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^' ^	 During the last. several months of 1975 discussions were ^'

begun with scientists ^tnd 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	 . ^	 "
t

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

gnally scheduled on December 31, 1975, with this money still ^`

unspent.	 ^	 .

This report thus summarizes. work completed to 	 ^ ;^^`,

December 31, 1975 and concludes with some suggestions .for future

work,. based on.t^is experience.	 One publication is still in j~- .

preparation and will be submitted for inclusion in the - Proceedings ^'	 ^'

^	 of the Seventh Lunar Science Conference.. ^

^I . '^	 !	 Published papers produced in the course of this pro-

ject include two contributions-to the .Apollo 17 Preliminary Science
;v

Reports and three journal .articles.... 	 A fourth publication is in
a

t

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

fourth paper .are included as part of this report.
f^+

Certain tasks outlined i:n,the original proposal had to - 	 ^
Y
.<

^,

be modified or abandoned either because-no adequate photo ^:
E.

coverage w^a obtained,. or-because technical difficulties were:,. „r
(::

encountered.	 Specifically, proposed studies .of volcanic features
1:.:
;_,.	 ,:

in the MarusHills region.. were.:notcarried. out'becaus,ethisarea
•=

was not included in the 7^pollo photo coverage.	 Our . plans to produce
:°
_::a

f`

e	 :a

i }	 __	 _	 ;^ :,
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•.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 ter^PStrial

air photos. Fortunately, the excellent quality of the 1/2:50,000

scale lunar contour maps eliminated much of the need to peiform

.thin ^,^ork.

Qriginal plans to relate the photo studies closely. to

data framother orbital science experiments had to be modified

or abandoned, mainly because these data Either became available -

.too late in the program or because their resolution is .much.

:poorer. than that in the photos. The most successful inter-

action has beeith the lunar gravity research through inter-

!'

	

	 actions with `C. Bowfin at woods Bole. Even here, there have been

limitations, due to initial delays in receipt of gravity .data

and numerical problems.. which had to be resolved to process the

d"a-ta. Also, most of the gravity studies have provedfeasib^.e	 _

.only over the mania, and . thus have riot been incorporated into

our studies of smaller impact craters.
_	 1

ti70RK COi^PLET%D

Maria Basins -'Eycellent_Apollo 15 photo covexage of the
.;

southern: parts of SErentatis and Smbrum was usedfor a study
•

of the morphology and distribution of wrinkle.. ridges,. a feature

which has been widely attributed to lava e;ctrusion,along fractures. ,.
-^

rt was shown (Bryan, _19?3) that many of these ridges appear to be
`,

of_ trrtoni.c origin, ,dcforminy_pne-existing. lava fill in the mar__-ia. ` 	 },.
^L rela'tvcly sm<<.11 amotYn •t of subsidc:nre of the: mare 7.ava fill
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ridges, and this interpretation was compatible with existing in-

terpreta^tions of the lunar gravity data.

An initial interpretation of volcanic and structural

^'	 features along the south margin of Serenitatis (Bryan and

^ ^	 Adams, 1973) included a discussion of the Dawes basalt cinder

'cones. These are the most convincing volcanic cones encounteredk^	 -

in studies of mare-volcanism. This .initial study also .called

- .attention to some details of s ructural.evolution in and around
^^:

w	 mare basins which have been more fully developed in a'later

`	 paper (Bryan e al., 1976).

Large craters - Based on existing photo coverage and

quality of pho^'o^, three large . craters were , selected :Eor	 r ._,^ )

-detailed study.. Volcanic and structural features in crater

Aitken (Bryan and Adams, 1.973, 1974) t•^ere outlined and it	 ^

^^as shown that a .sequence of post-impact volcanic events can.. 	 ^.

explain most of the morphologic details. Evidence of compressional	 x

deformation was documented both within Aitken and in the .adjacent

highlands. Subsequent study 'of crater Goclenius (Bryan. et al., 	 ,
_	

^ ,`	 ^;

1.975:):showed a close relationship between morphology o:E the.

impact crater and the `trends of both external and internal linear
;_

grabens which tend to parallel. directions of the. lunar grid. This- 	 .,
;.,.	 ,

.relation Baas further supported'by a study of linear trends in the 	 ^^..
^.

wall-s of crater Tsiolkovsky (Bryan_ et a1. , 1976) . 	 ^'
;.j

.

..

.	 `.. _^

---	 ,'`



Sma11 craters - Small craters of possible volcanic.

origin have been discussed in connection with other volcanic

features of mania and large craters as noted above. Possible.

cinaer cones were noted associated with the Dawes basalt and

in the floor of craters Aitken and Goclenius. Sma11 pit	 t

craters were also noted ^^ithn the floors of these larger 	 A

i____,;,
craters,. and were interpreted as collapse features due to lava

drain-back. Pits or fissure of likely volcanic origin	 -	 ^
^:^

associated with wrinkle ridges appear to be -the exception rather	 ,̂^'.	
^	 ^

than the rule.

	

Linear •features. - Throughout the course of this s udy 	 ' •	 ^.^^

we have been impressed. by the tendency of linear structural 	 G
k^^	 Y,

y-.__	
u..elements to approximate one of the principal directions of the 	 ^^^-

so-called ".lunar grid". Although a predominance of northwest - 	 ^	 ^ ,?

and northeast-trending linear features has been noted by many •	^?
r

other workers, .the reality of this grid and its origin-remain
w

controve.rs^l.^ During this past year, our. studies .have em-

phasizec^ the geometry and.. fine-scale morphology of these

s •tructura lineaments. Specifically, cue have noted several

details not. emphasized by earlier work:

1. -The consis •tency_of linear orientations over most

of •the lunar surface is mist easily explained if the lineaments
;}

a.re related to a spiral g-rid pattern. This' may imply a 	 '^s
s

torsional mechanism for producing the grid. 	 'i^
}.<,

!^:	 'i

-._ 	 ^:-	 ..
iw`."

'	 ^.	

; 	 ,
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t
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^'	 2.	 The pattern is very old, and tends to be re- ;^

-juvenated or etched .out by a vzriety 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 ril_le curves or has a gross trend
f

'	 apparently unrelated to the grid, it may ,be made up of sma11

elements which do para11 ,̂ 1 -the e grid direction. ^ E	 '

•	 Our'previousandconcurrent wor3c on linear sea- '-
I

floor structures,, anda review of recent literature on
i

Iterrestrial structia .ral geology, shows that certain analogies
i z^ b

may eyis^t between tectonic evolution on the ^ar^th and Nloon.

'	 We develop this: idea in our latest paper (Bryan et al., 1976)
- --

•and suggest. that, while terrestrial structure is complicated ^	 ^`

by sea-floor spreading, directions of spreading may be

.controlled by an ancient terrestrial grid pattern.
"'

Quantitative morphology -'Several attempts crere. :made.

to.produce or to obtain de^taled'contour maps of specific
,.

r

mall features.	 Discussions with NASA photogrametric personnel G

at Houston and Geological Survey personnel at-Menlo Parlc *^,`	 ^,̂

' indica •te that obtaining and utilizing -. proper elevafion control ';

poimts is not an easy matter even ' for qualified experts.
•

^The Geological,. Survey attempted detailed contouring of asmall ^
ii•	 s

cone _in Atkin, which , v^as completed too .late to be included in
i^	 a

{=^^
- ^^	 -.

tj
the published paper.	 The contour map proved very difficult to j

use as it could not be reZa^ted directly to photo imagery.. 	 A	 ^ i'^^

:^	 _;
i	 ,4...	 -.
,^,	 _..

.. ^ ^.

Y	
-	 -

-

_.	 _ _.:.._.	 _._._ _.	 _ ___:	 _
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.	 different attempt to produce a contour map of part of the floor

H of Goclenius had. to be abandoned, because of excessive distortion

in the photo image.

Our own equipment has proved useful for making point j

determinations of ?leva-tion differences, which .are . often sufficient
•

for general estimates of height, slope, or volume. 	 Detaled-
t

contouring has not proved practical. 	 Overall, the 1/250,000 ^_..

contoured or_tho-photo maps satisfy most needs for a contoured
•.

photo product.	 These maps proved useful during the past year
`	 .	 ,	 .

for study of lunar structure .trends,. but most arrived too late r

to be applied-to the earlier: published. papers.

.Transient events - Original proposals to compare
^E^-

Orbiter and Ap:o^lo photos of the same•.area to find evidence

of possible short-term chances associated with volcanism or
^_,:^

other processes appear ambitious, if not-naive,: in retrospect.
-.

.While there is much overlap between Apo_l10 15 and. 17 photo
i,

!I;	 g	 ► 	 P	 g	 ► 	 -covers e	 and betc^^een A ollo and. Orbiter covers e	 there is
;^

rarely sufficient consistency ,in sun angle or photo quality.-
,

;`
I-t was not possible to obtain any significant results as a

-
resu t •of such comparisons due to these inconsistencies. 	 .-

•

}'Ak

Future work - The usefulness of Apollo photos could
,^

^:

be .enhanced if there were more. supporting data from other
^;
,;

^'
•

.orbital experiments.	 To date, only the gravity data seems _	 ,;

to have been summarized in a substantial ;number of_journal
^.<,,

publications.	 Knowledge of .shallow structure, as deduced from
,;

'the 1:una-r. sounder experimenas,^or compositional variation deduced
^_	 ,;.

`	
-	 _

;.

_,°

1
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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

ak^sence o:E such constraints, would appear to be of limited

value.	 .The partial redundancy in .Apollo photo coverage,

combined with the poor quality of .photos taYen at high sun
r

angles, .also puts severe limits on the areas _suitable for
^---

study..	 Photos obtained in polar orbit a-t 20--30 degree
a

-sun angles would .greatly expand the-possibilities for further ^=-'
.,_

profitable pho •^ogeologic studies of the Moon.. 	 The altitude: and

• scale of the Apollo metric photos appears most suitable for this
i.

y

-

pixrpo^e.
^ r	 °_

_

More ,detailed . 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- ^
y

^

filling episodes 3.5 to 2.5 b.y. ago, .and the. continuing
.

prominent role of volcanism on Earth,. are intriguing contrasts.
r

}^

.Similarly, the possibility of a com.^mon..mode of origin of

ancient lunar and •terrestrial tectonic grids merits study..
3'

Originally I suggested .that a catalog of lunar volcanic ^_''..
I'

,

,

features would be a possible product to be included in the ;;
3

fir_al report.	 Recent disc ^ssions with Dr. James I-Iead suggest ^'
k'

that such a contribution mYght be an appropriate input for a
•

`''

new project headed. by him which would be a comparative study

of basaltic volcanism on the terrestrial planets. 	 I have
„^
^^^^
^^

agreed to participate on his research team. 	 If'it seems appro-
4

pr. _i.at^ , addi.tonal support for this t•^ork would be sought
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under the Lunar Synthesis Program. My current work on su2,-

marine and circum-oceanic. volcanism is also a source of

material for this project. At present, the Apollo and

Orbiter photography asseribled under the. "Volcanology and Mor-

pho7_ogy" grant is being retained as reference material for

these comparative studies.
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^^Iri7^^le-lritl^rrs as clefQrin^d sur€ace crust. on ^ontlecl nz^re IFt^va"

W. B. BRYAN

woods Ho}e Oceanographic Institution, woods Hole; Massachusetts 02543

Abstract—wrinkle-ridges in Marz Imbrium developed as low swells cancurrentiy with the inpourin^ of 	 •
the most r^ccnt la ysflows, as shown by paneling And dzftzction of the fiows. Deformation campletzd
after consolidation of the lava deformeel the flows by sharp'wrinkling atom the crest of the swells
Mon^clinal clown-faulting of the mare basin is also indicatzd. An early, dark .mart fill is downwarped
trnvarct the center of Marz Serenitatis, and tensional deformation associated with the downwarp ex-
tends into adjacent. highlands. Later conipr^ssional deformation produced a wrinlae ridge along the
east margin of Serenitatis which locally is hrust over highland matzrial. A younger light-colored cen-
tral fill shows bath radial. and. concentric compressional patterns of wrinkle ridges; wrinkle;ridge,naor•

'i phalagy is controlled in part by pr'e-existing joint blocks. Tlris pattern, or an alternate pattern of
en-echelon concentric ridges; can be explainzd by isostatic subsidence of the spherical surface shill
repr^sznted by mare lava fill This collape couid take the form of central S^ging (made) 1) or uniform
surface collapse along vertical marginal rng.fautis (model 2). ivtodel 2 collapse is sbownto be thz most
effective. source of crustal shortening.

. INTRODUCTION

` ^VRINxt..E-R>DCns have been recognized for rnany years in telescopic photos and in
'	 the. more recent Ringer and Orbiter photography of the lunar. surface. Ct,nsis-

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
tectonicgrid {Fielder and Kiang, 196?; Strom, 1964). Recognizing a consistent en-
echelon arrangement of ridges in the northzrn part of Procellarum, Tjia (1970)
suggested regional strike-slip deformation as a 'major mechanism for- forming

`	 ^ them. Colton et nl. (:1972)-found sjrnil^tr en-echelon patterns in southern Oceanus-
^. Procellarurn which are consistent with tl2is 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
volcani ^ extrusives. Volcanic origins for mare ridges have been popular with
many authors. The Flamsteed Ring(O'Keefe et al., 1967) is one vi the best known
examples of a }possible extrusive ring dike. Morphologically, it'is not really,ed^ti-
valent tc the wrinkle: ridges discussed in this paper, which ;consist of a broad
curvi}inear swill topped by a narrow, steep-sided, sinuous, braidecl, or irregular
'ris zag ridge. This is the typical "wrinkle-ridge" or "mare ridge" as described by
Sh•om (1972), who also favored a combination of regional deformation and vol-
canic extrusions td explain them. A predominantly volcanic or'volcanic-intrusive
origin <for mare ridges seems to be very generally accepted and is usually the

*Contribution No. 3095 of the woods fTOle Oczanographic Institution.
9^
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explanation given in summary treatments of lunar neology. 'thus Lowman, (.1972, _::.:::-^---------^--
p.139) referring to mare ridges, domes, and rilles, states, "The first two are clearly `	 ^^`	 s;;
post-nru •c volcanic features of some sort .. , ," Guest (1971, p. 130) suggests that ^	 ^	 =fr	 t^`
mare ridges may be the source of ]arse lava flows, and attributes variations in

^	 _.,,•
;i	 ^^-

detaled morphology to viscous extrusions or shallow intrusions along fissures. ` {	 ,'
As many wrinkle ridges are intimately associated. with mare basins and are. _	 '^	 ^a

concentric or radial to the basin. centers, it is reasonable to suspect z genetic refa-
l^.	

^	 'j«^
tion between mare basins and the. formation. of at least somewrinkle ridges. L'ald-

^	
;:^	 ^^_

w1n (196S) interpreted wrinkle ridges as compression features, and graben-like , ,	 ` ^ =•""'
^`.rilles on the lnarnins of Mare Imbrium as tensional fractures, both produced by -	 ^ - °	 '• °- —	 s

' subsidence and compaction effects in alava-filled basin. O'Kcefe (196S) also 1"
`	

.,
caked attention to morphologic features such'as inw^ird tilting of mare fill and the

•]tare Humorum.ring fault, which suggested subsidence of a basin in response to
1	

^F
' lava -fill. PIe also noted • the nezd to derive the dense mare fills front sources either -	 ^	 :.

at great depth or well outside the basins, in order to .satisfy the .gravity data,
^Phillips et aI. (1972) showed that Orbiter and Apollo 1S gravity data are best n

moc2eled Uy assuming the maria I•epresent thin fillings of basalt which taper toward.
the margins of the basin. They consiuered severalhypotheses to explain the ^	 -
wrinkle ridges in Serenitatis and CrlSiuflt. 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 phot^raphs over harts- of Mare Serenitatis atut Vlore Imbrium b

stronnly supports - the "model proposed by Phillips et nL (1972),. and in particular . ^	 `
+ provides new evidence for the relative time of formation of the wrinkle ridges,

•	 t	 _.._:,

and for their essentially. compressional origin.
•

^	 ,
•	 t,

'	 RIDGES IN MARE I \SBKIUM ,

The relation between lava flows and wrinkle ridges is well.. displayed along the ^	 ^'^_

•	 south side of Mare Imbrium,. especially in the vicinity of IvIons La Hire. The:
Imbrian lava flows are shown by the Apollo 15 metric"photographs to have orig- - ,

'	 Hotel] welt to the south near Euler (Schaber, 1973). They flowed north into the ^;
' Imfirium Basin across the area covered by the Apollo ]5 orbits, The north ob- ^	 ^i

lidues AS15-1554 and AS15-1555 illustrate these flows especially well, and show °	 4'
them crossing . marginal wrinkle ridges and extending well out toward. the center of ;;	 .

' Mare Imbrium. - 1`>	 -.

^^ The flow boundaries are irregularly scalloped and, lobed, as in typical te><`res- ,^	 =•- 1 ';^ ^'.,	 a

trial	 oboe-hoe flows, but their 	 toss trend is a	 roximatel	 sr endicular to thep	 n	 pP	 Y p P "^j'' F 'l
^; rvrinl;Ie ridges. Within the flow bound^ires mole subdued central feeder channels

_
.	 ^	 ,^ ;	 `'

'	 ^ may be seen, and locally there are levees, flow ridges, and "kipukas" which define is	 ^	 „^	 is :	 `	 •
;_ the orsinal course of the. flows. A lcw north-facing scarp eytendng west from :. =mot r^

	 ? t;^.
Mons T.a klire is crossed by a flow whichspread slightly east along the base of the e .

,
a	 -	 ^:-il `

•
'

scarp, then diversed around a kipuka and continued well out into Mare Imbrium '=	 i3 ;v ^^
°, (Fig. l). The flow. is crumpled and deformed. but undaflecfed by a prgminent •r`	 _`I	 „.__..._k..,.._...........,^.4
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I'ig. 1. A lava. flow crossing lose scarp west of l^lons La Hire (a); south side of Mare 	 lr	 ^y ,.1
Imbriwn. The (low originates to tUe soutfivesE(lower left). Note that the flow narrows 	 i , ;.
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	 ^-`	 A'
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wrinkle rid€;e and similarly is warped but undeflected by several low, linear swells
parallel to the wrinkle ridge farther out in the mare.

Fast of l.a Hire, the scarp continues as a low monoclinal warp, again with the
basin side down. Another prominent flow which originates southwest of crater
Lambert crosses this monocline but is apparently undeflecied by it. A short dis-
tance to the north, however, this same flow crosses another mortoclinal warp top-
ped by a prominent wrinkle ridge. The (tow boundaries and its central channel are
warped and deformed, but undeflected, 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 adelta-like lobe extending northeast into the mare (Fig. 2). The flow
eventually broke Dirt 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
snare. There is no evidence that any of these flows originated on the wrinkle
rido^s, as advocated by Strom (1972).

These observations have important implications for the time of formation of
wrinle ridges and marginal faulting relative to the time of filling of :he Imbrium
Basin, and by analogy, of the other mare basins. 'fhe surface of I\4are Imbrium
was evidently already subsiding at the same time that large f':ows were stir) enter-
ing it from a source outside the central basin. This subsic:,;nce produced fault
scarps and monoclinal folds which caused minor deflection and ponding of flows,
and continued with more intense compressional cleforrnation after the flows sol-
idified. Yost-mare impact events are distributed indiscriminately over flows and
wrinkle ridges; anc-i-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 wars completed after the lava ceased flow-
ing but before the majority of the post-mare impact events took place.

Ridges in 11-lure 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
Taunrs Mountains, to the highland front near the north edge of the photograph
(hig. 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, suficial 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 slumpin, 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 rifles 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 :uid wrinkle ridges on the south silo of Mare
Imbrium cant of Mons La Hire, looking north. A flow originating to the southwest (lower
Ieft) crossed the position of a prominent ridg y (a), and ponded on the northern (mare)
side of the ridge, forming a broat! delta (h). The lava broke through the north side of the
delta and can be traced across another ridg y (c). Note intense cn+mpliog of lava crust on

crest of ridges. Apollo \ietric photo AS 15-1554.
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Fig. 3. Mare crust thrust over base o! highland slope on the east side of Mare Serenitatis
(:i). The thrust fault merges to the south with a prominent wrinkle ridge developed in the
margin:d dark border fill (b). Nute tensional (?)fractures in dark fill batwetn the wrinkle
ridt:e and highlands (c), and graben faults in highland which are buried by the dark fill.

Sketched from Apollo metric photo ASIS-0395.

has3lt. n set of angular fractures confined to an area between the highlands and
the wrin'^cle ridge also suggests an episode of tensional deformation affecting only
the mare shelf basalt, possibly when it was a thin crust covering still-molten
potaded lava. Howard et al. (1973) estimated extension of the Serenitatis margin of
0.1 Ictn in a traverse of 37 km, based nn measured displacement in the graben
fau;tts. They attribute this extension to sagging of the early mare fill toward the
center of the basin.



\Vrnkle- ridges as deformtd surface crust on ponded mare lava 	 97

^!
+,

}
,i
i`
I!

Along the south side of Mare Serenitatis, Apollo 17 metric photography re-
veals additional details of the metre 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 berivCen the central light fill and the darker border fill,
sdthough in low angle li,^ltting 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 unuer 6X stereo observation shows that deformation follows asaw-toothed
pattern resulting from tilting and rotation of angular blocks, which apparently
have failed along apre-existing joint set (Bryan and Adams, 1973). 'The presence
of these angular blocks clearly indicates a deformational ori^• 'n; the rounded,
lobate forms of lava domes is not evident in these ridges. There is no indication of
line:lr 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 ri+^!ges 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 i^ dearly 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, tighter 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
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Fig. 4. Wrinkle ridges in blare 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 ofrsets along
angular joint blocks. The dark fill slopes toward the center of the mare. Apollo metric

photo AS17-Q4-19.
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► Hare unit ('[ Irompson et al., 1973). 'these feahrres again provide clear evidence of
an early period of marginal deformation which involved tensional extension of the	 __._,._

early d.► rk 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 cornpressic + Hal 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
raciinl 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 IVIANE FILLING AND DEFORMATION

The morphological relations discussed above suggest that wrin^le 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 ;sw; '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. 'Phis 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 rifles for example, Hadley Rifle), by morphological evidence_.
for individual lava flows, as in the Imbrium Basin, or by rnorphotogical contrasts,
alhedo contrasts, and color boundaries behveen flaws, 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 feahrres are rarely observed and are not
positively identifiable as lava. Certainly, the major part of the mare wrinkle-ride
structures in M:rre Imbrium and Mare Serenitatis do not show "squeeze-out"
^^rorphology but consist of deformed, pre-existing mare surface cnrst, 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
t^rimarily 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.

Tirat 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 sums to rule out the possibility that the ridges
are formed by arcuate, shallow intrusions of magma, which would trrch and
stretch the cnrst. 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 rides.

--	 - = _.	 ^-
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Compressional deformation which formed the wrinkle ridges was directed
both perpendicular to mare margins, fonnin^ 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 rides 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 strikC-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
acid intensity of deformation along its length. However, some order of magnitude
figures can he 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-
imumelevations 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 multip-te rides are present, the individual units are relatively
smaller. Gentle warping a.^.3 undulation of mare surfaces may also contribute ire
subtle ways to crustal shortening which will he 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 mania 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 l:^ter
discussion may be called model 1 collapse, is the central sagging implied by the
marginal tensi^pal faults and [he imvard-sloping dark margin of Serenitatis. The
second form of collapse, model 2, is uniform vertical subsidence of the mare
surface wtrich is displaced relative to bordering highlands along vertical marginal
ring faults. For purposes of discussion it is convenient to visualize subsidence
alont; distinct fault planes, although in practice a broader zone of faulting or
^^onoclinal warping would be equally effective. Direct morphological evidence of
marb^nal ring faults is rarely observed. Figure 6 summarizes the geometric
p:rrametcrs required to describe these forms of collapse. iViodel 1 collapse implies
a change in spherical surface diameter in which Do-- ► do. The planar sw^face diame-
trr d„ represents the minimum diameter which can be attained; central collapse
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Pis. S. Alternate responses to combined radial and tangential compression. Arrows
represent direction and magnitude of stresses. (a) Direct responsa 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
Do—>ll, with uniform vertical collapse DR, and there is the possibility of furthzr
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
D„ --^ d^.

Order-of-magnitude figures for crustal shortening due to collapse in Aiare Im-
brium and Mare Screnitatis may readily be obtained, assuming dips of marginal
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Fig. 6. Geometric parameters for mare coll:^pse models. D° = original spherical surface
diameter. do = planar surface diameter. R^=original spherical radius. n =planar diame- 	

I^,

ter of collapsed surface. R^ =spherical radius of rnllapsed surface. DR = R,—R,,. a =
angle subtended by perpendiculars to lunar surface at mare margins. C =the vertical 	 E

component of centr:^l collapse.

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

a 2 DR
° x 360

The effective Do will be the spherical clianteter of that portion of the mare basin
deduced to be involved in subsidence. Taking Ro as 1740 km, and Do as 665.1 km
for Imbrium and 54^fi.6 km for Serenitatis gives a Imbrium = 22°, and a 	 I
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Serenitatis = 18°, adjusted to the nearest degree and 0.1 kilometer. Then,

giving d^ Imbrium = 664.0 km, or a maximum possible shorteninb of some 4.1 km
due to cenU.11 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

ADo==AR 1S0

It is immediately evident that for Imbrium, Do = —0.38 km per kilometer of subsi-
dence, and fur Serenitatis, D^= --0.31 km per kilometer of subsidence. It appears
that model 2 collapse would be a far rnor^e effective source of crustal shortening
than model 1 collapse. Mode12 collapse also implies a reduction in circumference,
which will be approximately given by Ten,,, or about l.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 eduiputential, 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 cord only that deformation which results from additional
subsidence following deposition of the lava. It is evident that deformation in-
itirited on older lava may contimie 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 ► t;e stressed that subsidence and deformation may have heen greater than that
infer:eci here, the evidence having been buried by younger lava flows.

'!'here deformational models apply only to the larger maria basins with as-
sociated mascons. Ttie intensity of deformation would be expected to decrease
bosh as the diameter and depth of filling decrease. Small lava-filled basins would
be expected to show little or nu wrinkle ridge deformation, a relation that is
qu:,liiatively supported by Orbiter and Apollo photography. However, many
well-developed systems of wrinkle ridges appear in broad areas of presumably
sh^illow mare-type lava cover, as in Procellarum.l'hese regions are not associated
with mascons, and deformation may reflect effects other than subsidence-induced
compress^^^n. Some of these ridge and rille complexes in southern Procellarum re-
cently have been discussed by Young (1972) and by Colton et aI. (1972). The
rectilinear pattern evident in some of these ridge systems may define fundamental
zones of weakness in the lunar crust with deformation 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 that 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 recrystallizution and consolidation of
accreted material.

M:rrt:inal 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 he 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 rifles 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 I collapse alone would not be expected to produce signifi-
cant tangential compression at mare margins, although inward gravity sliding of
m: ► rginal mare crust implies a reduction in circumference, with the possibility of
some tangential compressive stress.

Sunrsr.akv

Morphological reiafionships 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 aft.r 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
complet^ay and suffered tensional deformation along with the highland basement,
which presumably was being warped dowmvard under the increasing weight of
mare fill. In Serenit:ttis, the very earliest episodes of central collapse with margi-
nal tensional faulting took place before filling was complete. The earliest collapse
was cssenti:rlly of the model 1 type, while the later collapse was of the model 2
type. In 141are Imbrium, the initial zones of weakness represented by monoclin:tl
flexures also localized the subsequent compressional failure. These monoclinal
flexures imply collapse predominantly of the model 2 type.

The interpretations outlined above h:rve important implications for further
gravity modeling of mare fill, as well as fur 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 helieve tlrit these ridges represent feeder dikes
which may tap deep-seated magma chamhers 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 he much wider and deeper than the depressions in which lava was
originally ponded.
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An interpretatit ►n of volcanic and strnc• tural featt:res
of crater Aitken'

Wu.rkeo i3. F3aYA^ and 1`4Arty-l.rsrn,^ Aonnrs

woods tlulc Oceanographic Institution, Wards Hole, Aiassachusetts (I'!t;3

AbNract—eater Aitken is unc of the few farside lunar testers which shows evidence of nr,cre-type
volcanism. !n gener:J aspect it resembles tht larger crat4r Tsiolkovsky, apparently having born
excavated by inspect and later flooded by a dark, mate-type fill. Ventlike features considered to bc' of
volcanic origin arc common in thi; fill; they include irregular, trench-like pits and bush clustered sand
individu :d subcircular cones G- 3 km in diamMrr. These cones tend to fall into one of two categories:
breached cones showing as internal "high lava mark" and a lower hummocky central fill; and cloccd
cones with :m internal "high lava mark" and a lower smooth or gently undulating tented fill. Sinuous
ric(ges associated in part with ihesc cones are considered to be surface expressions of late-stage
faulting in loose rcgolith rather than lava flows. These ridges deform impact craters but asro rarely
deformed by yamger inspacis, indicating their relatively recent origin. The ridges can be traced from
the mare fill into the walls of Aitken, and similar ridges are ubservcJ in highland craters near Aitken.
The ridges arc oriented prcdumin:ustly north-south and probably' result from faulting due to cast-weal
ccnnpression. Eruptive activity within Aitken probably commenced with :us explosive cone-building
stage, followed by lava eruptiunc from tunes and fissures, an.l ended with drain-back restricted to the
relatively deep lava pondcd in the vents.

'•-	 Iir'Ir,t.)nut."rlox

Can'rra: Atrl:ra. is located at 17°S and 173°E, cast of Tsiolkovsky on the lunar
farsicic. Severn 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 liter flooded by a dark mare-type fill (l^ig. 1).
The probahlc impact oribin and the principal volcanic features as seen in metric
photography were discussed briefly by EI IIaz (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 significilnt late-stage
compression:ll deformation of the crater and adjacent highlands. ^Ve have
presented an admittedly speculative interpretation of eruptive activity anct
drain-back events within Aitken, which Icads to the conclusion that hummocky
topography within certain cones represents collapsed lava rather than exh^usive
domes.

Arrtcts CRA1'I:R FLOOR

The albcdo and teetering of the der}: fill in Aitken resembles the surface of the
ncar,ide nru'ia. Getters are sharply defined and are generally less than 2 km in

•C'ontrihutiun l^u. 321G of the woods liule Occ:mogrcphic Institution.
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Fig. 1. General ^• icw of crater Aitken. Note hummocky chaotic Moor, terraced inner
walls, anJ r.^iscd central peak, features suggectivc of impact origin. h'umhercd areas

represent detailed figures from panoramic photography. AS 17-ht4S1

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-$ krn in
diameter. Several craters contain a distinctive hummocky central fill. The
conspicuous crater near tl^c south margin of the Hoar (Fig. 2) is almost perfectly
circular in plan rtnd is unbreached. Within the crater there is a conspicuous "high
lava mark" (arrows). "fhc level of this mark is about at the level of the surrounding
fill, as indicated by stereoscopic parallax measurements. No comp;u^ ►ble 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. Circul.+r crater in mare fill near south ti<Ic of Aitken 11uor. Crater is unbreached
;uul thu^c. an intenud. but no external. "hi h la y a mark" (arrows). Note gentrd ahsencc
of in ► , :+ct cr.+tering on the railed crater rim, and the drowned "ghost" crater (G)
suggeaing a very shallow fill along the tooth margin of Aitken. There is no "high lava

mark" on the Aitl.. n «all. AS17 P1917

meets the Aitken Crater wall. The v^irying illumination angle within the crater
shows a difference in albedo and a distinct break in slope at this high lava mark.
"fhe hewer cenh •al fill has an undulating surf.+ce slightly modified by small impact
event~.

Crttcrs on the northwest side of the Aitken floor (Fig. ?) are more irregular in
outline. 'They .;c ► ntain 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 "hiz:h lava marks" on the outer walls of the crater, or along the
martin of the Aitken fill Here, as c:^n also be seen in Figs. 2 and 5, buried ghost
craters in the ohl flex ►r show through the dark fill. "this indicates the \^ery shallow
depth ^f fill over most of the Aitken floor, and the lack of any detectable
topngraf^hic hound;+ry on the margin of the cl.uk fill sugfiests that it was very fluid
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Fig. ?. L•reguL• v craters on the ^:.rrthwest fto:^r of Aitken (A), shrn^^ing internal "high lava
mark" and undulatine ccr:ral fill. Riftlike derre.rsinns ([3) prohably were formed by

drain-back into fissure vents. AS 17-P 1911

nd spreac! out virtually ton "feather edge" without forming an appreciable
marginal scarp.

To the south (F'ig. 3) there arc hvo lizard-shaped depressions, which may
represent the locus of drain-back into an underlying fissure. /^Ithuugh the northern
depression terminated against one of the hills protruding through the fill, there is
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na evidence tc^ suggest this hill is a volcanic cone. 1:1 13az (1972) suggested that
these hills might represent hart of an incipient igneous ring contptex, but it seems
nu+rc likely that they represent post-impact rebound of the central portion of the
(lai+r.'l'he volc:utir fissure may follow a line of weaknc s related to this rebound.

'fhc cluster of five craters in the northeast part of the flru+r (I^ig. 4) displays the
"high lava marks" and the smooth to undulating central fill described previously.
The nesting c ► f these craters, without overlap or intcrferencc hehveen thorn of
material f^+rnring their walls, suggests that they were formed essentially sinntltane-
ously, a rclatic^n that is easiest to understand if they arc volcanic craters which
were active together over a period of time.'l'he northernmost crater (A) is nearly
circular in clan, is completely enclosed, and shows a faint "high la^^u mark" and a
relatively smooth central fill, resembling in these respects the craters on the south
and northwest sides of the floor. 'Chrec other craters (T?:, C, U) are breached or
partly Iloodcd. 'l'hcy show distinct internal "hi);h lava marks"; that in (f3), Fig. 4,
can he 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 mill, which appears to consist of a cluster of domes.
'fhc hi+;hest parts of these domes extend up to or just below the level of the
internal "high lava mark." A fifth crater (F:) is a conical pit with a deeper
dome-like cenh•al fill and also a suggestion of an internal "high lava mark." As in
the other examples discussed, there arc no external "high lava marks," and ghost
craters (F) indicate that the external mare fill is very shallow.

'`"RF.ct:r:r Dta^otcnt,^^nov
line-scale sinuous ridges and scarps arc associated with margins of the dark

Aitken fill an the southwest :rnd northeast sides of the floor (figs. 4 and 5). 'Chose
at C in Fig. 4 appear, on casual examination to he related to a breach in the wall of
the adjacent crater and thus might he lava flow margins. However, closer
inspection shows that these ridges are not symmetrically disposed with respect to
the breach, as they should be for a flow extending from the breach. The scarps
instead run diagonally across the breach, and one extends up and over the rim of
the cone. F3oth scarps face westerly; thus they are not boundaries of a (low
surface elevated behvecn them. Similar ridges associated with a partly drowned
crater (A. Fir. S) on the southwest side of Aitken extend from the dirk fill into the
lower slopes of the enclosing walls of Aitken (l3, 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
m:u•^:ir. 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
deft+rm^ the craters. These scarps can be traced in the crater wall for a distance of
over ;t(1 km along a line running approximately NNE—SS^V. We believe these
scarps represent recent compressional deformation, as described by Howard and
Muchlb^rgcr (1973), because they do not show the proper geometric relation to
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(A), :rnd scarp due to thrust-Fndtin^ (R) on the southwest cdg^ of Aitken floor.

AS 17-f 1919

possible vents; they traverse material of varied alhedo and texture; they extend
into the walls of Aitken Crater;"a»d they deform impact craters but ,tre nut formed
by impact. 	 .....

Similar deform: ►tion is present in the highlands outside Aitken Crater. A crater
ghoul R(1 km NE of Aitken (F'ig. fi) is truversecl by scarps which ru:^ across the
floor and up the walls. These scarps may represent faults related to a set of
intbric:tte thrust sheets. Again, the deformation appears younger than most impact
events, but there is evidence of some impact following the deformation (A, Fig. G).
EI f3az (197;) interpreted these scarps as possible margins of impact blankets
originating from Aitken. We do not believe these scarps are related to impact
blankets because they appear very young, and elefonn preexisting craters. As EI
I;az noted, if these arc flow fronts, thc^^ imply flow from the west rather than from
the south-southwest, which is the direction radial from Aitken.

VOLCANIC EvLN•rS IN ArrKeN
If the circular craters and crater clusters in Aitken arc of volcanic origin, it

should he possible to account for the variety of features observed in terms of
some logical sequence of volcanic episodes. It is necessary to account fur the
fc ► Iluwin^ observations:

(I) "('here arc at Icast three type~ of possible vents—circular cones with
smooth fluc ► rs, hrrtchccl ec ► nes with hmm^n ►eky floors, and irregular depressed
rifts.
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(?) A1ost of the cones shu\v an af:parent "high lava mark" which is near the
level of the ceternal mare-type fill.

(3) "f1i^;h la^• a nrirks" do not <rppear on the inner walls of Aitken Cratrr or un
the outer fl:uik. c,f the cones within the dark fill.

(4) Etiistencc cif "ghost" craters over most of the floor, and especially near the
cones, suggests that the mare-type fill is very thin.
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possible vents; they traverse material of varied albedo and texture; they extend
into the walls of Aitken Crater; and they cicform imp;tct craters bui ^tre not formed
by impact.	

,...,...

Similar deformation is present in the highlands outside Aitken Crater. A crater
about RO km NP, of Aitken (Fig. G) is tr<t^'ersed by scarps which run across the
floor and up the walls. These scarps may represent faults related to a set of
imbricate thrust sheets. Age in, the deformation appears yrnmger than most impact
events, but there is evidene;. of some impact following the dcfornrttion (A, Pig. G).
FI Baz (197:;) interpreted these scarps as possible margins of impact blankets
originating from Aitken. We do not believe these scarps are related to impact
blankets because they appear very younb, and cicform preexisting craters. As I:1
13az noted, if these arc flow fronts, they imply flut y from the west rather than from
the south-southwest, which is the direction radial from Aitken.

VOLCANIC I?1'GN'fS IN AITKI:N

If the circular craters tmd crater clusters in Aitken arc of volcanic oribin, it
should he possible to account for the variety of features observed in terms of
some logical sequence of volcanic episodes. It is necessary to account for the
follu^^• inb observations: 	 ,,^. ^ .

i

	

	 (I) 'There arc at Ieast three types of possible vents—circular cones with
smooth Moors, breached cones with hunuuucky Moors, and irregular depressed
rifts.
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which postd:+tcti dc(ormati^m. AS17-P IG76 	 ^	 f

(?) 1\9ost of the canes show an apparent "hi^_h lava m.u^k" ^^^hich is near the	 ._^ __._
Ievcl of the external m;u•c-ty{^e fill.

(:t) "}li^;h lava mark." du nut anc^ar un the inner ^^'ulls of Aitken Crater or on 	 ;
the outer tl:utks of the cones ^s^ithin the dark fill. 	 , ^

(4) I:xistcn« of "t:hua" craters over nma of the Iluur, and especially near the 	 tcones, sup:;^csts th;it the nt:ue-type fill is very thin.
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Our imerpret:rtion of volcanic events in Aitken restx heavily on the recognition
of supposed "high I:tv:t marks" within certain craters. We wish to emphasise that
simil:u' features have heat observed in Apollo photography of many other areas of
the moon, ;uu) arc nut resU'ictcd to Aitken. Althuuth we believe that many of
t hcsc features arc inc)eccl related to ch;utging lava levels, the varied circumstances
in which they occur demands that cacti case he interpreted individually. Recently,
we have examined mucicrn examples of "high lava marks" in the vicinity of
Kilauea volcano, Ilawaii, and these also appear in a variety of circumstances.
Those appearin}; in pit craters due to vertical rise and fall of lava tend to be
continuous anal of uniform upper elevation, while those associated with margins
of large lava Wows tend to he discontinuous and of varying elevation, renecting
temporary blocking or prnteling of the now. Many of these "high lava marks"
initially consist of distinct horizontal terraces which tenet to cotl;rpse with time, so
that their lower slopes develop a series of coalescing talus fans which may tend to
bury marginal portions of the adjacent now. Close examination of some of the
Aitken cones sugt;csts development of talus at the base of the inner walls below
the "high lava marks.••

We belirve the following outline of volcanic events can. explain the mor-
phological features observed in Aitken.

The first activity consisted of explosive eruptions which built cinder cones on
the northeast, south, and northwest sides of tl ► e Aitken crater noor. Subsequently,
certain cones became sites of lava eruption; their walls were breached, and they
supplied fluid lava which Hooded the crater Horn • . At this time the fissure vents on
the west side of the noor ma^^lr<tve become active. Thusc cones which were nut
lava suppliers may have continued to erupt explosively. As the fill reached its
present level, explosive eruptions ceased. New lava welled up in tlic cones which
previously had hccn sifts of cxplosivc activity, and equilibrated with the Icvel
outside the cone. These cones were not breached because the lava pressure was
equalised on both sides of the wall of the cone. "1'he final event was withdrawal of
lava in the craters to its present Icvcl. The newest lava in the previously cxplosivc
cones had the thinnest crust and thus subsided evenly. The older lava in the
brcachccl cones had a thicker crust which collapsed unevenly, givinb the pm-
nounced hummocky surface observed in these cones. "There was no appreciable
drain-hack from the main Aitken lava lake into these vents, bccausc the thick
crust blocked the breach in each of the cones; only the relatively eleen pondcd
lava within the cones was capable of signific;utt drain-back. Pmhably most of the
Aitken fill was built up by thin overlapping now sheets, each of which was nearly
crystallized before being buried by the next. 'this also would prevent drain-back
into the vents. The in^egular depressions may have hccn format by collapse of the
solid crust into a void Icft by drain-hack of a small amount of lava in the
unclrrlyinf; fissures.

Although we believe this interpretation is plausible when compared with
volcanic events observed at tcrrestrial vulruwes, the scale of the phenomena is
almost an order of magnitude grcatrr. This scale problem has been noted by
} lod};es (1973). 'I'hc G-R km diameter- of the Aitken cones with their pondcd lava is
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iml^ressivc by terrestrial xtunclards. '1'hc 1)ianunul Ilcad tuff cone, for example, is
:thc^ut 1 km in diameter; the rtldcra of I<ilauea is rrhuut 3 km rim-tu-rim; the
Ilalemanm:ut pit crater and other Ilawaiian )tit craters which show many of the
drain - hack fe;ttures described in the Aitken craters, arc .S km or Tess in diameter.
McGctchin :uul Ifeud (1973) have shown that the relatively large scale of lunar
cinder cones may be related to the lower gravity field of the moon.

CUVCLUSIOKS

The dark fill in Aitken probably originated in eruptions from breached cones
and fissures witicly distributed over the floor. A reasonable series of volcanic
events can be pc ► stulatcd which ac)cyuatcly accounts for the "high lava marks"
within these craters as described by Ia Bar (1973). Flowlike fe:Uures associated
with these cones, and also observed in the Aitken w:dls and adjacent highlands,
appear to represent surface traces of reverse faults, as described by Howard and
Muehlberger (1972). We believe the hunlike features enclosed within certain
brcachcd craters in Aitken represent irregular collapse of thick lava crust, rather
than viscous extrusions.

Acknondedgntentx--Thi, research was supported by NASA grant NAS9-12{li. \Vc would like to
(hank C. O. 13uwin, It. D. R:dlanl. Carle Picters, and k. A. Young fur critical aanments on the
manuscript.
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Volcanic and tectonic cvolutiun of crater Cocleninti,
western Mare Fecunditutis^`

W. 13. B{t YAN, P. A. Jt: •reK, and 1\InrcY -LINUn Annntss

Woods Nole Oceanographic Institution, \Voods Hule, Mass.02543

Abstract--Crater Gocicnius was probably formed by impact .d about the bcgimting of the period of
volcanic activity that (boded Mare Fecunditati^. -fhe shape of the crater was ittflurnced by preexisting
fractures which conform to the lunar grid system, and +vas further enlarged and shaped by tectonic
subsidence preceding and accompanying volcanic activity within the otter. Evidence for this volcanism
includes a dark, mare-type fill on the crater [loo+; dark halo craters; and rilles, pits, and craters which
show evidence of structural control.'fhis volcanism probably coincided with the period of Iluoding of
Mare Fecunditatis. Subsidence of the basalt-filled mare basin caused tensional stresses on the marlin
which produced graben subsidence along the fracture set tangent to the margin of the basin.
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INTRODUC"rION

CRATER Goct,rNtus is one of a number of craters on the lunar nearside which are
characterized by an internal dark, fractured floor. Most of these craters lie well
outside the photo coverage obtained on the Apollo missions. Gocicnius was
included in an excellent oblique photo taken on Apollo 8 (Fig. 1) <tnd is just within
the southern limit of the Apollcrt6 metric and panoramic photo coverage. Gocicnius
appears unusual in that the pattern of the crater walls and of the internal fracturing
in the Door arc parallel to, and in some cases continuous with, external tectonic
lineaments which correspond to the so-called "lunar grid." Many small craters
^vitliin the floor also arc localized by, or aligned parallel to, th., principal fracture
trends. Impact, volcanism, and tectonic events apparently have all played a role in
the evolution of Gocicnius. Tn this paper we attempt to evaluate the relative rules of
these processes and their sequence of occurrence.

Gocicnius is located at 10°S, 4S°E near the point of convergence of a prominent
set of rimae, of which the central member, Ittma Gocicnius II, is the most
prominent. Rimy Gocicnius II can be U^aced into the crater and across its Moor.
Baldwin (1971) was able to document the graben-like form of the rims and to
estimate the amount of subsidence of its floor. These relations have been
confirmed by our stereoscopic observations using Apollo 16 metric photography.
Kopecky (1972) briefly mentioned Gocicnius as a possible lunar analog to the
central intrusive complexes of Scotland.

•Contribution No. 3547 of the \Voods Hole Oceanographic Institution.
tPrescnt address: Lamont—Doherty Geological Observalury, Palisades, Ncw fork 10961.
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Fig. I. Oblique vices looking south^^est acruss Gocicnius. Rima ^;oclenius I1 and minor
parallel grabens c^^n be seen at right. Note rectilinear form of the crater, Which is reflected

in terraces on the crater walls, ASS-?225-G.

FORM AND REGIONAL RrLATIUNS OF GOCLENIUS

The close relationship behveen the location and outline of Gocicnius and the
lucation and orientation of the rimae is indicated in Fig. 2, an outline sketch traced
from Apollo 16 mch^ic photography.l'he relatively straight inner northeastern wall
of Gocicnius coincides with the southeasterly extension of the outcrnx ► sl pair of
rimae which parallel Rima Gocicnius 11 (SF to 4G in Fig. 2).'1'hc relatively straight
inner south^^'estcrn wall of Gocicnius follows the southeasterly' extension of the
faint rimy running, from Gutcnhel •g to Gocicnius. This latter lineament (Rima
Gutenberg) can^ • er^es on Rinrt Gocicnius lI near the southernmost part of the
Gocicnius floor, which also is a major point of intersection of minor rimae within
the crater ficx^r. Step-like terraces on the north^^^estern wall of CCoclenius also arc
linear and nearly perpendicul;u • to Rinut Gocicnius II. This relationship is most
clearly portrtyed in big. I, in which the lu^^^-angle ligltling brings out the linear,
step-like terracinS on this wall (to the right in the figure) and on the southwestern
^^all (far ^^ • all in the fit:uro) and emphasizes the abrupt angle bch^^een these trends.
'1 • hc southern ^^^all swinf;s :u^^iund the suutheastern exU •emity of the crater in a
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CRATER GOCLENIUS, WESTERN MARE FECUNDIT[,TIS APOLLO 16-0417.0418

Pig. 2. Sketch map of major craters and linear features in w^estcrn Marc Fecunditatis.
}Leavy soli) lines -- trace of scarps and margins of rifles: light solid lines = traces of minor
lineaments and craters; dashed line =boundary bet^eecn mare-type and hichland type
surface; dot-dash line =crest o[ rim deposits around Goclenius. t3ased on metric photos

AS 16-0-i 17 and AS I6-O-i 18.

relatively sharp curve, giving Goclenius overall the form of a distorted ellipse,
measuring about 63 km along its major axis, and 44 km along its miner axis.

The trends of Rimae Goclenius 1, Goclenius II, and Gutenberg range between
306° and 340', thus approximating one of the prominent trend directions of the lunar
grid systems as outlined by Piclder (1963) and others.'Thc general 40'-50° Ucnd of
the north wall of Goclenius approximates the second prominent direction of the
IUnar grid, although there Ire no major lineaments outside the crater in this
direction. hlowcvcr, both directions are represented by minor lineaments in Marc
Fccunditatis east and north of Gutenberg EI3 (S[, 101, l^ig. 2), and immediately cast
of Goclenius (3ti, Fig. 2).

Goclenius is surrounded by a low, hummocky rim not unlike that associated
with other subdued craters o! similar size generally thought to he of impact arit;in.
The rim facies arc broadest north and south [^f the crater and are almost absent at
the northwest :uul southeast extremities of the crater. An irrcf:ular eluniatc,



hummocky hill project. through the dark fill in the south-central part of the crater
floor,:uut resembles hill y which also have been atU • ibulcd to rebound of the (lour in
craters of impact origin.

'1'ttl: INNER I'LUOR O1' GOc'I.^NIUS

The rcl:+tivcly smooth, dark inner floor of Gocicnius is very simil:+r in alhcdo
an+l density of cratcring to the surface of 1\larc Fccunditatis. In the stereoscopic
image it is clear that the dark floor is domed up«-ard in the center of the crater,
although the over.+ll elevation is distinctly below that oaf the surrounding mare
surface. As in the case of the dark fill in Aitken (Bryan and Adams, 1974), the
boundary of this fill is not distinct but apt^cars to "soak" into the base of tl+e crater
walls and central hill.

The dark floor is traversed by a set of ri pe-like fractures and elongated pits in a
kite-shaped pattern that :+pproximatcly parallels the outline of the crater walls
(Figs. 3 and 4). The most prominent of these rilles is a graben-like extension of
Itima Gocicnius Il. It traverses the northwestern crater rim (8A, Fig. 3), the dark
fill, and the central hill, narrowing and terminating at a complex group of pits and
intersecting rilles on the south edge of the floor (12, PiI;. 3).

Dark halo craters arc located ut the northwestern margin of the floor (l, 2, Fig.
3). Three small craters in the same area (3, Fig. 3) appear to have slightly built-up
rims. Another wren of higher alhcdo (4, Fib. 3) shows an unusually hibh
concenU•:+tion of pits and hummocks. Fioundinb rilles give this area a subcircular
outline, more evident in photos than in Fig. 3, sugl;estive of an underlying partly
buried crater £-9 km in diameter, about the size of inner craters with hummocky
floors reported in Aitken"-(F3ryan and Adams, 1974). Other craters have a low
alhcdo similar to that of the fill, are located either on or close to rills intersections,
follow lines p:u •allcl to rilles, or lie on projected trends of rilles (5, G, 7, and 8, Fig.
3). Rather complex relations appear along the northeast margin of the floor. The
ripe marking the approxinr;te boundary of the floor has hccn uplifted on its inner
side, and outward-dippinf; layerinf; can be detected in the stereo image of the outer
wall of the ri pe. Pits along; the margin of the floor (9, Fig. 3) also closely follow the
trend of this rillc.'Che outer crater at 10, Fig. 3 lies within the wall material and has
a subdued, built-up rim, while the inner crater on the. cdbe of the dark floor is very
bribht and sharp, and appears very fresh. At 11, Fig. 3, mounds of high-alhcdo fill
cover part of the ri p e extendinb from 10 to 12; craters on this fill arc located along
the trend of the ri pe. Pits and short ri pe segments extend into the base of the wall
deposits (12, Fig. 3) on the southern edge of the floor. There is no evidence of
extensions ^f Rimae Gocicnius II and Gutenberg into the south rim beyond this
point. Cus{^-like margins along the rills ut l:t, Fig. 3, arc subbestive of a line of pits
localized along the rills.

Dtscussto:^
The manner in which Gocicnius conforms in shape and dimensions to the

trends anti distribution cif the rimac; lhr. dark mare-lilac fill on its floor; and the
apparent structural control on the location of many craters and rilles on its floor;
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all strongly sugt ;cxt an intcrnal (presumably vole;uric) origin for the crater. Murray
and Guest (19 -"/U) cuncludc+l Iha1 im{pact crater~ tend to be Distinctly circular,
rc•Fardless of size, while vulc;uric calaeras and ring stnrctures became Tess circular
;rs their size increases. } Iowcvcr. it has also brcn shown that preexisting sU^ucturul
lineaments may influence the form of impact caters, tivinf them a polytonal
rather than perfectly circular form (Guest, 1971). 1f Gocicnius is an impact cr;rtcr
influenced by preexisting stru^^tures, it is sur{^risint that craters Gutcnbcrg and
t:iutenbcrg I^ arc nut shaped by the sanrc rinurc which apparently delineate
C;oclenius (big. 2). A pcssiblc explanation would be that the sU • uctural lineaments
postda;,: Gutcnbcrg but predate Gocicnius. 'I'hc sonrcwhat forririto► rs loc:dion of
this impact event, centered near the intcrscctiun of Rima Gutcnbcrg with Rims
Gocicnius 11 and its adjacent rimac, may have made Gocicnius a more favorable
site for post-impact volcanism and volcano—tectonic collapse. ^1^e suggest that
these later events initially trif;gered by impact have enlarged and modified the
original crater :dung the predominant existing fracture patterns in the adjacent
lunar crust. 1[ this interpretation is correct, an appreciable amount of rim material
may have subsided into the crater toward the northeast and southwest ex-
tremities, thus accounting for the relative lack of rim deposits at those locations.

The overall dome-like murphalogy of the intcrnal dark fill suggests that it may
have been built up as a broad shield volcano ^^'ithin the floor. Rilles and lines of
pits extend north, south and west tram the central high point near the west end of
the light-colored central hill (SF, fit. 3).1'hese may represent master feeder tubes
which distributed lava over the floor. The pits at 8 and 13, Fig. 3, may be collapsed
tumuli as described by Grrcicy and Hyde (1973). The dark halo craters at 1 and 2,
Fit. 3, arc suggestive of citS^icr cones associated ^^'ith ash eruptions, and appear to
be localised on the extension of Rinr+ Gutenberg and by the small rifle adjacent to
Rima Gocicnius lI. Pits at G, 7, 9, 10, and 12 also show indications of structural
control. It seems unlikely that all of these craters would be so fortuitously located
along rifles or at rifle intersections if they are of impact origin.

The light cratercd mound (I 1, Fig. 3, also Fit. ^3) which overlaps the rills near the
south side of the crater may be an ash cone built up over the rifle. Possibly the
central hill, which also appears to be the source of rifles near 13 in Fig. 3, has a
similar origin, but there is no direct evidence fc^r this. The dark floor has been
differentially uplifted :long the moat-like margin:d rifle at the base of the northeast
wall. Schultz (197 .3) has noted that annular depressions associated ^tiith fractured
crater fluor are usually hest developed on the side facing the adjacent mare basin.
He attributes this fact to fracturing and uplift due to intrusion of mare magma
beneath the crater floor, an explanation s^'hich appears to fit the relations in
Gocicnius.

The graben f.urlting associated with Rima Gocicnius 11 crosscuts rin g and floor
material in Gocicnius :rnd thus must be one of the latest cvcnts in the evolution of
the crater. Because the rinure appear to have controlled the shape of the crater
during collapse of the walls anal ha^• e: also app;a-cntly lucalii.ed some volcanic
cvcnts ^t^ithin the crater, these t;rahcns must ha^^^ developed over preexisting
deep-seated fracture trends in the crust. It seems unlikely that these fractures were
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produced by the impact that forntrd Gocicnius, hrcause thcy;u^e not synunctrically
disposal rcl: ► live to the crater, :utd they extend some 2S(1 km to the ntuth+vest of it.
Instead, they appear to represent a set of the pervasive northwest-trending ancient
fractures related to the lunar grit) system. "I'he northeast-trending fracture set has
influenced the trend of the north wall of Gocicnius, ;tnd may have controlled some
of the cross trcntis in the fracturctl inner Moor. ^Vc suggest that,.+'ith the filling of
Marc Fecunditatis, isostatic down-warping of the mare produced tensional stress
across the northwest-trending fracture set t;tnF;ent to the margin of the basin, while
the complimentary northeast-trending set was not affected by this sU•ess. 'Phis
implies also that the postulated volcanic activity in Gocicnius was contcmpor;uy
with the filling of Marc Fectnxlitatis. It is potisihle that the Gocicnius impact even
coincided with the bed inning of the major volcanic episode which filled A1are
Fecunditatis, and Gocicnius therefore continued to participate in the volcanic and
tectonic events associated with that filling.

ncRnou •fect^mcnts—'Chic research was supported by NASA grmt \ AS9-12564. \\'e thank C. U. 13uwin
and P. H. Schultz for valuable criticism o[ the manuscript.
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PART C

SOME VOLCANIC AND STRUCTURAL FEATURES
OF MARE SERENITA'fIS

It: !1. Brya^t a and Afury-Linda Admrtsa

30-9

Relationships beriveen volcanic and structural fea-
tures along the southern edge of blare Screnitatis can
he examined in detail because of the favorable
low-angle ligl+ting in the Apollo 17 photography.
Dlctric catnera photographs enlarged 2X were ob-
sen^ed at IX or GX magnification. Relief was esti-
mated from parallax differences, assuming a nominal
spacecraft elevation of 110 km and a mean photo-
graphic scale of 0.7 km/mm.

Phis section includes a summary of observations of
(1) contact relations between the dark border mate-
rial and the central mare fill, (2) a late-stage lava flow
with associated cinder cones, and (^) certain struc-
tural features related to the development. of the n+are
basin and its associated volcanic landforms. Tlie
section is concluded with a chronologic summary of
volcanic and structural events that we believe arc
critical to understanding the development of Tulare
Screnitatis.

DARK MARGIN AND CENTfiAL
MARE FILL

Irt figure 30 .9, the contact relation between the
liFlrt central fill and the marginal dark border fill is
clearly shown. In addition to the obvious albedo
difference, a contrast in surface texture is evident.
Impact cratering and ridges on the light central fill
appear crisp, whereas many cr.+ters, ridges, and rilles
in the dark border appear softer and more subdued.
The boundary between the light and dark fill corre-
sponds to a distinct break in slope and has the general
character of a shoreline. The relatively Ilat, smooth
surface of the light-colored material enters small
embayments fn the inclined, undulating surface of the
dark border material. A crater, approximately 10 km
in diameter (lower center, fig. 30 .9), is partly
inundated by the light central fill, which has left a

°1lbads Flolc Occanopraphic Institution.

"high lava mark" on the inner wall of the crater. No
evidence of fracturing or buckling of mare material is
apparent along the albedo boundary, as would be
expected if it were a structurally produced 1rin^e line.

T1rc dark fill in and near the Apollo 17 landing site
is topographically lower than the dark border fill on
the southern side of blare Screnitatis. ^Ve have been
unable to identify faults of sufficient magnitude to
account for this elevation difference. The dark mantle
on luglrland material in this area is not as conspicuous
in tl ►ese low-Sun-angle photographs as it is in the
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fIGURL' 349.--Southern margin of central light fill in At are
Screnitatis. Note sharp to degraded tensional faults in
dark border material, concentric and radial wrinkle ridges
in light mare material, and subdued extension of radial
wrinkle ridges into da+k border matcri.+l (Apollo 17
metric camera frame AS17.4i51).
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Apollo I S photographs, which were made at a Iriglwr
Sun anl;lc.

L_AV/1 AND EXTRUSIVE VENTS
EAST OF DAWES CENTEl^

On fire southeastern side of ^1arc Scrcnitatis (fig.
30-10), graben fractures in the dark border arc buried
beneath lighter colored mare material, evidently a
late-stage flow, which appears to have originated
outside the mare and flowed down the sloping dark
border surface, following a shallow depression in 11 ► is
surface. This Ilow appears on the lower Icft side of
figure 30-]0. ltoward et al. (part A of sec. 29) have
called it flit Dawes basalt. T'wo rifle-like fcatrrres on
its surface converge on a line of four vents 1 to 2 km
in dianrctcr.

Two of these vents (13 in fig. 30-10) arc cones
distinct in their morphology from the many small
impact craters of similar diameter adjacent to them
on the Uawcs basalt surface. Tire northern cone is
breached on its downslope side, as would be expected
of a cone serving as a vent for lava flow. A very taint,
rifle-like channel can be traced for approximately ]0
km downslope from this e^nc. Both this cone and the
larger southern cone are distinct, raised mounds with
rounded rims and crater floors that arc above the
general surface of fire surrounding basalt. Ltternal and
external slopes arc approximately equal. Thcsc fea-
tures arc typical of terrestrial volcanic cinder cones,
111 W}lICII fire tune is a positive addition of material
composed of ejected debris arrnutd a relatively small
central vent. In contrast, the nearby small impact
craters arc steep-waled, conical pits with sharp rims
and outer w,.11s sloping much more gently than the
inner walls; they are predominantly negative relief
features representing excavation and dispersion of
surface material. Applying these criteria, we feel
confident that these two cones are extrusive volcanic
features. The larger southern cone, approxirnatcly 1.5
km wide at its base and approxunatcly 300 m high, is
almost identical in size and shape to Sunset Crater in
Arizona (ref. 30-G). The north^m cone is slightly
smaller, measuring approximately 1 km across its base
and approxirnatcly 200 m hit;lt. A smaller cone
approximately S km to the uortlrwcst may be a snrrll
satellite to this larger cone. 7\vu irregular, pitted
mounds between the northern and southern cinder
cones may alto be vents but do not show well-defined
conical morhholugy.
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(aCURG 3(}10.-Southeastern margin of Mare Screnitatis,
showing margin oC lava Clow mantling dark borders (A),
possible breached cinder cones (l3), and collapsed and
partly buried la y.r tube (C) (Apollo 17 metric camera
frame AS17.0447).

The Dawes basalt can be distinguished from the
adjacent dark mantic by its smoother surface, in
which it resembles fire central fill of Tlare Scrcnitatis.
17te surface of the flow is slightly convex, with a
subtle break in slope coinciding with the ch:rnFc from
the smoother Dawes basalt surface to fire moro
hummocky surface of the dark mantle. Albedo
diffcrcnces arc slil;ht, but the Uawcs basalt appears to
be slightly lighter in color. Tlrc boundaries of the
Dawes basalt shown by ltoward et al. (p:ut A of sec.
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29, fig. 29-5) arc in reasonable agrccnlcnt \vith the
boundary indicated as "A" in figure 30-10. llawcs
impact debris tends to obscure contact ralatiurrs along
the western side of the Dawes basalt, and contact
relations between the Dawes and tllc light central
Screnit:rtis fill arc also extremely subtle.

•I1re f):1\ves basalt is cut by several sharp rifts or
lines of small pit craters that follow the f;cneral trend
of the buried graben fractures. A larger, elongated pit
on the left side of the lava flow is partly filled by
ponded lava. It is alined with a small depression
upslope and with irregular, rougl ► features downslope
that resemble partly collapsed domes or vent struc-
tures (C in fig. 30-1U). These features may represent a
large, partly collapsed lava tube that could be a
source of some of the central mare fill.

STRUCTURAL FEATURES

Craben-like rilles arc conspicuous in the dark
border material (fig. 30-9). One of the sharpest and
freshest of these grabens can be traced across ttte
southern wall and floor of the large, partly drowned
unpact crater on the Light-dark "shoreline," and thus
is younger than the crater. In contrast, the blurred
and degraded appearance of other grabens suggests
that they arc older features._These grabens crosscut
highland material but arc truncated or buried by the
light central fill of 1,1are Screnitatis, as discussed in
part A of section 29.

\Vrinlae ridges arc prominent in t] ► e light central
fill of Aiarc Screnitatis (fig. 30-9). These have been
discussed by Bryan (ref. 30-7) and by IIoward and
Muchlbergcr V^art C of sec. 31), who attribute them
to compressional deformation. There is a distinct
change in the character of wrinkle ridge deformation
bchvecn tlrc light fill and dark border material where
the radial ridges cross the light-dark boundary. \Vithin
the light fill, the ridges arc broad, convex swells,
conunonly topped by intensely crumpled, sharp
ridges. Sonic sharp ridges also appear to develop
independently of prccxisting swells. Ifowever, the
sharp cruruhling terminates abruptly at the albedo
boundary, and the ridges continue into the dark
border as low, undul;rting swells. 1Vithin the liblrt
central (ill, many of the sharp ridges h;lvc a saw-
toothcd or zigzag pattern resulting from tilting and
rotation of distinct blocky crustal units'nuasuring 1
to 4 km on :r side.

laboratory cxperinrcnts on fracturing of basalt
(ref. 30•S) ]rave shrnvn that induced fractures tend to

fc,llow prccxisting •rancs of weakness in the rock. This
principle Wray cxpL•rin hotll the larl;c-scale and fine-
sarle patterns of fracturing, 8S \VCII as the dlfferCllCC
in response of the light and dark fill. Broad welts
probably develop above prccxisting •roncs of deforma-
tion in older buried mare fill, because Icss encrby is
expended in this way than in deforming previously
undisturbed crust, especially if the same stress pattern
continues to operate. Cor tlw same reason, the more
intense cnunpling produced by continucci dcfonna-
tion is mainly locali-red along the crests of the broad
welts. In detail, the intense crumpling developed by
displacement around crustal blocks bounded by
fractures or joints spaced at I to 4 km. The existence
of these coherent blocks suggests that wrinkle ridge
deforrnatiort took place before impact events ltad
brecciated the surface and created a deep regolith.
The absence of sharp, angular ridges in the dark
border material may indicate that it consists of a
relatively deep friable ur highly brecciated regolith,
\vlticlt would tend to dissipate deforming stresses over
many small-scale intergrrnular fractures.

VOLCANIC AND STRUCTURAL
CHRONOLOGY

T}te sharp and relatively straight light-dark bound-
ary relationship along the southern edge of 1\fare
Sercnitalis is difficult to explain if the dark material
is assumed to be a younger deposit that covers the
lighter fill. If the dark material consisted of young
lava flows, these should produce a much more
irregular, scalloped boundary, which is not obsen^ed.
If the dark material were a young ash deposit, the
boundary should be much less distinct. The shoreline
relatiat, in which light material embays the dark
material, indicates that it onlaps a prccxisting sloping
surface on the dark border material. The most
reasonable interpretation is that the central, light-
colored material is a younger mare fill that accumu-
lated in a depression formed by isostatic subsidence
of the older, dark fill Although many workers have
stated that the dark margin is relatively young,
Howard ct al. (part A of sec. 29) have reviewed the
assumptions leading to this interpretation and also
conclude that the dark margin represents the earliest
filling of D1are Screnitatis.l'hcy note the. similarity in
color and albedo of the dark surfaces at the Apollo
11 :Intl l7 Ilnding S1teS and along the southern margin
of Ttlare Screnitatis; this similarity in appearanre also
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suggests similar composition and age of surface
material at all of these locations.

Tlrc distinctly lower cicv;,tion of the dark border
material at the Apollo 17 landing site coniparcd to
llurt of the southern side of Aare Screnitatis suggests
that the dark material did nut well up within tl,e
mare basin and overflow into adjacent valleys and
into Marc Tranquillitatis. It seems rnorc likely that
the dark material originated in the highland valleys
anct flowed into the mare, much like the more recent
Dawes basalt. These many independent flows would
then have established their own local base levels
where they are ponded or deflected by intervening
lugldand barriers.

Durinfi and following this initial basin filling,
collapse of the central part of the mare caused local
marginal tension, producing a series of arcuate graben
faults. A.,ow swells and crenulations radial to the mare
center may have also formed at this time. Impact
events created a deep regolith on t}te dark border
material. Filling of the mare basin continued, but the
source and mechanism remain obscure. 77te Dawes
basalt may represent alate-stage contribution to this
fill. 'I'ltis libl,t fill onlapped the sloping dark border,
drowning preexisting grabens and irnp:,ct craters. A
"high lava mark" present locally suggests the occur-
rence of Borne drainback from the margins, implying
vents within the mare, thermal shrin}:ace, or an early
subsidence event shortly after ponding of the lava.
Continued collapse of the central part of blare
Screnitatis caused compressional deformation of the
crust, first forming low linear swells and welts, then
more intense crumpling of the crust along crests of
the welts. Some of this deformation extended into
t}te dark margin, possibly localized by preexisting
zones of weakness in the old fill. Differences in the
response of the light and dark material to defomta-

tional stresses indicate that the dark margin is much
more incoherent than the light frll, whicl ► tends to
fracture around distinct blocky units. This difference
suggests that the light fill was relatively fresh, brittle
rock at the time of dcforntation, wl,creas the dark
border may have been much rnorc brccciatcd by
impact events over an extended period.

Late-stage gas eruptions in the'faunrs-Liitrow area
may have redistributed brccciatcd dark mantle as ash,
as su ^c^ested by L'1-Baz (ref. 30-9). Some such
mechanism seems necessary to explain the distribu-
tion of dark mantle over highland areas, but we have
not identified cinder cones like those on il,c Dawes
basalt. Possibly, rnt ►ch of this material was distributed
by impact events. Although we do not exclude the
possibility of volcanic activity associated with wrinkle
ridges, the morphology of the ridges in the southern
part of Mare Screnitatis is indicative of warped,
crumpled, and broken surface cnrst rather than of
freshly extruded volcanic material.

CONCLUSIONS
The Apollo 17 metric camera photographs provide

definitive evidence for a sequence of volcanic and
structural events associated with the development of
Marc Screnitatis. These events arc relevant to the
interpretation c,f other orbital science experiments
and to samples of dark border material collected at
Apollo landing sites. Cinder cones associated with
volcanic vents at the Dawes basalt arc similar in size
and shape to typical terrestrial cinder cones. Detailed
morphology of deformational features produced by
both tensional and compressional stresses suggests
distinct differences in physical properties of the
central light fill and dark border material.
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PART C

VOLCnNIC FEATURES OF FAR-SIDE CRATER 111TKCN

It! 13. Itr}^una acrd Mary-/.inda Adunrsa

:^

The crater Aitken is on the lunar far side, centered
at approximately latitude 17° S, longitude 173° L;.
Aitken Crater, which measures approximately 130
km from rim to rim, shows many of the fcaturesf
usually attributed to impact, the most important
being the terraced, hummocky inner crater walls and
a raised central peak. Itt many respects, it resembles
the well-known crater Tsiolkovsky, which is at the
same latitude but approximately 40° to the west.
However, the outer walls and surrounding slopes of
Aitken Crater do not show the extensive ejects
blanket or the prominent landslide deposits so evi-
dent at Tsiolkovsky Crater.

Post-impact volcanism at Aitken Crater is sug-
gested by several fcatures (fig. 32-14), the most
obvious being the mare-type filling that flouts the
crater and virtually makes an island of the central
peak. Ligl ► t-colored swirls.on the surface of this filling
resemble those in Mare Marginis: they do not appear
to have any appreciable relief. The swirls may
represent fumarolic alteration of the lava, or dust
deposits from postfill landslides on the crater walls.
T!re d::rk floor filling also shows several elongated pits
and irregular riilr.-like iealures that rlso are character-
istic of rrarc fit! and that may represent vents or
collapsed lava tubes.

Aitken Crater shows several unusual fcatures that
may n• nrescnt volcanic e •rents extending beyond the
period of u^:!rc-type crater flooding. Among these arc
the circul:.:, nrasr-like depressions that appear in the
southern and northwestern parts of the crater. These
Wright represent volcanic craters flooded by lava
following a period of explosive eruptions; or, alterna-
tively, they miry be impact cr^tcrs produced in thin
crust of the }^c^nded mare-type fill before this fill \vas

completely crystallircd. Un the eastern side of the
main crater floor, several more circular craters enclose
peculiar clusters of dome-like features that might be
extrusions of more viscous lava.

A Slrlall crater approximately 100 km west of
Aitken Crater also shows what may be a filling of
relatively viscous lava frig. 32-15). It is difficult to
interpret this crater filling as slump from walls of a
crater produced by impact because the walls arc only
a little higher in elevation than the surface of the
filling and because the central filling does not slope
from the walls toward the center of the crater.
Rather, the central filling 1 ► as an almost horizontal
(although rough) surface, and its contact with the
crater \volts closely follows a low, moat like depres-
sion. The alinement of two large pits or craters ("B"
in fig. 32-15) along the peripheral depression suggests
that they originated internally; they may be explo-
sion craters. Ttre conspicuous fractures on the upper
surface of the dome may have been produced by
endogenous growth. By analogy with terrestrial vol-
canic domes, cooling might be expected to produce
the hexagonal shrinkage cracks typical of columnar
jointing. Ilowever, this fracturing probably would be
much smaller in scale than that observed in this.
crater.

The volcanic fillings in Aitken Crater and in the
smaller crater to tine west arc relatively youthful in
appearance compared to the generally old highland-
type topography surrounding than. Our initial im-
pression, which should be checked by more detailed
work, is that the volcanic activity is considcr<rbly
younger than the impact events that produced the

host craters and is probably contemporary with mare
volcanism on the lunar near rode.

rt \YooJs llolc Oceanographic lnstitutian.
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FIGUKI •: 32-14.--7 -he crater Aitken, sholving clongaled pits and rifle-like features in marrtype filling
(A), ntaar-like tlrpressinns (It), and depressiuns with clusters of possible lava domes (C) (Apollo l7
metric canu'ra frame AS17-0451).
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FIGURE 32-I5.—Possible Volcanic extrusion in small crater

west of Aitken Craler. Note the irregul:u fractured
surface; peripheral depression (A); and possible marginal
explosion pits (13) (Apollo 17 u^etric camera frame
AS 17-04 R4).	 .
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GEO^lliTRY AND PF.RSISTENCF. OF TILL LUNAR GRID:
SOME IMPLICATIONS FUR TLRRESTRIAI. TF.C'PONICS

^	 W.B. Bryan and P. Jezek, Woods Hole Oceanographic
Institution, Woods Hole, Massachusetts 02543

M-L. Adams, Lamont: Doherty Geological Observatory
Palisades, New York 1.0964

In our recent studies of volcanic and tectonic features on both the
Earth and the Moc,n, we have been impressed Uy certain similarities between
the apparent patterns and evolutionary history of linear features on both
of these planetary bodies. Using the 1:2,750,000 scale lunar planning

',	 charts supplemented by Apollo orbital photos and 1/250,000 scale maps, we
have compiled orientations for 982 major lunar lineaments between 40° N. and
40°5., on both the near and far sides. These fall into three groups with
vector means and standard deviations as follows, in order of frequency:

324°, s.d. 14°; 037°, s.d. 14°; 002°, s.d. 5°.
As a further check on these orientations we have carried out more detailed

`	 studies using Apollo photography and 1/250,000 scale maps in and near mare
Imbrium, mare Serenitatis, mare Procellarum, and at craters Goclenius and
Tsiol.kovsky. These studies confirm the presence of predominant trends which

f	 generally conform to the "lunar grid" as asserted by many other workers (1).
There are two especially intriguing features of the lunar grid. First-,

the bri.d directions persist- through at least a billion years of lunar his-
tory, surviving a variety of impact and volcanic events. Ancient impact-
degraded grabens follow grid directions in hil;hland material adjacent to
mare Imbrium and mare Serenitatis and are parallel to the polygonal margins
of these impact-generated basins. These same orientations reappear in re-
latively young mare fill in a variety of forms. 1Jrinkle-ridges oblique to
these trends nevertheless may show displaced rectangular blocks along their
crests, with sides of the block parallel to the major northeast and north-
^•^est grid directions. Sinuous titles may show sections which follow rec-
tilinear zib-zag paths which parallel the major grid directions. Plajor

^``'	 graUen-like rimae may crosscut mare fill and craters as at Goclen ins (2),
again running parallel to a major grid direction though obviously post-
datin g most impact and mare-fill events. Fnult scarps and walls of moderate-
size craters, as exemplified by Goclenius and Tsiolkov:acy, tend to be
aligned preferentially along grid directions. There is thus a strong

•	 tendency for the same patterns to be reimposed on .younger materials, rel;ard-
less of the mode of deformation. The second peculiarity of the grid is the
persistence of the same orientations at least from 40° south to 40° north,
extending; completely around the Dioon. The subordinate north-south trends
can readily be visuali.zecl as seg;mc:nts of great circles passing through the
north and south poles. However, the predominant northwest and northeast
trends cannot be described as segments of great circles or small circles, as
these must show constantly ch.,nF;ing trends when traced obliquely across a
AphCl'G. 'I'hi.s is demonstrated by the trace of spacecraft orbits p rojected on
thr. lun,:r maps. These trends appear t:o be seg;meuts of lines of constant.

• bcarin^;; such lines descrtbc a spiral path on a ::phere aiul must pass throul;h

9^
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'	 the poles. 'Phis geometry sug;g;ests a possible brio origin by torsional
stresses about thc^ spin axis of the Moon. 	 .

Although various respected authorities have postulated existence of a
terrestrial tectonic grid (3), this is generally discounted on the assumption
that continental drift and sea-floor spreading would destroy all or most of
these structures. llowever, there is now great: interest in "basement tecton-
ics", in wlric• h it is recognized that ol.d buried structural lineaments may be
reimposed on younger overlying strata (4). rurther, there is evidence that
major sea-floor fracture zones may be the seaward conL-inuation of older
structural lines of weakness in the adjacent continental blocks (^i). These
fracture zones parallel the directions of spreading; hence the possible
spreading directions of spreading; hence the possible spreading directions
may be controlled by slip lines between major continental blocks, which are
the traces of ancient sebments of a terrestrial tectonic grid.

Existing data for fract-ura patterns within continental regions appears
to be of such uneven quaJ.il-y as to preclude any conclusions - about tine geo-
metry of the original terrestrial tectonic pattern. The small-circle geo-
metry of sea-floor fracture zones is a necessary consequence of spreading
geometry on a sphere and may represent a distortion of the continental
pattern from which there were derived. It has been shown (G) that, when
spreading has separated continental blocks so that they are no longer in
contact along fracture zone offsets, a siEnificant re-orie station of sp-eading
may occur. This may represent a change from grid-related spreading geometry

_	 Co the characteristic small-circle spreading geometry concentric about a
pole of rotation. As an ocean basin grows, the structure of the sea-floor
may begin to evolve independently of the adjacent continents. The Pacific
Ocean fs now almost completely surrounded by subduction zones which
effectively dc-couple it from the continents. This may be the reason that
rather large cha^►ges in spreading direction have been possible in the
Pacific (7).

IJe believe then, that great caution should be exercised in making any
direct comparisons beCween sea-floor stnrctura]. patterns and the lunar grid
pattern. Hoeaever, ancient. grid patterns should survive within continental
crustal plates and will be reimposed on new ocean basins at fhe initial sCag;es
of opening, controlling the trends of both tensional sutures along which
opening occurs, and the orthogonal trends of fracture zones which determine
the initial directions of spreading. Tectonic patterns in the centers of
older ocean basins may develop trends unrelated to the ancient grid, but
these will be erased as old sea floor is subducted hene^th continents.
Conti.nent:^l collisions may induce subtle adjustments along ancient basement
lincamc:nts which contributes t.o their extension upward into overlying; strata,
or laterally info newly accreted crystalline rock on continental margins.
Thus, plate tectonics maj• provide the means of perpetuating and rejuvenating
ancient tectonic patterns on the Earth.
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