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a b s t r a c t

A deposit of low-albedo lobate material occurs on the southeastern wall and !oor of Lowell on the
western Outer Montes Rook ring of the lunar Orientale basin. Lowell is an Upper Imbrian, 66-km
diameter crater located at 131 S, 2571 E (1031 W). The lobate material begins at the lowest part of the rim
of Lowell H, a 9-km diameter crater superposed on the southeast rim and inner wall of Lowell, and the
material extends !14–15 km down the slope and across Lowell's eastern !oor. This lobate material
resembles lava !ows with a linear form, lobate margins, central channels, and embayment relations with
older higher terrain. Srivastava et al. (2013a) interpret it to be of volcanic origin, with a vent on the !oor
of Lowell H. We suggest instead that the lobate material is impact melt derived from Lowell H. In this
context, the material splashed out and !owed over the low northwestern rim of Lowell H and continued
to !ow down to and across the !oor of the larger crater Lowell. The morphology and composition of this
material resembles that of other impact melt deposits on the Moon.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Lowell Crater (131 S, 2571 E (1031 W); 66 km diameter) is an
Upper Imbrian-aged crater found on top of the Outer Rook
Mountain ring of the Orientale basin (Wilhelms, 1987; Scott et
al., 1978). On the southeast inner wall of Lowell, an unusual 9-km
diameter impact crater is found (Fig. 1), referred to as Crater S by
Srivastava et al. (2013a). Here, we follow the nomenclature
convention for small satellitic craters of Whitaker (2003) and refer
to this crater as Lowell H. Lowell H is unusual because it has an
asymmetric form and a long, low-albedo deposit that originates at
the crater rim and extends down the inner wall and across the
!oor of Lowell.

Srivastava et al. (2013a) interpreted the low-albedo lobate
material to be volcanic in origin and sourced from vents within
Lowell H; these deposits overlie older impact melt from Lowell H
that also coats the inner wall of Lowell. Their interpretation that
the darker lobate materials are volcanic is based on the morphol-
ogy of the material, the paucity of superposed impact craters, and
its spectral signature. Here, we offer a different interpretation of
the origin of this material – that it consists of !ows of impact melt
that were generated during the formation of Lowell H, splashed
out across the topographically low west rim of that crater, and
subsequently !owed down the steep inner wall and across the

!oor of the larger crater Lowell. In this context, all of the material
that coats the southeast wall of Lowell crater is interpreted as
impact melt derived from Lowell H.

2. Data and methods

Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera (WAC)
and Narrow Angle Camera (NAC) images were used in this
analysis. The LRO camera system is described in Robinson et al.
(2010). Digital elevation data were derived from the LROWAC
digital elevation model (Scholten et al., 2012) and individual Lunar
Orbiter Laser Altimeter (LOLA) data tracks (Zuber et al., 2010).
Digital elevation models using paired NAC frames have also been
produced by the LROC team (Burns et al., 2012). Thermal data are
provided by the LRO Diviner instrument (Paige et al. 2010). Images
were processed using the U.S. Geological Survey ISIS software
(Anderson et al., 2004). Clementine compositional images were
made using the LPI Clementine Mapping Tool (http://www.lpi.
usra.edu/lunar/tools/clementine/). Other data are available from
the NASA Planetary Data System (pds.nasa.gov).

3. Regional context

Lowell Crater (Fig. 1) is a complex impact crater in the north-
west interior of the Orientale impact basin. It is superposed on the
Outer Rook Mountain ring of the Orientale basin structure and
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thus is younger than the basin. On the basis of general appearance
and freshness, Lowell has been mapped as Upper Imbrian age
(Wilhelms, 1987; Scott et al., 1978) with a well-de"ned central
uplift and a faulted, terraced wall. The rim crest is scalloped with
the largest departures from a circular form occurring on the
northwestern margin. There the rim-crest bulges outward as much
as 10–12 km from its nominal location. Overall, Lowell is asym-
metric with the terraced margin being !15–24 km wide on the
western side compared with 8–9 km on the eastern side. The
central uplift is also non-circular with dimensions of 15 km
north–south by 18 km east–west and it stands about 1.6 km above
the crater !oor. On the western side of the central uplift, a narrow
sliver of material extends from the central uplift to the
terraced wall.

Lowell's !oor is covered with impact melt and debris. Impact melt
also forms pools between the fault-bounded terraces around the rim.
Most of the melt on the crater !oor is punctuated by hillocks or
mounds up to 3–4 km across, although the surface of the !oor is
relatively smooth on the western side of the crater. The mounds
appear to result from both large deposits of unmelted debris and
topographic highs of the underlying crater !oor protruding into and
above the surface of the melt sheet.

Spectral data from the Chandrayaan Moon Mineralogy Mapper
(M3) have been interpreted by Srivastava and Gupta (2012, 2013b) to
indicate that the interior and !oor of Lowell have the signature of
norite/spinel and that the central uplift has the signature of basalt/
gabbro. Clementine data indicate the walls of the crater Lowell are
characterized by rocks containing 5–8 wt. % FeO with low-Ca pyrox-
ene, suggesting a composition of anorthositic norite, similar to other
interior deposits of the Orientale basin (Spudis et al., 2014).

4. Lowell H morphology

4.1. Crater interior

The source area for the low-albedo material is a 9.4-km
diameter crater that formed on the southeast rim of Lowell crater,
here referred to as Lowell H (Figs. 1 and 2). Lowell H has an
asymmetric morphology with a wide inner wall extending from
the northern margin, along the eastern side to the southern
margin; it also has a sharp eastern rim crest. A low ridge
(!80 m wide) that rises above the crater !oor characterizes the
subdued western wall.

Fig. 3 illustrates the topography and slope for the area. The
altitude of the eastern rim-crest is 1700 m; the elevation of the
western rim is just 10–20 m above the !oor, at a !oor elevation is
#1450 m. The lowest point of the crater is signi"cantly offset to
the west from the geometric center. The eastern wall is up to
5.7 km wide and rises about 3 km above the !oor with an average
slope of about 301.

The northern, eastern and southern inner walls of Lowell H are
smooth with a linear texture that extends both down and across the
slope. This texture appears to result from the downslope movement of
impact melt and clastic debris. A few small impact craters dot the
crater wall, the largest on the order of 100 m in diameter, but most are
o25m across. The paucity of craters on the wall is indicative of
ef"cient mass wasting of the crater wall material.

Lowell H's !oor (Fig. 4) is characterized by an irregular central
mound that is locally surrounded by smooth material. The lowest
portion of the !oor has lateral dimensions of !3 km (NNE) by
2.5 km (WNW). The irregular mound is !1 km across and is slightly
extended in the north–south direction. Its surface is characterized by
a hummocky texture, with abundant boulders (typically o50 m
across). Surrounding the hummocky mound are smooth surfaces
displaying tension cracks (S in Fig. 4). The hummocky !oor material

is interpreted as impact debris piled up on the !oor as the crater
formed and immediately coated with impact melt; that melt has also
ponded to form the surrounding smooth surfaces. Melt is also
observed to cascade down across the central hummocky area (H in
Fig. 4).

Ejecta deposits from Lowell H surround the crater and are
hummocky in texture, which is most prominently displayed to
the east of Lowell. When viewed under near-noon illumination,
the ejecta appear bright and rays extend away from Lowell H. The

Fig. 1. Regional view of Lowell crater with Lowell H superposed on the southeast
rim. Lowell is 66 km in diameter; Lowell H is about 9 km in diameter. LROC WAC
M118166068M.

Fig. 2. Lowell H. Note the asymmetric interior, the lack of a well-de"ned rim on the
western (downhill) side (1). Material !ows downslope over the Lowell faulted rim
(2) and onto the crater !oor. R: Lowell crater rim. Arrows denote concentric faults
of the Lowell crater rim. LROC NAC images M1132518862LR and M181830627.
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ejecta deposits are also apparent in Clementine-derived FeO
images (Lucey et al., 1998) (Fig. 5).

4.2. Western margin and Lowell inner crater wall

The western rim of Lowell H is characterized by rough terrain
consisting of large clusters of boulders (up to 50–75m in diameter)
separated by intervening smooth areas (Fig. 4). Some of the boulders
appear to be uncoated and resting on the surface, while others appear
to be embayed and partly coated by the smooth material. Toward the
margins of the boulder-rich area, tight clusters of blocks occur in
isolation, suggesting that perhaps these clusters represent blocks
ejected during the impact process that have shattered upon landing.
Craters are not observed in association with these shattered boulders.

4.3. Geologic units

The wall of Lowell crater below Lowell H (slope !7–171) is
covered by material that has a morphology radial from its source
at Lowell H: a hummocky material with boulders and small craters
and lower albedo material with a lobate morphology (Figs. 2 and
6). These materials are divided into three units: a unit consisting of
clastic ejecta and two units that have lobate !uid-like morphology.
These three units form a nested, stratigraphic sequence in which
the oldest unit covers a large area and the two units are more
localized below Lowell H and cover relatively smaller areas.
Figs. 3d and 3e illustrates a topographic pro"le along the center
of the unit from Lowell H onto the Lowell crater !oor.

4.3.1. Clastic ejecta
The clastic ejecta unit (Fig. 2) surrounds Lowell H and covers

surfaces both inside and outside of Lowell. It is best exposed to the

northwest of the Lowell H where it mantles the inner crater wall of
Lowell and !ows across the !oor. The surface has a hummocky
morphology that terminates with a ridged margin and exhibits
scattered small craters (often in secondary-like clusters) and rocks.
The unit is referred to as clastic only in the context that the
material represents loose material rather than solid rock (melt or

Fig. 3. Lowell H. (A) Image mosaic showing the region of Lowell H and adjacent Lowell Crater !oor; (B) Topographic map; (C) Slope map; (D) Location of topographic pro"le
across Lowell H onto Lowell Crater !oor; (E) Topographic pro"le.

Fig. 4. Floor of Lowell H. H: Hummocky material; S: smooth material; CH: channel
area. LROC NAC image M181830627L.
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lava). It has a thermal signature – thermal inertia and rock
abundance (Fig. 7) – indicative of "ne-grained, low thermal inertia
material (Band"eld et al., 2011). This material was identi"ed by
Srivastava et al. (2014a) as impact melt associated with Lowell H.

4.3.2. Lobate materials
The lobate material coats the area below Lowell H's western

margin, and the inner wall and !oor of Lowell crater. It is relatively
smooth, exhibits a low albedo and has a morphology and linear
texture suggestive of !ow. These materials extend for a distance of
some 15 km from the western Lowell H rim and are divided into
two facies (Figs. 6 and 8); a dark upper facies having a smooth
surface, lobate margins and channel forms; and a lower facies that
lies to the north and south within which the material has a !ow-
like texture, is rocky, and has a slightly higher albedo. The upper
facies of this material was interpreted by Srivastava et al. (2013a)
to be volcanic !ows; they interpret the lower facies as impact melt
from Lowell H.

4.3.3. Lower facies
The lower facies extends down the inner wall of Lowell and across

its !oor. It is characterized by a lineated texture (oriented northwest)
formed by narrow, low-relief ridges and contains boulders. Well-
de"ned channels and levees did not form in this unit. Boulders lie on
top of the material and locally are embedded within the material. In a
few cases, localized piles of smaller rocks or small rocks associated
with the large blocks suggest a larger boulder has shattered. The
boulders are as large as 50 m and have variable shape (e.g., equant,
elongated).

Some of the margins of the !ow are characterized by trains of
boulders (Fig. 8), as noted by Srivastava et al. (2013a). The material
along the margins appears to be a combination of debris bulldozed
aside and disruption of a crust into fragments. Marginal boulders
are best developed on the southern margin of the lower facies.
Topographic data indicate that the boulders rest on a broader
topographic ridge up to 100 m wide and 10 m high rather than
resting on an original level surface.

The material of the lower facies apparently produced an initial
coating over a wide area. If it !owed from Lowell H, it had suf"cient
momentum to rise up and over topographic obstacles rising as much
as 200 m above the base of the crater wall below Lowell H. Material
that coated the topographic highs later broke up into a surface

consisting of numerous platy blocks (up to !25–30m across). Along
the margins, where it is unconstrained by topography, the material is
of the order 10–20m thick.

4.3.4. Upper facies
Overlying the lower facies is the upper facies, a material that

has a more pronounced !uid morphology including !ow lobes,
channels with levees, and lobate margins (Figs. 6 and 8). This
material extends downslope from Lowell H and largely covers the
lower facies; its distribution is controlled by the local relief. The
upper facies does not appear to have overridden any signi"cant
topography as did the lower facies. On the slope below Lowell H,
the material forms well-developed channels with levees.

The slope below Lowell H is characterized by numerous over-
lapping channels with levees. The channels are of the order 100 m
wide, 5–10 m deep, where the levees are a few meters high. Large
!ow lobes extend from the end of channels in two places on the
Lowell crater wall where the slope shallows and then at the base
of the slope (Fig. 6). At the base of the slope, on the !oor of Lowell,

Fig. 5. Lowell H, on the rim of Lowell. WAC image at left shows source of dark, smooth !ows that trend NW across !oor of Lowell. Map of iron concentrations at right; !ows
have FeO of about 6–6.5 wt. %.

Fig. 6. Lower slope below Lowell H showing channels and !ow fronts. L and U
indicate the Lower and Upper facies; CE: clastic ejecta; M: marginal rocky ridge; F:
fault scarps; CR: western crater rim of Lowell H; LROC NAC image M191266220LR.
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the material spreads out, !owing around obstacles, into low areas,
and overriding the lower facies. Surfaces of the lower facies are
dark (about 15% lower albedo than adjacent areas) and smooth
with few superposed rocks (there are scattered rocks that are
embayed by the material, particularly along the margins and at the
terminus) and a few craters.

The edges of the unit are de"ned by well-developed lobate
margins. In many places, multiple lobes overlap forming a stair

step pattern (Fig. 6). The surface of the unit is relatively smooth
and level, lacking the boulders that characterize the lower facies.
Where the margins are unconstrained by topography, the !ows
are 5–25 m high. The !ows terminate in broad lobes that are
several hundred meters wide.

Along the margins of the central part of the !ow, the surface
exhibits morphology suggestive of sagging of the surface (Fig. 9).
The surface elevation decreases toward the center of the !ow from
that at the contact between the !ow and the surrounding terrain and
the cracks are observed parallel to the contact. These characteristics
suggest de!ation of the !ow as it drained from beneath a solidi"ed
crust. As melt from the interior was removed or drained away, the
surface sagged and broke up along the edges. Downstream lobes of
material have budded off the main mass, further suggesting move-
ment of still molten material from the interior.

Some portions of the material are characterized by a series of
narrow "ssures or cracks, with variable orientation and typically a
few (o5) meters wide. In some cases, they appear to be open
fractures, in others, linear to curvilinear depressions (Fig. 10).
An interesting aspect is that some of the fractures trend toward
circular crater-like features or blocks protruding through the
material. A number of "ssures appear to begin (or end) at these
features. These relationships suggest that these features acted as
stress concentrators (e.g., Jaeger et al., 2007) and thus predate the
"ssures. In the case of the circular, crater-like features, it would
suggest that they formed prior to complete cooling of the !ow.

The morphology of broad !at, tabular !ows suggests that the
material was of suf"ciently low viscosity that the entire !ow was
in motion and that the margins did not stagnate such that a central
channel would form. A smooth surface also suggests that the !ow
was relatively free of clastic inclusions.

Clementine data show that the !ows have an average composi-
tion of about 6.3 wt. % FeO (Fig. 5) using a protocol derived by
Lucey et al. (1998) and Wilcox et al. (2005). Wöhler et al. (2014)
discuss the composition of the material based on Moon Miner-
alogy Mapper (M3) data (Pieters et al., 2009; Green et al., 2011).

Fig. 8. Facies morphology. LF: lower facies; UF: upper facies; M: marginal rocky
material; Floor: areas of Lowell Crater !oor unburied by material from Lowell H.
LROC NAC M191266220LR.

Fig. 9. Contact between older and higher terrain (upper right portion of the frame)
and the !ow material. Sagging of the lava !ow is suggested by the decrease of the
topography from the contact out into the !ow material and the tension cracks
along the contact between the two units. LROC NAC M175955077L.

Fig. 7. Diviner rock abundance data for the Lowell H region. Crater rim of Lowell H
noted by arrows; m: Lowell H central mound, f: !ow materials below western rim
of Lowell H; c: clastic ejecta. Scale denotes surface rock coverage.
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They derive FeO contents similar to those derived from the
Clementine data. This chemistry is comparable to many felds-
pathic highland impact melts from landing sites around the Moon
(e.g., Taylor et al., 1991; Spudis et al., 2014).

Wöhler et al. (2013, 2014) also interpreted the lobate material as
impact melt (they refer to the crater as “Lowell East”), although they
did not discuss the rationale for interpreting the material as impact
melt. They examine M3 spectra of the !owmaterial and compare it to
Apollo sample 76055 (an highlands impact melt (Tompkins and
Pieters, 2010)). They interpret the spectra to indicate either a mixture
of ma"c and feldspathic material or difference in the glass content of
the material. The mixture they describe is not consistent with the
chemistry, but a higher glass content would be consistent with either a
young lava !ow or impact melt !ow with little or no regolith and any
regolith being immature.

LRO Diviner thermal data (Paige et al., 2010) can be used to derive
an approximation of the surface rock abundance (Band"eld et al.,
2011) and differentiate between material that is largely "ne-grained
(e.g., pyroclastics) and material that is more rocky (ejecta, impact melt,
lava !ows). Rock abundances for the !ow are about 5% compared with
much lower values for the surrounding region (Fig. 7).

5. Previous interpretation

Srivastava et al. (2013a) interpreted the material associated
with Lowell H as a combination of older impact melt !ows and
younger volcanic !ows. The material they term “older impact melt
!ows” corresponds to the material de"ned here as clastic ejecta.
The material they term “younger volcanic !ows” corresponds to
the upper and lower facies of the lobate material. The feature they
identify on the !oor of Lowell H as a cone with a melt pond is here
referred to as the central mound (Fig. 4).

Srivastava et al. (2013a) suggest three episodes of eruption to
produce the overlapping !ow lobes, each about 15 m thick. They
further postulate that there may be a single or multiple volcanic
sources.

Three craters on the main !ow surface are also identi"ed as
possible source vents. Srivastava et al. (2013a) conclude that these
materials are volcanic, rather than impact melt, on the basis of (1) the
signi"cant difference in crater frequency between “impact melt” and
the “volcanic !ows”; (2) the presence of a mound on the !oor of

Lowell H interpreted as a vent with pyroclastics; (3) the presence of
multiple lobes interpreted to require a long-lived source; (4) crater!
forms on the lobate materials interpreted to have results from collapse
and release of gas and/or melt; (5) the craters interpreted as volcanic
vents; (6) the rocks interpreted to be pyroclastic material from an early
explosive phase of volcanism; and (7) the spectral differences between
the lobate adjacent materials.

6. Discussion

The morphology of Lowell H is distinctly different from that of
typical simple impact crater in that it exhibits a high eastern rim
and a low western rim and a notable asymmetry with the deepest
part of the crater offset to the west from its geometric center. The
slope of the inner crater wall of Lowell is about 20–251 (Fig. 3).
This asymmetric morphology is observed on other lunar craters
(Fig. 11) and is interpreted to result from the formation of an
impact crater on steep slope. In this case, Lowell H impacted
approximately at the rim of Lowell. The crater excavation process
essentially went beyond the solid surface to the west completely
removing material and eliminating the western wall. An oblique
impact trajectory can also produce asymmetric crater morphology,
but such craters typically have a complete enclosing crater rim.

There is little doubt that the material in question (upper and
lower facies) behaved as a !uid and !owed downslope below the
western rim of Lowell H crater and onto the !oor of Lowell. The
question is whether the material is a series of volcanic lava !ows,
!ows of impact-generated shock melt, or combination of both.

To "rst order, the morphologies of !ows of lava and impact
melt are similar: both are silicate liquids that move downslope and
that can have lobate margins, embayment relations with older
terrain, pond in low areas, exhibit pressure ridges, surface tension
cracks, channels and levees. The composition of an impact melt
!ow typically represents an average of the target material of the
impact; the composition of a volcanic !ow can be very different
from the surrounding rock types.

The original criteria for the recognition of impact melt (Hawke and
Head, 1977, 1979; Howard and Wilshire, 1975) included occurrence in
the down-range direction of an impact (although not always), veneer
over hilly terrain, and lack of source vents. However, these criteria offer
little guidance for interpreting this particular occurrence of material.

Fig. 10. Fractures on the surface of the !ow. Left frame shows fractures apparently concentrated by craters; right frames show fractures associated with a large boulder in the
!ow. LROC NAC M105192594R.
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Key aspects of the Lowell H materials include the observations
that it !owed downslope from Lowell H in multiple pulses, the
material had a rheology appropriate to form channels with levees
and overlapping lobes, it embays higher terrain, some of the
material has entrained boulders, and it locally overtopped topo-
graphic relief. The presence of cracks and boulders, and in addition
to LRO Diviner data, indicate that these deposits now have the
properties of solid rock rather than loose, "ne-grained debris. All
of these attributes are consistent with an origin via the solidi"ca-
tion of a silicate liquid, of either volcanic or impact origin.

So, how does one differentiate between the possible modes of
origin?

A volcanic origin for the lobate materials would be consistent
with overall morphology and its relation to surrounding topogra-
phy. Depending upon the momentum of a volcanic !ow, it might
be able to surmount local topographic highs (e.g., 1800–1801
Kaupulehu !ow from Hualalai volcano, Hawaii; see Guest et al.,
1995). Breakouts along the !ow margin could reduce the interior
volume and produce the observed sagging and marginal fractures.

A volcanic model requires a conduit extending from depth (the
source area) to the center of Lowell H, bypassing a lower energy exit
on the !oor of Lowell. Srivastava et al. (2013a) interpreted material on
the Lowell H crater !oor as a volcanic vent. Unique surface features or
morphologies that would indicate that this feature is a volcanic vent
(e.g., summit crater, "ssure eruptions, radiating !ows) are not
observed. Rather, it appears to consist of chaotic impact debris
produced by slumping of the crater walls and coated with source-
less melt material. LRO Diviner data for the area (Fig. 7) indicate that
the region exhibits high thermal inertia, and relatively high rock
abundance, consistent with solid rock rather than extensive pyroclastic
material that was proposed. Pyroclastics typically have low rock
abundances (Trang et al., 2013, 2014) as they are formed by "ne-
grained material. The morphology of the Lowell H !oor is very similar
to that the example crater illustrated in Fig. 11. The !oor consists of
debris and melt pools and the thermal signature indicates high rock
abundance and is interpreted to have formed by coalescence of debris
from the crater wall with an impact melt coating.

The multiple lobes of material indeed indicate that multiple
pulses of material occurred to form the individual lobes. Such
multiple lobed deposits (Fig. 12), which are rootless, are observed

at a large number of other lunar impact craters with impact melt
that coats the exterior and the inner walls (Fig. 12; Bray et al.,
2010; Denevi et al., 2012). These examples show the same
morphologic features including lobate margins, channels and
levees with !ows extending beyond the channeled area, cracked
upper surfaces and overlapping lobes. Flows with channels and
levees and lobate terminations are typical for these features, but a
source is either absent (when the !ow occur on the crater !ank) or
is a large pool of impact melt.

Crater frequencies were cited as indicating that the lobate
materials were signi"cantly younger than the other deposits asso-
ciated with Lowell H (their melt, our clastic ejecta). We do not believe
that the difference in crater frequency in this case is a meaningful
indicator of a signi"cant difference in absolute time. A number of
studies (e.g., Plescia and Robinson, 2011; Van der Bogert et al., 2013;
Zanetti, et al., 2014) have shown that the crater frequency observed
on impact melt is always lower than on the clastic ejecta. This
difference in observed crater frequency has been attributed to a
process in which material ejected from the crater re-impacts the
clastic ejecta after it has been emplaced, but largely before the
impact melt has been deposited (Plescia and Robinson, 2011),
resulting in a lower crater frequency for the impact melt. This
process has been referred to as self-secondary cratering and was
originally suggested by Shoemaker et al. (1969) to explain the
variable crater frequencies on the Tycho ejecta blanket near the
Surveyor 7 landing site, as well as the differences in crater frequen-
cies observed elsewhere on the Moon (Hartmann, 1968; Shoemaker
et al., 1969; Strom and Fielder, 1970; Howard and Wilshire, 1975).

This same process can also explain the unusual crater forms
observed on the lobate materials (Fig. 13). As noted by Srivastava
et al. (2013a), small (o20 m) crater forms lacking a well-de"ned
bowl shape or rim are observed scattered on the surface of the
lobate material. We would interpret these features as the result of
secondary impacts into the melt before it has solidi"ed. Impact
experiments (Fink et al., 1981; Greeley et al., 1980) into viscous
targets (e.g., Bingham !uids) have shown that morphologies
similar to those observed here – shallow depth, concentric rings,
central highs – can be produced. Morphologic details depend upon
the speci"c properties of the target and the projectile, and the
impact energy. The crater forms on the !ow material at Lowell H

Fig. 11. Impact craters formed on a slope. Left panel: 2.5$2 km asymmetric crater with a 500 m !oor consisting of melt and debris. A melt !ow extends beyond the north
rim about 1.2 km downslope (LROC NAC M153863408, 24.1981N, 209.951E). Right panel: 5.2$4.1 km asymmetric crater on the northeast rim of Gibbs Crater with a !oor
about 1.5 km across "lled with melt and debris (LROC NAC M1100652959, 85.21E).
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do not resemble typical endogenic crater forms found on lava
!ows (Greeley and Gault, 1979) but are similar to crater forms
found on impact melt at other lunar impact craters.

In the case of Lowell H, it is possible that an primary impact
into a lava !ow could occur during the brief interval of time
between emplacement and solidi"cation; however, it is highly
unlikely that there would be numerous impacts. In the case of an
impact melt !ow, there is considerable debris from the cratering

event to impact the melt during the short interval before it
completely solidi"es.

The observation that the melt !ows of Lowell H extend up to
15 km from their source indicates they were able to remain in a
liquid state over that distance. In cases of both impact melt and
volcanic !ow, the material would have signi"cant momentum
imparted during deposition and !ow down the wall of Lowell
crater. It presumably would have been relatively clast-free as a
high frequency of clastic inclusions would promote rapid freezing
(Bray et al., 2010; Cintala and Grieve, 1998) and inhibit extensive
!ow. Experimental evidence and theoretical studies indicate that
shock melted material can be well above the melting point
of normal silicates (greater than !2000 1C) and the impact melt
is probably superheated (e.g., El Goresy, 1965; Stöf!er, 1971;
O'Keefe and Ahrens, 1975; Simonds et al., 1976; Grieve et al.,
1977). A temperature well in excess of the melting point would
produce a low-viscosity !ow that would take longer to cool with
respect to volcanic material that might be just above the melting
point. An impact melt thus would be less viscous and able to !ow
longer distances than a volcanic !ow.

Models of the volume of impact melt (Cintala and Grieve, 1998;
Pierazzo and Melosh, 2000) suggest that a crater the size of Lowell H
would have produced of the order 1 km3 of melt. The total volume
varies signi"cantly as a function of impact angle, impact velocity and
other factors (e.g., Pierazzo and Melosh, 2000; Abramov et al., 2012).
The area covered by the material is of the order 5$107 m2. The
thickness of the !ow is variable and highly uncertain. Measured !ow
fronts range from a few meters to about 50 m. If these values are
indicative of the average thickness of the materials, it would corre-
spond to volumes (assuming 20m average thickness) of about 1 km3,
similar to the volume estimated from the models.

For most highland terrains on the Moon, impact melts are
similar to the feldspathic nature of their protoliths, i.e., highland
impact melts will typically have aluminous (Al2O3 !20–30 wt. %),
iron-poor (FeO !3–10 wt. %) compositions. Lunar volcanic !ows
are typically basaltic and iron-rich, but (relatively rare) silicic
eruptions have occurred (Glotch et al., 2010; Jolliff et al., 2011).
Impact melt could be basaltic or anorthositic, depending upon
whether its host crater formed in mare or highlands terrain.

7. Conclusions

We believe that the morphology and geologic context of the
material associated with the crater Lowell H and on the !oor and
southeastern wall of Lowell crater are most consistent with an
origin as impact melt created during the formation of the crater
Lowell H. The position of this feature on the steep wall and rim of
Lowell enabled the melt to !ow out of Lowell H and cascade down
the southeastern wall of Lowell, spreading out as lobate !ows on
the !oor of Lowell crater. Surges of melt !ows produced multi-
lobed surfaces, entraining debris blocks that were later left
stranded, forming rock-lined !ow margins and isolated block
"elds, all of which are similar to the features found in other
examples of impact melt. The composition of these !ows is
anorthositic norite, consistent with an origin from the impact
melting of highland materials. Such a composition is not consis-
tent with any known lunar volcanic product.
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Fig. 13. Circular features observed scattered across the surface of the melt material.
These features are interpreted to be formed by the impact of debris into still partly
molten material. LROC NAC M1097173170LR.

Fig. 12. (A) Impact melt extending down the northeast inner crater wall of Tycho.
Flows begin at the melt pond (P) and extend downslope onto the !oor (FL) where
they form aprons. (LROC NAC M1111868640L; 42.641S; 350.011E). (B) Impact melt
on the margin of Thales Crater. (LROC NAC M185563470L/R; 62.0341, 51.6321E).
(C) Ponds (P) and !ows of impact melt on the northwest terraced margin of Jackson
crater. The !ows extend for about 6 km downslope onto the !oor (FL); the set of
!ows are about 2–2.5 km wide (LROC NAC M1128187688LR; 22.621, 195.981).
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