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Abstract. Estimates of lava volumes on planetary surfaces provide important data on the lava flooding
history and thermal evolution of a planet. Lack of information concerning the configuration of the
topography prior to volcanic flooding requires the use of a variety of techniques to estimate lava thick-
nesses and volumes. A technique is described and developed which provides volume estimates by
artificially flooding unflooded lunar topography characteristic of certain geological environments, and
tracking the area covered, lava thicknesses, and lava volumes. Comparisons of map patterns of incom-
pletely buried topography in these artificially flooded areas are then made to lava-flooded topography
on the Moon in order to estimate the actual lava volumes.

This technique is applied to two areas related to lunar impact basins; the relatively unflooded
Orientale basin, and the Archimedes—Apennine Bench region of the Imbrium basin. Artificially flood-
ing the Orientale basin to the Cordillera Mountains (outer basin ring) produces a lava fill geometry
with two components; (a) the basin interior (within the inner Rook ring) where the area covered is
small but lava thicknesses are large (6—8 km), and (b) the basin edges where larger areas are covered
but thicknesses are less, averaging about 2km. Detailed examination of the Archimedes—Apennine
Bench area (Imbrium basin edge) also shows average thicknesses in this region of basins of approxi-
mately 2 km.

On the basis of these analyses it is concluded that early flooding of the basin interior places a major
load on the lithosphere in the same geographic region where mascon gravity anomalies are concen-
trated. Mare ridges and arches are concentrated at the outer edge of the region of thickset fill and
appear to be related to tectonic activity accompanying basin loading and downwarping. Lava thick-
nesses in most areas of flooded impact basins (> 2km) exceed the thickness of lava where vertical
mixing of underlying non-mare material is possible. Thus, vertical mixing is not likely to have been an
important process in mare deposits within flooded impact basins. Thickness estimates derived from
this technique exceed those derived from the morphometry of buried or partially buried craters by at
least a factor of two. Examination of the assumptions employed in the latter technique show several
sources of variability (e.g., initial rim height variability in a fresh crater) which may result in significant
underestimation of lava thicknesses.

1. Introduction

Recognition of the volcanic origin of surface deposits on ancient cratered planetary sur-
faces provides important information on the presence and significance of melting in the
interior. Establishment of the composition, age, and volume of such deposits provides
additional clues concerning the characteristics of the thermal history of the planet. In
addition, the thickness, geometry, and volumes of volcanic deposits provide important
data for understanding sources and styles of volcanism and relationship between tec-
tonics and lithospheric deformation (Solomon and Head, 1979, 1980). Only a portion of
the magma generated at depth, however, is extruded out to the surface. Some may remain
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ESTIMATING VOLUMETRIC SIGNIFICANCE OF INTERNAL MELTING
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Fig. 1. Estimates of the volumetric significance of internal melting. Only a portion of the magma
generated at depth reaches the surface. Some portion remains at the source and a quantity is intruded
between the source and surface. The state of stress in the crust or lithosphere is a factor in
determining volcanic style.

at the source and some quantity is intruded between the source and surface (Figure 1).
Documentation of the quantities reaching the surface is an important first step in reach-
ing the objectives outlined above. This study concentrates on determining the geometry,
thickness, volumes, and style of emplacement of lavas extruded onto an ancient planetary
crust (Head, 1979a, b), with particular emphasis on crustal regions characterized by the
topography of impact basins.

Once deposits have been recognized as of volcanic origin, it has often been difficult to
establish thicknesses and volumes because in the processes of emplacement, lavas cover
the initial crustal surface, obscuring the geometry of the pre-volcanic terrain. Attempts to
establish thicknesses and volumes have concentrated on four basic approaches (Figure 2):

1.1. CRATER MORPHOMETRY

Measuring diameters and exposed rim heights of impact craters protruding through the
deposits (Marshall, 1961; Baldwin, 1970; DeHon, 1974, 1975, 1977, 1979a, b, ¢; DeHon
and Waskom, 1976, Hé1z, 1978). The basic principle is that a fresh impact crater repre-
sents a landform displaying characteristic size relationships between various morphologic
features such as crater interior, rim, and floor (Pike, 1977, 1978). Thus a measurement of
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Fig. 2. Four basic approaches for determining lava thicknesses and volumes. (a) Geophysical
techniques. (b) Crater morphometry. (c) Crater penetration. (d) Stratigraphic
and topographic relationships.

the diameter of a crater rim crest just protruding through the lava deposits can be related
to the crater depth or to the height of the rim crest above surrounding terrain before
flooding (Figure 2b). Caution must be exercised in applying this technique for two
reasons: (a) the measured crater may not be fresh. If the crater is degraded, the rim height
(and lava thickness) will be overestimated (Horz, 1978). This effect may tend to be offset
by the fact that much lava flooding on the Moon occurs in relatively young impact basins
(Imbrium, Crisium, Serenitatis). Since the formation of these basins destroys preexisting
craters within the basin interior, the craters forming after basin formation and before lava
flooding should be relatively fresh, and rim degradation minimized; (b) the measured
crater may have formed during the lava emplacement, resulting in an underestimate of
total lava thickness. Use of numerous data points will tend to minimize these effects and
show regional thickness relationships (DeHon, 1974).

1.2. CRATER PENETRATION

Locating craters in volcanic deposits that post-date the lavas, and penetrate through them,
and using the crater depth as a measure of lava thickness (Figure 2¢). Remote sensing data
can be used to determine that the crater interior or ejecta deposit is derived from under-
lying terrain, producing a maximum thickness estimate (Andre et al., 1979; Head et al.,
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1978). Similarly, if the ejecta is of mare composition only, then the crater depth may give
a minimum estimate of lava thickness. Uncertainty about the processes involved in crater
cavity formation and modification (Settle and Head, 1979) make exact thickness esti-
mates difficult. For example, extensive central uplift (Grieve et al., 1977; Grieve, 1980)
in craters not actually penetrating through the maria can expose material in the central
peaks that originally lay well below the maximum depth of excavation. The assumption
that the crater had actually penetrated through the lava deposit would lead to an under-
estimate of lava thickness.

1.3. STRATIGRAPHY

(Figure 2d). Stratigraphic techniques and regional topography can be used to estimate
lava thicknesses, particularly at the edge of lava deposits, where topography and onlap
relationships are clear (Head, 1974a).

1.4. GEOPHYSICAL TECHNIQUES

(Figure 2a). Surface geophysical techniques include the traverse gravimeter, which esti-
mated a lava thickness of 1km at the Apollo 17 site (Talwani ef al., 1973), and active
seismic experiments, which estimated a thickness of ~1.4km at the Apollo 17 site
(Cooper et al., 1974). Gravity anomalies in mascon basins can be converted to lava
volumes and thicknesses (Solomon and Head, 1979, 1980). Similar techniques can be
applied to the irregular maria (Thurber and Solomon, 1978). These latter techniques
provide lower bounds for the thickness of lunar mare basalt fill of 3 km in mascon maria
and 0.5-1.5 in irregular maria (Thurber and Solomon, 1978).

Although these approaches have provided significant advances in the understanding of
the emplacement of the lunar maria (DeHon and Waskom, 1976), there are still basic
uncertainties concerning thicknesses and volumes in many areas. The major difficulty in
establishing thicknesses and volumes in flooded areas is reconstructing the sub-volcanic
topography. Greeley and Womer (1980) and Womer and Greeley (1981) have simulated
lava flooding of a basin using scale models in the laboratory. The approach taken here,
however, is to start with known topography characteristic of early planetary crusts, and
to artificially flood it with lava, keeping track of the evolving thickness, volume, surface
area covered, and map pattern. Upon completion of flooding (no sub-volcanic topography
exposed), data are available on maximum and average lava thicknesses, total volume, and
the relationship of area covered (or exposed) to lava thickness and volume. In addition, a
series of maps is available to show patterns of exposed sub-volcanic topography at various
stages of filling. Since the volume and thickness of lavas associated with each map pattern
is known, these maps can be used to estimate the same parameters for flooded planetary
areas that show comparable map patterns. A range of unflooded terrain typical of early
planetary crusts is being investigated (highland cratered terrain; basin interiors; basin
margins; large craters; upland plains). This paper reports on the results of experiments in
several areas of lunar basin interiors and margins.

The procedure is as follows: Lunar Topographic Orthophotomaps (1:250 000), Lunar
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Maps (1:1 000000) and other contour maps are used as base maps. The contours of each
map chosen are digitized at designated intervals. For this study the assumption is made
that lava sources are ubiquitous; thus flooding begins at the lowest point on the map,
flooding evenly to each new contour level, and begins in separate isolated depressions as
the rising lava first encounters the appropriate contour within the depression. Flooding
continues until all topography disappears. Lava thickness as a function of area and
volume are plotted, and maps of any stage of flooding can be produced by Calcomp plots
of the digitized topographic data. Data reduction techniques are described in Appendix A.

One of the major difficulties in determining volcanic deposit thicknesses in many lunar
maria is the fact that the deposits occupy relatively young lunar basins. The relative
youth of the basins means (1) that there are fewer post-basin craters that can be used to
determine basalt thickness by conventional methods, and (2) that the geometry of the
young basins is sufficiently deep so that many craters are completely covered. The pur-
pose of this paper is to report on the artificial flooding of two basin-related areas in order
to obtain thickness and volume estimates for multi-ringed basins flooded by mare deposits.

The major topography of young multi-ringed basins, as revealed by the relatively
unflooded Orientale basin (Moore ef al., 1974; Head, 1974b; Head et al., 1975; Howard
et al., 1974; Head et al., 1981) consists of an inner depression and rough topography
comprised of basin rings and associated facies within the major scarp defining the basin
(the Cordillera Mountains for Orientale) (Figures 3, 4a). Some basins are flooded out to
the outer scarp (Imbrium, in many places, for example; Wilhelms and McCauley, 1971),
others are flooded only to the major second ring (Serenitatis [Head, 1978]), while others
are flooded primarily in the inner depression (Orientale [Greeley, 1976] and Nectaris).
Two separate areas are treated here: the Orientale basin, and the Archimedes—Apennine
Bench region which represents the region between the second and third basin rings in

Imbrium.

2. The Orientale Basin Example

Topography for the Orientale basin was derived from a series of limb profiles (Watts,
1963) and is consistent with topography determined from other sources (Head, 1974b;
Howard et al., 1974; Brown et al., 1974; Kaula et al., 1974). A topographic map of
Orientale was produced using the Watts limb measurements and contouring the data
points for elevations (Head et al., 1981). Data exist for only slightly over half the basin;
this topography was assumed to be characteristic of the rest of the basin and the values
in Figures 4e, f reflect flooding of the whole basin. Since the basin interior is known to
vary in morphology from east to west (Moore et al., 1974), actual topographic data from
the west would undoubtedly modify details of the curves, but the general shapes would
very likely remain the same. The interior of Orientale (Figure 4a) contains maria perhaps
up to one km thick (Head, 1974a; Greeley, 1976; Scott et al., 1977) and several thinner
patches of maria at the base of the second and third rings (Greeley, 1976; Gaddis and
Head, 1981).
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Using the computer-generated topographic map derived from the limb data (Head et
al., 1981), the present topography was flooded and the volumes and area covered were
tracked at one kilometer intervals. The area covered as a function of each additional km
is shown in Figure 4e. The flooding takes place in two major stages. When the inner
depression of Orientale (about 80 x 10 km?) is flooded the deposits are characterized by
a maximum lava thickness of between 3 and 4 km (Figures 4b, 4¢) and a lava volume of
100-200 x 10°km® (Figure 4f). When the flooding reaches the inner Rook Mountain
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ring (peak ring) an area of about 180 x 10> km? is covered and an additional 2 km of lava
added (Figures 4c, €). In this first stage of flooding the emphasis is on filling of the pro-
nounced inner topographic depression: three-fourths of the total thickness is added
during this stage (about 6 km) (Figure 4¢); however, less than one-third of the total area
and less than one-half the total volume are added (Figure 4f). The second stage of basin
fill emphasizes the flooding of the region between the inner Rook Mountains and the
basindefining scarp {Cordillera Mountains) (Figure 4d). An additional two kilometers is
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required to flood the basin to the Cordillera ring (Figure 4d). At this point only a few
peaks are present in the basin interior and parts of the Cordillera ring are flooded (the
map pattern is similar to that seen in southern Mare Imbrium in the Carpathian Mt.—
Copernicus region). The addition of these two kilometers triples the area covered by lava,
and doubles the volume of lava in the basin (Figures 4e, f). An isopach map of the flooded
Orijentale basin is shown in Figure 5.

Analysis of the flooding history of Orientale outlined above indicates the following:
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Fig. 4(a—f). Flooding of Orientale basin. Photographs and topographic profiles illustrate lava thick-
ness and area covered at various stages of flooding. (a) Orientale basin with interior features labelled.
(b) Early Stage I flooding of the inner depression. (c) Basin at completion of Stage I flooding. Lava
reaches the base of the Inner Rook Mountains (peak ring). Dashed lines mark the extent of earlier
Stage I flooding. (d) Basin at completion of Stage II flooding. Lava reaches the Cordillera Mountains
(outer ring). Dashed lines mark extent of Stage I flooding. Black spots represent peaks of the Quter
Rook Mountains protruding through the lava fill. (¢) Area covered as a function of thickness. Early
flooding is characterized by large lava thicknesses and small area covered whereas later flooding is
characterized by smaller lava thicknesses and a much greater area covered. (f) Volume of lava accumu-
lated as a function of thickness. Large lava thicknesses and small to intermediate volumes are charac-
teristic of early flooding whereas small lava thicknesses and intermediate to large volumes are charac-
teristic of later flooding.
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Fig. 5. Isopach map of the flooded Orientale basin. Stage I and Stage II flooding episodes result in
total lava thicknesses of up to 8 km (in addition to the 1 km of lava present prior to flooding [Head,
1974a; Greeley, 1976]). Lava thickness contour interval is 1.0 km. Isopach map covers the portion of
Orientale basin where topography is most reliable. Traces of basin rings are indicated by heavy black
lines. Solid black areas are regions above the surface flooded to 8 km thickness.

2.1. STYLE OF FLOODING

Early flooding of the basin interior (Stage I) is characterized by large lava thickness, smail
area covered, and small to intermediate volumes (less than one-half of the total fill
volume). Later flooding (Stage II) is characterized by small lava thickness, large area
covered, and intermediate to large volumes (over one-half the total fill volume). As shown
by the actual mare deposits in Orientale (Figure 4a) (Greeley, 1976; Gaddis and Head,
1981), lavas may be initially emplaced along the margins of the basin as well as in the
interior. However, the geometry of the basin is such that initial large volumes of lava will
be concentrated in the basin interior even if their sources lie along the edges of the outer
basin scarps. For a given eruption volume, early deposits are likely to be thicker and con-
centrated in a smaller area, while later deposits will tend to be thinner and more wide-
spread.
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2.2. GEOMETRY OF DEPOSITS AND IMPLICATIONS FOR LOADING OF THE LITHOSPHERE

The resulting Stage [ deposit has the approximate geometry of an inverted truncated cone
with a basal radius to height ratio of about 40:1. The resulting Stage Il deposit has the
approximate geometry of a thin disc with a radius to height ratio of about 225 :1. Detailed
studies of basin mare stratigraphy (Howard et al., 1974; Sharpton and Head, 1981a) show
that the actual emplacement history of mare basalts is not exactly comparable to the sim-
plified stages and geometry indicated above because of variable source locations and the
subsidence of the basin in response to eaily lava loads (Solomon and Head, 1979, 1980).
However, the emplacement history and geometry is known sufficiently to make the
following observations:

(a) the early load will tend to be concentrated in the basin interior, the region where
the observed mascon masses appear concentrated (Phillips ez al., 1972);

(b) since the lithosphere is thickening with time, it will respond most readily to loads
applied early. Thus, downwarping of the basin should be accelerated and concentrated in
the basin interior during early stages of fill;

(c) concentric mare arches and ridges are often developed within filled mare basins
and their location approximates the position of the basin peak ring. The location of these
ridges may be related to differential vertical movement at the edge of the Stage Iload (see
also DeHon and Waskom, 1976). An additional possible explanation is that the flooded
peak ring acts as a stress concentrator related to local or regional stresses. Evidence for
differential vertical movement is seen in the Crisium basin where a subsurface stratigraphic
discontinuity exists in this part of the basin (Head et al., 1978; Peeples et al., 1978;
Maxwell and Phillips, 1978). A similar situation is seen in Mare Serenitatis where mare
arches occur over the peak ring (Head, 1978; Sharpton and Head, 1981a, b).

(d) If fresh basins begin with a morphology and morphometry similar to Orientale
(Figure 4a), the presence of peak ring remnants may be a measure of downwarping. For
relatively fresh but flooded basins, the presence of portions of the peak ring (Figures 4a,
d) implies that downwarping of the basin due to the load is not sufficient to cover them
during Stage II flooding. In degraded basins, however, the peak rings may be heavily sub-
dued at the time of lava flooding.

2.3. LAVA THICKNESS AND VERTICAL MIXING

The maximum thickness of lava in the artifically flooded Orientale basin at the end of
Stage II is 8 km. This is a minimum estimate since about one km of lava presently exists
in the basin and downwarping due to loading during filling was not taken into account.
The percentage of the basin covered by different lava thicknesses is shown in Figure 4e.
An important question related to the presence of non-mare components in soils collected
at Apollo mare sites is whether or not these non-mare materials might be derived from
vertical mixing of sub-mare materials by impact processes. Horz (1978) indicates that
thicknesses greater than one km would preclude significant vertical mixing by impact
processes. One hundred percent of the basin within the inner Rook Mountains exceeds
this depth, and about one-half of the rest of the basin fill is thicker than one km. Vertical
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Fig. 6(a~b). Mare Imbrium. (a) Location of areas shown in Figures 6 (b) and 10. (b) Archimedes—
Apennine Bench region (area A of Figure 6(a) showing locations of Imbrium basin rings and area pre-
sently covered by maria. Region designated as map area is region of artificial flooding.

mixing could only have been significant in the earliest stages of fill in Stage II. The inner
depression probably filled to one km depth relatively rapidly, although the flux was
higher at the time. Detailed consideration of the possibility of vertical mixing in regions
covered during Stage Il is presented in the next section.

3. The Archimedes-Apennine Bench Example

A further assessment of the second stage of fresh basin flooding can be obtained by
analysis of the Archimedes—Apennine Bench region. This is a relatively unflooded region
of the Imbrium basin lying between the second ring and the outer (third) Apennine
Mountain ring (Figures 6a, b). Some mare deposits exist in the area and the region may
have been the site of post-Imbrium, pre-mare volcanism (Hawke and Head, 1978; Spudis,
1978); thus, estimates for lava filling are probably conservative. A region centered on
Palus Putredinis (NASA Map LM41, MONTES APENNINUS, 1:1M Scale) was artificially
flooded at 300 m intervals using procedures described for Orientale and in Appendix A.
The area covered and volume accumulated as a function of thickness are plotted in Figures
7a,b.
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Fig. 7(a—b).  Thickness, area, and volume relationships for the artificially flooded Archimedes—
Apennine Bench region. Map number designations correspond to maps shown in Figure 8. (a) Area
covered as a function of lava thickness. (b) Volume accumulated as a function of lava thickness.
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The addition of 600m of lava (Map 1, Figure 8a) changes the map pattern by adding
lava along the base of the Apennine Mountain front and the area east of Archimedes. A
very small volume increase covers over 25% of the unflooded area (Figure 7a, b). The
average lava thickness of the newly flooded area is 485 m. An additional 300 m of lava
(Map 2;Figure 8b) continues the flooding trend shown in Map 1; that is, a small additional
volume increase (~ 10% of total volume), covers an additional 35% of the area. The craters
Archimedes and Autolycus are isolated so that only their rim crests are exposed. The
major topography between the second and third ring is being covered, particularly toward
the base of the Apennines. The average thickness at this point is slightly over 500 m.

Considerable additional thickness is required to cover the mountain peaks associated
with the second ring (Archimedes Mts.). These are equivalent to the outer Rook Mountain
in the Orientale basin (Figures 4a, 5). Map 3 (Figure 8c) illustrates the pattern after
2400m of lava have been added (Figures 7a, b). Although only the tip of the Archimedes
Mountains remains exposed, an additional 700 m would be required to cover them com-
pletely. The average thickness is 1.74 km. On the basis of the flooding history, an isopach
map of the region was prepared (Figure 9). At the termination of flocding, several small
areas of Montes Archimedes (standing 200~400 m above the surrounding plain) and the
vast majority of the Apennine Mountains remain unflooded. Total thickness to flood to
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this level is 2.7km. Average thickness of lava (total volume/total area) is 1.99km. An
additional 3 km of lava would be required to cover the Apennine Mountains.

What areas in Mare Imbrium are comparable to the artificially flooded region? Figure
6a shows the location of two regions in south central and southwestern Mare Imbrium
which appear comparable to the Apennine test area flooded to the level of Map 3 (Figure
8c). In the region between Archimedes and Copernicus, no portion of the second ring is
exposed (Figure 10a) and the extension of the Apennine ring (Montes Carpatus) appears
morphologically similar to the deeply incised Apennines of Map 3 (Figure 8c). To the
west (Area C, Figure 10b) some subjacent topography is exposed southwest of Euler.

DeHon (1979a) has published an isopach map for the Imbrium region (Figure 11) pre-
pared on the basis of the morphometry of buried craters. The diameter of flooded (ghost)
or partially flooded (protruding rim) craters is measured; the average exterior rim height
of fresh craters is known from the work of Pike (1977; 1978). If the crater is buried, the
rim height provides a minimum thickness value; if the rim protrudes, the present rim
elevation is subtracted from the average value for a fresh crater of the same diameter,
yielding a thickness value. The data points are then contoured to produce the isopach
map. DeHon’s map of Imbrium (Figure 11) shows thicknesses in the southern Imbrium
region which are less than the values proposed in this paper by a factor of two or three.
What are the potential causes of discrepancies between these two techniques?
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Fig. 8(a—c). Maps of the Archimedes—Apennine Bench region illustrating flooding patterns for
various lava thickness intervals. (a) 600 m; (b} 900 m;(c) 2400 m.

3.1. NUMBER OF DATA POINTS

As DeHon (19792, ¢) points out, the number of data points within young circular basins
is small because of the reduced flux characteristic of post-basin times and the thicker
basalts found in basin interiors. For the southern Imbrium region, DeHon’s isopach map
is based on seven data points (Table I; Figure 11). The Archimedes-Apennine Bench
example outlines above however provides lava thickness estimates for the whole sample
region.

3.2. RIM HEIGHTS OF FRESH LUNAR CRATERS

Horz (1978) has pointed out that crater rim crests can undergo rapid degradation without
significant change in crater diameter. He further points out that if such degraded craters
are used as isopach data points, lava thickness overestimates will result because the reduced
rim crest is being compared to a fresh (topographically higher) example. This problem is
significant where craters have undergone measurable degradation. However, the rate of
crater degradation is directly related to the impact flux. Craters over a few kilometers in
diameter formed in the last 3.7-3.8 b.y. (during the period of reduced impact flux) have
undergone little significant morphologic or morphometric degradation (Head, 1975a).
The Imbrium basin formed in the terminal stages of the period of high flux and produced
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Fig.9. Isopach map of the Archimedes—Apennine Bench region. Maximum lava thickness is 2.7 km.
Isopach interval is 300 m. Black regions are unflooded topography.

TABLE1

Data points for central and Eastern Mare Imbrium from DeHon
(1979a) (see Figure 11)

Crater name Crater diameter (km)
1. Archimedes 84.0
2. Cassini 56.5
3. Lambert R 55.0
4. Wallace 26.0
5. Helicon 245
6. Archimedes K 13.2
(Spuzrr)
7. Euler J 3.6

an uncratered surface within the basin. Craters forming subsequently within the basin
interior should have undergone little degradation (Head, 1975a); therefore, the question
of overestimates raised by Horz (1978) is probably not applicable within the Imbrium
basin. On the other hand, there appear to be several reasons why the technique will pro-
duce underestimates of lava thicknesses within Imbrium; these reasons are related
primarily to normal variations in the rim crest elevation (Settle and Head, 1977).
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b

Fig. 10.  Earth-based photographs of Imbrium basin. Areas are shown on map in Figure 6a. (a) Area
B (C 2699); (b) Area C (C 1911). Photographs are from the Consolidated Lunar Atlas, Supplement
Numbers 3 and 4, Lunar and Planetary Laboratory, University of Arizona.
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Fig. 11.  Isopach map of Mare Imbrium basalt. Isopach interval is 500 meters. Crosses mark the
location of measured basalt thickness. Diagonal lines indicate region of unknown values.
From DeHon (1979a).

3.2.1. Rim Heights of Completely Buried Craters

If a crater is completely buried by lava, its presence can often be detected by a ring of
mare ridges or arches which are interpreted to mark the position of the rim crest. The
diameter of this ghost crater can then be used to obtain a minimum estimate for the thick-
ness of lava. The value of the rim height of the buried crater will underestimate the lava
thickness for the following reasons: (1) the thickness of lava from the highest point on
the buried rim crest to the present mare surface is unknown; (2) even if the thickness is
zero (that is, the lava just covers the highest point on the rim crest), the rim height value
will be an underestimate because it is derived from the average value for fresh craters, not
the maximum value. For example, the fresh crater Autolycus (Figure 8b) is about 40 km
in diameter. Topographic data (LM 41) show that its minimum exterior rim height is
about 300m, its maximum value about 1560 m, and an average of these two values is
930 m. The value for an average fresh crater of this diameter (Pike, 1977) is about 960 m.
If Autolycus was completely flooded, the thickness of the basalt would be related to its
maximum tim crest elevation (1560 m), not the average for fresh lunar craters of this size
(960 m). For this example, then, the actual lava thickness for the crater buried to the
highest point on its rim crest is over 60% greater than the thickness derived from the
average rim crest elevation data. Lambert R (Figure 11) is an example of such a ghost
crater within Imbrium. The circular ridge structure is approximately 60 km in diameter; a
fresh crater of this diameter would have an average rim height of slightly over 1000 m.
This value is used by DeHon to define the thickest lava accumulation of the shelf region,
a small patch within the 1.0km isopach contour (Figure 11). On the basis of the above
discussion, the Lambert R rim height data point could underestimate the true lava thick-
ness by at least 60%.
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3.2.2. Rim Heights of Incompletely Buried Craters

If the rim crest of a crater has only been partially buried, the standard approach is to sub-
tract the present rim crest elevation from the average fresh crater value, yielding a lava
thickness. However, since the highest point on the rim crest is the last rim topography
remaining, such a procedure will invariable produce underestimates of the true lava
thickness. For example, if Autolycus had been flooded to within 100m of complete
submergence of its rim crest, one would derive the following lava thickness [average rim
crest elevation (960 m) minus remaining rim crest exposed (100m) = lava thickness
(860 m)]. However, since the highest point on the rim crest is 1560 m, the true lava thick-
ness would be 1460 m, 600 m more than the estimate derived from average values. Thus,
normal variation in the topography of crater rim crests can result in underestimates of
lava thicknesses for partially buried craters.

3.3. PRE-MARE NATURE OF IMPACT CRATER DATA POINTS

A basic assumption of the crater morphometry/mare thickness technique is that the
impact crater predates the mare flooding episode. Obviously, data derived from any crater
postdating the onset of mare fill will yield an underestimate of lava thickness; the mag-
nitude of the underestimate is related to the time of crater formation relative to stage of
mare fill. Late-stage craters will yield the largest underestimates. If the average thickness
of lava in Imbrium were one km, then only the pre-flooding craters greater than about
50 km diameter would be exposed today. All craters less than 50km in diameter (exterior
rim heights of less than 1000 m) should be buried if they predate the emplacement of
lavas. It follows that virtually all craters less than 50 km in diameter present on such a sur-
face, formed either during or after lava emplacement. The thickness estimates developed
in this paper exceed the one km average value assumed here (about 1.9 km average thick-
ness). DeHon’s (1979a, ¢) average thickness values are less than the one km value in the
area under consideration (Figure 11), but are derived from the crater data points listed in
Table I. The majority of these data points are for craters less than 50km diameter. There-
fore, if the average thickness is equal to or exceeds one km, these craters formed after the
beginning of mare emplacement and thus represent underestimates of total lava thickness.
For example, the crater Helicon (24.5km diameter, average fresh crater exterior rim
height ~ 860 m) in northwest Imbrium has been partially flooded by mare lavas. Helicon
must postdate the formation of Iridum crater (middle-Imbrian; Ulrich, 1969) since it is
not degraded by Iridum ejecta. Stratigraphic and tectonic evidence strongly suggest that
the majority of lava emplaced in circular mare basins was emplaced in the early stages of
fill (early Imbrian) (Solomon and Head, 1980). Therefore, on the basis of stratigraphy
and crater morphometry, Helicon is very likely to have formed considerably after the
beginning of mare filling.

3.4. INFLUENCE OF PRE-EXISTING TOPOGRAPHY ON LAVA THICKNESS ESTIMATES

In areas with few thickness data points, a regional slope of the pre-lava terrain can produce
large uncertainties in average thickness estimates. For example, the pre-mare topography
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Fig. 12.  Topographic profile of the Archimedes—~Apennine Bench region prior to artificial flooding.
Vertical exaggeration X 20.

between the second and third Imbrian basin rings is relatively low (Figure 12); craters
formed on the second ring will therefore initially sit topographically higher than other
craters in this part of the basin. If a thickness value derived from such a crater is extra-
polated over a large area, a thickness underestimate is likely to result. For example, the
crater Lambert R is located approximately at the position of the second basin ring. Using
the Apennine—Archimedes region as an example, the topography of the ring area may
differ from that at the base of the third ring by as much as 1000 m (Figure 12). The
DeHon map (Figure 11) shows the lavas thinning from Lambert R to the Carpatus
Mountains (third ring). On the basis of the Apennine—Archimedes example, the lavas
should thicken in this direction, perhaps as much as one kilometer due to the low topo-
graphy alone. Thus, initial slope of the submare terrain may have an important influence
on lava thicknesses in areas with few data points.

On the basis of the above comparisons, it is concluded that the majority of the region
between the second and third (Imbrium) rings extending from the Archimedes area
around to Oceanus Procellarum exceeds one kilometer average thickness of mare basalts.
The area towards the basin interior exceeds this value, as indicated by the Orientale
example describe above (Figure 5).

A major question related to the thickness of mare lavas is the importance of vertical
mixing of material. Rhodes (1977) and Horz (1978) have discussed the evidence for
relatively inefficient lateral transport of highland material onto the mare. To explain the
abundance of non-mare fragments in mare soils, Horz (1978) developed the hypothesis
that vertical mixing is significant in bringing sub-mare material to the surface. The
mechanism outlined by Horz is very plausible in areas of relatively thin maria. However,
basalt depths ‘deeper than 1km would virtually preclude the vertical admixture of high-
land materials on the scales observed’ (Horz, 1978, p. 3325). Analysis of the isopach map
(Figure 9) shows that only a small portion of the artificially flooded area (~ 10%) is less
than one kilometer thick (a small area around the Archimedes Mountain peaks, the rim
crest area of Archimedes, and the edge of the Apennine Mountain front). On the basis of
this analysis it is concluded that for areas flooded in a manner comparable to the test
area, vertical mixing on the scale of the mare regolith is not a significant process.
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TABLE II

Basin Stage I Stage I

Serenitatis yes Part (Outer Rook equivalent).

Humorum yes Part (Quter Rook equivalent)
plus patchy deposits along
megaterrace to East.

Crisium yes Part (Outer Rook equivalent)
and other minor areas
(Patches to E and NE).

Nectaris part (mostly within inner Patchy; may be unrelated to

depression). Nectaris.

Imbrium yes Large part; but outer ring
structure uncertain in parts of
basin.

Smythii part (mostly within inner None?

depression).

Grimaldi part (inner depression only). None

Orientale part (inner depression only). Incipient flooding around
base of second and third
rings.

4. Discussion and Conclusions

4.1. GEOMETRY OF BASIN FILL

A topographic model of the Orientale basin is used as an approximation of an unfilled
basin and is artificially flooded with mare lavas to map the geometry of basin fill. Details
in the outer parts of the.basin are reconstructed using topographic base maps for the
Apennine Bench-Archimedes region of Imbrium. Two stages of fill can be distinguished:
Stage I is characterized by flooding of the interior and thick deposits (~ 6 km) of small to
intermediate volumes covering small areas (relative to the total basin geometry); Stage II
is characterized by flooding out to the basin-defining scarp and thin deposits (~ 2km) of
large volume covering large areas. The resulting fill geometry can be generally approxi-
mated by two discs: the Stage Il disc radius-to-height ratio exceeds that of Stage I by a
factor of five. The concentration of Stage I fill in the basin interior correlates well with
the location of the mascon mass in mascon basins. The location of concentric mare ridges
may be related to the boundary between the thick and thinner lava load.

The major mascon basins and an interpretation of their flooding geometry are listed in
Table ILI. This table is compiled from geologic maps of the distribution of mare and its
relationship to basin ring structure (Wilhelms and McCauley, 1971; Solomon and Head,
1980). All basins show evidence of Stage I flooding, with Orientale, Nectaris, and Smythii
having lesser amounts than most other basins. Stage II flooding is not extensive in these
basins but often extends to the Outer Rook ring equivalent (second ring) as in the case of
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Serenitatis and Humorum. The variable levels of fill are due in part to different states of
degradation of the basin topography due both to impact modification and possible viscous
relaxation (Solomon and Head, 1981). An additional cause of variation, however, is the
different level of development of the ring structure both within and between impact basins
(see maps in Solomon and Head, 1980). This initial variation is manifested as poorly
developed or discontinuous rings (as in the outer ring of Nectaris) and undeveloped ring
topography (as in the outer ring of Crisium). For example, the lack of development of a
megaterrace in Crisium comparable to the one in Orientale enhanced the topography of
the second ring and confined flooding largely to the region within that ring. Thus, for the
mascon basins, the geometry of mare fill is a function of initial development of basin
structure as well as extent of flooding.

The Orientale basin example provides a model for the geometry of lava fill of lunar
basins and a framework for the study of style of lava filling, loading of the lithosphere,
deformation of mare surfaces, and the relationship of impact basins to ensuing stages of
volcanism. A major variable is the initial state of basin topography and ring development.
No basin (even Orientale) is exactly like the Orientale topographic model. Comparison of
the Orientale model and stages of development of mare flooding in other basins relative
to their structure will provide a better understanding of the significance of this variable.
In addition there may be variations between basins relative to the level of thermal stresses
associated with basin formation (Bratt ez al., 1981) which may influence initial topography.

In summary, the application of the Orientale basin model to other basins should be
done carefully, considering the following factors which might cause overestimates (diffe-
rent initial basin geometries in early lunar history caused by different target characteristics
or variations in isostatic readjustments; degradation and infilling by impact processes) or
underestimates (loading of the lithosphere by early basin fill, and subsidence of the basin
floor).

4.2. SEQUENCE OF BASIN FILL

The Orientale model of basin flooding assumes that flooding begins at the lowest point in
the basin and proceeds topographically upwards until flooding is complete. Studies of
mare deposites in the partly flooded Orientale basin (Greeley, 1976; Gaddis and Head,
1981) show them to be concentrated as a large patch on the lowest part of the basin floor
and also as small arcuate lakes along the base of the scarps defining the outer Rook and
Cordillera rings. The fact that these latter lakes occur several kilometers above the basin
floor mare deposit indicates that the modelling procedure is a simplification: in Orientale
multiple vents exist at different elevations within the basin.

Other basins, however, provide clues to the nature of early volcanic fill more extensive
than that found in Orientale. Stratigraphic studies of the deeply flooded maria Serenitatis
(Howard et al., 1973) and Crisium (Head et al., 1978) show that the oldest deposits are
exposed around the outermost edge of the maria deposits. Stratigraphic relationships and
material excavated by impact craters confirm the presence of this early fill in the central
maria, underlying thinner, younger deposits.
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The thick accumulation of early lava fill in the basin interior as indicated by obser-
vations and the Orientale flooding model causes loading of the lithosphere resulting in
flexure and deformation of the newly emplaced deposit (Solomon and Head, 1979; 1980).
This downwarping may exceed one to two km in the central part of the basin.

4.3. VERTICAL MIXING

Efficient vertical mixing of sub-mare material requires lava thicknesses of less than one
km (Ho1z, 1978). On the basis of this analysis, vertical mixing would be preciuded in
virtually all regions of Stage I flooding and in any areas of extensive Stage II flooding of
basins, such as the southern part of Mare Imbrium. Vertical mixing is not precluded in
very shallow parts of basins (< 1 km thick) and in other shallow areas outside basins.

4.4, ISOPACH MAPS COMPILED ON THE BASIS OF EXTERIOR RIM HEIGHTS OF FLOODED
CRATERS

Several lines of evidence are developed that show that standard techniques of isopach
map compilation may introduce errors which seriously underestimate and overestimate
lava thicknesses. Overestimates can be caused by crater degradation, whereas underesti-
mates can be caused by normal variations in crater rim crest topography and by the use of
craters that postdate the beginning of mare fill. These problems are exacerbated when
only a small number of data points is available. On the basis of these considerations, pre-
vious estimates for lava thicknesses in Imbrium (DeHon, 1979) are believed to underesti-
mate true thicknesses by more than a factor of two.
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Appendix A

Data reduction is accomplished in four steps: digitization, derotation, matrix assignment
and area-volume calculations. The equipment used is a Talos Cybergraph digitizing board,
Tektronix 4051 microprocessor, and IBM 370/138 computer.

The digitizing procedure is as follows: First, the contour intervals on each map were
color coded in increments of 300 m. The maps were then fastened to the digitizing board;
the corners, scale and contour lines were digitized. As each position value came in from
the board, it was derotated (i.e., the tilt of the map with respect to the board coordinate
system was removed) and the data points were recorded on tape. The rate of data sampling
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on each contour line was about 3 per second. At the end of a session, the data created by
the program was transferred to an IBM compatible tape.

The tape was used as input to a program called MATRIX which calculates the position
of a contour height value in a 100 x 100 element matrix, the area represented by individ-
ual matrix elements, and finally a smoothed version of the matrix. The position of the
height value is calculated by subtracting the offset x, y value from the position x, y value,
dividing the results by the total x, y length of the map, and multiplying the result by 100.
In case of multiple values occupying the same matrix element, the highest value is chosen.
The matrix is smoothed by finding two nonzero elements with zero value elements
between them, the value placed in the zero element is computed by linear interpolating
of the two nonzero points. Area of each element is computed by determining the length
(Row S column) value in kilometers of each element, and multiplying them together.

The final data reduction program (MATCLC) calculates the area covered and the
volume of the emplaced lava. The program allows up to forty different lava fill height
values to be input. The height value of interest is subtracted from the height value in a
matrix element. If the difference is negative or zero, the element is considered ‘not filled’
and a new element is chosen. If positive, the element is considered filled, the area of that
element is added to the total fill area, the difference in heights is multiplied by the
element area, and this volume element is added to the total volume of emplacement lava.
Elements of the matrix are checked once for each contour height of interest, and the
results are printed and plotted.
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