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Abstract

In this study we examine �v e lunar domesin Mare Undarum. Four domestermed
Condorcet1{4 are locatedbetweenthe cratersCondorcetP and Dubiago, immediately
eastof Dubiago V and W. The �fth dome,termed Dubiago 3, is located about 35 km
further south. The region under study is situated in a major trough concentric to5

the Crisium basin. The domesCondorcet1{3 are aligned radially with respect to the
Crisium basin. Similar domecon�gurations aligned radial to major impact basinsare
known from other lunar maredome�elds. The spectral signatureof the domesderived
from Clementine UVVIS imagery revealsthat they consistof basaltic lava with a low
TiO 2 content below 2 wt% and with a FeO content around 10 wt%. Three examined10

domesexhibit highland components in their soils,which we attribute to lateral mixing
between the material in the mare ponds and the surrounding highland material due
to random impacts. All �v e domeshave moderate diametersbetween10 and 12 km.
Condorcet1{3 are similar to e�usive domesof intermediate 
ank slope between1� and
2� like thosesituated in the Hortensius/Milichius/T. Mayer region, while Condorcet415

has an exceptionally steep
ank slope of 2:8� and a large volume. With its low 
ank
slopeof 0:9� , the domeDubiago3 is morphometrically very similar to a known intrusive
dome in the west of Mare Serenitatis. Hence, this structure is possibly of intrusive
origin, but with the available data an e�usive origin cannot be ruled out. Basedon a
rheologicmodel, we infer the physical conditions under which the domeswere formed20

(lava viscosity, e�usion rate, magmarise speed)aswell as the geometriesof the feeder
dikes.

Keyw ords: Moon; volcanism; imageprocessing;spectrophotometry; geologicalpro-
cesses
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1 In tro duction

Mare Undarum, as well as Mare Spumans,Bonitatis, and Anguis, are mare patches
outside the main rim of the Crisium impact basin. Mare Undarum is an uneven mare
locatedjust north of Mare Spumanson the lunar nearside,betweenFirmicus crater and
the easternlimb of the apparent lunar disk. It is centred at selenographiccoordinates5

68:4� E and 6:8� N, and it is contained within a diameter of 243 km. The crater
Dubiago1 lies on the southern edgeof the mare. On the north-easternedgethe crater
CondorcetP is situated. A part of Mare Undarum is included in USGSlunar geologic
map I-837 (Olson and Wilhelms, 1974),USGSlunar geologicmap I-948 (Wilhelms and
El-Baz, 1977), and Lunar Map seriesLM-62. Furthermore, the Lunar Topographic10

Orthophotomap LTO 63D1 contains an elevation map of the Mare Undarum region.
A section of ConsolidatedLunar Atlas image D1 (Kuip er et al., 1967) providing an
overview about the Mare Undarum region is shown in Fig. 1.

The Crisium basin formed in a period of high cratering 
ux, dated as4:05{4:13 Ga
(Baldwin, 1974; Nunes et al., 1974; Schae�er and Husain, 1974). Mare Spumans15

and Mare Undarum are presumably located within the continuous Crisium ejecta.
The surrounding basin material is of Nectarian age, with the mare basalt being of
Upper Imbrian age(cf. Olson and Wilhelms (1974) and referencestherein). Di�eren t
lithological units, included in USGS lunar geologicmap I-837, are apparent in the
mapped half of Mare Undarum (cf. Olson and Wilhelms, 1974). In USGS geologic20

map I-837 the mare basaltscomprisedbetweenthe craters Dubiago and CondorcetP
have been mapped as two distinct units, Im1 and Im2. Im units denote 
o ws of
volcanic material possibly including somepyroclastic material (Olson and Wilhelms,
1974). The unit Im2 is darker and lesscrateredthan unit Im1 which hasa higheralbedo
possiblycausedby a higher fraction of admixed highland material. Hence,unit Im2 is25

younger than Im1. The major trends of the Spumans-Undarumtrough-like basin are
attributable to the formation or modi�cation of the Crisium basin north-west of this
region (Wilhelms, 1973;Olson and Wilhelms, 1974;Spudis,1993).

Lunar Orbiter high-resolution imageIV-178-H1, acquiredat an unusually low illu-
mination angle and providing an oblique view on the easternhalf of Mare Undarum,30

clearly displays �v e low and smooth elevated structures, which are lunar mare domes
(Fig. 2). The domesaresituated in an Im1 unit. The presenceof such pronouncedmare
domesappearsto be somewhatunexpectedin a region socloseto the lunar farside,as
in the farsidemaria domesare not abundant. In this study we will perform a detailed
examinationof these�v edomes.Basedon high-resolutiontelescopicCCD observations35

carried out under strongly oblique illumination conditions, we examinetheir morpho-
metric characteristics by making useof a combined photoclinometry and shape from
shading approach (Horn, 1989;W•ohler and Hafezi, 2005;Lena et al., 2006a;W•ohler
et al., 2006). The obtained values are used to derive information about the physi-
cal parametersof domeformation (lava viscosity, e�usion rate, duration of the e�usion40

process,magmarisespeed,dike dimensions),employing the rheologicmodel by Wilson
and Head (2003). We provide a geologicalinterpretation of our spectrophotometric,

1The spelling \Dubiago" is according to IAU nomenclature, while in the Lunar Topographic Or-
thophotomap (LTO) and Lunar Orthophotomap (LO) seriesthe spelling \Dub yago" can be found.
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morphometric, and rheologicmodelling results, comparing them to the corresponding
parametersobserved for lunar mare domesin the large dome �elds situated on the
lunar nearside.

2 Geologic setting of the Mare Undarum region

The concentric structure of the Crisium basin consistsof a seriesof raised rings and5

intervening troughs. Several ruggedrings are delineatedin the circum-marehighlands,
and other rings inside the mare are revealed by concentric wrinkle ridge patterns.
Wilhelms (1973) identi�es basin rings with diametersof approximately 420, 500,680,
and 970km. A more recent interpretation of the multi-ring pattern by Spudis (1993)
comprisesonering of 360km diameter insidethe mare,which is probably identical with10

the 420km ring postulated by Wilhelms (1973), and the mare-bordering 540km ring.
The highland elevations around the abrupt edgeof the mare are relatively constant,
revealing a further ring of 740km diameter which is identi�ed by Spudis(1993)as the
main topographic ring of the Crisium basin. Two larger, exterior rings of 1080 and
1600km diameter display a scarp-like morphologyand resemble the outer rings of the15

Nectaris and Imbrium basins.
The raised rings, termed platform massifsby Spudis (1993), are composedof pre-

basinrock and overlying basinejecta. Betweenthe platform massifs,concentric troughs
arerevealedby the available topographicdata (Spudis,1993),which are�lled by debris
derived from the raised rings and by younger plains and mare materials (Wilhelms,20

1973). No other lunar multi-ring basin displays similar ring troughs. Hence,Spudis
(1993) explains those observed around the Crisium basin by internal modi�cation of
basin morphology. A comprehensive overview about the Crisium basaltsand regional
stratigraphy is provided by Head et al. (1978). They identify three groups of soils
in Mare Crisium. Group I soils are rich in Mg and FeO and have a moderate TiO 225

content of 3{5 wt%. They were originally emplacedover large regions of the basin
and are presently exposedas a shelf in its southwestern part. Group IIa soils have a
high FeO content and a low TiO 2 content of about 1{2 wt%. Soils of group I Ib are
similar but have a lower FeO content. The soils of group I I were emplacedin two
stagessubsequent to thoseof group I and appear as a part of the outer shelf and the30

topographic basin rim. Soils of group I I I occur discontinuously in the centre of Mare
Crisium. The TiO 2 content amounts to about 2{3 wt%. Subsidenceof the Crisium
basin occurredbeforeand after the emplacement of the group I I I basalts.

According to De Hon (1975), the grossstructure of Mare Undarum is characterised
by a large trough of 820 km diameter, concentric with respect to Mare Crisium, thus35

located between the main topographic basin ring of 740 km diameter and the outer
1080km ring. The cratering sequenceoccurring in the Mare Undarum region can be
divided into three di�erent stages.StageI craters, formed in a period of high impact

ux rate, arehighly degradedand blanketedby Crisium ejecta. StageI I cratersformed
on the mantled surfaceand are in turn 
o oded by mare basalts,while stageI I I craters40

formed after emplacement of mare basalts during a period of much lower, more or
lessconstant impact rate (Neukum et al., 2001). The impact that formed the Crisium
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basinspreadejectaacrossthe areawhich �lled and degradedpreexistingstageI craters.
De Hon (1975) examinesthe basalt thicknessin Mare Undarum and Mare Spumans
relying on measurements of the exposedrim heights of craterspartially buried by mare
basalt. An isopach map and a reconstruction of the prebasalt surfaceare provided,
indicating that stageI I cratersdeveloped on the degradedsurfaceuntil Imbrian basalt5


o ws 
o oded the low-lying terrain and buried stage I crater remnants and stage I I
craters. Especially, thick lensesof marebasalt occur in Mare Undarum near the south-
ern rim of Condorcet P, on the north-western rim of Dubiago, and associated with a
buried stage I crater at 6� N and 68� E. The averagethicknessis 200 m with local
thickeningsof about 900m (De Hon, 1975;De Hon and Waskom, 1976).10

Clark and Hawke (1987) study the geochemical variations in the Un-
darum/Spumans/Balmer region. All of the mareareasshow rangesof concentrations of
Al, Mg, Fe, Ti, and Th which indicate the presenceof marebasalts. Mare Spumanshas
a low Al concentration characteristic of typical mare basalt. Mare Undarum is some-
what morealuminousand lessma�c, probably indicating contamination with highland15

debris in basinsand ponds (Clark and Hawke, 1982,1987). Their orbital geochemical
data setsindicate that the Mare Undarum region is chemically heterogeneous.North-
ern and easternMare Undarum and parts of Mare Spumanshave relatively low MgO
contents of 7{7:5 wt% while southernMare Undarum and easternMare Spumanshave
MgO contents higher than 7:5 wt% which is indicative of more typical mare basalts20

(Clark and Hawke, 1982,1987). This variation could be causedby the di�erent extent
to which contamination by surrounding highland material has occurred within these
areas.The considerablee�ciency of this lateral mixing mechanism causedby random
impacts is discussedin detail by Li and Mustard (2000, 2005). FeO concentrations
are higher than 11:4 wt% in many mare units, including southernMare Undarum and25

much of Mare Spumans,and are lessthan 7:5 wt% in the north-easternportion of the
region, which contains the greatest expanseof highland material (Clark and Hawke,
1987).

Fig. 3 shows that the three domesCondorcet1{3 are aligned radially with respect
to the centre of the Crisium basin. Similar radial alignments of lunar domeswith30

respect to the centres of major impact basinsare described by W•ohler et al. (2007).

3 An overview about lunar mare domes

Mare domesare smooth low featureswith convex pro�les gently bent upwards. They
are circular to elliptical in shape. Lunar domesare formed either by outpouring of
magma from a central vent or by a subsurfaceaccumulation of magma that causes35

an up-doming of the bedrock layers, creating a smooth, gently sloping positive relief.
Domes representing volcanic sourcesare smooth-surfaced and usually have summit
pits or elongatedvents, �ssures, or pit chains (Wilhelms, 1987). Most vents related to
domesappear to be associated with surroundinglava plains of known volcanicorigin or
in association with pyroclastic deposits (Head and Gi�ord 1980;Jackson et al., 1997).40

Isolated domesmay be found in almost all maria, but they are concentrated on
the lunar nearsideand show signi�cant abundancein the Hortensius region, Oceanus
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Procellarum, and in Mare Tranquillitatis. Mare domesare commonly interpreted as
shield volcanoes(Wilhelms and McCauley, 1971)or laccoliths (Spurr, 1945;Baldwin,
1963;Wilhelms and McCauley, 1971).

E�usiv e lunar domesprobably formedduring the terminal phaseof a volcanicerup-
tion. Initially , lunar lavas were very 
uid due to their high temperature. Thus, they5

were able to form extendedbasaltic mare plains. Over time, the temperature of the
erupting lavas becamelower, 
o w rate decreased,and crystallisation occurred. This
changedthe characteristicsof the lava such that it beganto \pile up" around the ef-
fusion vent and formed a dome (Cattermole, 1996; Mursky, 1996). Weitz and Head
(1999) show that steeper domesrepresent the result of cooler, more viscouslavaswith10

high crystalline content, possibly at the �nal stagesof the eruption. Factors govern-
ing the morphologicaldevelopment of volcanic edi�ces are interrelated, including the
viscosity of the erupted material, its temperature, its composition, the duration of
the eruption process,the eruption rate, and the number of repeated eruptions from
the vent. The viscosity of the magma depends on its temperature and composition,15

wherethe amount of crystalline material will depend upon how it is transported from
the reservoir to the surfaceand on the crystallisation temperature of its component
phases.

Mare volcaniceruptionsarefedfrom sourceregionsat the baseof the crust or deeper
in the lunar mantle. According to Wilson and Head (1996), somedikes intruded into20

the lower crust while others penetrated to the surface,being the sourcesof extensive
outpourings of lava. Thus the surfacemanifestation of dike emplacement in the crust
is depending on the depth below the surface to which the dike penetrates. Wilson
and Head (1996) state that if a dike doesnot propagatenear the surfacebut stalls at
greaterdepth, the strain will be insu�cien t to causeany dislocation nearthe surface.If25

a dike propagatesat intermediatedepthsthe strain will causeextensionaldeformation,
eventually leadingto grabenformation. On the contrary, if a dikepropagatesto shallow
depth and gains surfaceaccessat somepoints, a subsequent lava e�usion will occur
and the surfacemanifestation of the dike will be a fracture at which a domemay form
(Jackson et al., 1997). Depending on the magma density relative to the density of30

the crust and the mantle (Wieczoreket al., 2001), and also on the stressstate of the
lithosphere, somedikeserupt at the surfacewhile others penetrate to depths shallow
enoughto producelinear graben.

A dike propagatingto the surfaceerupted lavasthat producedextensive mareunits
at high e�usione rates. At the terminal stageof the eruption the mass
ux decreased,35

resulting in the formation of domesby increasedcrystallisation in the magmasand
decreasingtemperatures. As discussedqualitativ ely by Weitz and Head (1999) and
shown basedon rheologicmodelling by Wilson and Head (2003) and by W•ohler et al.
(2006), the 
atter mare domeswere formed by lavas of low viscosity erupting at high
e�usion rates, favouring a low shield to develop, while steeper domesare favoured by40

lower mass
uxes and temperatures,resulting in higherviscositiesand a high crystalline
fraction. By comparing the time scaleof magmaascent through a dike with the time
scaleon which heat is conducted from the magma into the host rock, W•ohler et al.
(2007) �nd evidencethat the importance of magmaevolution processesduring ascent
such as cooling and crystallisation increaseswith lava viscosity. Accordingly, di�erent45
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degreesof evolution of initially 
uid basaltic magma are able to explain the broad
rangeof lava viscositiesof �v e ordersof magnitude found for lunar mare domes.

Head and Gi�ord (1980) provide a qualitativ e morphologicalclassi�cation scheme
for lunar domes.Their classes1{3 refer to largely symmetric volcanic featuresresem-
bling terrestrial shieldvolcanoes,displaying comparablysteep
anks (class1), pancake-5

like cross-sectionalshapes (class 2), and very low 
ank slopes (class 3). Domes of
classes4 and 5 are associated with mare ridgesand lava mantling of pre-existinghigh-
land terrain, while classes6 and 7 describe steephighland domesand complexedi�ces
of irregular outline, respectively. W•ohler et al. (2006) introduce an extensionof the
de�nitions of classes1{3 of the schemeby Head and Gi�ord (1980). They basethe10

distinction between theseshield-like volcanoes on their associated spectral and mor-
phometric quantities. Four classestermedA, B, C, and E describingmonogeneticmare
domesare establishedessentially accordingto the diameter, 
ank slope, and volumeof
the domeedi�ce and the TiO 2 content of its soil. Dome classesD and G denotecom-
plex non-monogeneticedi�es and highland domes,respectively, thus corresponding to15

classes7 and 6 of the schemeby Headand Gi�ord (1980). The properties of the dome
classi�cation schemeby W•ohler et al. (2006) are summarisedin Table 1. Lena (2007)
formulates this schemeas a 
o w chart, additionally taking into account the rheologic
properties of the dome-forminglava (cf. alsoSection6).

4 Observ ations20

4.1 Telescopic CCD imagery

Figs. 4a-cdisplay our telescopicCCD imagesof the Mare Undarum region. They were
taken with telescopesof aperturesbetween200and 315mm. The scaleof the imagesis
between300and 500m per pixel on the lunar surface.Due to atmosphericseeing,how-
ever, the e�ective resolution (corresponding to the width of the point spreadfunction)25

is not much better than 1 km. The imageswereobtained by digitally acquiring several
thousandsof video frames. Utilising the Giotto and Registax software packages,the
individual frameswere registeredand averagedin order to increasethe signal-to-noise
ratio (Baumgardneret al., 2000). All imagesshown in Fig. 4 are oriented with north
to the top and west to the left.30

The image shown in Fig. 4a was taken on November 07, 2006, at 00:27UT (co-
longitude 126:67� ), using a 250 mm Newtonian re
ector and a DMK 21AF04 CCD
camera. The image shown in Fig. 4b was taken on the samedate at 01:36UT (co-
longitude 127:25� ) using a 315mm Newtonian re
ector and a LumeneraIn�nit y 2-1M
CCD camera. The imageshown in Fig. 4c was madeon December 06, 2006,at 05:1635

UT (colongitude 100:10� ) using a 200 mm Newtonian re
ector and a DMK 21BF04
CCD camera. In all images,a cluster of �v e domesis apparent. To our knowledge
they are not described in precedinglunar domecatalogues(Jamiesonand Rae, 1965;
Head and Gi�ord, 1980; Jamiesonand Phillips, 1992; Kapral and Gar�nkle, 2005).
Fig. 4d displays a perpendicular view on the region,derived from Fig. 4b, in which the40

domesare marked by dots. Their selenographiccoordinates (cf. Table 2) have been
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determined with the Lunar Terminator Visualization Tool (LTVT) software package
(Mosher and Bondo, 2006).

4.2 Lunar Orbiter and Clemen tine imagery , soil comp osition

Fig. 2 displays Lunar Orbiter frameIV-178-H1, takenunderobliqueillumination, which
distinctly reveals the previously mentioned smooth and gently sloping domical struc-5

tures. The availableApollo hand-heldcameraimagesof this region(e. g. AS15-M-0939)
wereacquiredunder high solar illumination such that the domesare invisible in them.

Table 3 reports re
ectance valuesderived for the domesand two referenceunits,
relying on the calibrated and normalisedClementine �v e-bandUVVIS re
ectance data
as provided by Eliason et al. (1999). The extracted Clementine UVVIS data were ex-10

amined in terms of 750nm re
ectance (albedo) R750 and the R415=R750 and R950=R750

colour ratios. Prior to the Clementine mission, the characterisation of lunar soils was
performedbasedon the analysisof ground-basedre
ectance spectra (Adams and Mc-
Cord, 1970; McCord et al., 1972; McCord and Adams, 1973; Burns et al., 1976).
Charette et al. (1974) have shown that a high UV/VIS (e. g. R415=R750) ratio corre-15

sponds to high TiO 2 content and vice versa. More recently, Gillis and Lucey (2005)
found that ilmenite grain sizeor FeO content may also contribute to the UV/VIS ra-
tio. Hence,although TiO 2 content is monotonously increasingwith R415=R750 ratio,
the correlation is only moderateand the data display a strong scatter. Basically, Gillis
and Lucey (2005) establish two linear trends. A �rst trend with a higher slope is ap-20

parent for TiO 2 contents of more than 2 wt% found e. g. in the Mare Tranquillitatis
region with R415=R750 larger than 0:62, while a distinct secondtrend valid for smaller
R415=R750 ratios displays a lower slope and is represented e. g. by several typesof soils
in Oceanus Procellarum. The R950=R750 colour ratio is related to the strength of the
ma�c absorption band, representing a measurefor the FeO content of the soil, and25

is also sensitive to the optical maturit y of mare and highland materials (Lucey et al.,
1998).

Fig. 5a shows the locations in the Clementine colour ratio image at which the
spectra of the �v e lunar domes in Mare Undarum were obtained. The re
ectance
spectra of the domesand further nearby geologicunits, including the dark and smooth30

terrain half-way betweenCondorcet3 and Dubiago3 and the nearby hummocky terrain
locatedbetweenthe cratersDubiagoand DubiagoV, areshown in Fig. 5b. The sample
area amounts to 3 � 3 km2. All �v e examined domesare spectrally red with their
low R415=R750 ratios of 0:57{0:58, indicating a low TiO 2 content of lessthan 2 wt%
accordingto Gillis and Lucey (2005). The high R950=R750 ratios indicate mature mare35

soils with a low FeO content, for which Clark and Hawke (1987) �nd valuesaround
11:4 wt% while the FeO map by Lucey et al. (1998) reveals valuessomewhatbelow
10 wt%. Condorcet 1 and 3 are spectrally not distinguishable from the mare-like
surfaceinto which they merge,while Dubiago3 and to a lesserextent alsoCondorcet2
and 4 have spectra which are intermediate in re
ectance between the sampleddark40

and smooth mare unit and that of the nearby hummocky terrain, which is of higher
re
ectance and shows a typical highland signature. The observed intermediatespectral
signatures may be due to lateral mixing between mare and highland soils (Li and
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Mustard, 2000,2005), as Mare Undarum is characterisedby mare ponds rather than
extendedplains (cf. Section7).

5 Morphologic and morphometric dome prop erties

5.1 Morphology of the domes

The selenographiccoordinates of the domesand their lateral dimensions(cf. Table 2)5

werecomputedusing the LTVT software by Mosherand Bondo (2006),which requires
a calibration of the imagesby identifying several control points in the image. This
calibration was performedbasedon the UCLN 2005list of control points (Archinal et
al., 2006). The coordinates were further re�ned by superimposing the perpendicular
view of our imagesonto the Lunar TopographicOrthophotomap LTO 63D1.10

As visible in Figs. 2 and 4, the surfacesaround the domesappear to besmooth. The
dome Condorcet 1 is borderedat its north-western rim by an elongated,presumably
non-volcanic mountain. Similarly, the dome Dubiago 3 displays a central protrusion
which is probably a pre-existing,non-volcanichill. Thesedomesdo not display summit
pits, at least not at the resolution of the Lunar Orbiter imagery. We estimated the15

height of the domesCondorcet 3 and 4 basedon shadow length measurements in the
obliqueillumination view shown in Fig. 4b. For Condorcet3 and4, heights of 107� 15m
and 270� 30 m were obtained, respectively.

5.2 Image-based 3D reconstruction of the domes

Due to the fact that the Lunar Orbiter imageswere acquired on a photographic �lm20

scannedon board the spacecraft,resulting in a nonlinearandunknown relation between
incident 
ux and pixel greyvalue, they are not suitable for 3D reconstruction of lunar
surfaceparts basedon photometric methods. Similar problems occur for the high-
resolution orbital imagestaken with hand-held and aerial camerasfrom the Apollo
commandmodules. What is more, the local solar elevation anglesare about 20� {30�

25

for Lunar Orbiter images,while nearly all Clementine imageswere acquired at low
phaseangles, resulting in steep illumination angles in the equatorial regions where
Mare Undarum is situated. The illumination of the surfaceis thereforenot su�cien tly
oblique in the available spacecraftimagery to apply photoclinometric methods to the
lunar domesin this region.30

The Lunar Topographic Orthophotomap (LTO) and Lunar Orthophotomap (LO)
serieswere derived from Apollo 15{17 orbital imagery acquired with metric modi�ed
aerial cameras.The elevation contour interval of the LTO mapscorrespondsto 100m.
Topographic maps have also beengeneratedbasedon Lunar Orbiter stereoimagery.
Rosiek et al. (2007) point out that earlier attempts did not yield satisfactory results35

due to errors in reconstructingthe imagesfrom �lm sectionsscannedon the spacecraft,
leading to linear artifacts in the generateddigital elevation maps(DEMs). The recent
approach by Rosiek et al. (2007) basedon digitised Lunar Orbiter data circumvents
these problems, resulting in topographic maps which are essentially free of artifacts
but still not as accurateas the LTO data.40
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The domesin Mare Undarum are incorporated in Lunar Topographic Orthopho-
tomap LTO 63D1 (cf. Fig. 6). The fairly complexstructure of the domeCondorcet1
with an elongatednon-volcanic mountain at its north-western rim is clearly revealed
by this map. According to the elevation contours, the height of the volcanic edi�ce
amounts to 100{200m. The domesCondorcet2 and 3 appear as singlecontour lines,5

thus indicating approximate heights of 100 m. For the dome Condorcet 4, the topo-
graphic map yields an elevation di�erence of roughly 200{300m between its summit
and its bottom. Theseheight values,however, are very approximate sincethe resolu-
tion of the topographic map is too low to obtain well-de�ned valuesfor the elevation
of the mare plains surrounding the domes.10

The lateral resolutionof LTO 63D1is not su�cien tly high to display the 3D shapes
of the domesin somedetail, while the vertical resolution is too low to yield fairly ac-
curate domeheights. As a consequence,for an in-depth morphometric and subsequent
rheologicanalysisof the domes,we performeda reconstructionof their 3D shape based
on the available telescopicimagedata, relying on the combined photoclinometry and15

shape from shading method described in detail by W•ohler et al. (2006). Thesetech-
niquestake into account the viewing direction of the camera,the illumination direction,
and the surfacenormal in order to infer the three-dimensionalshapeof a surfacesection
from the observed intensity distribution in the image.

The re
ectance behaviour of the lunar surfacedepends on the incidenceangle � i20

underwhich it is illuminated by the sun,correspondingto the anglebetweenthe surface
normal and the illumination direction, the emissionangle� e betweenthe surfacenormal
and the observingdirection, and the phaseangle� betweenthe illumination direction
and the observingdirection. A physically motivated re
ectance model is provided by
Hapke (1993), which allows to determinesoil parameterslike single-scatteringalbedo,25

averagegrain size, soil porosity, or averagemacroscopicsurfaceroughnessbasedon
photometric observations performed under a variety of incident, emission,and phase
angles.The complexalgebraicform of the Hapke model, however, makesit somewhat
di�cult to usein the context of photometric 3D surfacereconstruction algorithms. A
phenomenologicalre
ectancelaw that �ts the re
ectancebehaviour of the lunar surface30

equally well as the Hapke model for emissionanglesbelow 70� is the Lunar-Lambert
law

R(� i ; � e; � ) = a

"

2L(� )
cos� i

cos� i + cos� e
+ (1 � L(� )) cos� i

#

(1)

(McEwen, 1991). The Lunar-Lambert re
ectance (1) is a weighted sumof the Lambert
re
ectance (the secondterm in the sum), which is proportional to cos� i and describes
perfectly di�use scattering, and the Lommel-Seeligerre
ectance (the �rst term in the35

sum). The factor a denotesthe surfacealbedoand is estimatedbasedon the assumption
that the mean slope acrossthe reconstructed surfacepart is zero. McEwen (1991)
tabulates the phaseangle dependent weight parameter L(� ) over the completerange
of phaseanglesbetween0� and 180� by �tting Eq. (1) to the Hapke model.

For regionsnear the centre of the lunar disk observed under oblique illumination40

(cos� i � 1) and perpendicular view (cos� e closeto 1), it is pointed out by W•ohler
and Hafezi (2005) that the Lunar-Lambert re
ectance function remainsvery similar to
the Lambert re
ectance function largely independent of the value of the weight factor
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L(� ). In contrast, near the limb of the lunar disk the deviations from Lambertian
re
ectance becomeimportant. For the low phaseanglesbetween 10� and 20� under
which the telescopicimagesshown in Fig. 4 were acquired, McEwen (1991) gives a
value of L(� ) = 0:9 for the lunar macroscopicsurfaceroughnessestimated by Warell
(2004). Accordingly, under oblique viewing and illumination anglesand low phase5

anglesthe re
ectance behaviour of the lunar surfacelargely obeysthe Lommel-Seeliger
law, i. e. the dependenceof the surfacere
ectance on the incidenceangle and thus
the surfaceslope is much lesspronouncedthan for Lambertian re
ectance { as a note
of interest, this re
ectance behaviour is responsible for the fact that the full Moon
displays no limb darkening. As a consequence,the heights of the domes in Mare10

Undarum obtained assumingLambertian re
ectance are too low by about a factor of
two, comparedto the valuesderived with the Lunar-Lambert re
ectance law.

Dome height h and 
ank slope � are readily inferred from the resulting DEM,
taking into account the e�ect of the curvature of the lunar surface. Dome diameter
D, height h, and 
ank slope � are related by � = arctan(2h=D). The domevolume V15

is computed by integrating the DEM over an area corresponding to a circular region
of diameter D around the dome centre. If only a part of the dome surfacecan be
reconstructede. g. due to the presenceof shadows cast by nearby hills, the volume
is estimated basedon a cross-sectionin east-west direction through the centre of the
dome, assumingrotational symmetry. A rough quantitativ e measurefor the shape of20

the dome is given by the form factor f = V=[� h(D=2)2] (cf. Table 2), where we have
f = 1=3 for domesof conical shape, f = 1=2 for parabolic shape, f = 1 for cylindrical
shape, and intermediate valuesfor hemisphericalshapes. W•ohler et al. (2006) infer a
relative accuracyof 10%for the domeheight h and of 25%for the volume V.

Based on the image shown in Fig. 4b, we obtain diameters of 10{12 km for all25

domesexaminedin this study, a low 
ank slope of 0:9� for Dubiago 3, moderateslopes
of 1:1� {1:8� for Condorcet1{3, and a steepslope of 2:8� for Condorcet4. The edi�ce
volume is fairly low for Dubiago 3 (3:0 km3), moderate (5{10 km3) for Condorcet1{3,
and amounts to a large value of 15:3 km3 for Condorcet 4 (cf. Table 2). Our height
valuesarein good correspondencewith thoseobtainedfor Condorcet3 and 4 by shadow30

analysis(cf. Section5.1) and are also consistent with the very approximate elevation
di�erences derived from LTO 63D1 for the domesCondorcet1{4. The DEM obtained
for the domesCondorcet2, 3, and 4 is shown in Fig. 7.

6 Mo delling of rheologic prop erties and dik e ge-
ometries35

Wilson and Head (2003) provide a quantitativ e treatment of dome-formingeruptions
of magma onto a 
at plane spreading in all directions from the vent. This model
estimatesthe yield strength � , i. e. the pressureor stressthat must be exceededfor the
lava to 
o w, the plastic viscosity � , yielding a measurefor the 
uidit y of the erupted
lava, the e�usion rate E, i. e. the lava volume erupted per second,and the duration of40

the e�usion process.In the model by Wilson and Head (2003), the magmais treated
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as a Bingham plastic with a yield strength of

� =
0:323h2 � g

D=2
(2)

(Blake, 1990). The plastic viscosity � is then estimatedby the empirical relation

� (� ) = 6 � 10� 4 � 2:4; (3)

where � is expressedin Pa and � in Pa s. In Eq. (2), � denotesthe lava density,
for which Wilson and Head (2003) apply a value of 2000kg/m 3, g = 1:63 m s� 2 the
accelerationdue to gravit y, h the height of the dome, and D its diameter. In their5

study, Wilson and Head (2003) regard the Gruithuisen and Mairan highland domes,
for which they infer a formation from non-basaltic lava of fairly low density, while
the domesin Mare Undarum are composedof mare basalts (cf. Section 4.2), which
typically have densitieshigher than 2000kg m� 3 (Wieczorek et al., 2001). However,
assuminga higher density will increasethe viscosity value merely by a constant factor10

for all domes. For a high magmadensity of 2800kg m� 3, this factor amounts to 2:2,
comparedto the valuesobtained with 2000kg m� 3, which is not too signi�cant when
regarding the broad range of viscositiesof about six orders of magnitude inferred for
lunar mare and highland domes(W•ohler et al., 2006). Hence,we compute the lava
viscositiesfor � = 2000kg m� 3 in order to facilitate a direct comparisonof our results15

to previous studies (Wilson and Head, 2003; W•ohler et al., 2006; Lena et al., 2007;
W•ohler et al., 2007).

Wilson and Head (2003) make the assumptionthat the advanceof the front of a
lava 
o w unit is limited by cooling oncea critical depth of penetration of the cooled
boundary layer into the 
o w is reached. Relying on this assumption, they derive20

a relation for the lava e�usion rate E which is basedon the e�ective 
o w thickness
df = cf �h of the dome,which is not straightforward to determine. As an approximation,
Wilson and Head (2003) set the e�ective 
o w thickness to the elevation di�erence
between the dome surface and the surrounding surface half-way between the dome
summit and its outer rim. Accordingly, a value of cf = 0:7 is implied by the parabolic25

shapesassumedfor the Gruithuisenand Mairan highland domes.The relation for the
e�usion rate obtained by Wilson and Head (2003) then corresponds to

E =
0:3231=2 300� (D=2)2

0:655=2 c2
f h

: (4)

Here, � � 106 m2 s� 1 denotes the thermal di�usivit y of the lava. For the domes
examinedin this study, we have determinedthe valuesof cf basedon the reconstructed
DEMs (Table 2). E�ectiv ely, the e�usion rates for lunar mare domesgiven in previous30

studies(W•ohler et al., 2006;Lenaet al., 2007;W•ohler et al., 2007)havebeencomputed
with c2

f = 0:72 (cf = 0:85), which is realistic due to the 
attened or pancake-like cross-
sectional dome shapes. As it is unknown if the ad-hoc assumption of measuringcf

half-way betweenthe domesummit and its rim appropriately re
ects the e�ective 
o w
thickness,and as E depends on the squareof cf , we assumethat the values for the35
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lava e�usion rate obtained from Eq. (4) may be o� by factors of up to about 2. Hence,
thesevalues re
ect the order of magnitude of E but should not be taken to be very
accurate.

The duration Te of the lava e�usion processamounts to

Te = V=E (5)

with the edi�ce volume V determinedaccordingto Section5.2. Eqs. (2){(5) are valid5

for domesthat formed from a single
o w unit (monogeneticvolcanoes). Otherwise,the
computedvaluesfor � , � , and E are upper limits to the respective true values.

Weobtain comparablee�usion ratesof 89and 102m3 s� 1 for the domesCondorcet1
and 4, respectively. For the domesCondorcet 2 and 3 higher e�usion rates of 172
and 309 m3 s� 1, respectively, are inferred. Condorcet 1{3 formed out of lavas with10

viscositiesbetweenabout 7 � 104 Pa s and 5 � 105 Pa s over periods of time between
0:5 and 3:4 years (cf. Table 4). Condorcet 4 is quite di�erent with respect to its
morphometric properties and the conditions under which it formed. It originatesfrom
lavas of a high viscosity of 5:3 � 106 Pa s, erupting over a comparably long period of
time of 4:8 years. The dome Dubiago 3 is very similar in its appearanceand also its15

morphometric properties (moderate to largediameter, low 
ank slope below 1� ) to the
intrusive domeimmediately north of the large intrusive Valentine dome,locatedon the
western edgeof Mare Serenitatis, with D = 11 km and � = 0:8� (Lena et al., 2006b;
W•ohler et al., 2006). Due to the limited image resolution and the di�cult viewing
geometryit remainsunclear if Dubiago3 is of e�usive or of intrusive origin. Naturally,20

the rheologicproperties derived for this dome,indicating formation from low-viscosity
lava erupting at a high e�usion rate over a short period of time of three months, are
only valid under the assumptionof a formation by lava e�usion.

As shown by Wilson and Head(2003), the inferred rheologicpropertiescanbe used
to model the magma rise speed U and the geometry of the dike through which the25

magma ascended,given by the dike width W and the length L. We will only give a
short outline of this model since it has beendescribed in detail by Wilson and Head
(2003) and by W•ohler et al. (2007). The three parametersU, W, and L are related to
the e�usion rate E by

E = UWL: (6)

The magma rise speedU is found by balancing the vertical pressuregradient dp=dz30

driving the magmaupwards (seebelow) against the friction at the dike wall, wherethe
yield strength � has to be overcomebeforeascendingmotion can occur:

U =
W 2

12�

"
dp
dz

�
2�
W

#

: (7)

Rubin (1993a)has shown by modelling a pressuriseddike propagating in a linear vis-
coelastic medium that the valuesof W and L are not independent of each other but
that their ratio L=W dependson the lava viscosity � . In that model, the ratio p0=G35

between the magmapressurep0 and the elastic sti�ness G of the host rock is an im-
portant parameter,which lies in the rangebetween10� 4 and 10� 3 (Rubin, 1993a)and
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typically amounts to 10� 3:5. In the elastic domain, where the viscosity contrast be-
tween the host rock and the magma (a broadly acceptedvalue for the \viscosity" of
the host rock is 1018 Pa s) is larger than about 12{14 orders of magnitude, the ratio
L=W is independent of the magmaviscosity and increasesapproximately linearly with
decreasingvalue of p0=G. For higher magmaviscositiesthe magmaand the host rock5

are treated as two viscousmedia, and the value of L=W decreasesstrongly with in-
creasingmagma viscosity. Combining the results of the viscoelastic model by Rubin
(1993a)with Eqs. (6) and (7) yields a relation for the dike width W which needsto be
computednumerically (cf. alsoW•ohler et al., 2007).

An important parameter for modelling the geometry of lunar feederdikes is the10

vertical pressuregradient dp=dz. Most petrologic models of lunar basaltic magmas
suggestan origin by partial melting at 200{400 km depth (Ringwood and Kesson,
1976). The classicalmodel of magmaascent through the lunar crust (Headand Wilson,
1992; Wilson and Head, 1996) predicts that basaltic melts are less densethan the
lunar mantle but denserthan the overlying crust. Hence,without assumingan excess15

pressure,basaltic diapirs would rise buoyantly through the lunar mantle but stall near
the baseof the crust at the so-calledneutral buoyancy horizon. According to Wilson
and Head (1996), the excesspressurerequired to drive magmato the surfacethrough
a dike and to erupt it onto the surfaceamounts to 21 MPa for a typical, 64 km thick
nearsidecrust, corresponding to a pressuregradient of dp=dz= 328Pa m� 1.20

A more recent model of basaltic magmaascent by Wieczoreket al. (2001)assumes
a dual-layeredstructure of the lunar crust. It is shown that basaltic magmashould be
lessdensethan the material of the lower crust. In placeswherethe upper anorthositic
crust was removed by an impact event, basaltic magmacould have beendriven to the
surfaceby its positivebuoyancyalone. These�ndings aresupported by estimatesof the25

thicknessof the lower and the upper crust basedon the analysisof gravit y anomalies
(Wieczorek et al., 2006), indicating that mare basalts are present where the upper
crust is found to be absent. In this model, the driving pressuregradient is given by
dp=dz= g� � , where� � denotesthe density di�erence betweenthe ascendingmagma
and the crustal material.30

At this point, however, we do not needto determinewhich model is \correct". For
basalticmagmasof low TiO 2 content (asfound in the Mare Undarum region)at liquidus
temperature, Wieczoreket al. (2001) derive a density di�erence of � � � 200kg m� 1,
implying a vertical pressuregradient of dp=dz � 320 Pa m� 1. This value is nearly
identical with the onesuggestedby Wilson and Head(1996). Hence,we have assumed35

their value of dp=dz = 328 Pa m� 1 to determine the magma rise speedsand dike
geometriesfor the domesin Mare Undarum. The modelling results are summarisedin
Table 4.

7 Discussion

The oldest materials visible in the Mare Undarum region are those from the impact40

that producedthe Crisium Basin, a multi-ring structure formed4:05{4:13Ga ago. The
outermost rings are identi�ed by Spudis(1993) as structures of 1080and 1600km di-
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ameter, respectively, having scarp-like morphologies.Mare Undarum is situated inside
the 1080km ring. During a period of several hundred million years, partial melting
occurred at depth in the lunar mantle due to heat releasedby radioactive decay of
elements like potassium,uranium, and thorium (Ringwood and Kesson,1976). These
melts tracked up faults created by the shock wave from the Crisium impact and re-5

sulted in the deposition of lava within the basin itself and in peripheral troughs around
the basin (Spudis, 1993).

Mare Undarum is a marepatch locatedoutsidethe main rim of the Crisium impact
basin but concentric to Mare Crisium, with the mare basaltsbeing of Upper Imbrian
age(Olson and Wilhelms, 1974). The earliest lavasvisible in Mare Undarum are those10

of relatively high albedo, described as unit Im1 in the geologicmap by Olson and
Wilhelms (1974).

The domesCondorcet1{3 are aligned radial to Mare Crisium. Similarly, domesin
the Hortensius/Milichius/T. Mayer region are aligned radial to the Insularum basin
and to the Eastern Procellarum basin postulated by De Hon (1979), and a long chain15

of domesin the northern part as well as three domesin the western part of Mare
Tranquillitatis are aligned radial to the Imbrium basin, respectively (W•ohler et al.,
2007). It is suggestedby W•ohler et al. (2007) that the ascent of dome-forminglavas
was guided by the sameinternal stress�elds induced by major basin impacts which
also generatedcrustal fractures and faulting. While terrestrial crustal fractures are20

mostly due to tectonic processes,systemsof crustal fractures on the Moon were gen-
erated by major impact events. Basin impacts causedshock waves that propagated
through the lunar surface(Spudis, 1993). Theseshock waves induced faulting in the
subsurfacebedrock and reactivated faults causedby precedingimpact events. Radial
and concentric surfacemanifestationsof faulting in the subsurfacelayers are apparent25

around several lunar impact basins(Wilhelms, 1987).
Concentric faulting is visible at the surfacee. g. asarcuaterilles or, especially in the

caseof the Crisium basin, as a systemof trough rings (Spudis, 1993). Mare Undarum
itself is located in oneof the major concentric troughs. Radial to a basin, faulting was
causedby the initial shock of the basin impact. Thesefaults were covered by ejecta30

but reactivated later by subsequent impact events. Examplesof surfaceexpressionsof
such processesare the tectonic faults RupesCauchy and RupesRecta and the linear
rilles Rima Cauchy, Rima Ariadaeus,and Rima Hyginus, which display a roughly radial
orientation with respect to the Imbrium basin (Wilhelms, 1972).

The alignment of the domesCondorcet 1{3 radial to the Crisium basin con�rms35

the hypothesisthat the impact-inducedstress�elds causedby large impact events fa-
cilitated the ascent of dikes from the lunar mantle through the crust. As a rule, the
fractures are already closedat depthsof � 20 km (Wieczoreket al., 2001)and thus do
not extend as far down as the mantle sourcezonesof most dikes. Hence,we assume
that it is the stress�eld rather than the actual presenceof the pre-existing fractures40

which favoured the formation and ascent of dikes. In the model by Rubin (1993b), the
planeof the dike is perpendicular to the direction of minimum compressive stress,lead-
ing to dikes following the samepaths as pre-existing fractures, gaining surfaceaccess
at somepoints, and eventually erupting lava onto the surface(Petrycki and Wilson,
1999; Wilson and Head, 2003). It is intuitiv e to assumethat the shock wave moves45
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radially outwards from the location of the impact and that the impact-induced stress
is thus maximal in the direction radial to the basincentre and minimal in the direction
concentric to it. According to the model by Rubin (1993b), this would immediately
explain a radial dike orientation. Hence,the orientation of the domechain consisting
of Condorcet 1{3 indicates that dike formation in Mare Undarum was guided by the5

stress�elds induced by the Crisium impact.
Condorcet1 and 3 arespectrally not distinguishablefrom the mare-like surfaceinto

which they merge,while the domesCondorcet 2 and 4 and Dubiago 3 have spectra
which are intermediate in re
ectance betweenthe sampleddark and smooth mareunit
and the hummocky terrain (cf. Fig. 5 and Table 3). A mechanism to explain the10

presenceof highland components in mare soils and vice versa is lateral mixing due
to random impacts of small bodies as suggestedby Li et al. (1997) and modelled in
more detail by Li and Mustard (2000). They infer the relative fraction of mare and
highland soil along mare-highland contacts basedon spectral mixture modelling of
Clementine UVVIS data and introducea so-calledanomalousdi�usion model that �ts15

well the observed relative abundancesat distancesof up to 10 km from the boundary.
The symmetric shapesof the fraction pro�les perpendicular to the boundary indicate
that the e�ciency of vertical mixing by impact cratering, leading to contamination
of mare soil by highland material excavated from below the mare basalt, is negligible
comparedto lateral mixing. Their studiesdemonstratethat lateral mixing turns out to20

be e�cien t enoughto distribute a fraction of 20%{30%of exotic components even over
distanceslarger than 100km (Li and Mustard, 2005). Accordingly, our interpretation
for the observed spectral behaviour of Condorcet2 and 4 and Dubiago3 is pronounced
lateral mixing. A possiblealternative explanation for the highland component in the
soils of thesedomesis the assimilation of crustal wallrock into the ascendingmagma,25

but we will show later in this sectionwhy assimilation is unlikely to occur under the
eruption conditions and dike geometriesencountered for the domesin Mare Undarum.

In the classi�cation schemeby Headand Gi�ord (1980), the domesCondorcet1{4
are of class1 while Dubiago 3 is of class3. Condorcet 1 and Dubiago 3 have small
positive reliefson their surfaces,well visible in the Lunar Orbiter imagein Fig. 2. They30

likely represent pre-existingsmall peakssurroundedby the domes.
Basedon the spectral and morphometric data obtained in this study, the steeper

domeCondorcet4 clearly belongsto classB1 in the schemeintroducedby W•ohler et al.
(2006) and later re�ned by Lena (2007), while its neighbour Condorcet2 with its low

ank slope and rather low edi�ce volume belongsto classB2. The domeCondorcet135

is of classB2 with sometendency towards classC1, while the low dome Condorcet 3
with its still lower 
ank slope, lower edi�ce volume,and longerduration of the e�usion
processis a typical classC1 representativ e with respect to its morphometricproperties.
The domesin Mare Undarum consistof lavasof intermediate to high viscosity and low
to moderate TiO 2 content, erupting at low to intermediate e�usion rates (Tables 140

and 2). If the e�usion processcontinuesover a long period of time, steep
ank slopes
and high edi�ce volumesmay occur asin the caseof Condorcet4 (classB1), while short
periods of e�usion result in lower edi�ces of lower volume, as it is the casefor the two
domesCondorcet 1 and 2 (classB2). Condorcet 3, which belongsto classC1, shows
a shallow 
ank slope mainly due to the low viscosity of the lava from which it formed45
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(6:8 � 104 Pa s) and the high lava e�usion rate (309 m3 s� 1). The dome Dubiago 3
can be assignedto classC1 according to its morphometric properties. A still lower
viscosity, higher e�usion rate, and shorter duration of the e�usion processthan for
Condorcet3 are obtained for Dubiago 3 (cf. Table 4) if we assumethat it is of e�usive
origin. However, this dome is morphometrically very similar to the intrusive dome5

north of the Valentine domesituated at the westernborder of Mare Serenitatis,which
is described by W•ohler et al. (2006) and in more detail by Lena et al. (2006b). Based
on the available observational data we cannot determine if Dubiago 3 is of e�usive or
of intrusive origin.

W•ohler et al. (2007) establishthree rheologicgroupsof e�usive lunar mare domes.10

Thesegroups di�er from each other by their rheologicproperties and associated dike
dimensions,wherethe basicdiscriminative parameter is the lava viscosity � . The �rst
group, R1, is characterisedby lava viscositiesof 104{106 Pa s, magma rise speedsof
10� 5{10� 3 m s� 1, dike widths around 10{30 m, and dike lengths between about 30
and 200 km. The domesCondorcet 1{3 belong to this rheologic group, also Dubi-15

ago 3 if it is an e�usive dome. Other representativ es of rheologic group R1 are the
domesof intermediate to large diameter and intermediate 
ank slope in the Hort-
ensius/Milichius/T. Mayer region. Rheologicgroup R2 is characterisedby low lava
viscositiesbetween 102 and 104 Pa s, fast magma ascent (U > 10� 3 m s� 1), narrow
(W = 1{4 m) and short (L = 7{20 km) feederdikes. The very low domesin northern20

and westernMare Tranquillitatis, which all formed from spectrally blue lavas of fairly
high R415=R750 ratio and thus increasedTiO 2 content, are typical representativ es of
this rheologicgroup. None of the examineddomesfound in Mare Undarum belongs
to group R2, presumablydue to the low TiO 2 content of the spectrally red mare soil
in this region. The third group, R3, is made up of domeswhich formed from highly25

viscouslavas with � = 106{108 Pa s, ascendingat very low speedsof 10� 6{10� 5 m s� 1

through broad dikesof several tens to 200m width and 100{200km length. The dome
Condorcet4 is a typical representativ e of rheologicgroup R3.

According to Wieczoreket al. (2006), the total crustal thicknessin the Undarum
region amounts to 55 km while the thicknessof the upper crust correspondsto 35 km.30

If it is assumedthat the vertical extensionof a lunar dike is comparableto its length L
(Jacksonet al., 1997),the magmawhich formedthe examineddomesin Mare Undarum
originated in the upper lunar mantle, well below the crust. A possibleexception is
Dubiago 3 as the magma reservoir of its feederdike was situated in the lower crust,
provided that this domeis an e�usive construct.35

The magmarisespeedsanddikegeometriesinferred for the domesin Mare Undarum
indicate that vertical mixing by assimilation of wallrock into the ascendingmagmais
not a likely processto explain the observed highland component in the spectral signa-
tures of the e�usive domesCondorcet2 and 4 (in the caseof Dubiago 3, assimilation
cannot have in
uenced the spectral appearanceof the domesurfacealready due to its40

mode of formation, if this domeis assumedto be of intrusive origin). For the rheologic
groups R1 and R3, to which the Undarum domesbelong, the duration of magmaas-
cent is betweenoneand two ordersof magnitude higher than the time scaleof magma
cooling in the dike (W•ohler et al., 2007). Numerical simulations (Carrigan et al., 1992;
W•ohler et al., 2007) show that under these\quasi-stationary" conditions the magma45
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temperature at the border of the dike nearly instantaneously drops down to a value
near the averagebetween the host rock temperature and the magma temperature in
the middle of the dike. It is demonstratedby Hess(1994) that even in the early lunar
history the host rock and the magma were not su�cien tly hot to allow melting and
subsequent assimilation of signi�cant amounts of crustal wallrock (cf. alsoLena et al.,5

2007).2

The domes Condorcet 1{3 are similar to many domes in the Horten-
sius/Milichius/T. Mayer regionin their morphometricand rheologicproperties(W•ohler
et al., 2006,2007). The lava plains of Mare Crisium only display a small number of
fairly inconspicuousdomical structures; at least one rather well-de�ned dome is situ-10

ated on the 
o or of the crater Lick (Kapral and Gar�nkle, 2005). A well-examined
dome in Mare Crisium is the e�usive edi�ce Yerkes 1, which is situated closeto the
eastern rim of Mare Crisium, north-east of the crater Yerkes (W•ohler et al., 2006).
This dome is remarkably similar to Condorcet 1{3 in its spectral (low R415=R750 and
high R950=R750 spectral ratio) and morphometric properties (cf. Table 5). The close15

resemblanceindicates that the interior conditions during domeformation weresimilar
near the centre of the Crisium basin and in its outer regions.

Lunar mare domes that come close to Condorcet 4 in their morphometric and
rheologicpropertiesare two membersof the well-studieddomesuite north of the crater
Hortensiusin Mare Insularum, termed Hortensius5 and 6 by Headand Gi�ord (1980)20

and described also by W•ohler et al. (2006). Another mare domewith similar spectral
and morphometric properties,examinedby Lena et al. (2007), is locatedsouth-west of
the crater Doppelmayer. The fourth previouslyknown domeof this kind is Herodotus !
situated in Oceanus Procellarum south-west of the crater Aristarchus (W•ohler et al.,
2006). These domesare all characterisedby comparably steep 
ank slopes of more25

than 2:5� and largeedi�ce volumesof about 20{30 km3 (cf. Table5). They are of class
B1 in the schemeintroduced by W•ohler et al. (2006), who suggestthat thesedomes
formed from dikes �lled with relatively cool, highly viscousmagma nearly saturated
with crystals which gainedsurfaceaccessat somepoints.

The e�usion rate for Condorcet4 of 102m3 s� 1 lieswell within the rangebetween3030

and 157m3 s� 1 determinedfor Hortensius5 and 6, Herodotus ! , and Doppelmayer 1,
while the estimatedduration of the e�usion processof 4:8 yearsis somewhatshorter in
comparisonto Hortensius5 and 6 (cf. Table 5). Assuminga driving pressuregradient
of the magmaof dp=dz= 328Pa m� 1, we found that the feederdikesof Hortensius5
and 6, Herodotus ! , and Doppelmayer 1 have lengths in the range between145 and35

188 km. Thesevaluesare comparablewith the dike length of 178 km estimated for
Condorcet 4, indicating an origin of the dome-forming magma well below the lunar

2The situation is di�eren t for the domesof rheologicgroup R2, wherethe duration of magmaascent
is shorter than or comparableto the time scaleof magma cooling (W•ohler et al., 2007), resulting in a
largely uniform temperature in the dike which is closeto the temperature at the dike centre (Carrigan
et al., 1992). This leads to a higher wallrock temperature at the dike border than for the domes
of rheologic groups R1 and R3. However, the R2 domes known to date do not display highland
components in their spectra (W•ohler et al., 2006, 2007). Assimilation is favoured by long durations
of the lava e�usion process(Spera, 2000),hencein thesecasesthe entrainment of signi�can t amounts
of wallrock into the magma has presumably been prevented by the short durations of the e�usion
processfor thesedomesbetweentypically only a few weeksand three months.
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crust. The dike width for Condorcet 4 is slightly lower than the values inferred for
the dikes which are supposed to have formed the other four steep and voluminous
classB1 domes.The viscosity of the lava that formed Condorcet4 of 5:3 � 106 Pa s is
comparableto the valuederived for Herodotus ! but about a factor of three lower than
the viscositiesinferred for Hortensius5 and 6 and Doppelmayer 1. This di�erence was5

probably causedby a higher eruption temperature (presumably lower, though, than
that of the lavasforming the other examineddomesin Mare Undarum) and thus lower
crystallinit y of the lava.

8 Summary and conclusion

In this study we have examined�v e lunar domesin Mare Undarum in terms of their10

spectral and morphometric properties and the eruption conditions encountered during
their formation. All �v e domes have moderate diameters between 10 and 12 km.
Condorcet1{3 are typical e�usive maredomes,given their shallow 
ank slopesand low
edi�ce volumes.They formedfrom lavaswith viscositiesaround105 Pa swhich erupted
at high e�usion ratesbetween100and300m3 s� 1 over comparablyshort periodsof time15

between0:5 and 3:4 years. Condorcet 1{3 strongly resemble the well-examineddome
Yerkes1 at the westernborder of Mare Crisium, indicating similar interior conditions
during dome formation on regional scales.Condorcet 4 originates from high-viscosity
lavas (� = 5:3 � 106 Pa s) erupting at an e�usion rate of 102 m3 s� 1 over a relatively
long period of time of 4:8 years. According to its di�erent character (large volume20

and steep 
ank slope of 2:8� ), the magma rise speed was 1{2 orders of magnitude
lower than for Condorcet 1{3, probably due to a lower lava temperature and thus an
increaseddegreeof crystallisation during magmaascent. Lunar maredomesthat come
closeto the domeCondorcet4 in their morphometric and rheologicproperties are the
two members Hortensius 5 and 6 of the well-studied dome suite in Mare Insularum,25

the domeDoppelmayer 1 located south-west of the crater Doppelmayer south of Mare
Humorum, and Herodotus ! in Oceanus Procellarum. Like Condorcet4, thesedomes
have 
ank slopes steeper than 2:5� and high edi�ce volumesaround 20{30 km3. In
contrast to Condorcet 1{4, the dome Dubiago 3 is characterised by morphometric
properties that suggestan intrusive origin.30

Condorcet1 and 3 are spectrally not distinguishablefrom the maresoil of low TiO 2

content into which they merge, while the domesCondorcet 2 and 4 and Dubiago 3
have a spectrum that is intermediate in re
ectance between the sampled dark and
smooth mare unit and that of the hummocky terrain. This observation is attributable
to lateral mixing due to random impacts of small bodies. The alignment of the domes35

Condorcet1{3 radial to the Crisium basinsuggeststheir formation by a singleradially
oriented feeder dike, indicating that the impact-induced stress �eld facilitated and
guided the ascent of dikes from the lunar mantle through the crust. The rheologic
properties inferred for Condorcet 1{3 indicate that their common feederdike had a
width of 23 m and a length of 103km. In this context, the large trough concentric to40

Mare Crisium in which Mare Undarum is situated is another expressionof the stress
�eld building up after the basin impact. Compared to Condorcet 1{3, Condorcet 4

19



was formed by a considerablywider feederdike (W = 127m) with a length of 178km.
Assuming a vertical dike extensioncomparableto the dike length, it follows that for
Condorcet 1{4 the dome-formingmagmaoriginated in the upper lunar mantle, given
the crustal thicknessof 55 km in the Mare Undarum region.

Future work will include an extensionof our analysisto further e�usive maredomes5

in regionscloseto the limb of the apparent lunar disk. Such studiesmay help to gain
moredetailed insight into the globaland regionalinternal geologicprocessesresponsible
for the formation of the observed various typesof lunar mare domes.

Ac knowledgemen ts: We wish to thank Bob Pilz for contributing the telescopic
CCD imageof Mare Undarum shown in Fig. 4c.10
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Class R415=R750 � [� ] D [km] V [km3]
A > 0:64 0:3{1:0 5{13 < 3
B1 0:55{0:64 2:0{5:4 6{15 5{32
B2 0:55{0:64 1:3{1:9 8{15 2{21
C1 0:55{0:60 0:6{1:8 13{20 7{50
C2 0:60{0:64 1:0{2:5 8{17 4{17
D > 0:64 1:3{1:5 � 25 40{67
E1 0:58{0:62 2:0{4:0 < 6 < 1:2
E2 0:58{0:62 < 2:0 < 6 < 1:2
G 0:55{0:60 > 6:0 7{30 20{390

Table 1: Spectral and morphometric properties characterising the dome classesas
de�ned by W•ohler et al. (2006,2007).

Dome Long. [� ] Lat. [� ] D [km] h [m] � [� ] V [km 3 ] f cf
Condorcet 1 70:30 7:05 9:7 � 0:5 150 � 20 1:8 � 0:2 9:5 � 1:9 0.85 0.94
Condorcet 2 70:30 6:72 10:3 � 0:5 130 � 15 1:5 � 0:2 7:4 � 1:9 0.68 0.77
Condorcet 3 70:64 6:78 11:2 � 0:5 110 � 15 1:1 � 0:1 5:3 � 1:3 0.49 0.68
Condorcet 4 70:93 6:67 11:1 � 0:5 270 � 30 2:8 � 0:3 15:3 � 3:8 0.58 0.65
Dubiago 3 71:30 5:54 11:7 � 0:5 90 � 10 0:9 � 0:1 3:0 � 0:8 0.31 0.69

Table 2: Morphometric properties of the domesin Mare Undarum.

Location R750 R415=R750 R950=R750

Condorcet1 0:1162 0:5808 1:0690
Condorcet2 0:1200 0:5747 1:0920
Condorcet3 0:1143 0:5731 1:0826
Condorcet4 0:1240 0:5751 1:0737
Dubiago 3 0:1376 0:5848 1:0648
Mare reference 0:1156 0:5691 1:0690
Highland reference 0:1530 0:5814 1:0927

Table 3: Essential spectral properties of the domesin Mare Undarum according to
Clementine UVVIS imagery (cf. alsoFig. 5). The sizeof the sampleareaon the lunar
surfaceis 3 � 3 km2.

Dome � [Pa s] E [m3 s� 1 ] Te [years] U [m s� 1 ] W [m] L [km] Class
Condorcet 1 4:3 � 105 89 3:4 2:2 � 10� 5 30 133 B2{C 1
Condorcet 2 1:9 � 105 172 1:4 8:6 � 10� 5 21 94 B2
Condorcet 3 6:8 � 104 309 0:54 3:6 � 10� 4 14 62 C1
Condorcet 4 5:2 � 106 102 4:8 6:8 � 10� 6 84 178 B1
Dubiago 3 2:4 � 104 400 0:24 1:1 � 10� 3 9:0 40 C1
Condorcet 1{3 2:3 � 105 570 { 2:4 � 10� 4 23 103 {

Table 4: Rheologicproperties and dike geometriesof the domesin Mare Undarum.
The rheologicproperties inferred for Dubiago 3 are only meaningful if it is taken to be
an e�usive dome.
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Dome D [km] � [� ] V [km 3 ] � [Pa s] E [m3 s� 1 ] Te [years] U [m s� 1 ] W [m] L [km]
Yerkes 1 9:6 1:3 4:8 1:0 � 105 146 1:05 1:2 � 10� 4 16 73
Hortensius 5 8:5 5:4 18 6:6 � 107 31 18:3 9:2 � 10� 7 243 145
Hortensius 6 12:5 3:6 32 2:3 � 107 70 14:6 2:8 � 10� 6 157 160
Herodotus ! 14:4 2:5 21 1:3 � 106 157 4:3 1:7 � 10� 5 47 188
Dopp elmayer 1 16:8 2:8 34 3:4 � 107 121 8:9 5:7 � 10� 6 127 167

Table 5: Morphometric and rheologicproperties of the e�usive domeYerkes1 in Mare
Crisium and the exceptionally large, steep,and voluminous classB1 domesknown to
date. Morphometric and rheologic data are adopted from W•ohler et al. (2006) and
Lena et al. (2007). The valuesfor U, W, and L werederived in this work for Yerkes1
and are adoptedfrom W•ohler et al. (2007)and Lena et al. (2007) for the other domes.

Figure 1: Consolidated Lunar Atlas image D1 (Kuip er et al., 1967), showing an
overview of Mare Crisium and Mare Undarum. The white dashedframe indicates
the regioncoveredby Fig. 2. MU: Mare Undarum; D: Dubiago; CP: CondorcetP; CF:
CondorcetF.
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Figure 2: Lunar Orbiter imageIV-178-H1,showing an obliqueview on Mare Undarum.
North is indicated by the arrow in the upper right of the image,undistorted imagescale
in the lower right. The white dashedframe indicates the region coveredby Fig. 4d.
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Figure 3: Shadedrelief map of the Mare Crisium region, generatedby PDSMAPS
(http://pdsmaps.wr.usgs. gov). The locations of the domesCondorcet1{4 and Du-
biago 3 are indicated by black dots (cf. alsoFig. 4d). The alignment of Condorcet1{3
radial to the Crisium basin is clearly apparent (dashedline).
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Figure 4: TelescopicCCD imagesof Mare Undarum. North is to the top and west to
the left. Scalebars indicate undistorted image scale. (a){(b) Mare Undarum under
obliquesunsetillumination. (c) Mare Undarum under steeper illumation beforesunset.
ImagecourtesyBob Pilz. (d) Image(b) recti�ed to perpendicular view.
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Figure 5: (a) Clementine 750nm albedoimageof easternMareUndarum. The locations
of the domesexamined in this study and the mare and highland referencesites are
marked by white crosses.(b) Clementine UVVIS spectra of the indicated locations.
The mare referencesite is denotedby \m", the highland referencesite by \h".
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Figure 6: Sectionof Lunar Topographic Orthophotomap LTO 63D1. The circumfer-
encesof the domesCondorcet2, 3, and 4 aswell asthe southernand the north-western
border of Condorcet 1 appear as contour lines. The contour interval corresponds to
100m.

Figure 7: DEM of the domesCondorcet4, 2, and 3, viewed from south-westerndirec-
tion. The vertical axis is ten times exaggerated.
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