence of boulder 
patches on mare ridges and the modification of very fresh-
appearing impact craters indicate that ridge formation 
continued well after solidification of the mare regions was 
complete. If mare ridges were squeeze-up features they should 
all be covered with the same dark, fine-grained regolith that 
mantles the mare surface and younger craters should show 
no modification by ridge formation; and ( 2) ridges are observed 
crossing distinct volcanic unit boundaries (Table 1, T-2). 

Analysis of the lines of evidence supporting a tectonic origin 
for mare ridges reveals two independent observations that 
apparently preclude a volcanic origin for mare ridges. The first 
is that the lobate or ropy extensions ubiquitous to mare ridges 
modify adjacent features in a manner that is inconsistent with 
volcanic emplacement The second is the observation that mare 
ridges cross known volcanic unit boundaries. Figure 12 shows 
two ridge segments that cross a distinct volcanic unit boundary 

Fig. 10. Arcuate excursion in mare ridge trend apparently induced 
by a flooded impact crater (-1.2 km diameter). The western third 
of the crater rim has hem uplifted and integrated into the narrow 
ridge system. Remnants of the eastern portions of the crater rim remain 
as a subtle arcuate ridge marked by arrows. Apollo 16-5427 pan. 

PROCEEDINGS OF THE 18th LPSC 

in southeastern Mare Serenitatis. The portions of these ridges 
that modify the light mare unit to the north are also light 
and distinct; where the ridges cross into the dark southern 
unit, however, they assume the same dark, subdued mature 
appearance as that unit Thus the surface texture, morphology, 
albedo, and color of mare ridges imply that they are a 

Volcanic Models 

a 

MARE UNITIS) 

UNDERLYING 
CRUSTAL 
MATEAW. 

Tectonic Models 

d 
THRUST 

FAUL.TS"' 

DEEP-SEATED 
VERTICAL 

FAULT-,__,.~~ 

•FISSIME 

DEBl-8EATED 
DICE 

LAVA LAKE 

( z7 
ZPAE~EXISTING SURFACE 

Fig. 11. Models of mare ridge formation; models (a)-(c) invoke 
volcanic processes, whereas ( d) and ( e) call upon tectonic processes. 
(a) Dike Model (Seo~ 1972): Intrusions form deep within the crust 
beneath the mare basalts and continue upward through the volcanic 
units until Java is extruded onto the swfu:e to form the mare ridge. 
(b) Laccolith Model ( Strom, 1972 ): Intrusion of magma along a weak 
horizon between mare units domes the upper unit ( 1 ). As doming 
continues, bending produce fractures through which lavas are 
ultimately extruded, forming the mare ridge (2). The bulbous and 
steep-sided nature of the ridge is explained by attributing a high viscosity 
to the lava. (c) Lava Lake Model (Hodges, 1973): The mare unit is 
emplaced as a deep Java lake. As the lava cools, a crust forms on 
the swfu:e and fractures develop due to thermal contraction, 
convection or magma withdrawal (I). Toe denser crust begins to 
sink, squeezing molten or partially molten material up from below, 
creating the mare ridge. (d) Vertical Faulting Model (Luccbitta, 1976): 
Deep-seated vertical displacement is translated into numerous reverse 
splay faults at the swfu:e, forming offsets in the mare swfu:e across 
the ridge axis. ( e) Buckling Model: Horizontal compressive 
associated with volcanic loading result in buckling of the mare swfu:e. 
Intense deformation, characterized by uplift and local thrusting along 
numerous splay faults, is concentrated in regions where the mare layer 
is weak, such as over buried topography or preexisting fracture systems. 
Buried regolith layers could decouple mare layers and act as 
deoollements during buckling. 
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, fundamental part of the inchvidual mare units on which they 
occur. Because mare ridges cross stratigraphic boundaries, 
however, they cannot be related to the emplacement of these 
mare units. The volcanic model appears unable to resolve this 
dilemma; however, these observations are consistent with the 
tectonic origin of mare ridges. 

Tectonic Models 

The lunar maria contain a diverse suite of tectonic 
expresfilons, including concentric graben systems along the 
flanks of mare basins (Lucchitta and Watkins, 1978), 
postemplacement tilting of mare surfuces (Muehlberger, 1974, 
1977; Scott et al., 1978), and downwarping, f.wlting, and tilting 
of buried stratigraphic boundaries ( Sba,p'tOn and Head, 1982). 
Figures 1 ld and 1 le depict two generalized tectonic models 
for mare ridge formation that call upon either high-angle faulting 
or buckling associated with regional flexure. Luccbitta (1976) 
proposed that those mare ridges associated with asymmetrical 
arches and vertical offsets in the mare surfuce across the arch 
result from displacements along deep-seated vertical f.wlts that 
may become low-angle reverse f.wlts toward the surfuce, 
presumably because of compresfilve bending at the 
surfuce (Solomon and Head, 1979) as shown in Fig. lld The 

Fig. 12. Mare ridge systems cross-
ing a prominent volcanic unit 
boundary in southeastern Mare 
Serenitatis. The intersection of the 
ridges and stratigraphic boundaries 
are marked by the larger black 
arrows; small arrows denote the 
trace of the ridges into tbe older, 
darker mare unit to the south. 
Apollo 17-0450 metric. 
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second model (Fig. 1 le) applies to those ridges not expr~ 
appreciable vertical offsets or asymmetrical arches. Here 
buckling of the mare surfuce associated with downw.uping and 
regional flexure could be localized over buried topography 
(Fig. 1 le) or along other zones of weakness within the mare 
units. Thus the broad arch, when present, could result from 
regional flexure of the mare surfuce, and the ridge is the site 
of more intense (perhaps later) strain that results in 
deformation along discrete fault planes. Subsurfuce information 
across Mare Serenitatis collected by the Apollo 17 Lunar 
Sounder E:xperiment (MSE) supports both tectonic models 
(Sba,p'tOn and Head, 1981). Of the four mare ridge systems 
transected by the .AfSE ground track, the three systems that 
are asymmetrical in profile and are associated with discrete 
offsets in the mare surface are also associated with 
displacements in subsurfuce reflecting horizons consistent with 
high-angle faulting along preexisting zones of weakness 
(Sba,p'tOn and Head, 1981, 1982). The fourth mare ridge 
system exhibits a broad, well-defined arch, symmetrical in 
profile with no apparent vertical offsets. The subsurfuce 
characteristics of this feature suggest it occurs over the buried 
peak ring of the Serenitatis impact basin, that the volcanic 
units are significantly thinner over this topography, and that 
this region underwent continual deformation during the mare 
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infilling stages of basin evolution (Sbatpton and Head, 1982). 
Thus the two tectonic models presented in Figs. 1 ld and 1 le 
appear to be consistent with all surfuce and subsurface 
observations to date, and may represent end-members in a 
continuous suite of tectonic mechanisms ranging from shallow 
buckling in response to regional flexure to near-vertical offsets 
along basement faults. 

CONCLUSIONS 

Although lunar mare ridges possess various morphological 
characteristics that might suggest an origin through volcanic 
processes, compilation and analysis of the observations in Table 
1 reveal serious inconsistencies with the volcanic model. Results 
of this analysis clearly support the alternative model that mare 
ridges and their characteristic morphologies are the expresmons 
on the mare surfuce of tectonic deformation within the 
lithosphere; associated volcanic features are of minor 
importance and unrelated to the basic genesis of mare ridges. 
The modification of fresh-appearing impact craters and the 
blocky, bright regions associated with mare ridges indicate that 
deformation of the mare surfuce continued well beyond the 
stage of mare infilling. Fault attitudes associated with mare 
ridge formation range from ~ 15° to nearly vertical. Topography 
accounts for almost all of the shortening across these ridges; 
large lateral displacements do not appear to be characteristic 
of these features. While local thrust faulting clearly accompanies 
the formation of some mare ridges studied, the negligible 
amounts of lateral offset typically associated with ridge 
deformation, coupled with vertical offsets of up to 250 m across 
ridge axes, disfavor simple thrust fault models as the 
predominant process in ridge formation. The general near-
surface picture of mare ridges that emerges from our analysis 
is one of ridges as complex, diffuse zones within which 
deformation occurs along numerous small fault planes rather 
than a single discrete fault scarp. 

The vertical faulting model and the buckling model depicted 
in Figs. 1 ld and 1 le appear to account for the major 
characteristics of mare ridge morphology in a manner that is 
consistent with surfuce observations and subsurfuce data If 
these models can be taken as end-member cases, then the 
morphological diversity expressed by lunar mare ridges would 
be influenced by a number of factors, including ( 1) variations 
in the magnitude and direction of the local stress field; ( 2) 
variations in the thickness of the volcanic layers; ( 3) the 
presence of preexisting zones of weakness such as buried 
craters, faults or buried topography; ( 4) the occurrence of 
buried regolith or pyroclastic layers that might act as 
decollements and decouple various mare units during buckling 
{Fig. I le); and ( 5) variations in the density of impact craters 
that fracture and weaken the surface of the mare. 

The strong control these material contrasts have over ridge 
morphology is demonstrated in the distinct morphological 
changes ridges undergo at certain volcanic unit boundaries 
{Fig. 12) as well as at the mare-highlands boundaries, where 
conspicuous fault scarps, not mare-type ridges, mark the 
continuations of faulting into the highlands. This indicates that 
the absence of mare-type ridges in highlands regions may not 
be regarded as evidence against compresmonal deformation in 

PROCEEDINGS OF THE 18th LPSC 

these regions. Furthermore, the occurrence of morphologically 
analogous features on other planets suggests that basic 
similarities in surface properties anq tectonic environment exist 
between these ridged units and the lunar maria Such similarities 
might include variables such as relative competency, thickness, 
or the presence of layering and detachment surfaces. In any 
case, mare ridges are surely complex features reflecting a 
complex tectonic setting, and no one variable or model is 
likely to account for all their characteristics. 
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