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INTRODUCTION

During -the last several months of 1975 discussions were

begun with scientists and NASA personnel in Washington and Houston

- as to the possibilities of extending the termination date of this

grant beyond the date of the Lunar Science Conference, in order
to allow the principal investigator the opportunity‘to attend
that conference. A small amount of money was retained to cover

salary and travel for this purpose. As there appeared to be no

. mechanism for such an extension, the grant terminated as ori-

ginally scheduled on December 31, 1975, with this money still

- unspent.

This report thus summarizes work complefed.to
December 31, 1975 and concludes with'some sﬁggestions for future
work, basedchﬁﬁfé experience. One publication is sﬁill in
pféparation and will be submitted for inclusion in the Proceedings
of the Seventh Lunar Science Conference.

Published papers produced in the COursé of this pro-

" ject include two contributions to the Apollo 17 Preliminary Science

Reports and three journal articles. A fourth publication is in

preparation. Copies of these papers and of an abstract of the

. fourth paper are included as part of this report.

Certain tasks outlined in.the original proposal had to
be modified or abandoned either because no adequate photo

coverage was obtained, or because technical difficulties were

- encountered. Specifically, proposedﬂstudies.éf volcanic features

in the Marius Hills region were not carried out because this area

was not.included in the Apollo photo coverage. Our plans to produce



detailed contouf maps of lunar volcanic featureé proved iﬁ~
* practical because the stereo reference level in lunar metric
- photos is distinctly spherical, and this problem cannot be
resolved with simple equipment as in the case of terresﬁrial
air photos. Fortunately, the excellent quality of the 1/250,600
scale lunar contour maps eliminated much of the need to perfofm
this work. ‘
Original plans to relate the photo studies closely to
data fromother orbital science experiments had to be modified
or abandoned, mainly because these data either bécame availéble
-too late»in the program or because their resolution4is much
;bqorer thah that in the photos. The most successfui inter~
action has beép;withthe luhar gravity research through inﬁer—
‘ actioné with C. Bowin at Wbods Hole. Even heré, there haﬁe been
limitations, due to initial delays in receipt of gravity daté
and numerical problems which hadytb be resolved to process the
data. Also, most of the gravity studies have proved féasible
only over the maria, and thus have not been.indofporéted into

our studies of smaller impact craters.

WORK COMPLETED

| Maria Basins - Excellent Apollo 15 photo coverage of the
southern parts of Serehitatis and Imbriﬁm was used for‘a study

of the morphology and‘distribution of wrinkle ridges, a feature
which has been widely attributed to lava extrusion along fractures.
It was shown (Bryéﬁ, 1973) that many of thesé ridges appeér to be
of tectonic.origih, deforming pré—existing lava £ill in the maria.

A relatively small amount of subsidence of the mare lava f£ill



could result in the degree of compression required to form these
‘ ridges, and this interpretation was compatible with existing‘in~
terpretations of the lunar gravity data.

An initial interpretation of volcanic and structural
features along the south margin of Serenitatis:(Bryan and ‘ . | ’
Adams, 1973) includéd a discussion of the Dawes basalt'cinder
‘cones. These are the most convincing voléanic cones.encountered'
in studies of mare volcanism. ‘This initial study also called . : ﬁ
faftention to some details of structural evolution in and around
mare basins which have been more fuliy develcpéd in a'laﬁer
paper (Bryan et él., 1976). |

Large craters - Based on existing photo coverage and

quality of phoé%é, three large craters were selécted for - i
~detailed study. Volcanic and strﬁctural features in crater

Aitken (Bryan and Adams, 1973, 1974) were outlined and it

was shéwn that a sequence of post-impact volcanic evénts can
~explain most of the mdrphologic details. Evidence of compressionai |
" deformation was documented both within Aitken and in the adjacentA

highlands. Subsequent study of crater Goclenius (Brydn et al.,

-1975) showed a close relationship between morphology of the

impact crater and the trends of both external and internél linear
grabens which tend to parallel directions of the lunar grid. This
relation was furfher supported by a study of lineax trends in the

walls of crater Tsioikovsky (Bryan et al., 1976).
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Small craters - Small craters of poséible‘volcanic
origin have been discusse& in connection with other volcanic
features of maria and large craters as noted above. Possible
cinder cones were noted associated with the Dawes basalt and
in the floor of craters Aitken and Gbclenius. Small pit
- craters were also noted within the floors of these larger
craters, and were interpfeted as collapse features due to lava
.drain-back. Pits‘br fissures of 1ikely volcanic origin.
aésociated with ?rinkle ridges éppear to be ‘the exception rather
than thelrule.j ‘

Linear features - Throughoﬁt the course of thié study
we have been impréssed by the téndency of linear structural
elements to apg%gximate”one of the principal directions of the
- so-called "lunar grid". Although a predominance ofvnorthwest
‘and northeast~trending linear features has been noted by many -
other workers, the reality of this grid and its origin remain
controversial. - During this past year, our studies have em-~
phasized the geometry and fine-scale morphology of these
struétural lineaments. Specifically, we have noted several
details not. emphasized by earlierbwork:

1. The consistency of linear orientations over most
of the lunar surface is most easily explained if fhe‘lineaments
a#e related to a spiral grid pattern. This may imply a

torsional mechanism for producing the grid.
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2. The pattern is very old, and tends to be re~
juvenated or etched out by a variety of processes, including
flow of lava, large and small impact events, and compressional
deformation.

3. Even where a major linear feature such as a
wrinkle ridge or sinuous rille curves or haé a gross trend
apparently unrelated to theAgrid, it may be made up of small
elements which do parallgl the grid direction. |

Our prévious and concurrent work on linear séa;
floor structures, and a review of recent literature on
terrestrial structural geology, shows that certain analogieé
may exist between tectonic evolution on the Earth and Moon.

We develop thi;;}dea in our latest paper (Bryvan et al., 1976)’
-and suggest théi: while terrestrial structure is complicated
by sea-floor spreading, directions of spreading may‘be
 06ntrolled by an ancient terrestrial grid pattern.

Quantitative morphology - Several attempts were made
to produce or to obtain detailed contour maps of specific
small features. Discussions with NASA photogrametric persénnel
.at Houston and Geoidgical Su;vey personnel at Menlo Park
indicate that obtaining and utilizing proper elevation control
- points is not an easy matter even for qualified5experts.

The Geological Survey attempted detailed contouring of a small
~cone in Aitkin, which was completed too laﬁe to be included in
the published paper. The contour map proved very difficult to

use as it could not be related directly to photb imagery. A




different attempt to produce a contour map of part of the floor
"of Goclenius had to be abandbned, because of excessi&e distortion
"in the photo image. |

Our own equipment has proved useful for making point
determinations of elevation differences, which are often sufficient
for general estimates of height, slope, or vblume. Detailed’
contouring has not proved practical. Overall, the 1/250,000
contouvred ortho-photo maps satisfy most needs for a contoured
photg product. These maps proved useful during the past year
for study of lunar structure trends, but most arrived too late
to be applied to the earlier published papers.

Transient events ~ Original proposals to compare
Orbiter and Apello photos of the same. area to fiﬁd evidence
- of possible short—tefm changes associated with volcanism or
other processes appear ambitious, if not naive, in retrospect.
While thereAis much overlap betweén Apollo 15 and 17 phot;
coverage, and between Apollo and. Orbiter cbverage, there is
rarely sufficient consistency in,sunAangle oxr photo quality.

It Was‘not possible to obtain any significant results as a
result'éf such comparisons due to these inconsistencies.

Future work - Thé usefulness of Apollo photos could
be enhénced if there were more supporting data from other
orbital experiments. To date, only the gravity data seems
té have been summarized inka substantial number of journal
publications. Knowledge of shallow struéture; as déduced from

the lunar sounder experiments, -or compositional variation deduced
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from x-ray fluorescence, could provide valuable constraints
on geologic models deduced from photo studies.

Much additional morphologic study of.photos; in the
absence of such constraints, would appear to bé of limitéd
vaiue. The partial redundancy in Apollo photo coverage,
combined with the poor quality of photos taken at high sun
angles, also puts severe limits on the areas suitable for
study. Photos obtained in polar orbit at 20-30 degree
sun angles would greatly expand the possibilities for furtﬁer
profitable photogeologic studies of the Moén; The altitude and
‘scale of the Apollo metric.photos appears most suitable for this
purpose. | |

Moreéé?tailed comparative studies'of‘Earth and Moon,
perhaps utilizing Apollo and ERTS photos, may prove profitable.
The apparent limitation of lunar volcanism mainly to the mare-
~ £filling episodes 3.5 to 2.5 b.y. ago, and the continuing
prominent role of volcanism on Earth, are intrigﬁing contrasts.
‘Similaxly, the possibility of a common mode of origin of
ancient lunar and terrestrial tectonic grids merits study.

Originally I suggestéd that a catalog of lunar volcanic
features would be a possible product to be included in the |
final report. Recent discuésioné with Dr. James Heéq suggest
that such a contribution might be”an appropriate input for a
new project headed by him which would be a comparative study
of basaltic volcanism on thé terrestrial plahets. I héve
agreed to participate on his;reséarch team. If it seems appro-

priate, additional support for this work would be sought
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undexr the Lunar Synthesis Program. My current work on sub-
marine and circum-oceanic volcanism is also a source of
material for this project. At present, the Apollo and
Orbiter photography assembled under the "Volcanology and Mor-
‘phology" grant is being retained as reference material for

these comparative studies.
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Wrinkle-ridges as deformed surface crust on ponded mare lava*®
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Abstract—Wrinkle-ridges in Mare Imbrium developed as low swells concurrently with the inpouring of
the most recent lava flows, as shown by ponding and deflection of the flows. Deformation completed

- after consolidation of the lava deformed the flows by sharp wrinkling along the crest of the swells,
Monoclinal down-faulting of the mare basin is also indicated. An early, dark mare fill is downwarped
toward the center of Mare Serenitatis, and tensional deformation associated with the downwarp ex-
tends into adjacent highlands. Later comprassional deformation produced a wrinkle ridge along the
east margin of Serenitatis which locally is thrust over highland material. A younger light-colored cen-
tral fill shows both radial and concentric compressional patterns of wrinkle ridges; wrinkle-ridge. mor-
phology is controlled in part by pre-existing joint blocks. This pattern, or an alternate pattern of
en-echelon concentric ridges; can be explained by isostatic subsidence of the spherical surface shell
reprasented by mare lava fill. This collapse could take the form of central sagging (model 1) or uniform
surface collapse along vertical marginal ring.faults (model 2). Model 2 collapse is shown to be the niost
effective. source of crostal shortening.

]
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INTRODUCTION

WRINKLE-RIDGES have been recognized for many years in telescopic photos and in
the more recent Ranger and Orbiter photography of the lunar surface. Consis-
tency of orientation of some ridge systems, especially in Procellarum, has led -
some authors to attribute these ridges to global deformation related to the lunar
tectonic grid (Fielder and Kiang, 1962; Strom, 1964). Recognizing a consistent en-
echelon arrangement of ridges in the northern part of Procellarum, Tjia (1970)
suggested regional strike-slip deformation as a major mechanism for forming
them. Colton et al. (1972) found similar en-echelon patterns in southern Oceanus
Procellarum which are consistent with this interpretation. However, in the same |
- area they recognized a variety of swells and ridges, some of which appeared to
reflect sagging of mare crust over buried ridges, and others which could be partly
volcanic extrusives. Volcanic origins for mare ridges have been popular with
many authors. The Flamsteed Ring (O’Keefe et al., 1967) is one of the best known
examples of a possible extrusive ring dike. Morphologically, it is not really equi-
valent to the wrinkle ridges discussed in this paper, which consist of a broad
. curyitinear swell topped by a narrow; steep-sided, sinuous, braided, or irregular
zig-zag ridge. This is the typical “wrinkle-ridge’ or “mare ridge” as described by
Strom (1972), who also favored a combination of regional deformation and vol-
canic extrusions to explain them. A predominantly volcanic or volcanic-intrusive
or"igin for mare ridges seems to be very generally accepted and js usually the

; *Contribution No. 3095 of the Woods Hole Oceanographic Institution,
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explanation given in summary treatments of lunar geology. Thus Lowman, (1972,
p. 139) referring to mare ridges, domes, and rilles, states, “The first two are clearly
post-mare volcanic features of some sort....” Guest (1971, p. 130) suggests that
mare ridges may be the source of large lava flows, and attributes variations in
detailed morphology to viscous extrusions or shallow intrusions along fissures.
As many wrinkle ridges are intimately associated with mare basins and are

concentric or radial to the basin centers, it is reasonable to suspect 4 genetic rela-
tion between mare basins and the formation of at least some wrinkle ridges. Bald-
win (1963) interpreted wrinkle ridges as compression features, and graben-like
rilles on the margins of Mare Imbrium as tensional fractures, both produced by
subsidence and compaction effects in a lava-filled basin. O’Kcefe (1968) also
called attention to morphologic features such as inward tilting of mare fill and the
Mare Humorum ring fault, which suggested subsidence of a basin in response to
lava fill. He also noted the need to derive the dense mare fills from sources either
at great depth or well outside the basins, in order to satisfy the gravity data,
Phillips et al. (1972) showed that Orbiter and Apollo 15 gravity data are best
modeled by assuming the marta represent thin fillings of basalt which taper toward
the margins of the basin, They considersed several hypotheses to explain the
wrinkle ridges in Serenitatis and Crisium. They favored the view that the ridges
are a tectonic expression of the load imposed on the lunar crust by the mascon,
although they did not develop this concept in detail. Study of ridge morphology in
Apollo metric photographs over parts of Mare Serenitatis and Mare Imbrium
strongly supports th& model proposed by Phillips et al. (1972), and in particular
provides new evidence for the relative time of formation of the wrinkle ridges,
and for their essentially compressional origin.

RipGESs IN MARE IMBRIUM

The relation between lava flows and wrinkle ridges is well displayed along the
south side of Mare Imbrium, especially in the vicinity of Mons La Hire. The
Imbrian lava flows are shown by the Apollo 15 metric photographs to have origi-
nated well to the south near Euler (Schaber, 1973). They flowed north into the
Imbrium Basin across the area covered by the Apollo 15 orbits. The north ob-
liques AS15-1554.and AS15-1555 illustrate these flows especially well; and show
them crossing marginal wrinkle ridges and extending well out toward the center of
Mare Imbrium. ,

The flow boundaries are irregularly scalloped and Jobed, as in typical terres-
trial pahoe-hoe flows, but their gross trend is approximately perpendicular to the
wrinkle ridges. Within the flow boundaries more subdued central feeder channels
may be seen, and locally there are levees, flow ridges, and “‘kipukas” which define -

the original course of the flows. A low north-facing scarp extending west from .-

Mons La Hire is crossed by a flow which spread slightly east along the base of the ,
scarp, then diverged around a kipuka and continued well out into Mare Imbrium
(Fig. 1). The flow is crumpled and deformed but undeflected by a prominent
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Fig. 1. A lava flow crossing low scarp west of Mons La Hire (a), south side of Mare
" Imbrium. The flow originates to the southwest (lower left). Note that the flow narrows
where it crosses the scarp (b), then spreads a short distance southeast along the base of
the. scarp, then spreads and diverges around a kipuka (c). Apollo metric photo

: AS15-1840. :
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wrinkle ridge and similarly is warped but undeflected by several low, linear swells
parallel to the wrinkle ridge farther out in the mare.

East of La Hire, the scarp continues as a low monoclinal warp, again with the
basin side down. Another promincnt flow which originates southwest of crater
Lambert crosses this monocline but is apparently undeflected by it. A short dis-
tance to the north, however, this same flow crosses another monoclinal warp top-
ped by a prominent wrinkle ridge. The flow boundaries and its central channel are
warped and deformed, but undefiected, by the wrinkle ridge, but at the base of the
monocline the flow ponded, backing up along a line parallel to the ridge and
forming a delta-like lobe extending northeast into the mare (Fig. 2). The flow
eventually broke out on the northern edge of the lava delta and crossed the posi-
tion of a second prominent wrinkle ridge. It ultimately terminated well out in the
mare. There is no evidence that any of these flows originated on the wrinkle
ridges, as advocated by Strom (1972).

These observations have important implications for the time of formation of
wrinkle ridges and marginal faulting relative to the time of filling of the Imbrium
Basin, and by analogy, of the other mare basins. The surface of Mare Imbrium
was cvidently already subsiding at the same time that large lows were still enter-
ing it from a source outside the central basin. This subsidence produced fault
scarps and monoclinal folds which caused minor deflection and ponding of flows,
and continued with more intense compressional deformation after the flows sol-
idified. Post-mare impact events are distributed indiscriminately over flows and
wrinkle ridges; and-craters are undeformed by the same ridges that deformed the
flow features. Thus, these ridges began to form while the basin was still filling with
lava, and the most intense deformation was completed after the lava ceased flow-
ing but before the majority of the post-mare impact events took place.

Ridges in Mare Serenitatis

On the east and south side of Serenitatis (stereo pairs AS15-0394, AS15-0395),
the dark “‘continental shelf” is almost level near the highland contact, but is
monoclinally warped into « gentle slope toward the mare basin. A prominent
wrinkle ridge runs slightly east of north from a point west of Littrow and the
Taurus Mountains, to the highland front near the north edge of the photograph
(Fig. 3). At this point, the wrinkle ridge terminates, but the mare floor has been
thrust up and over the base of the highland front. This over-thrust closely follows
the base of the highland slope, suggesting that it is a shallow, surficial feature
localized by the topographic discontinuity. If the up-turned edge of the mare crust
originated at the break in slope, the amount of overthrusting is about 0.5 km. Near
the southern terminus of this same ridge, there is some evidence of deformation of
adjacent small impact craters. Faulting and slumping of regolith material into
these craters may account for the apparent flow of material from ridges into
craters (Strom, 1972, Fig. 1).

The well-known graben-like rilles on the shelf cross highlands and shelf alike
without interruption, except where they are locally inundated by younger mare
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Fig. 2. Oblique view of lava flows and wrinkle ridges on the south side of Mare

Imbrium east of Mons La Hire, looking north. A flow originating to the southwest (lower

left) crossed the position of a prominent ridge (a), and ponded on the northern (mare)

side of the ridge, forming a broad delta (b). The lava broke through the north side of the

delta and can be traced across another ridge (c). Note intense crumpling of lava crust on
crest of ridges. Apollo Metric photo AS15-1554.
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Fig. 3. Mare crust thrust over base of highland slope on the east side of Mare Serenitatis '

(a). The thrust fault merges to the south with a prominent wrinkle ridge developed in the

marginal dark border fill (b). Note tensional (?) fractures in dark fill between the wrinkle

ridge and highlands (c), and graben faults in highland which are buried by the dark fill.
Sketched from Apollo metric photo AS15-0395,

basalt. A sct of angular fractures confined to an area between the highlands and
the wrinkle ridge also suggests an episode of tensional deformation affecting only
the mare shelf basalt, possibly when it was a thin crust covering still-molten
ponded lava. Howard et al. (1973) estimated extension of the Serenitatis margin of
0.1km in a traverse of 37 km, based on measured displacement in the graben
faults. They attribute this extension to sagging of the early mare fill toward the
center of the basin.
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Along the south side of Mare Serenitatis, Apollo 17 metric photography re-
veals additional details of the mare filling and deformation. Metric photo AS17-
0451 shows well-defined wrinkle ridges within the basin, running both parallel and
perpendicular to the margin (Fig. 4). The perpendicular ridges terminate approxi-
mately at the boundary between the central light fill and the darker border fill,
although in low angle lighting they can be seen to extend as low welts across part
of the dark margin. Detailed study of the “wrinkles” on the crest of the concentric
ridges under 6X stereo observation shows that deformation follows a saw-toothed
pattern resulting from tilting and rotation of angular blocks, which apparently
‘have failed along a pre-existing joint set (Bryan and Adams, 1973). The presence
of these angular blocks clearly indicates a deformational origin; the rounded,
lobate forms of lava domes is not evident in these ridges. There is no indication of
linear arrays of craters or other vent-like features along the crests of the ridges,
nor is there evidence of graben-like tensional faults on their crests such as were
described by Colton et al. (1972) in Procellarum.

These concentric and radial ridges divide the crust into roughly trapezoidal
blocks around the mare border. This pattern is well-developed on the west and
northern sides of Serenitatis as is clearly shown in earth-based telescopic photo-
graphs and Orbiter photography. Metric photo AS17-0447 shows that the graben
faults which parallel the southern margin of Serenitatis are inundated by a
younger lava flow which appears to originate outside the basin and feeds the
central, lighter fill (Bryan and Adams, 1973). Other evidence for the existence of at
least five flow units in Serenitatis is provided by color contrasts within the central

» b .‘-',.:4
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Fig. 4. Wrinkle ridges in Mare Serenitatis near the southern margin of light central fill are

arranged both radial to, and concentric with, the center of the basin. Note graben-like

rilles in dark fill and zig-zag pattern in ridge near left margin produced by offsets along

angular joint blocks. The dark fill slopes toward the center of the mare. Apollo metric
photo AS17-0449,
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mare unit (Thompson et al., 1973). These features again provide clear evidence of
an early period of marginal deformation which involved tensional extension of the
early dark mare fill and highlands as well as basin subsidence. This deformation
was partly covered by later mare basalt, indicating that it was coincident with
filling of the basin. The latest event was intense compressional deformation that
formed wrinkle ridges slightly inward from the margins. Compressional stress was
directed both perpendicular to the margin and parallel to it, as indicated by the
radial and concentric ridge patterns. Most post-mare impact craters on the wrinkle
ridges are undeformed, indicating that the compression occurred soon after the
filling of the basin.

MODELS FOR MARE FILLING AND DEFORMATION

The morphological relations discussed above suggest that wrinkle ridges re-
present the final episode in a series of deformational events that accompany
the filling of a mare basin. It is not evident whether the lava was completely solidi-
fied at the time of deformation of the crust, or whether the crust was still underlain
by liquid lavz when it was deformed. However, the weight of evidence suggests
that the mare basins were filled relatively slowly by interdigitating; overlapping
lava flows, over an extended period of time. This filling by individual thin sheets is
indicated for at least the later stages of mare filling by the layering observed in the
walls of craters or rille’s& (for example, Hadley Rille), by morphological evidence
for individual lava flows, as in the Imbrium Basin, or by morphological contrasts,
albedo contrasts, and color boundaries between flows, as in Mare Serenitatis. Di-
rect evidence for the existence of underlying liquid lava might be provided by the
presence of features resembling lava “squeeze-outs” along fractures associated
with deformed surface crust. Such features are rarely observed and are not
positively identifiable as lava. Certainly, the major part of the mare wrinkle-ridge
structures in Mare Imbrium and Mare Serenitatis do not show “squeeze-out”
morphology but consist of deformed, pre-existing mare surface crust, as indicated
by deformation of lava channels and flow boundaries and displacement along joint
surfaces. The restriction of wrinkle-ridge deformation to mare lava probably is
primarily due to localization of deformational stress within the mare, and does not
necessarily imply that the mare crust is decoupled from the underlying basement
by a liquid layer.

That wrinkle ridge deformation results from compression is shown by the
intense crumpling along the crests of the ridges, as well as by their overall arch-
like form, and by local evidence of overthrusting. Evidence of tensional deforma-
tion, such as graben-like faults along the crests of ridges, is not observed. The
absence of tensional deformation seems to rule out the possibility that the ridges
are formed by arcuate, shallow intrusions of magma, which would arch and
stretch the crust. Construction of these ridges by extrusion of viscous lava
domes is also not supported by observations. The wrinkle ridges do not show the
characteristic morphology of terrestrial lava dome ridges such as those described
by Bryan (1966). The bulbous dome morphology and characteristic steep flow
fronts are not evident in the wrinkle ridges.
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Compressional deformation which formed the wrinkle ridges was directed
both perpendicular to mare margins, forming concentric ridges, and parallel to the
margins, forming radial ridges. This stress distribution implies shrinkage of the
mare basin, such that the surface decreased both in diameter and circumference.
On a circular plane surface, of course, these dimensional changes must necessar-
ily be related. On a spherical surface they need not be. An en-echelon pattern of
mare ridges is evident in Orbiter photography of the western part of Imbrium and
this arrangement also is evident on a smaller scale in many mare ridge complexes.
This en-echelon arrangement immediately suggests a strike-slip component in the
deforming stress, but may in fact represent simply an alternative response in
which a single ridge develops under combined radial and tangential compressional
stress (Fig. 5, a and b).

It is difficult to generalize on the total amount of crustal shortening represented
by compressional wrinkle ridges because even a single ridge varies greatly in size
and intensity of deformation along its length. However, some order of magnitude
figures can be given. A major ridge may have a maximum width of 10 km at the
base of the arch, with the crestal ridge complex averaging 2-4 km in width. Max-
imum elevations would be about 500 m for the arch and 200 m for the crestal ridge.
The amount of crustal shortening implied by these figures is about 0.1 km for the
arch, and about 0.05 km for the crestal ridge, a total of about 0.15 km. Intense
crumpling, overturning, and thrusting could, of course, make these figures mis-
leadingly low; but on the other ha.d most ridges are smaller than this. In
particular, where multiple ridzes are present, the individual units are relatively
smaller. Gentle warping ani undulation of mare surfaces may also contribute in
subtle ways to crustal shortening which will be difficult to evaluate until detailed
topographic maps become available. Overall, it would appear that crustal shorten-

- ing sufficient to produce each of the ridges observed would be in the range of

0.1-0.2 km. If this shortening is symmetrically disposed on either side of a mare
basin, total crustal shortening in the range of 0.5-1.0 km could produce one or two
lines of ridges on each side of the mare basin.

Crustal shortening of this magnitude can be produced by collapse of the mare
surface on the order of a few kilometers. This arises from the fact that the
diameters of the maria are large relative to the spherical diameter of the moon.
Collapse can take one of two forms, although in practice there is undoubtedly a
combination of the two effects. The first form, which for convenience in later
discussion may be called model 1 collapse, is the central sagging implied by the
marginal tensi~nal faults and the inward-sloping dark margin of Serenitatis. The
second form of collapse, model 2, is uniform vertical subsidence of the mare
surface which is displaced relative to bordering highlands along vertical marginal
ring faults. For purposes of discussion it is convenient to visualize subsidence
along distinct fault planes, although in practice a broader zone of faulting or
monoclinal warping would be equally effective. Direct morphological evidence of
maryginal ring faults is rarely observed. Figure 6 summarizes the geometric
parameters required to describe these forms of collapse. Model 1 collapse implies
a change in spherical surface diameter in which Do— do. The planar surface diame-
ter d, represents the minimum diameter which can be attained; central collapse
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MARE

HIGHLAND

a

MARE

HIGHLAND

b

Fig. 5. Alternate responses to combined radial and tangential compression. Arrows

represent direction and magnitude of stresses. (a) Direct response producing concen-

tric and radial ridge patterns. (b) En-echelon pattern produced by the resultant vector
(double arrow) of the two stress directions.

greater than C. must lead to increase in surface diameter and consequent exten-
sion. Model 2 collapse implies a change in spherical surface diameter in which
Dy D. with uniform vertical collapse AR, and there is the possibility of further
central sagging (model 1 collapse) in which D.— d.. The maximum crustal shorten-
ing possible is therefore represented by a combination of the two models with
Dy d.. :

Order-of-magnitude figures for crustal shortening due to collapse in Mare Im-
brium and Mare Serenitatis may readily be obtained, assuming dips of marginal
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hod

Fig. 6. Geometric parameters for mare collapse models. D, = original spherical surface

diameter. d, = planar surface diameter. R. = original spherical radius. D, = planar diame-

ter of collapsed surface. R.=spherical radius of collapsed surface. AR=R.—R,. a =

angle subtended by perpendiculars to lunar surface at mare margins. C.=the vertical
component of central collapse.

ring faults approximate local vertical. The apex angle, e, of the inverted cone
defined by these faults may be derived from the relations in Fig. 6, as we have

& =3%R,

The effective D, will be the spherical diameter of that portion of the mare basin
deduced to be involved in subsidence. Taking R, as 1740 km, and D, as 668.1 km
for Imbrium and 546.6km for Serenitatis gives a Imbrium=22° and «

%360
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Serenitatis = 18°, adjusted to the nearest degree and 0.1 kilometer. Then,

do= 2[Ro(sin -‘2’-‘)]

giving do Imbrium = 664.0 km, or a maximum possible shortening of some 4.1 km
due to central collapse; and giving d, Serenitatis = 544.3 km, a possible shortening
of about 2.3 km due to central collapse.

For crustal shortening due to model 2 collapse we may compute

I
AD,= AR 180

It is immediately evident that for Imbrium, Dy = —0.38 km per kilometer of subsi-
dence, and for Serenitatis, Do = --0.31 km per kilometer of subsidence. It appears
that model 2 collapse would be a far more effective source of crustal shortening
than model 1 collapse. Model 2 collapse also implies a reduction in circumference,
which will be approximately given by wAD,, or about 1.2 km per kilometer of
collapse for Imbrium and about 1.0 km per kilometer of collapse for Serenitatis.

Subsidence which accompanies filling of the mare basins is implied by evi-
dence cited previously. In practice, severe departures of the mare surface from
the equipotential, approximately spherical gravity surface should be prevented by
lava fillings which are coincident with the subsidence of the basins. Each succes-
sive layer of lava will be accommodated to the deformation which has already
taken place, and will’#écord only that deformation which results from additional
subsidence following deposition of the lava. It is evident that deformation in-
itiated on older lava may continue and be transmitted to overlying, younger ma-
terial, as shown by the Imbrium lava flows. Wrinkle ridges once initiated probably
tend to remain as preferred zones of stress release unless there is a significant
change in the stress pattern during evolution of the basin and its filling. It must
also be stressed that subsidence and deformation may have been greater than that
inferred here, the evidence having been buried by younger lava flows.

These deformational models apply only to the larger maria basins with as-
sociated mascons. The intensity of deformation would be expected to decrease
boih as the diameter and depth of filling decrease. Small lava-filled basins would
be expected to show little or no wrinkle ridge deformation, a relation that is
qualitatively supported by Orbiter and Apollo photography. However, many
well-developed systems of wrinkle ridges appear in broad areas of presumably
shallow mare-type lava cover, as in Procellarum. These regions are not associated
with mascons, and deformation may reflect effects other than subsidence-induced
compression. Some of these ridge and rille complexes in southern Procellarum re-
cently have been discussed by Young (1972) and by Colton et al. (1972). The
rectilinear pattern evident in some of these ridge systems may define fundamental
zones of weakness in the lunar crust with deforniation triggered by tidal forces or
other mechanisms no longer operative on the moon. It is possible, then, that these
same effects also operated on the deep maria basins and are superimposed on the
effects of subsidence compression. It is possible thut mare subsidence is only one
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aspect of a more general moon-wide surface compaction and shrinkage which
may represent the last stages of internal recrystallization and consolidation of
accreted material. :

Marginal tensional deformation which produced the graben rille systems mar-
ginal to Mare Serenitatis are probably associateed with a model 1 type of collapse.
Although the ultimate effect of model 1 collapse should be compressional defor-
mation concentrated near the mare center, tensional deformation above the mar-
ginal hinge line could be expected, especially if the effective hinge line is at a
depth of several kilometers. Older grabens are evident in the highlands but are
buried under mare fill, while the younger grabens pass uninterrupted from older
mare surface into adjacent highlands. This suggests a relatively long period of
central sagging of the basin. Continuing impact events must have developed re-
golith on the uppermost mare flows, and the graben rilles probably represent ten-
sional adjustment of relatively thin regolith to arching of underlying bedrock.
Gravity sliding on the inward sloping margins could also contribute to this ten-
sional deformation, and might contribute to crustal shortening associated with
wrinkle ridges. Model 1 collapse alone would not be expected to produce signifi-
cant tangential compression at mare margins, although inward gravity sliding of
marginal mare crust implies a reduction in circumference, with the possibility of
some tangential compressive stress.

SUMMARY

Morphological relifionships suggest that mare wrinkle ridges are formed by
localized compression of a relatively thin crust which is effectively decoupled
from underlying topography and structure. Since the deformation took place
shortly after the mare filling was completed, it is possible that this thin crust was
underlain by still-liquid lava. Certainly the thin edges of the mare fill solidified
completely and suffered tensional deformation along with the highland basement,
which nresumably was being warped downward under the increasing weight of
mare fill. In Serenitatis, the very earliest episodes of central collapse with margi-
nal tensional faulting took place before filling was complete. The earliest collapse
was essentially of the model 1 type, while the later collapse was of the model 2
type. In Mare Imbrium, the initial zones of weakness represented by monoclinal
flexures also localized the subsequent compressional failure. These monoclinal
flexures imply collapse predominantly of the model 2 type.

The interpretations outlined above have important implications for further
gravity modeling of mare fill, as well as for the origin of the mare basins. There is
no need to postulate shallow, buried highland-type basement beneath the wrinkle
ridges. Nor is there any reason to believe that these ridges represent feeder dikes
which may tap deep-seated magma chambers beneath the basins. In fact the
available evidence suggests that the source of much, if not all, the mare fill lies
outside the basins. It is possible that the basins were enlarged contemporaneously
with the inpouring of basaltic magma, due to isostatic adjustment to the load, and
may now be much wider and deeper than the depressions in which lava was
originally ponded.
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Abstract—Crater Aitken is one of the few farside lunar craters which shows evidence of mare-type
volcanism. In general aspect it resembles the larger cratgr Tsiolkovsky, apparently having been
excavated by impact and later flooded by a dark, mare-type fill. Ventlike features considered to be of
voicanic origin are common in this fill; they include irregular, trench-like pits and both clustered and
individua! subcircular cones 6-8 km in diameter. These cones tend to fall into one of two categories:
breached cones showing an internal **high lava mark™ and a lower hummocky central fill; and closed
cones with an internal **high lava mark™ and a lower smooth or gently undulating central fill. Sinuous
ridges associated in part with these cones are considered to be surface expressions of late-stage
faulting in loose regolith rather than lava flows. These ridges deform impact craters but are rarely
deformed by younger impacts, indicating their relatively recent origin. The ridges can be traced from
the mare fill into the walls of Aitken, and similar ridges are observed in highland cruters near Aitken.
The ridges are oriented predominantly north-south and probably result from faulting due to cast-west
compression. Eruptive activity within Aitken probably commenced with an explosive cone-building
stage, followed by lava eruptions from cones and fissures, and ended with drain-back restricted to the
relatively deep lava ponded in the vents.

-
e INikoDUCTION

CraTER AITKEN is located at 17°S and 173°E, cast of Tsiolkovsky on the lunar
farside. Several sets of Apollo 17 metric and panoramic photographs at favorable
sun angles were taken on orbits which passed almost directly over the crater. Like
Tsiolkovsky, Aitken appears to have been excavated by a moderately large impact
event, and the floor of the crater was later flooded by a dark mare-type fill (Fig. 1).
The probable impact origin and the principal volcanic features as seen in metric
photography were discussed briefly by El Baz (1973) and by Bryan and Adams
(1973). In this paper we report more detailed observations from study of
panoramic photography which suggest that there has been significant late-stage
compressional deformation of the crater and adjacent highlands. We have
presented an admittedly speculative interpretation of eruptive activity and
drain-back cvents within Aitken, which leads to the conclusion that hummocky
topography within certain cones represents collapsed lava rather than extrusive
domes.

AITKEN CrRATER FLOOR

The albedo and cratering of the dark fill in Aitken resembles the surface of the
nearside maria. Craters are sharply defined and are generally less than 2km in

*Contribution No. 3216 of the Woods Hole Oceanographic Institution.
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Fig. 1. General view of crater Aitken. Note hummocky chaotic floor, terraced inner

walls, and raised central peak, features suggestive of impact origin. Numbered areas
represent detailed figures from panoramic photography. AS17-M481

diameter; most are much smaller than that. The floor along the north side of
Aitken (Fig. 1) not covered by the dark fill is more heavily cratered and includes
larger impact events. There is more evidence of degradation of older craters,
indicating that this surface may be distinctly older than the dark fill.

The most conspicuous craters on the Aitken dark fill are about 6-8 km in
diameter. Several craters contain a distinctive hummocky central fill. The
conspicuous crater ncar the south margin of the floor (Fig. 2) is almost perfectly
circular in plan and is unbreached. Within the crater there is a conspicuous *“high
lava mark” (arrows). The level of this mark is about at the level of the surrounding
fill, as indicated by stereoscopic parallax measurements. No comparable mark is
evident on the outer walls of the crater, or along the margin of the dark fill where it
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Fig. 2. Circular crater in mare fill near south side of Aitken floor. Crater is unbreached

and shows an internal, but no external, “high lava mark” (arrows). Note general absence

of impact cratering on the raised crater rim, and the drowned “ghost™ crater (G)

suggesting a very shallow fill along the south margin of Aitken. There is no “high lava
mark” on the Aitken wall. AS17-P1917

meets the Aitken Crater wall. The varying illumination angle within the crater
shows a difference in albedo and a distinct break in slope at this high lava mark.
The lower central fill has an undulating surfuce slightly modified by small impact
events.

Craters on the northwest side of the Aitken floor (Fig. 3) are more irregular in
outline. They contain the same internal “high lava mark” and the floors are
smooth or slightly undulating and pitted by minor impacts. Again, there is no
indication of “high lava marks” on the outer walls of the craters or along the
margin of the Aitken fill. Here, as can also be seen in Figs. 2 and 5, buried ghost
craters in the old floor show through the dark fill. This indicates the very shallow
depth of fill over most of the Aitken floor, and the lack of any detectable
topographic boundary on the margin of the dark fill suggests that it was very fluid

Lo
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Fig. 3. Irregular craters on the northwest floor of Aitken (A), showing internal “high lava
mark” and undulating certral fill. Riftlike depressions (B) probably were formed by .
drain-back into fissure vents. AS17-P 1919

ond spread out virtually to a *‘feather edge™ without forming an appreciable
marginal scarp.

To the south (Fig. 3) there are two lizard-shaped depressions, which may
represent the locus of drain-back into an underlying fissure. Although the northern
depression terminated against one of the hills protruding through the fill, there is




An interpretation of volcanic and structural features of crater Aithen 29

no evidence to suggest this hill is a volcanic cone. El Baz (1973) suggested that
these hills might represent part of an incipient igneous ring complex, but it seems
more likely that they represent post-impact rebound of the ceatral portion of the
floor. The volcanic fissure may follow a line of weakness related to this rebound.

The cluster of five craters in the northeast part of the floor (Fig. 4) displays the
“high lava marks™ and the smooth to undulating central fill described previonsly.
The nesting of these craters, without overlap or interference between them of
material forming their walls, suggests that they were formed essentially simultane-
ously, a relation that is easiest to understand if they are volcanic craters which
were active together over a period of time. The northernmost crater (A) is nearly
circular in plan, is completely enclosed, and shows a faint *high lava mark” and a
relatively smooth central fill, resembling in these respects the craters on the south
and northwest sides of the floor. Three other craters (B, C, D) are breached or
partly flooded. They show distinct internal “high lava marks™; that in (B), Fig. 4,
can be traced around to the breach in the crater wall, where it merges with the
surface of the marelike fill outside the crater. The breached craters all have a
distinctive hummocky central fill, which appears to consist of a cluster of domes.
The highest parts of these domes extend up to or just below the level of the
internal “‘high lava mark.” A fifth crater (E) is a conical pit with a deeper
dome-like central fill and also a suggestion of an internal “high lava mark.” As in
the other examples discussed, there are no external “high lava marks,” and ghost
craters (F) indicate that the external mare fill is very shallow.

e
“RECENT DEFORMATION

Fine-scale sinuous ridges and scarps arc associated with margins of the dark
Aitken fill on the southwest and northeast sides of the floor (Figs. 4 and 5). Those
at Cin Fig. 4 appear, on casual examination to be related to a breach in the wall of
the adjacent crater and thus might be lava flow margins. However, closer
inspection shows that thesc ridges are not symmetrically disposed with respect to
the breach, as they should be for a flow extending from the breach. The scarps
instecad run diagonally across the breach, and one extends up and over the rim of
the cone. Both scarps face westerly; thus they are not boundaries of a flow
surface elevated between them. Similar ridges associated with a partly drowned
crater (A, Fig. 5) on the southwest side of Aitken extend from the dark fill into the
lower slopes of the enclosing walls of Aitken (B, Fig. 5).

Similar relations can be observed on the fill margin and lower walls on the
eastern side of Aitken (H, Fig. 4). In this case, the scarps face cast, run along the
margin of the fill, and continue up into the lighter colored crater wall material.
Locally, these scarps run through impact craters but there is no tendency for
material related to the scarps to pond in craters; rather, the scarp offsets and
deforms the craters. These scarps can be traced in the crater wall for a distance of
over 80 km along a line running approximately NNE-SSW. We believe these
scarps represent recent compressional deformation, as described by Howard and
Muchlberger (1973), because they do not show the proper gcometric relation to
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Fig. 4. Crater cluster on the northeast side of Aitken floor. Unbreached northern crater

(A) shows a faint “high lava mark™ and smooth inner floor. Breached craters (B, C, D)

show hummocky inner floors and “high lava marks.” Conical crater (E) shows small

domelike fill and fuint suggestion of a high lava mark. Ghost craters (F) imply a very thin

external fill. Sinuous ridges (G) are low sc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>