Science Concept 6The Moon is anAccessibleLaboratory for Studying
the Impact Process on Planetary Scales

Science Concept 6The Moon is anaccessiblelaboratory for studying the impact process on
planetary scales
Science Goals:

a. Characterizeéhe existece and extent of melt sheet differentiation

b. Determine the structure of muting impact basins

c. Quantify the effects of planetary characteristics (composition, density, impact velocities
crater formation and morphology

d. Measure the extent of laterahd vertical mixing of local and ejecta material

INTRODUCTION

Impact cratering i& fundamental geological process which is ubiquitous throughout the Solar System.
Impacts have been linked with the formation of bodieg.(the Moon; Hartmann and Dayi 1975),
terrestrial mass extinctiong.@. the Cretaceou$ertiary boundary extinction; Alvareat al, 1980), and
even proposed as a transfer mechanism for life between planetary bodies ¢Chijp2994). However,
the importance of impacts and impacatering has only been realized within the last 50 or so years.

Here we briefly introduce the topic of impact cratering. The main crater types and their features are
outlined as well as their formation mechanisms. Scaling laws, which attempt bmfiakts at a variety of
scales, are also introduced. Finally, we note the lack of extraterrestrial crater samples and how Science
Concept 6 addresses this.

Crater Types

There are three distinct crater types: simple craters, complex ciatersnultiring basins (Fig6.1).
The type of crater produced in an impact is dependent upon the size, demd#yeed of the impactoas
well as the strength and gravitational field of the target.

Simplecraters

Simple craters, as their name suggest, arenib&t basic, and smallest, crateil heyare typified by a
smooth, bowdshape profile, with essentially no flat floor withithe crater. They have a defithdiameter
ratio of 1:31:5 (Melosh, 1989; Melosh and Ivanov, 1999) with their rims slightly figpli due to
stratigraphic tilt andejecta depositionWithin the crater resides broken and melted target folskeccia,
which has slumped off the crater walls and overlays fractured bedrock.

Complexcraters

Between diameters of15 20 km on the Moonsimple craters begin to transition into complex craters
(on Earth thigransition occurs betweeri 2 km [Pike, 1988];fansition diameter is inversely proportional
to gravity, hence the smaller transition diameter on Easthpared tahe Moor). Complex caters can be
categorized into two groups: centp#ak and peaking craters.Centralpeak craters are characterized by a
central dome which protrudes from the crater floor; a topographically high rim again defines the edge of the
impact structure Between the central dome and crater rim is an area of relatively flat topography produced
by breccia infill which overlays molten materialnstable material from the crater wall collapses inward
as large discrete blocks forming terrac€ampkx craters haara smaller deptto-diameter ratio compared
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to simple cratersa consequence of central peak and peak ring formatmakring craters are larger in
diameter than centrgleak craters and possess a ring of raised massifs roughthéaiin-to-rim diameter
instead of a central peaklhe transition between centrgeak and peaking craer morphologybegins at
diameters of ~140 km on the Moon (Melosh, 1989), however the transition is gradual-@efthéd;
Antoniadi Crater is 145 km in diameter andspesses both a peak ring and a central peak, while
Tsiolkovsky Crater, 190 km in diameter, contains pustentral peak Above diameters of 200 km, nearly
all lunar craters display remnants of a peak ring.

Multi-ring basins

Multi-ring basins are the lgest type of impact structure and are characterized by the presence of at
least one asymmetric, inward facing scarp ring outside the main crateAsimith peakring craters, they
generally possess (at least) one peak rikfyilti-ring basins begin orhé Moon at diameters of ~300 km
(Wilhelms, 1987).No multi-ring basin has been verified on Earth; Vredefort (~300 km diameter), Sudbury
(~200 km diameter) and Chicxulub (~180 km diameter) impact structures are thought to be the best basin
candidates.

Increasing Crater Diameter
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FIGURE 6.1lmpact craters on an airless body like the Moon range in size frofsizanstructure to
continentsize structures.This illustration shows a broad range of examples (from left to right): (a) ¢
micron-diameter crater on a glassy, ~465 mitiameter lunar spherule frometthuna 16 landing site
(Hartunget al, 1972); (b) a 1 kilometer diameter simple crater called Moltke; (c) a 28 kilometer diar
complex crater called Euler; (d) a 320 kilometer diameter piegkimpact basin called Sdbdlinger; and
(e) a 970 kilometer diameter muttng impact basin called Orientale. Image Credit: LPI (Priyar
Sharma)

Formation of Impact Craters

The crateing processan be divided into three distinct stages: contact/compression, excavation, and
modfication (Fig. 3.9). All impacts, regardless of scaleill experience these three stages during crater
formation. The most common angle for impact i’ 4&ilbert, 1893; Shoemaker, 1962) to the horizontal.

Contact/compression begins when the leadoigeeof the impactor hits the target surfaddis creates
two shock waves; one travels into the target, the other through the impdatos of gigapascals of
pressure can be created by the shock, melting and vaporizing target and impactor materiipgleak
pressure is the same in both target and impadiidence of these high shock pressures includes shatter
cones in shocked rock and high pressure phase minerals (coesite and stisfibeitedntact/compression
stage is defined by the time takeor fthe shock to travel up through the impactor, be reflected at the
i mpactorés rear edge, travel back through the i mpact
high shock pressuresind reach the impactéarget interface.This time can bapproximated by the time
taken for the impactor to travel a distance equal to twice its diametelirapast speedfor an impactor 1
km in diameter travelling at 20 km/s contact/compression would last ~0.1 s.

Excavation is the next stage, determinitice volume of excavated materialFollowing shock
compression and release impacted rock is accelerated and driven away from the impadtheopatth of
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movement of a particle is dependent on its original location within the tangeterial moves alom

streamlines away from the impact point resulting in the formation of a-sleayled, transient cavityThis

cavity is in effect split into two distinct regions separated by the hinge stredFiliné.2). Material found

to a depth equal to approximatel one t hird of the transient cavityds
cavity; this is known as the excavation cavity (the excavation and transient cavity are equal in diameter).
Below this depth, material is driven downward and outwaFdis flow of (particle) material is described

by the Z model (Maxwell and Seifert, 1974; Maxwell, 1977), which is based on numerical simulations of

high energy explosions, although Croft (1980) showed that this can be appiieddrcavation of high

speedmpact caters.
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FIGURE 6.2Theimpact of a projectile at £5howing the decrease in shock pressure, ejecta trajects
and excavation flow pathéModified after David Kring, UA/NASA Spee Imagery Centgr

Eventually the shock and release waves, throughwtan, lose their ability to excavate or displace
target rock. At this point the cavity is at its largest size, and is refeto as the transient cratefhe size
of the transient crater is dependent on manyofacincluding impactor speedngle ofimpact ard
impactor and target materiallhe transient crater is an ephemeral feature and so must be estimated from
theoretical studies and geological field studies; these have suggested the maximum transient crater depth is
approximately one third ots diameter (this proportion appears to remain constant for craters of widely
varying sizes). This can be used to estimate the volume of the excavation cavity, as well as the impactor
energy. The latter however is neanique; energy can represent a wideiety of impact conditionsThe
formation of the transient crater marks the end of the excavation stageavationlasts longer than
contact/compression, but is still very shayeologically speakindasting no more than a few minutes for
the very &rgest basiforming impacts.

Following excavation, the final stage of crater formation, modification, begiere rock strength and
gravity are the dominant forces resulting in the collapse of the transient crater which alters the crater
morphology. In simple craters, this involves the failure of the crater walls, leading to breccia infill of the
crater floor. For complex craters and mulihg basins, modification isore complex with various theories
proposed fothe formation of central peakgeakrings, and basinseeScience Goal 6for a discussion of
these.In general, the modification stage can be thought of as ending when motion ceases completely.
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Scaling Laws

Statistically, only a small subset of craters has been studied on Hémtise ivestigations, as well as

high energy explosion and nuclear tests, have been used to formulate scaling.tgwsrdgft, 1985)
linking small, simple impacts to larger terrestrial and lunar impact structures, includingringiltiasins.

Scaling laws haveeen formulated to estimate, among other things, transient crater diameter, melt volume,
and depth of excavationCurrently, scaling laws represent the best estimates for predicting crater features

at all scales, however their ability to accurately prefdiatures of the largest impact structures, rrirty

basins, remains uncertai®ur understanding of cratering processes has, however, been severely impeded

on Earth where other geologic processes erode impact sites. Thus, we are driven to the Emeweis.

Science Concept &ims to highlight lunar sitesherein-situ studiescan test and revaluate scaling laws

for basinscale impacts. The scadjidaws relative to the various SciencedB ofScienceConcept 6 will be

discussed in greater dettitoughout this sectian

Apollo Missionsi Lunar
A few craters were visited, and sampled, during the Apuiksions (Table 6)] thoughmost were<2

Crater

6Ground

Trut ho

km in diameterlimiting samples to small, simple crataysreworked debris fromatger craters. Because
impact cratering waso poorly unerstood at the time of Apolldhesefew samples allowed some basic
conclusions about lunar cratdse made. One of these conclusions was that the vast majority of lunar

craters were formed by imp&s rather than volcanism (volcanism was a populaAp@lo hypothesis for

the formation of many lunar craters.g. Fielder and Marcus, 1967); another was that craters distribute
ejecta on global scales producing regolitBcienceConcept 6 aims to adess both fundamental and

det ai l
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TABLE 6.1 Craters visited (with approximate diameters) durithg Apollo missions (data from
http://www.Ipi.usra.edu/lunar/missig/apollo].

Apollo Mission Crater Diameter (m)
11 Little West 183
12 Halo 7

Sharp 13
Block 13
Bench 55
Head 95
Surveyor 150
Middle Crescent 335
14 Flank 38
North Triplet 105
Cone 340
15 Spur 70
Elbow 290
Dune 340
St. George 1750
16 Cinco 65
Buster 85
Flag/Plum 230
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Wreck 740
N. Ray 980
17 Van Serg 96

Shorty 105

Lara 530

Steno 545

Nasen 6007?

Camelot 650

SCIENCE GOAL 6A: CHARACTERIZE THE EXISTENCE AND EXTENT OF MELT SHEET
DIFFERENTIATION

Introduction

Impact cratering is one of the mosfluential processes that affeitte evolution of the lunar surface
(Ahrens and Ob6Keef e, 197 2) ands oksuffmientlyahigh gpdedotaut ar y bod
they generate pressures on the order ®fl80 GPa, far greater than the threshold of whole rock melting.

In largescale impacts, large volumes of impact melt can pool into sheets, adniche kilometers thick

(Fig. 6.3). Chemical differentiation ihoughtto separate these large melt sheetis varying lithologies

(Fig. 6.4) based on density. The notion that large impact melt sheets can differentiate carries important
implications for how lunar samples and theleaeologic history of the lunar highlands are interpreted
(Grieve et al, 1991). On Earth, examples of differentiated impact melt sheets have been dayind (
Therriaultet al, 2002), however due to destructitegrestrial processes such as erosion@atd tectonics,
examples are rareThese kind of destructive processes do not occur on the Moon, thereby making it a
ideal laboratory for exploring melt sheet differentiation. The aim of Science Goal 6a is to study lunar melt
sheets and characterize #westence and extent of melt sheet differentiation. This section will outline the
most suitable lunar locations to achieve this goal.

Final crater

2 Impact melt
Peak ring sheet

FIGURE®6.3 The structure of a muilting basin (modified after LPI classroom illustration).
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Terrestrial Differentiated M elt SheetAnalogs

Chemical and textural characteristics of returned lunar samples itésipas impact melts show
similarities to those formed on the Earth, suggesting parameters governing melt processes are similar for
both bodies (Floramt al, 1978). Terrestrial analogs are an integral part in understanding processes on
other planetary bads; they promote development of models, experiments, and other methods of
understanding which can be used for comparisons teteroestrial cases. The Sudbury and Manicouagan
impact structures have been found to possess differentiated melt sheetstandaeysthese terrestrial
structures will therefore aid understanding and exploration of melt sheet differentiation on other bodies.

Sudburyimpactstructure

The first impact structure recognized to possess a differentiated melt sheet was the Sudhlairy impa
structure, Canada The impact occurred ~1.85 Ga (Zieg and Marsh, 206&) primarily granitic and
gneissitic target rocks, with an estimated 5 km ceiling of metamorphosed sediments (Kring, 1995); the
crater is 220 km in diameter (Stoéfflet al, 1994. The crater contains an igneous complex that includes a
~2.5 km thick diffeentiated melt sheet (Fi§.5) (Grieveet al, 1991). The differentiation process, which
took anywhere from days to months for complete differentiation, divided the melt imboita (~56%

SiO,) layer overlain by granophyre (~70% $)@vith a thin transition zone of quartz gabbro between them
(Zieg and Marsh, 2005).

Upper unit Transition zone Middle unit Lower unit Contact sublayer SIC SIC
(granophyre) (quartz gabbro) (norite) average from
62.4% 5.8% 4.7% 22.5% 4.6% 100.00% Collins

23 samples S.D. 4 samples S.D. 5 samples S.D. 12 samples S.D. 2 samples S.D. 46 samples (1934)

Si0, 68.71 1.29 61.52 3.67 55.25 1.38 58.82 0.62 52.33 0.25 64.57 63.14
TiO, 0.81 0.1 1.43 0.31 1.45 0.39 057 0.07 0.54 0.00 0.81 0.74
ALO, 12.80 0.31 13.52 0.11 14.32 0.85 16.17 0.54 15.36 051 13.79 14.65
Fes0, 1.74 0.43 247 0.39 3.53 1.02 1.33 0.20 2.20 0.99 1.80 1.52
FeO 4.02 0.67 6.70 114 7.86 0.83 543 0.38 750 0.57 484 5.17
MnO 0.07 0.01 0.14 0.02 0.14 0.02 0.11 0.01 0.14 0.01 0.09 0.08
MgO 0.88 0.29 1.39 0.69 3.57 0.09 415 047 8.28 0.76 2.12 2.85
Ca0 2.19 0.53 448 113 7.36 0.29 6.47 0.71 7.67 0.52 3.79 4.03
Na,0 3.49 0.38 355 0.30 2.95 0.20 345 0.75 2.40 0.14 341 3.20
K,0 3.60 0.45 2.46 0.28 1.70 0.23 1.53 0.42 1.33 0.36 2.87 2.91
P,0, 0.17 0.04 0.39 0.13 0.29 0.26 0.13 0.03 0.09 0.00 0.18 0.16
Ho0\o0 1.33 0.18 1.82 0.17 1.88 0.09 1.66 0.28 2.00 0.00 1.49 1.24
COs joat 0.18 0.16 0.32 0.22 0.08 0.04 0.25 0.22 0.20 0.00 0.20 0.23
S 0.04 0.03 0.05 0.05 0.10 0.03 0.05 0.03 0.20 0.10 0.05 0.08
LO.L 0.49 0.83 2.56 0.84 1.15 0.68 1.07 2.42 0.76

Total 100.52 102.80 101.32 100.80 102.66 100.77 100.00

FIGURE 6.5Chemicalcompositions for the units of the Sudbury Igneous Complex, as well as an o
average omposition (after Therriaukt al, 2002).

Manicouaganmpactstructure

A more recently confirmed differentiated, terrestrial melt sheawiibin the Manicouagan impact
structure, CanadaTlhe Manicouagan impact occurred 214+1 Ma (Hodych and Dunnin@) 1&@ating an
impact structure ~100 km in digeter (Grieve, 1987) Target lithologies were Precambrian crystalline
rocks overlain by a thin (<200 m), discontinuous layer of Middle Ordovician carbonates and shales (Spray
et al, 2010). The structureisni que among Earthés | arger i mpact struc
exposed, and has not been subjected to significant erosion or tectonic events, unlike Sudbuey ébpray
2010). Despite its pristine state, the differentiated nature ofSthekm diameter melt sheet remained
undiscovered until resource drilling commenced in the-in®@l 9 ORgigr to this geological field studies
estimated the mel't sheet to be ~230 m thick with an
Cooper and fray, 2010). The drill core from the central part of the melt sheet, core MRS,
confirmed a clast free melt sheet with a thickness of ~1100 m (8pedy2010), a more modest thickness
than the >2.5 km thick melt sheet of the Sudbury impact stei¢Stoffler and Deutsch, 1994)Core
MAN-0608, unlike the other homogeneous cores from shallowernggibthe melt shegetevealed two
distinct geochemical layers with a transitional dividing zofée top 278 m represents the upper layer
which is rehtively enriched in silica (60.55 wt. %) and relatively depleted in CaO and MgO with a bulk
composition of quartz monzodioriteThe bottom 525 m represents the lower layer which is enriched in
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CaO and MgO but relatively depleted in silica (56.64 wt. %l ai bulk composition ranging from quartz
monzodiorite to monzodiorit@-ig. 6.8) ( O 6 C o-@aopel ahdSpray, 2010).

Manicouagaras ananalog for thelunar highlands

The Manicouagan impact structure is an excellent analog for the Moon because theupdfitial
composed of anorthositic materiahnorthosites ar@ery common on the Moon, making up the highlands
material which accounts for ~83% of the lunar surfadéanicouagan is one of only a few terrestrial
impacts that contain anorthositbe othes being the Charlevoit64 km diameter) and Mistastin (28 km
diameter) impact structures, both in Canada, though these have comparatively less anorthosite than
Manicouagan.The Manicouagan structure has heen reworked bgonstant bombardment so it pides
a good comparison to gtine lunar highlands material.he largest impacts on the Moon incorporate more
mafic, mantle material in their melts so Manicouagan is likely only an analog for- $maitermediate
sized events impacting the highlands.

Crater Sizes and Resulting Melt

Lunar craters range in size from miestructures recorded in glasses to vast basins that stretch up to
t housands of kil ometers across $uchea wida rafiga ofesize¢ Ahr ens
generates, as expedtean equally wide range of resulting melt products whth relative volume of melt
produced and retained within the crater increasing as evagnitude increases (Fig.9). Melt volume,
Vm, is calculated using the equation

V=cD, (6.1)

where ¢ and d are constaftsli 2 x 10* and 3.85, respectivelgee Table 2 of Cintala ar@rieve, 1998
determinedy fitting the curves in Figs.9 and Q. is the diameter of the transient crater.
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FIGURE 6.9 Calculationgor melt volume as a function of transient crater diameter for varyingdtopa
compositions and speeffsom Cintala and Grieve, 1998).

Simplecraters

Melts in simple craters, like Alfraganus C (10 km diameter), occur only as thin veneers that coat the
floor and, to a lesser externthe rim(Hawke and Head, 1977) (Fi@.12, top pangl Models suggest the
ratio of the volume of melt to the volume of the transient cavity in a crater of this size will be ~0.007
(Cintala and Grieve, 1998¢quating to a melt sheet approximately 3 nthiokness. The relatively small
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vol umes of melt created are quickly choked with ¢cl
rapidly (Cintala and Grieve, 1998Traters in this regime will not produce differentiated melt sheets.

Complexcraters

Larger craters with thick melt sheets will be less susceptibtbe clast choking procesComplex
craters have a higher ratio of melt volume to transient crater volume compared to simple bMatis
suggest a crater the size of Tycho (102 kamdbter) would have a ratio of ~0.04, producing a melt sheet
~150 m thik (Fig. 3.12, middle pangl (Cintala and Grieve, 1998)Though craters of this size have
considerably more melt than simple craters they still lack the dimensions necessary to produce
differentiated melt sheets.

Impactbasins

Large amounts of melt are generated during bfisiming impacts and constitute an important rock
type on the Moon (Spudis, 1993Yhe calculated melt volume to transienater volume ratio in basins
ranges from 0.1 (Schrédinger) to greatehan 1 for the largest basindlodels suggest a basin the size of
Schradinger, the second smallest basin at 320 km in diameter, would produce a melt sheet approximately
1.4 km in thickness (Fig3.12, bottom pangl(Cintala ad Grieve, 1998).The largest basin on thdoon,
the South Poldiitken Basin (SPA), is thought to have a ~200 km thick melt sheet (Morrison, 1998).

Scaling issues for thézarth and Moon

fiDirect correlation from the Earth to the Moon regarding impact preesscan lead to confusion at
best and incorrect conclusions at warst ( Ci nt al a a n dAccueatei sealing ,is vitalofér 8 ) .
determining locations to investigate possibly differentiated melt shéetsinstance, five times as much
melt would be prodeed for a given transient crater size on Earth compared to the Moon (Cintala and
Grieve, 1998).There are three variables that need to be considered when modelingnmefiagetneration:
impact speedtarget gravity, and projectile size (Cintala and Gzjed@94). Only speedand gravity need to
be considered with regards to scaling issues between the Earth and Moon because average projectile size
will be comparable.

Impactspeed

On Earth, impacts tend twave slightly higher speedisan those on the &n This speedlifference is
relatively small due to their proximityt would have been even less in the past when the two bodies were
closer together.In their presehpositions, this small speetifference can cause an almost 70% greater
volume of melt @ the Earth for craters of identicats (Cintala and Grieve, 1994).

Gravity

The volume of impact melt is essentially indepge nt of gravity (Ob6Keefe and
the dimensions of impact craters are dependent primarily on target body .gtenjigct experiments
conducted with varying gravity yield successively smaller crater sizes as gravity increases, assuming a
constant impact energyModels suggest lunar transient crater diameters are almost 50% larger than their
terrestrial impact energgquivalents (Cintala and Grieve, 1994)his has implicationgor how thick the
me | t sheet wi || be based on | arger surface areas
Considering these variables, events of larger magnitude will be e€dgtarfacilitate differentiated melt
sheets for impacts on the Moon compared to the Earth.

Analysis Methods

Various depths within a melt sheet must be accessed to determine if any vertical composition
heterogeneity existsMelt sheets may be many kilometethick and buried underneath other lithologies,
therefore testing the nature of interrdifferentiation within them could be problematidviethods for
testing the existence and extent of their differentiation must therefore try to circumvent thisproble

Geophysicahnalysis

Seismic detection of subsurface features is an analysis method used widely by geologists to detect
structural features and, to a lesser extent, lithological variat®eismic surveys could be used to infer
density and structurahanges beneath the surface and therefore investigate the nature of melt sheets and
whether or not they are differentiated.
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Stratigraphicanalysis

Currently the most robust method for testing melt differentiation on the Moon is thstiagigraphic
interpretationof uplifted central structuresWhen an impact occurs, material from beneath the zone of
melting is uplifted abee the crater floor (Fig6.11). Investigation of this material, for example in central
peaks, can help determine the compositioariafinally deeper lithologies beneath the lunar surfé&geme
of this deep, excavated and uplifted material may represent melt sheet material from older, larger impacts
that the smaller crater impacted into; testing of the vertical heterogeneity opltfiedumelt could take
place. Figure 6.12(Cintalaand Grieve, 1998) shows the minimum depth of origin for central peaks with
respect to final crater diametefhese estimates are developed from the notion that the central peak must
come from a depth kv the zone of melting of the cratering eveny material above this depth would
have teen incorporated into the melfThe subsequent craters used for differentiation analyses must lie
within the limit of the transient crater because the melt shgabjzosed to be confined within this area
(Kring, 2005).

Final crater

Melt layer covered s Ma"rginal
: by breccia entra collapse :
Ejecta layer uplift e Ejecta layer

}

FIGURE 6.11The structureof a centralpeak complex cratefThe central uplift is shown to contair
originally deeper lithologies (after LPI classroom illustrations).
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FIGURE 6.12Minimum depth oforigin for lunar central peak material as a function of final cra
diameter for an impact velocity of 16.1 km/s (after Cintala and Grieve, 1998).

Ejectaanalysis

Another way of using subsequent craters to access the underlying melt sheet is to themapecta.
Distal ejecta material would have originated from shallower depths, while material proximal to the crater is
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thought to have originated fromedper inthe crust (Fig.6.13. Croft (1985) found that the depth of
excavation is ~1/10 of theadnsient crater diameterWith a reasonable estimate of the transient crater
diameter, calculations could be made to ensure that the impact melt of interest was djbesame
technique was used for site selection on the Apollo 14 mission, the geblasf was to sample the ejecta

of the 340 m diameter Cone Crater which was suspected to have excavated material from the Fra Mauro
Formation (Imbrium Basin ejecta)The astronauts obtained samplésng atraverse towards anaway

from the crater, acquirg material from @rying excavated depthKigfer, personal communication)his

method, on a larger scale, may prove useful for testing impactsimedt differentiation. As with the
previous method, subsequent excavating craters must lie withimtlie ¢if the transient ctar to access

the melt sheet.

Ejecta

Excavating
Crater

Excavating
Crater

FIGURE®6.13 A schematiaepresentation of the various depths of origin for crater ejecta on the surfa
reality, ejecta will not be separated into such distinct layers as shown.

Drill coreanalyds

As shown in the discussion of the Manicouagan impact melt sheet, surficial geologic interpretation may
not be sufficient to detect differentiatiofOne way to precisely determine this phenomenon is by drilling
into a melt sheeto collect rock core sgptes. As stated earlier, the differentiated nature of the
Manicouagan melt sheet was not discovered until it was drillithough this may be out of scope for
immediate lunar missions, drilling would bedefinitive way to investigate lunar melt sheifiedentiation.

Previous Work on Lunar Differentiation

Gi ven t he extent of terrestri al erosion and t he
information on melt sheet differentiation is sparse; use of terrestrial melt sheet data to explain the
composition and nature of lunar melt sheets, while useful, may not yield correct interpretations.

Spectralanalysis of Orientale Basin

Budneyet al. (1996) studied the melt sheet of the 930 km diameter Orientale Basin for signs of
differentiation. Using spedf data from the Clementine UVVIS instrument they mapped radial FeO
variations of ejecta from craters excavating Orientale basin floor material to determine if vertical
differentiation of Orientale melt took placdnitial results from their study suggest that the Orientale
melt sheet is both latdig and vertically homogeneoud his would mean only basins larger than Orientale
could potentially contain differentiated melt sheets, dramatically reducing the noftendidate basins
(Fig. 6.14. Howeer, the craters excavating basin floor material that were analyzed were located near the
margin of thepropcsed Orientale transient crateHere the melt sheet is likely to be thinner than at the
center of Orientale and hetgeneity may not be as appatenThis study also suggested that a melt
thickness of 1 km would be sufficient to see variations in FeO using the MAGFOX program for modeling
fractional crystallization.
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FIGURE 6.14 Imbrium Basin ¢enter) and South Pelksitken Basin (lower periphejythe only two basins
that may have differentiated melt sheets based on the spectral analysis of OrieBtadadyet al. (1996).

Rayleighcalculation forconvection

Morrison (1998) proposethat the South Poléitken Basin melt sheet ctilhave been athick as 226
km, producing a differentiated melt sheet consisting of anorthosites, norites, and possibly ultraitedics
differentiated nature ofthe SPA melt sheet was prompted Blementine spectral data of FeO
concentrations in the outer ring of AwIBasin; Apollo is thought to have excavated 28 km into the
heterogeneous SPA melt sheet yielding variations of FeO froi2%€ while the Apollo melt sheet yiad
FeO concentrations from-&%. Morrison (1998) also used the Rayleigh equation to deterrfine
convection and therefore differentiation occurs in an impact melt sheet

R = gaBd*/(hv) (6.2)

whereg is the acceleration due to gravigyjs the coefficient of thermal expansids,is the temperature
gradient in excess of the adiabdtjs the thickness of the melh is the thermal diffusivityandv the
kinematic viscosity. Using the Rayleigh numbeR, approximatedrom Manicouagan, lunar gravity and
viscosities of impact melt estimated from lunar meteorites, an approximate minimum $sictare
differentiatingmelt sheets on the Moon is kin. If the Rayleigh number is the determining factor, melt

sheets in excess of this thickness have the physical dimensions to convect as vigorously as Manicouag

and therefore differentiateBased onestimates for lunar melt thickness from Ciatalnd Grieve (1998)
(Fig. 6.15), all lunar basins W have a melt thickness >1.8Bm and therefore, based on the Rayleigh
criteria, will be thick enogh to differentiate (Fig6.16).
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FIGURE 6.15 Effective thickness of the melt lining as a function of final crater diameter (after Cintala
Grieve, 1998).

FIGURE6.16Basinswith melt sheets thick enough to differentiate basederRayleigh number criteria

Spectralanalysis of the South Polsitken Bagi

Using the Spectral Profiler aboard the Kaguya spacecraft, a study by Yanetrab{®010) suggested
the SPA Basin has a highly differentiated impact melt sheasisting of an orthopyroxene layer that
overlies an olivineich layer. However, a studpy Nakamuraetal.( 2009) suggested SPAG6s m
largely homogeneous given the spectral similarities of the central peaks in Finsen, Antoniadi, Bhabha and
Lyman craters within SPA, despite their different estimated excavation depths.
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Requirements

Three requirements are used to select impact sites at which to investigate lunar melt sheet
differentiation: certainty of basin existence, the extent of-pasin cratering, and whether g®postasin
craters excavated the basinbés melt sheet.

Basincertainty

Figure 6.17shows the location of all named basins on the Moon and classifies them by certéénty (af
Wood, 2004) Based on this classification, uncertain and possible basins are determined to be unsuitable
candidates for testing lunar impact tsteet differentiation.

FIGURE6.17Thespatial extent of lunar basin®asins are classified by certainty (after Wood, 2004): r
certain; green, probable; blue, possible; yellow, proposed (uncertain).

Postbasincratering

Postbasin impacts can aes probes into the underlying basinter&l, such as the melt sheeireas
with a large number of craters are deemed older than an area with fewer craters; an older surface may offer
a greater number of potential probes into the subsurfdt¢erefore,though some younger and smaller
basins like Sclidinger (320 km diameter) are ideal for studying many cratering processes, their younger
age means they may not have sufficient {b@stin impacts (of a certain size) to test impact melt sheet
differentiation However, the youngest basin, Orientale, may provide access to its melt sheet through post
basinforming cratering simply because of t@rge size (930 km diameter); a melt sheet with a larger
surface area has a greater chance of being subsequentttaéchpa.

Melt sheetexcavation

Not all post basifforming craters are suitable for testing basin melt sheet differentiati@ncrater is
too large it will have a depth ahelting which exceeds thenderlying basin melt sheet, in which case
uplifted certral peak material will not contain the basin nekeet of interestFor instance, models suggest
Orientale has a maximum melt sheet thickness of ~10.5 km (Cintala and Grieve, A888jning only a

small amount of regolith has accumulated above the mes heet since formation, an ir
basin floor forming a crater > 69 km wil!/l me |l t mat e
sheet. Ther ef or e at O 69 kenrint diaineter wilcbe tatgeted,sas t@ese craters will not, in

theory, melt material to be a depth greater than Ori.

of the Orientale melt sheet.
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Complications
Postimpactregolithaccumulations

Models have been produced to determine the atrmfuregolith accumulated on the lunar surface since
the start of the basin forming er&lousenet al. (1983) suggest a minimum of ~100 m to a maximum of
~1000 m of material has accumulatadh i | e Pi keds (1974) model i mstead sug
a maximum of ~3000 m of material may be blanketirgyghebasin surface (Figs.18 (Petro and Pieters
2008). This will be important when using the method of examining melt sheet material excavated from a
postbasin crater.If the basin is old (for exmple, Nectarian in age) and the crater excavating the basin
material is young (Copernican in age), there would likely be a substantial amount of ejecta and regolith that
must be penetrated. If the crater is too small it will only excavate regolith nhatedianot the underlying
basin melt sheetConversely if the basin of interest is relatively young (Imbrian in age) there will be little
material between the surface and the rsledtet. Assuming a constant pekasin regolith accumulation rate
of 1 mm/yr, the youngest basin (Orientale) would have ~38 m of regolith blanketing its surface.

FIGURE 6.18 Cumulative ejecta thickness from 42 impact basins estimated from the calculations
Pike (1974) and (b) Housexn al.(1983) (after Petro and Pieters, 2008).
Fallback brecciaaccumulations

During an impact, material is ejected from the crater, some of which falls directly back into the crater
and accumulateatop the melt shat (Figs. 6.3 and.11). This fallback breccia must be considered when
calculating the size of crater that is required to excavate the melt shibetSudbury impact melt, for
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