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Abstract. The lunar Orientale basin and its associated facies formed as a result of impact into lunar
highland crustal rocks. The crater rim is shown to be closely represented by the position of the outer
Rook Mountain ring, approximately 620 km in diam. The inner Rook Mountains form a central
peak ring within the crater. The 900 km diam Cordillera ring is a fault scarp which formed in the
terminal stages of the cratering event as a large portion of the crust collapsed inward toward the
recently excavated crater, forming a mega-terrace. This collapse pushed the wall of the Orientale
crater inward, distorting it and slightly decreasing its radius.

A domical facies is almost exclusively developed between the Cordillera and outer Rook rings.
The domical facies is interpreted to be radially textured ejecta which was disrupted and modified to a
jumbled domical texture by seismic shaking associated with the formation of the mega-terrace. The
plains and corrugated facies pre-date the mare fill and lie within the Orientale crater. These facies are
interpreted to have been deposited contemporaneously with the cratering event as partial and total
impact melts which collected on the floor of the crater during the terminal stages of the event. The
plains facies, with an estimated thickness of ~ 1 km and a volume of ~ 75000 km?3, represent the most
thoroughly impact melted materials which collected and ponded in the central portion of the crater
floor. The corrugated facies, with an estimated thickness of ~1 km and a volume of ~ 180000 km3,
represent impact partial melts mixed with debris. A relatively small volume of mare material was
subsequently deposited in the basin (probably less than 25000 km?3 in Mare Orientale).

There is little evidence that the basin has undergone major structural modifications subsequent to
the terminal stages of the cratering event. The striking implication for the Orientale gravity anomaly
is that mascon formation may be primarily related to crustal excavation and upwarping of a ‘moho’
plug, rather than attributable to post-impact mare filling.

The plains units on the floor of Orientale are similar to Cayley-like plains in other multi-ringed
basins and on smaller crater floors. Impact melt deposits may therefore be a significant source of
Cayley-like plains units.

The volumes of impact melt associated with the Orientale basin and their mode of deposition have
important implications for petrogenetic models. Multi-ringed basin formation provides a mechanism
for instantaneously melting large volumes of shallow to intermediate depth lunar crustal material
which is emplaced such that the differentiation and crystallization of a variety of igneous rock types
and textures may occur.

1. Introduction

The lunar Orientale basin is a 900 km diam circular topographic depression covering
an area of over 700000 km? on the western limb of the Moon (Figure 1a, b). It is the
freshest example of a class of lunar craters generally greater than 150 km in diam
which form multiple concentric rings (Stuart-Alexander and Howard, 1970; Hartmann
and Wood, 1971). The term basin refers to the topographic depression defined by the
area inside the major scarp associated with the multi-ringed structure. In the case of
the Orientale basin, it is the Cordillera Mountains (Figure 2) which define the major
scarp, and thus the basin. The Carpathian-Apennine-Caucasus Mountains enclose the
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Imbrium basin. These basin-defining scarps may or may not represent the original
crater rim. The dark material which partially fills the topographic basins is known as
mare. Thus, Mare Orientale is a flat, low albedo unit which partially floods and fills the
Orientale basin (Figure 1b). Older examples of this type of basin include Imbrium,
Serenitatis, Crisium, and Nectaris. There is general agreement on the placement and
diameter of the multiple rings of the Orientale basin. There has been no agreement,
however, on the placement and size of the original crater rim diameter, with estimates
of 100 km (Van Dorn, 1968), 134 km (Van Dorn, 1969), 390 km (Baldwin, 1963;
Hartmann and Yale, 1968 ; Short and Forman, 1972), 480 km (Baldwin, 1969) and
480 or 620 km (Hartmann and Wood, 1971). Understanding of the origin of multi-ring
basins is extremely important to lunar studies because their ejecta deposits blanket the
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Fig. 1a-b. Orientale basin, about 900 km in diam. (a) Location map (Rukl, 1972). (b) Lunar
Orbiter photograph. Portion of LO IV 194M.
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Moon, their associated rings form the major lunar mountain ranges, and their interior
deposits floor the major mare basins. In addition, two Apollo missions explored a
portion of the interior of these basins, Apollo 15 at the edge of Imbrium and Apollo 17
at the edge of Serenitatis.

Previous work on the Orientale basin includes structural, stratigraphic and mapping
studies (Hartmann and Kuiper, 1962; Hartmann, 1964; Hartmann and Yale, 1968,
1969; McCauley, 1964a, b, 1967a, b, 1968a, b; Saunders, 1968; Ulrich, 1968, Oriti and
Green, 1967; Baldwin, 1972, 1974; Ridpath and Murray, 1970; and Head, 1973a, b,
1974a). A comprehensive geologic map of the Orientale region at a scale of 1; 5 million
is in preparation (Scott, in preparation),
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Fig. 2. Orientale basin rings or mountain ranges.

The purpose of this paper is to address several areas, including (1) the definition,
distribution, and genetic significance of facies and structures within a major lunar
basin; (2) the identification of the original crater within the basin; (3) a model for the
origin and evolution of basin interiors; and (4) the implications of this model for lunar
sample genesis. An earlier phase of this study was presented elsewhere (Head, 1973b).

Observations with telescopes and study of photographs represent the basic data in
this study. Photography includes earthbased telescopic, Russian Zond missions, Lunar
Orbiter IV and V, and Apollo 17 earthshine photography. Lunar Orbiter IV obtained
high resolution coverage of the central and eastern portions of the Orientale basin and
the detailed analysis is therefore concentrated in this area.
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2. Orientale Basin Structures

Three major rings are seen in concentric arrangement around the central Mare
Orientale (Figure 1, 2). The most conspicuous ring, the Cordillera Mountains (or
Eichstadt ring, for a crater on its edge), is about 900 km in diam, and forms the roughly
circular scarp which defines the Orientale basin. The next two inner rings together form
the Rook Mountains. The outer Rook Mountains form a ring approximately 620 km
in diam, while the inner Rook forms a discontinuous ring about 480 km in diam. An
inner ring about 320 km in diam is seen at the edge of the maria and forms the de-
pression in which Mare Orientale occurs.

+ CORDILLERA l
+ MOUNTAINS l
I
M
+ +
@)
~ / A
INNER ROOK Y
MOUNTAINS -
+
OUTER ROOK
MOUNTAINS
L]
i+
’\J‘
/I
(‘\\ e
~
0 100 200
KM

Fig. 3. Heights of selected prominences of the Orientale basin based on shadow measurements.
Elevations are in km above surrounding terrain.
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2.1. CORDILLERA RING

The Cordillera ring is a generally continuous scarp which faces toward the interior
of the basin. It is of variable height but locally rises to almost four km above sur-
rounding plains (Figure 3). The ring morphology in the south-east portion of the
basin is shown in Figure 4 with the radially textured Orientale ejecta blanket to the
right of the scarp. The majority of the deposits to the left are representative of the
domical facies of the Orientale basin interior. The scarp is of variable height; at the
two arrows the height is between 3 and 4 km above the plains. Where the scarp is of
lower height, as in the area between the arrows, the radial facies appears to carry
through somewhat into the basin interior.

In several places, particularly to the north and south, the Cordillera scarp develops
a less linear and more irregular, saw-toothed appearance (Figure 5a, b). This is also
seen in the outer Rook ring and is thought to be related to lunar grid patterns in the
target rocks prior to the formation of the Orientale basin, (Head, 1974¢c, Figure 22).
The regional lunar grid is oriented in a NW-SE, NE-SW pattern in this area and thus
intersects in a sawtooth pattern at points where these trends converge (particularly
to the north and south), while producing more linear segments where the basin edges
are parallel to major trends (NW, SE, etc: see Figures 4, 5a, b).

The linearity and sharpness of the Cordillera ring and its relation to lunar grid
structures suggest that it represents a major fault scarp with the interior of the basin
displaced relatively downward. Sharpness of the scarp and lack of evidence of debris
piled up along the scarp suggests that it formed after the outward movement of ejecta
associated with the impact event.

2.2. OUTER ROOK RING

The outer Rook ring (Figure 2, 6) is composed of a generally continuous series of
massifs which form an irregular or angular ring, while the inner Rook is outlined by a
discontinuous ring of single peaks or groups of peaks. The outer Rook ring is a
continuous scarp consisting of a series of 2-20 km diam massif blocks with their steep
slopes facing the basin interior and their shallow slopes dipping away from the basin.
The linear elements in the outer Rook ring generally parallel linear elements in the
Cordillera scarp (Figure 2). The ring height is variable but ranges up to about 4 km.
The massifs seen here average between 1.5 and 3.0 km. The outer Rook ring sepa-
rates the domical facies (to the south in Figure 6) from the basin interior.

2.3. INNER ROOK RING

The inner Rook ring is formed by isolated peaks or groups of peaks, as indicated at the
arrow in Figure 6, and these range from 2-10 km in width and are up to 3 km in eleva-~
tion, but generally average about ! km in height. They stand in contrast to the scarps
forming the outer Rook and Cordillera rings in their shape and continuity (Figure 2).

The morphology of the inner and outer Rook rings bears strong resemblance to
crater morphology in lunar craters ranging from 75 to 350 km in diam. Craters below
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Fig. 4. Southeastern edge of the Orientale basin. Inward-facing Cordillera scarp separates radially
textured ejecta to the right from domical facies to the left. Scale bar is about
50 km. LOIV 181H]1.
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CORDILLERA
MOUNTAINS

Fig. 5a-b. Irregular patterns in the Cordillera and Outer Rook Mountains related to pre-existing
structure. (a) Northern edge of the Orientale basin. LOIV 195H3. (b) Southern edge of the Orientale
basin, LOIV 194H3.
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Fig. 6. Outer and inner Rook rings in the Southern Orientale basin. Inward facing outer Rook ring
separates domical facies at base from corrugated and plains facies to the north. Arrow points to group
of peaks making up part of inner Rook ring. Scale bar is about 50 km. LOIV 195H]1.
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about 130 km in diam are characterized by terraced crater walls and an isolated
central peak or group of central peaks. Hartmann and Wood (1971), Hartmann (1972),
and Wood (1968, 1973) have described the configuration of central peaks with in-
creasing crater diameter, showing that they progress through a stage of increasing size,
become multiple, and then grade into a central peak ring (a ring of peaks on the crater
floor usually at about half the crater radius). Two craters showing similarities to
Orientale rings are illustrated in Figure 7. The 170 km diam crater Hausen (Figure 7a)
is characterized by a terraced crater wall and the sharp crater rim is the uppermost
inward-facing fault scarp of this series of terraces. The larger Schrodinger basin
(320 km diam; Figure 7b) is intermediate in size between Hausen and Orientale and
still maintains the characteristic terraces and fault scarps of the crater wall. The central
peaks of the crater Hausen show an interesting combination of a massive group of
central peaks and a smaller incipient central peak ring. Schrédinger, on the other hand,
shows a well-developed 155 km diam central peak ring. The discontinuous central
peaks and central peak rings are clearly distinguishable from the continuous terraced
fault scarps of the crater wall.

Analysis of the Orientale rings (Figure 1, 2) shows that the inner Rook ring closely
resembles the central peaks and central peak rings of Hausen and Schrodinger. The
outer Rook ring is similar to the inward facing fault scarps of the crater wall terraces
of smaller craters (Figure 7a, b). The Cordillera ring is also similar to crater wall
terrace fault scarps but an analogous ring is not seen in smaller lunar craters. Based on
Orientale basin ring distribution and comparative morphology, a tentative conclusion
is that the inner Rook ring is a central peak ring of the original Orientale crater and
that the next outer ring (outer Rook) represents the approximate crater rim. However,
the Cordillera ring cannot be ruled out as the approximate crater rim on the basis of
morphologic evidence alone.

The Orientale basin departs radically in detail from the circular form of smaller
craters. The major structural lineaments associated with Orientale (Figure 8) appear to
be related to a regional pre-Orientale grid system which affected the shape of the basin
both in terms of initial excavation and subsequent structural modification.

3. Orientale Basin Deposits

The deposits of the Orientale basin interior can be subdivided into various units or
facies based on their morphologic characteristics (Figure 9). The basin interior is
surrounded by facies of the textured ejecta blanket which occur almost exclusively
outside of the Cordillera ring (Head, 1973a).

3.1. DOMICAL FACIES

The domical facies is characterized by 1-5km diam, generally equidimensional,
rounded domes which appear randomly distributed. The domical facies occurs almost
exclusively between the Cordillera scarp and the outer Rook ring. Where the Cordillera
scarp is steep, the domes are usually random and well developed. Where the Cordillera
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scarp is poorly developed, as between the two arrows in Figure 4, the elements of the
domical facies have a linear aspect which is radial to the basin and similar to patterns
of ejecta deposited outward from the Cordillera scarp. This lateral continuity, which
is seen in several regions around the basin interior, suggests that the domical facies was
originally related to the radial ejecta patterns, but that it was subsequently modified
to produce the randomness characteristic of the rest of the domical facies. In addition,
several large crater forms and a possible extension of a crater chain (Figure 8) can be
seen between the outer Rook and the Cordillera ring, further suggesting that this area
was originally blanketed rather than being within the crater of excavation. This major
development of domical facies (Figure 9) does not have a counterpart in smaller
craters. Based on these observations, the following model is proposed for the origin of
the domical facies.
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Fig. 7b.

Fig. 7a-b. Craters showing structures and features analogous to those in Orientale. (a) Hausen,
170 km diam; LOIV 193H2. (b) Oblique view of Schrodinger, 320 km diam. Central peak ring is
155 km diam. LOV 21H2.

The Orientale cratering event excavated material from the crater and spread it out
in radial patterns away from the outer Rook Mountains, the apparent crater rim.
Thus, before the formation of the Cordillera scarp, the radial pattern extended through
the area now occupied by the domical facies (Figure 10a) and is still seen in part
(Figure 4). After radial movement of ejecta ceased in the terminal stages of the cratering
event, the rim tended to slump inward toward the newly excavated crater. Factors
responsible for the inward movement may have included shock wave rarefaction, the
additional mass (ejecta) on the crater rim, or simply collapse toward a newly excavated
depression. This inward movement resulted in the formation of the Cordillera scarp
(Figure 10b) which represents the fault plane along which this major portion of the
crust moved downward and inward toward the crater. The formation of this fault,
and the associated seismic shaking and change in slope is believed to be the factor
responsible for the general modification of the radial patterns of the recently deposited
ejecta blanket. The radial structure was least disturbed in the areas where there
was least offset on the Cordillera scarp. The exact cause of the domical form is not
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Fig. 8. Major structural lineament patterns in the Orientale basin and possible relict craters and
crater chains in the domical facies region.

understood. It is hypothesized, however, that the material on the rim is composed of
large blocks of ejecta deposited on the crater rim at low velocities. The seismic shaking
associated with the formation of the Cordillera scarp caused the finer material to be
shed off these km-sized blocks, enhancing their topographic expression and causing
the development of the dome-like structure. Areal distribution and size distribution
studies of the domical facies are presently underway to test this hypothesis. Whatever
the detailed origin of the domes, the faulting model provides a mechanism to explain
the presence of the Cordillera scarp, the restricted distribution of the domical facies,
and the modification of the radial facies between the Cordillera and the Rook Moun-
tain range.

A small patch of domical facies has been mapped outside the Cordillera scarp at the
northern edge of the basin (Figure 9, 11). This patch appears anomalous in that the
domical facies is usually restricted to the area between the Cordillera and outer Rook
ring. This anomalous distribution is believed to be due to the fact that the Cordillera
fault transected two pre-existing major blanketed cratersin this region leaving ‘hanging
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Fig. 9. Facies of the Orientale basin.

valleys’ pointing toward the crater interior. Material within these craters, in turn,
tended to move toward the basin interior, undergoing deformation similar to the
domical deposits between the outer Rook and Cordillera rings (Figure 11).

3.2. CORRUGATED FACIES

The surface of the corrugated facies (Figure 12) has a pitted texture which is laced with
surface cracks ranging in width from the limits of resolution up to about 2 km and
up to tens of km in length. The corrugated facies is often developed on broad elongate
ridges and the larger surface cracks are often at the crest of these ridges as shown at
the upper arrow in Figure 12. The broad ridge structures are thought to represent
underlying topography because in many places peaks of non-corrugated material
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protrude through the facies, as seen at the lower arrow in Figure 12. These characteris-
tics suggest that the corrugated facies is material draped over pre-existing topography,
as shown in Figure 13. Crestal furrows are often developed where the material is
draped over pre-existing ridges. The pitted and cracked nature of the surface is at-
tributed to cooling and contraction similar to that seen in molten deposits such as
lavas. In the case of Orientale, the corrugated facies is restricted to the interior of the
outer Rook ring (Figure 9). In smaller fresh craters such as Tycho, Aristarchus, and
Copernicus, materials of similar morphology are distributed on the crater floor within
the crater rim. This adds support to the earlier tentative conclusion that the outer
Rook ring approximates the original crater rim. The corrugated facies is thus inter-
preted to be partially shock-melted materials which have fallen back and slid into the
crater and blanketed the crater interior, cooling to form the pitted and corrugated
facies. The area covered by the corrugated facies within Orientale is about 180000 km?.

3.3. PLAINS FACIES

The plains within Orientale are generally of intermediate albedo and regionally
smooth, although cut by numerous fractures (Figure 6). The plains cover an area
(including that underlying the maria) of about 75000 km?. They lie in marked con-
trast to the rougher texture of the corrugated facies. Plains deposits are embayed by
the dark maria but are intimately related to the corrugated facies, as shown by grada-
tional contacts and by the through-cutting relationships of cracks and furrows in both
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(a) Ejecta deposited outward from Orientale crater rim

(b) Coliapse of Outer Rook "mega-terrace" inward toward
excavated crater;- formation of Cordillera scarp;-
associated seismic shaking and slumping modify radial
patterns to domical facies

DOMICAL FACIES CORDILLERA SCARP

Fig. 10. Model for the formation of the Cordillera scarp and associated features.
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Fig. 11. Development of domical facies on Orientale basin rim by faulting of pre-Orientale ejecta-
filled craters. (2) Northern Orientale basin rim, LOIV 187H3. (b) Features shown in (a). (c) Cross-
section showing faulting of old crater, creation of ‘hanging valley’, and deformation of crater fill
into domical facies.

facies (Figure 6). Cracks which originate in the corrugated facies can be followed into
the plains where they widen. The majority of cracks and furrows associated with the
plains and corrugated facies appear to be related to shrinkage, cooling and draping of
molten and semi-molten material over pre-existing topography, rather than tectonic
adjustment subsequent to the formation of the crater and its associated deposits.

The cracks and furrows are unevenly distributed but are generally concentric or
radial to the basin (Figure 14a, b) and are concentrated in areas of rough underlying
topography or around the edge of the innermost depression. These cracks are morph-
ologically dissimilar to the few larger grabens (Figure 14a, b) which are relatively
younger (but still pre-mare) and which appear to represent deformation of the whole
deposit rather than shrinking or draping of a portion of it. Many structures analogous
to the cracks and furrows are seen on terrestrial lava flows, such as drainage features,
pressure ridges, or where flows are draped over pre-existing topography (Green and
Short, 1971, plates 110A, 121A-B, 131A-B). Similar structures are seen on regional
cooling units such as ash-flow tuffs (Ross and Smith, 1960; Sheridan, 1970) and are
related to contraction due to cooling and degassing of the sheet.
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Fig. 12. Corrugated facies in northeastern Orientale showing characteristic pitted and cracked ap-

pearance of surface. Upper arrow indicates surface crack at crest of underlying hill. Lower arrow

indicates peak of inner Rook ring protruding through corrugated facies. Scale bar is about 50 km.
LOIV 187H2.



ORIENTALE MULTI-RINGED BASIN INTERIOR AND IMPLICATIONS FOR PETROGENESIS 345

Considerable work has been done on the presence and distribution of impact melts
in terrestrial impact craters (Dence, 1964, 1965, 1968, 1971; Beals, 1965; Short, 1965,
1970; and others) and much of this work is summarized in French (1970), Dence (1971),
and Engelhardt (1972). Impact melted rock occurs in two major modes in terrestrial
impact craters: (1) as crystalline matrix of breccias and as glassy fragments, and (2) as
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Fig. 13. Schematic cross-section of corrugated facies showing probable relation of corrugated facies
to underlying topography.
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Fig. 14b.

Fig. 14a-b. Structure and texture of Orientale crater floor deposits. (a) Graben, and fissures and

scarps associated with plains and corrugated facies. Discrepancy in north due in part to modification

by young crater Maunder. (b) Fissures and scarps in plains deposits at edge of Mare Orientale.
Framelet width is 11 km. Portion of LOIV 195H1.

discrete layers of melted rock which are completely recrystallized and resemble igneous
rocks. In small, simple craters (Dence, 1968) a melt layer generally occurs at the low
point in the center of the crater below the breccia lens. In larger, complex craters
(Manicouagan, Clearwater Lakes; Dence, 1965, 1968), the melt layer forms an annular
ring on the surface between the central uplift and the rim and may be as much as
several hundred meters thick (French, 1970).

Based on the surface morphology, mode of occurrence, fracture system, and frac-
ture size, the corrugated facies and plains are interpreted to be contiguous portions of
crater interior impact deposits containing variable amounts of shock-melted material.
The smooth surface, large crack size and abundance, preferential deposition in lows
and location in the basin center, all argue that the plains units were the most fluid and
contained the highest proportions of shock-melted materials. The rougher textured
surface, smaller cracks, and draped nature of the corrugated deposits argue that this
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facies was less fluid but still contained molten material, probably mixed with varying
proportions of non-molten to partially-melted ejecta. The intimate association and
gradation of the two facies and their structures argues for their contemporaneity, and
their distribution within Orientale indicates that they formed during the cratering
event.

3.4, MARIA

An additional unit occurs within the Orientale basin in the form of a low albedo,
smooth deposit similar in albedo and morphology to the basaltic lava flows sampled on
Apollo missions. These maria are located in the central portion of the basin (Mare
Orientale, about 50000 km?, Figure 9), along the base of the outer Rook, (Mare
Veris, about 12500 km?), and along the base of the Cordillera (Mare Autumni, about
5000 km?). There is a definite asymmetry in the presence of maria along the base of the
scarps with the vast majority concentrated in the northeast quadrant toward Oceanus
Procellarum. The maria surfaces can be differentiated from the adjacent plains in that
they are not cut by the fracture systems characteristic of the corrugated and plains
facies. In fact, the maria overlap and embay the domical, corrugated, and plains facies
indicating that the maria were deposited at a later time. In addition, the maria show
very little sign of deformation other than wrinkle ridges.

4. Sequence of Formation of Structures and Deposits

Based on the characteristics and relationships of Orientale basin structures and facies
the following sequence of events is hypothesized (Figure 15, 16):

(1) The Orientale region prior to the formation of the basin was a heavily cratered
area similar to the region to the north. A large basin (SE limb basin, 480 km diam;

ORIENTALE CRATER ORIENTALE CRATERING EVENT

. EXCAVATION STAGE -

IMPACT INTO HIGHLAND CRUST FORMS
TRANSIENT CAVITY ABOUT DIAMETER OF
OUTER ROOK. EJECTA DEPOSITED AWAY
FROM OUTER ROOK.

2. MODIFICATION STAGE -

OUTER ROOK RING

\ A.SHOCK-MELTED MATERIAL LINING TRANSIENT
CAVITY, AND FALLBACK, BEGIN TO COLLECT
ON CRATER FLOOR AS FLOOR REBOUNDS.

8. "MEGA-TERRACE" FORMS AND SLUMPS INWARD
TOWARD CRATER INTERIOR FORMING CORDILLERA
SCARP ALONG PRE-EXISTING STRUCTURAL TRENDS;

CORDILLERA RING INWARD SLUMPING OF 'MEGA-TERRACE" DEFORMS

ROOK RING g\lNERMOST RADIAL FACIES TO DOMICAL AND
OUTER ECREASES DIAMETER OF CRATER RiM (OUTER
7 INNER — 3~ ROOK).
maZ C.PLAINS AND CORRUGATED MATERIALS SETTLE
AND UNDERGQ FINAL COOLING, FORMING

CHARACTERISTIC FRACTURE AND FISSURE
SYSTEMS.

Fig. 15. Excavation and modification stages during the Orientale cratering event. Vertical ruling
indicates partially to completely shock-melted material. In part after Dence (1968).
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Fig. 16a-b. Edge of the Orientale basin in relation to the curvature of the Moon. Note the small
disruption at the Cordillera scarp. Top of photo is cropped and does not represent the continued
curvature or edge of the Moon, LOIV 183M. View is from north to south,
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Hartmann and Wood, 1971) existed to the south of the present site of Orientale and
was surrounded by ejecta deposits. The crust in the Orientale area contained regional
structural inhomogeneities along NE and NW oriented ‘lunar grid’ directions. This is
indicated because all subsequent deformation trends in these directions.

(2) Approximately 3.85 billion years ago (Schaeffer and Husain, 1974) a large
extra-lunar body impacted the surface in this region and formed a transient cavity,
the edge of which most closely approximates the outer Rook ring in position. An
gjecta blanket was deposited from the rim of the crater (outer Rook ring) outward.
Molten and partially molten shock-melted materials lined the interior of the cavity and
began settling to the crater floor as the final crater began to take shape. The formation
of the Cordillera scarp took place subsequent to the last stages of rim ejecta deposition
since no ejecta appears to have impacted into or banked against the scarp. Hartmann
and Wood (1971) suggest that these outer rings may have formed significantly after
interior rings. Baldwin (1972) argues on the basis of crater densities that the rings
formed at approximately the same time. Evidence presented here indicates that the
Cordillera scarp formed as a part of the transition of the transient cavity to the final
crater. The primary evidence for this is the observation that the corrugated and plains
facies (interpreted to be partially to wholly melted deposits lining the crater interior)
do not show evidence of structural deformation which would accompany formation of
a massive ring fault such as the Cordillera ring. Instead, the crater deformation associ-
ated with the formation of the Cordillera ring (primarily the inward movement of the
crater walls and possibly the formation of the central peak ring) appears to be draped
and blanketed by the corrugated and plains facies, suggesting that this deformation
took place during structural equilibration of the transient cavity but prior to the final
settling and cooling of the shock-melted deposits. The formation of the Cordillera
ring is thus interpreted to be similar to the formation of terraces in smaller craters,
such as Copernicus. These form by slumping of the crater walls into the transient
cavity after the initial shock waves have passed and as the region around the crater
adjusts to the presence of the cavity. That these terraces form during the event is also
evident from the pools and drapings of partially molten shock-melted material that
superpose the slumped terraces. Also, the linear portions of the irregular ring structure
of the outer Rook ring (Figure 2, 8) parallel major linear portions of the Cordillera
ring, suggesting that downfaulting of the Cordillera blocks pushed the original crater
rim somewhat inward, slightly decreasing its diameter. The area between the Cordil-
lera ring and the crater rim (outer Rook) might then be viewed as a ‘megaterrace’
whose formation is intimately associated with the formation of the primary crater.
It is interesting to note that in smaller craters we identify the edge of the crater as the
outermost scarp. Therefore, as is well known, this always overestimates the diameter
of the transient cavity. With a megaterrace situation, we are identifying not the outer
slump scarp (Cordillera) but the approximation of the original crater rim (outer Rook).
If the above model is correct, then a measurement of the present diameter of the outer
Rook ring underestimates the actual crater rim because the actual crater rim has been
pushed inward and slightly decreased in diameter by the formation of the Cordillera
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scarp. This deformation is of the original crater rim as is seen in Figure 8 and parallels
the Cordillera scarp directions.

(3) The formation of the Cordillera scarp also deformed the ejecta deposits on the
Orientale crater rim into a domical facies in the manner described previously. Since
the Cordillera scarp formed during the terminal stages of the cratering event, the ejecta
was probably still hot, and thus more easily deformed. This mode of formation differs
from that of Baldwin (1972, 1974) who envisions that this portion of the basin was
fluidized by tsunami-like waves radiating outward from the crater and released by the
impact. Baldwin cites the lack of buried craters in this zone as evidence that the
whole region was fluidized. It is unclear why the fluidized region should be confined
to the interior of the Cordillera ring and should stop so abruptly. In addition, there
appear to be some remnants of pre-existing craters between the Cordillera and outer
Rook rings (Figure 8). The deformation of the domical facies and its position within
the Cordillera ring seem more easily explained by deformation associated with the
mega-terrace formation and inward collapse of the Orientale crater than by the tsunami
model of Baldwin (1972, 1974).

(4) Subsequent to the formation of the present crater floor and the cooling and
cracking of its deposits, dark mare material flooded portions of the floor of the
Orientale basin. Hartmann and Yale (1968, p. 137) suggest that the weight of this added
mare fill caused the inner basin to downbuckle and formed concentric rilles. How-
ever, the observations and relationships outlined here show that the basin ceased
downwarping soon after the crater was formed and that virtually all fractures, faults
and rilles are flooded by the maria. Hartmann and Yale (1968) note that crater densi-
ties for Veris and Autumni are significantly higher than those for Mare Orientale and
are very close to those for the ejecta blanket. They cite this as evidence for the early
formation of maria along the rings followed by extrusion into the central part of the
basin. Another possible explanation for the near-contemporaneity of Veris-Autumni
and the ejecta blanket is that these ring-associated pools are actually pools of shock
melt concentrated in lows at the base of the scarps, similar to smaller scale shock-melt
terrace pools commonly seen in young terraced craters such as Copernicus, Tycho and
Aristarchus.

5. Summary and Discussion

(1) The Orientale basin is composed of a series of structures and facies which are
related in time and mode of origin to the formation of a major impact crater ap-
proximately 620 km in diam.

(2) Crater diameter — Based on morphologic evidence and comparison to smaller
craters, the outer Rook Mountain ring, about 620 km in diam, represents a close
approximation of the original crater rim, and the inner Rook ring corresponds to a
central peak ring.

(3) The Cordillera Mountain scarp (900 km diam), which defines the Orientale
basin, formed during the latter phases of the Orientale cratering event as a mega-
terrace downfaulted toward the crater interior.
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(4) The domical facies originated during the downfaulting of the Cordillera scarp
by seismic and slump modification of an originaily radially textured ejecta blanket.

(5) The corrugated and plains facies are intimately interrelated and are confined to
the crater interior. Based on their distribution and characteristics, they are interpreted
to be mixtures of shock-melted material and partially melted to unmelted ejecta
material, with the plains units being the least contaminated with unmelted material.
Identification of the crater within the Orientale basin and its associated deposits
allows estimates of areas of shock-melted material to be made. Shock melts and shock
melt-clast mixtures cover an area about 255000 km? on the crater floor. The plains
unit covers an area about 75000 km?,

(6) Lack of major post-emplacement structural deformation of these interior de-
posits indicates that major structural readjustments associated with the formation of
the Cordillera scarp were completed prior to the final cooling of these units.

(7) The mare deposits are relatively younger than the crater floor deposits and are
very small in area (Mare Orientale, 50000 km?; Veris, 12500 km?; Autumni 5000 km?)
compared to other basin deposits and mare deposits in other basins. Veris and Autumni
may be nearly contemporaneous with the basin formation.

(8) Gravity — The present study suggests that the Orientale basin configuration is
very nearly the same as its geometry at its time of formation. In addition, the volume
of mare fill is reasonably small compared to other mascon basins. Sjogren et al. (1972)
have mapped a mascon associated with the Orientale basin. Since there s little evidence
of subsequent structural modification of the crater or extensive mare fill, this implies
that the Orientale mascon formed in relation to the cratering event, rather than at a
later time. The striking geophysical implication of this (Head, 1974a) is that mascon
formation for a major multi-ringed basin may be primarily related to crustal excava-
tion and upwarping of a ‘moho’ plug, as suggested by Wise and Yates (1970), and that
the super-isostatic configuration of most multi-ringed basins is not simply a function
of post-impact mare filling.

(9) Origin of plains — The intermediate albedo plains on the floor of Orientale are
shown to be related to impact melting and deposition during the cratering event. Other
occurrences of plains units within multi-ringed basins (Wilhelms and McCauley, 1971),
such as those in Imbrium near the Apollo 15 site, may share a similar origin. Thus, large
expanses of Cayley-like plains units may have originated from impact melting. Many
other areas of Cayley plains occur within smaller craters. The Cayley plains at the
Apollo 16 site appear to lie on the floor of an old 60 km diam crater (Head, 1974d). Thus,
the regionally flat plains units within multi-ringed basins and many highland craters may
have been produced by ponding of impact-induced melts. Subsequent contributions
were probably made to these original flat surfaces in older craters (Head, 1974b, d).

(10) Magnetics — If the impact-induced melts units observed in Orientale cooled in
the presence of a magnetic field, they would presumably show distinct magnetic
characteristics. Many of the magnetic anomalies detected on the lunar farside (Russell,
et al., 1973) which seem unrelated to local surface geology, may be major impact melt
units obscured and partly buried by subsequent events.
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6. Implications for Lunar Samples

The amount of melt produced by a given impact is primarily dependent on total im-
pact energy and the partitioning of this energy, two factors which are not exactly
known. Since the velocity and mass of the body which produced the crater are also
unknown, several workers have attempted to devise a mathematical relationship be-
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tween the diameter of a crater and the energy of the impacting body. Most calculations
are based on nuclear and chemical explosions scaled to larger crater diameter, but
uncertainties in the extrapolations in energy and diameter for large meteorite craters
are so great that calculated energies for specific diameters may vary by one or two
orders of magnitude (French, 1970). Energy partitioning is also not well understood.
Gault and Heitowit (1963) have estimated that about 209, of the impact energy in
small-scale hypervelocity impacts is transmitted to the target as thermal energy. The
proportion of this energy which is dissipated, as opposed to melting the target rock,
is not known (French, 1970).

Dence (1965) and Short (1965) have estimated melt volumes from detailed studies
of several Canadian craters and Beals (1965) has calculated melt volumes which are in
close agreement with these observations and estimates. A summary of calculated melt
volumes and melt thicknesses (assuming 5% of the impact energy is used to melt the
rock) is presented in Figure 17 (French, 1970).

As previously mentioned, impact melted rock occurs in two major modes in ter-
restrial impact craters: (1) as glassy fragments and crystalline matrix in breccias, and
(2) as discrete layers of melted rock which are completely recrystallized and resemble
igneous rocks. The characteristics of these discrete melt layers include (Dence, 1968;
French, 1970): (1) chemical composition similar to that of the underlying target
rock, (2) absence of phenocrysts, (3) absence of flow structure, indicating crystalliza-
tion virtually in place, (4) generally fine grain size with quench textures in glassy
varieties, (5) association with distinctly shocked and shock-melted breccias.

6.1. ORIENTALE BASIN

Using the relations between crater diameter and amount of impact melt shown in
Figure 17, one would predict that Orientale (620 km diam) might have produced
200000-300000 km? of impact melt and a possible melt layer at least a kilometer thick.
The estimated total area in Orientale covered by the corrugated and plains facies is
about 255000 km? (accepting the evidence that these facies underlie the maria). The
plains facies are interpreted to be the most intensely shock melted portion of the floor
because of their smooth surface, their occurrence in ponded lows, their crack dis-
tribution and width, and their occurrence toward the crater center, similar to the
position of terrestrial shock melt layers. The area covered by plains facies in the
Orientale crater interior is estimated to be about 75000 km?, Thickness of the plains
facies is difficult to estimate, but if the cracks on the floor represent cooling and
contraction of the shock melt layer, as they appear to, then their several hundred meter
elevation suggests that the plains in the crater interior may be at least a kilometer in
thickness. Thickness of the corrugated facies are certainly variable, but based on its
draped appearance and relation to underlying topography, it probably averages at
least a kilometer in thickness. To conclude the approximation, then, it appears that
within the Orientale crater there is at least 75000 km® of intensely shock-melted
material concentrated in the crater interior (plains facies) and at least 180000 km?® of a
mixture of shock-melted material and an undetermined percentage of breccia clasts
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and fragments (corrugated facies). This agrees well with the prediction shown in
Figure 17. Larger basins generate considerably larger melt volumes. The Imbrium
crater (970 km in diam) would produce a volume of melt over 1000000 km?.

6.2. IMPLICATIONS FOR THE GENESIS OF APOLLO HIGHLAND ROCKS

Shock melting processes have been shown to be significant locally on the Moon,
in particular at the Apollo 16 site (Head, 1974d; Warner et al., 1973). The volumes
of shock-melted material deposited as standing bodies on the floor of Orientale,
however, represent a major source of highland igneous rocks and represent a lunar
crustal process of major, if not dominant, significance for igneous petrogenesis.
DeHon (1974) has estimated that the Mare Tranquillitatis lava fill, which was em-
placed in an entirely different mode (as a series of lava flows) has a volume of about
252000 km?. The Columbia River plateau basalts are estimated to have a volume of
about 200000 km? (Waters, 1955, 1961 ; Kuno, 1969), and were extruded as a series of
flows over several million years. The Orientale event shock-melted volumes of lunar
crustal rocks comparable to those emplaced in Mare Tranquillitatis and the Columbia
River plateau. The Orijentale event also deposited this shock-melted material simul-
taneously with the formation of the crater rather than over a period of millions of
years. Thus, the formation of multi-ringed basins such as Orientale provides a
mechanism of instantaneously producing tremendous volumes of melted lunar crustal
material. The characteristics of the corrugated facies suggest that this unit represents
great volumes of impact partial melts while the characteristics of the plains suggest
vast amounts of material which has probably undergone complete impact melting.
The portion of the material concentrated on the floor of the crater in almost pure melt
form has a thickness probably exceeding a kilometer. Therefore, in addition to being
produced instantaneously, the event forms a single igneous cooling unit of incredible
proportions. Not only is this significant in terms of volume of melt produced, but it is
also important in that the melt is produced and emplaced in such a way that ex-
tensive fractionation is possible. Cooling times associated with such thicknesses and
volumes should be considerably longer than for thin flows. Textures and grain sizes
associated with rocks formed from surface melts might mimic those found in igneous
rocks formed at greater depths. The large surface areas also offer an opportunity for
loss of any existing volatiles.

It is possible to generate a spectrum of highland igneous rock types from partial
to total melting of a variety of highland crustal samples collected on lunar missions
(Walker et al., 1972; 1973a, b; Warner et al., 1974). In addition, textural and com-
positional evidence from highland samples suggests that impact induced fractionation
is an important process (Warner et al., 1974). The mineralogy, textures, and crystal-
lization histories of highland igneous rocks seem quite compatible with an impact melt
origin. Therefore, the role of impact melting induced by large cratering events such as
Orientale should be seriously considered in highland igneous petrogenetic models.

In summary, multi-ringed basin formation provides a mechanism for instantaneous-
ly melting large volumes of shallow to intermediate depth lunar crustal material and
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emplacing it in such a way as to allow for the differentiation and crystallization of a
variety of igneous rock types and textures.
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