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Abstract

This study examinesa setof lunar domeswith very low ank slopeswhich di er in sev-
eral respects from the frequerly occurring lunar e usive domes. Someof thesedomes
are exceptionally large, and most of them are assaiated with faults or linear rilles of
presumablytensional origin. Accordingly, they might be interpreted as surfacemani-
festationsof laccolithic intrusions formed by exure-induced vertical uplift of the lunar
crust (or, alternatively, aslow e usive edi ces dueto lava martling of highland terrain,
or kipukas, or structural features). All of them are situated near the borders of mare
regionsor in regionscharacterisedby extensiwve e usive volcanic activity. Clemerine
multispectral UVVIS imageryindicatesthat they do not prefererially occurin speci c
typesof mare basalt. Our determination of their morphometric properties, involving
a combined photoclinometry and shape from shading technique applied to telescopic
CCD imagesacquired at oblique illumination, revealslarge dome diameters between
10 and more than 30 km, ank slopesbelov 0:9 , and volumesranging from 0:5 to
50 km3. We establishthree morphometric classes.The rst class,In1, compriseslarge
domeswith diametersabove 25 km and ank slopesof 0:2 {0:6 , classIn2 is made
up by smallerand slightly steeper domeswith diametersof 10{15 km and ank slopes
between0:4 and 0:9 , and domesof classIn3 have diametersof 13{20 km and ank
slopes belov 0:3 . While the morphometric properties of seweral candidate intrusive
domesoverlap with those of someclassesf e usive domes,we show that a possible
distinction criterion are the characteristic elongatedoutlines of the candidateintrusive
domes. We examine how they di er from typical e usive domesof classess and 6
de ned by Head and Giord (1980), The Moon and Planets 22, 235{257, and showv
that they are likely no highland kipukas due to the absenceof spectral cortrast to
their surrounding. Theseconsiderationssere as a motivation for an analysis of the
candidate intrusive domesin terms of the laccolith model by Kerr and Pollard (1998),
J. Struct. Geol. 20, 1783{1793,to estimate the geoplysical parameters,esgecially the
intrusion depth and the magma pressure,which would result from the obsened mor-
phometric properties. Accordingly, domesof classinl are characterisedby intrusion
depths of 2:3{3:5 km and magmapressuresbetween18 and 29 MPa. For the smaller
and steeper domesof classIn2 the magmaintruded to shallov depths between0:4 and
1:0 km while the inferred magmapressuresangefrom 3 to 8 MPa. ClassIin3 domesare
similar to those of classInl with intrusion depths of 1:8{2:7 km and magmapressures
of 15{23 MPa. As an extraordinary feature, we descrite in somedetail the concertric
crater Archytas G assaiated with the intrusive dome Arl and discusspossiblemodes
of origin. In comparisonto the candidateintrusive domes,terrestrial laccolithstend to
be smaller, but it remainsunclearif this obsenation is merely a selectione ect dueto
the limited resolution of our telescopicCCD images. An elongatedoutline is common
to many terrestrial laccoliths and the putativ e lunar laccoliths, while the thicknessval-
uesmeasuredfor terrestrial laccoliths are typically higherthan thoseinferred for lunar
laccoliths, but the typical intrusion depths are comparable.
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1 Intro duction

Most lunar domesare volcanic featureswith low pro les, commonly topped by small
smaoth-rimmed craters. The apparert internal origin of the domeswas a major factor
in endogenicinterpretations of the maria, and their low pro les suggesta volcanism
characteristic of uid mac magmas(Wilhelms, 1987). The extrusive origin of lunar
domesand their similarity to terrestrial featureslike small shield volcanaeshave been
descriked in the literature (Head and Gi ord, 1980;Basaltic VolcanismStudy Project,
1981). Domesrepreseting volcanic sourcesare smooth-surfacedand usually have a
summit crater pit. Most verts relatedto domesappearto be assa@iated with surround-
ing lava plains of known volcanic origin. The presenceof a summit crater pit argues
againstan intrusive or laccolithic origin for the majority of thesefeatures.

Low mare domes are concetirated in Mare Tranquillitatis (Cauchy and Vitru-
vius region) and in western Mare Insularum (Hortensius/Milichius/T. Mayer region)
but occur in other maria as well. Many of the lunar domeslocated in the Horten-
sius/Milichius/T. Mayer regiondisplay a summit crater pit likely represeting the vert
of the volcanowhich was enlargedby withdrawal of magmaand later erosion. Other
domesdo not have a circular summit pit but their summit is crossedby a rimless
elongatedvent or ssure (Wilhelms, 1987). The di erent dome shapesindicate that
they were formed by lavas of di erent viscositiesand e usion rates (Whitford-Stark
and Head, 1977;Head and Gi ord, 1980;Weitz and Head, 1999;Heather et al., 2003;
Wilson and Head, 2003,2008; Wohler et al., 2006,2007).

Individual domeslocated on mare plains are divided into the classesl{3 by Head
and Giord (1980), denoting the diameter and steepnesf the volcanic edice. A
re ned classi cation sdheme for sud isolated domesaccordingto their spectral and
morphometric properties is establishedby Wehler et al. (2006). Sinceindividual ow
featuresare absen for the large majority of thesedomes,they are most likely mono-
genetic. The inferred lava viscositiesand e usion rates spana range of seeral orders
of magnitude, wherethe low domesin the Caudy region are characterisedby low lava
viscositiesand high e usion rates, while the steeper domesin Mare Insularum north of
the crater Hortensiuswere presumablyformed by highly viscouslavas erupting at low
e usion rates. Mare domesof class4 are assaiated with mareridgesand arches,which
may be related to shallow intrusions or structural warping and low-angle overthrusts
asseiated with mare subsidence.They are abundart in the lunar mareregionsbut not
very conspicuousand often ill-de ned. Domesof class5 are assaiated with highland
terrain. They consistof mare material that appearsto originate from lava martling
of pre-existing highland topography. Another type of domical featuresis descrited by
class6. Thesedomesare assaiated with highland terrain appearing as higher-albedo
\islands" of highland terrain surroundedby mare lava, so-calledkipukas. Class7 de-
notes volcanic featureswith rough surfacesresulting from superposed ow lobesand
cones. Sud complexvolcanic constructs are mainly found in the Marius Hills region,
wherelow domesand very steepedi ces are obsened (Whitford-Stark and Head, 1977,
Weitz and Head, 1999). The steep-sideddomesindicate that comparably cool lavas,
being characterisedby a high crystallinity, erupted at low e usion rates, possibly at
the terminal stagesof the eruptions that emplacedthe earlier mare plains and lower
domes. Earth-basedradar obsenations by Campbell et al. (2009) reveal a very rugged
o w surfacemorphologythroughout the Marius Hills regionunder a regolith layer not



thicker than a few metres. The ruggednesss inferred to arise from combinations of
compositional change, e usion rate, and cooling e ects. According to Head and Gif-
ford (1980),the only class7 domeslocated outside the Marius Hills regionare Arago
and in Mare Tranquillitatis.

As a generalremark, Headand Gi ord (1980) state that an intrusive origin of some
lunar domes\cannot be establishedor ruled out on the basisof available data". In
this study we will shav that somelunar domeswhich do not display e usive vens
di er morphometrically from the common e usive domesof classesl{3, 5, and 6 in
that they are characterisedby very low ank slopesof lessthan 0:9 , often have larger
diametersthan e usive lunar domesof 30 km and more, and display regular but non-
circular outlines. Thesedomestend to be asseiated with tectonic faults or linear rilles,
which are indicative of tensional stressand may suggesta possibleintrusive mode of
formation. We will discussin somedetail how they di er from and what they have in
commonwith kipukas and especially with the domesof classes and 6 in the scheme
by Headand Gi ord (1980).

On the Earth, subsurfacemagmatic intrusions often form laccoliths, wheremagma
o ws under a surfaceof solidi ed lava and lifts it up. Laccolithic intrusions are usually
of attened or domical shape. During their formation they ewlve from sill-like forms
by uplift of the overlying strata (Gilbert, 1877; Basaltic Volcanism Study Project,
1981;Pollard and Fletcher, 2005). Johnsonand Pollard (1973) recognisethat laccolith
formation is characterisedby three distinct stages.During the rst stage,athin sill-like
unit undergceslateral growth. The secondstageconsistsof vertical growth causedby
exure of the overlying strata due to the pressurisedmagma. If the exure-induced
vertical uplift exceedsa few hundred metres, piston-like uplift of a fault-b oundedblock
may occur during the third stageof laccolith formation, as proposede. g. by Carlino
et al. (2006) asa formation medanism for the Epomeomountain on the Italian island
of Ischia. Wichman and Scwltz (1996) attribute the modi cation processe®bsened
in o or-fractured lunar craters to the formation and growth of laccoliths, especially
the third (piston-like uplift) stage. They employ the laccolith model by Johnsonand
Pollard (1973)to estimate the correspnding intrusion depth and magmapressure.

For the lunar domesexaminedin this study, the available obsenations do not allow
to establishunambiguously a speci ¢ mode of formation. In the cortext of the possi-
bility that they might be intrusive, howewer, we presei a laccolith modelling analysis
asa medanismto \test" for the consistencyof thesefeaturesbeing of intrusive origin.
Hence,our study is organisedas follows: Section2 preseis orbital imagery acquired
by the Lunar Orbiter and Clemeriine spacecraftaswell astelescopicCCD imagedata.
In Section3 the spatial distribution of the candiate intrusive domeson the Moon and
their geologicsetting are outlined. The derivation of morphometric properties of the
examineddomesand a correspnding classi cation schemeare descriked in Section4,
and the candidate intrusive domesare comparedwith classicale usive domesand es-
pecially with the domesof classes and 6 in the sdhemeby Head and Gi ord (1980).
The establisheddi erences sene asa motivation for an analysisof the candidateintru-
sive domesin terms of the well-establishedaccolith model by Kerr and Pollard (1998),
providing a numerical treatment of the secondstage of laccolith formation, charac-
terised by exure-induced vertical uplift of the crust. Estimates of the geoplysical
parametersof the candidate intrusive domesare obtained accordingly speci cally the
intrusion depth and the magmapressure.Section6 discussed# the inferred parameters

4



are\realistic", i. e.whetherthey are consistet with valuesobtained basedon di erent
geoplysical modelling approadesfor the lunar interior and how they comparewith
the correspnding quartities derived for sometypical terrestrial laccoliths. The results
are summedup in Section?7.

2 Observ ations

Lunar domesof possiblyintrusive nature were formedin di erent dome elds and are
assaiated with a large variety of lava types(cf. Section2.2). All descrited candidate
intrusive domesare characterisedby very low ank slopesin the range 0:1 {0:9 (cf.
Section 4). Structures with even lower ank slopes may exist, but they would be
extremely di cult to obsenre. The spatial distribution of the lunar candidateintrusive
domesexaminedin this study is shovn in Fig. 1. Most of them are situated near
borders of mare regions,where the layer of mare basalt is presumablythin and small
non-wolcanichills are often \shining through”. In the largedome elds situated around
the craters Caudy and Vitruvius and in the Hortensius/Milichius/T. Mayer region,
the candidate intrusive domesare usually assaiated with e usive domes. The other
domesexaminedin this study are situated in westernMare Serenitatis, Mare Frigoris,
Sinus Iridum, and in a ring trough of Mare Humorum. Ead domeis labelled by the
abbreviation of the name of a nearby crater and a number (Weohler et al., 2006;Lena
and Wehler, 2008a).

2.1 Lunar Orbiter and Ap ollo imagery

As very low solar illumination anglesare required to reveal the gertle slopesof lunar
domes, most of these subtle structures do not appear in the available sets of orbital
images. Lunar Orbiter and Apollo imagesof the four largestlunar candidateintrusive
domesare showvn in Fig. 2. The Valertine domeV1 and its smallernorthern neighbour
V2, both locatedat the northwesternrim of Mare Serenitatis,areapparert in Apollo 15
image AS15-91-1237Z%cf. Fig. 2a). A slightly curvedrille is crossingthe surfaceof V1.
Lunar Orbiter imagelV-133-H2 (cf. Fig. 2b) shavsthat the domeM13 is characterised
by two fracture-like rilles crossingits surface,and the telescopicCCD image shovn
in Fig. 3b indicates that its southwestern border is made up by a fault. Apollo 12
image AS12-50-7438acquired under a low solar illumination angle, revealsa system
of rilles on the surfaceof and closeto the dome Gal (cf. Fig. 2c). The gerly sloped
anks of Gal are alsoclearly apparern. According to Lunar Orbiter imagelV-116-H1
shawvn in Fig. 2d, the northern part of the surfaceof the large domeArl is crossedoy
a chain of craters that look like secondarieswhile the dome surfaceis crossedfrom
the southwest to the northeast by a structure resenbling a linear rille in the south
and a fault in the north. The orbital imagesshav that the examinedlarge candidate
intrusive domesdisplay linear structures on their surfacethat can be interpreted as
the results of tensional stress.

2.2 Clementine imagery: Surface comp osition

For spectral analysiswe utilise the Clemeriine UVVIS v e-banddata set aspublished
by Eliason et al. (1999), which has been calibrated with respect to the laboratory
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spectrum of Apollo 16 sample62331. The UVVIS re ectances are normalisedto an
incidenceangle of 30 and an emissionangleof 0 . For all spectral data extracted in
this study, the sizeof the sampleareaon the lunar surfacewassetto 2 2 km?,

Variations in soil composition, maturity, particle size, and viewing geometry are
indicated by the re ectance Rsso at 750 nm wavelength. Another important spectral
parameter is the ratio given by R415=R750, Which is correlated with the variations in
TiO, content of mare soils. A correspnding relation was establishedby Charette et al.
(1974), speci cally regarding di erent basaltic units in Mare Tranquillitatis. A com-
prehensie characterisation of spectral featuresattributable to titanium in lunar soils
is provided by Burns et al. (1976). Relying on TiO, abundancedata obtained with
the Lunar Prospector neutron spectrometer, Gillis-Davis et al. (2006) demonstratethat
other factors sud asilmenite grain sizeor FeO cortent may give a signi cant cortribu-
tion to the UV/VIS ratio. Accordingto theseanalyses,TiO, cortent is monotonously
increasingwith R415=R7s50 ratio, but the correlation is only moderate and the data dis-
play a strong scatter. Gillis-Davis et al. (2006) establisha trend with a higher slope,
valid for R415=R750 ratios of largerthan  0:62anda TiO, cortent of morethan 2 wt%,
represeted e. g. by the Mare Tranquillitatis soils, and a distinct secondtrend with a
lower slope, valid for smaller R4;5=R750 ratios and represeted e. g. by se\eral regions
in Ocearus Procellarum. The third regardedspectral parameter,the Rgs50=R750 ratio,
is related to the strength of the ma ¢ absorption band, represeting a measurefor the
FeO corntent of the soil and being also sensitive to the optical maturity of mare and
highland materials (Lucey et al., 1998).

The spectral data listed in Table 1 indicate that the candidateintrusive domesare
assaiated with a large variety of mare lavas. The valuesof R;5o range from around
0:08 for the domesaround the crater Caudy in easternMare Tranquillitatis to 0:14
for the dome Pal near the crater Palmieri. The high R4;5=R75¢ ratios around 0:65 of
the domesin Mare Tranquillitatis indicate a high TiO, content of the solil, while the
domesArl in Mare Frigoris and L6 in Sinus Iridum are characterisedby low R415=R759
ratios of about 0:56, implying a very low TiO, content. Moderate R4;5=R75 ratios
around 0:6 are obsened for the other domes. All examinedintrusive domesdisplay
high Rg50=Ry750 ratios typically around 1:05, indicating a high optical maturity and thus
a high exposure age of the dome surfaces. We concludethat the candidate intrusive
domesdid not form preferernially in speci c typesof mare lava.

2.3 Ground-based observations

TelescopicCCD imagesof the candidateintrusive domesexaminedin this study, some
of which are already mertioned by Wehler et al. (2006),are shavn in Fig. 3. They were
taken under strongly oblique illumination conditions using telescopes with apertures
between130and 315mm. For imageacquisition a Philips ToUCam Pro CCD camera,
an Atik CCD camera(both with 640 480pixelsimagesizeand5:6 m pixel size),and
a LumeneralLUQ75M industrial CCD camera(640 480pixelsimagesize,7:4 m pixel
size)were employed. Eadch imagewas generatedby stadking se\eral hundreds of video
frames. For this purposethe Registax, Iris, and Giotto software padkageswere used,
employing a cross-correlationtechnique similar to the one descrited by Baumgardner
et al. (2000). The scaleof the imagesis between300and 600 m per pixel on the lunar
surface.Due to atmosphericseeinghoweer, the e ectiv e resolution (correspnding to



the width of the point spreadfunction) is not much better than 1 km. All imagesare
oriented with north to the top and west to the left.

3 Spatial distribution and geologic setting

The dome eld around Caudy (cf. Fig. 3a) is assaiated with the tectonic features
Rupes Caudy (a fault) and Rima Caudy (a graben) and covers the northern and
north-easternpart of Mare Tranquillitatis. In the Caudy dome eld, se\eral individ-
ual graben have e usive mare domessituated directly next to them. E usive domes
assaiated with graben along strike have beeninterpreted to be formed by dikeswhich
are situated at very shallov depths below the surface,lessthan a few tens of metres,
and may have penetrated the surfacein places(Petrycki and Wilson, 1999). Rima
Caudy 11 shows further evidenceof near-surfaceextrusion, sud as numeroussmall
domesparallel to the rille, interpreted asthe surfacemanifestation of dike intrusion to
a very shallov depth (Petrycki and Wilson, 1999). The candidateintrusive domesC10
and C11 are ass@iated with Rupes Caudy and Rima Caudy, respectively, while the
intrusive dome C9 is located on the certral Mare Tranquillitatis plains next to a short
and not very conspicuoudinear feature running parallel to Rupes Caudyy and Rima
Caudy.

The dome eld in the Hortensius/Milichius/T. Mayer region (cf. Fig. 3b) comprises
an extensiwe part of northern Mare Insularum south of the outer rim of the Imbrium
basin. For the e usive domesin theseregions, Wehler et al. (2006, 2007) relate the
obsened signi cant di erences in their 3D shapesto variations in eruption style and
feederdike geometry Large parts of Mare Insularum are in uenced by basalt lavas
of low to moderate TiO, cortent on which ejecta of the craters Copernicus, Kepler,
and Eratosthenesare superimposed (Hiesinger et al.,, 2003). The geologicmap by
Wilhelms and McCauley (1971) shavs that most basalts of this region are Imbrian
mare materials with someunits shaving characteristics of Eratosthenian mare (Em)
material. The Hortensiusdomeshave beendescriked to be of Eratosthenian age due
to apparert superposition on Imbrian mare material, but possibly cortemporaneous
with uppermost mare material (Wilhelms and McCauley 1971), while somedomesin
the Milichius region are classi ed as Eratosthenian mare dome material (Emd) and
included as part of an Em unit. The Em unit is descriked as a probably relatively
thin cover of youngerlava o ws or pyroclastic materials over thicker accunulations of
Imbrian mare material (Wilhelms and McCauley 1971). The more recen analysisof
surfaceagesin the Ocearus Procellarumregionby Hiesingeret al. (2003) statesthat the
mare surfacein the Milichius/T. Mayer dome eld, which partially correspndsto their
unit IN3, was emplacedduring the Imbrian epoch (3:53 Ga) but resurfacingoccurred
2:96 Ga ago. No speci ¢ ageestimatesare given for the domes. In Mare Insularum,
two candidate intrusive domesare located in a mare material unit. Thesetwo large
domes,M13 near Milichius (cf. Figs. 2b and 3b) and Gal near the crater Gambart (cf.
Figs. 2c and 3c), are characterisedby the presenceof straight rilles traversing their
surfaces. Sud rilles are likely due to tensional stress, and they indicate structural
cortrol by subsurfacegeology consistem with laccolith intrusion where the magma
accunulating beneaththe surfacenot only resultedin an upbowing of the surfacerock
layersbut alsoin failure of the rock strata (fracturing). If thesefractureswere limited



to the uppermostlayersonly, then no magmawasreleasedand the fracturesremained
sharply visible (once magmais releasedthesefeaturesbecome lled or smoothed).

Two candidate intrusive structures can be identied on the western edgeof the
Serenitatisbasin, in the surroundingsof Montes Caucasug(cf. Figs. 2a and 3d). Large
parts of Mare Serenitatisare characterisedby basaltic lavas of a low to moderate TiO ,
content of 1{7 wt%, correspndingto a broad variety in agesand TiO, concerrations
(Hiesingeret al., 1998). The well-known domeV1 (informally known asthe \V alertine
dome") with its large diameter and high edi ce volume shaws closeresenblance to
the domesGal and M13, indicating a similar mode of origin. V1 is characterisedby
the presenceof a slightly curved rille traversingits surface. Its western ank merges
smaothly into the surrounding mare plains, but its easternedgeis formed by a fault
about 60 m high (cf. Section4.1). The smaller dome V2 located to the north of V1
doesnot show arille onits surfacebut its northern rim hasa fault-lik e appearance(cf.
Section4.4).

A candidateintrusive domesimilar to V1 is the large structure Arl locatedin Mare
Frigoris south of the crater Archytas (cf. Figs. 2d and 3g). The basalt Il within Mare
Frigoris was emplacedin at least three major episales (Whitford-Stark, 1983,1990).
The oldestidenti able unit is dominatedby low-TiO, lavasand wasfollowed by basalts
of intermediate and high-TiO, composition. The lavas appear to have beenemplaced
largely by o od-style eruptions (Whitford-Stark, 1983), leading to the formation of
seeral e usive lunar domes. The easternmare material is of the Upper Imbrian epoch
and the western mare material is of the Eratoshenianepoch (Lucchitta, 1978). The
volcanic-tectonic ewlution of Mare Frigoris was extensively examined by Whitford-
Stark (1990), who providesa geologicmap of the mare basalt units that iderti es units
of di erent TiO, cortent. Additionally, the westernbasaltsof Mare Frigoris are corre-
lated with the Sharp formation of Ocearus Procellarum and the reddish basalts with
the Telemannformation of Ocearus Procellarum (Whitford-Stark and Head, 1980).
The structure Arl showstwo rilles traversingits surfaceand a concettric crater on the
summit. The rille on the northern part of the dome surfaceis composedof multiple
craterlets, correspnding to a cluster or chain of secondaryimpact craters. Another
straight rille is situated on the southernsurfaceof Arl. Similar to the Valertine dome
V1, the surfaceof Arl displays a fault extending from north to south. According to
Fig. 39, Arl may be regardedas being composedof two separatepartial domes,an
easternpart, denotedby Arle, and a lower westernpart. Basedon the available image
material, a reasonablyaccurateheigh value could only be inferred for the easternpart
(cf. Section4.1).

A plain of basaltic lava that forms a northwestern extensionto Mare Imbrium is
Sinus Iridum. It cortains the candidateintrusive domelL6 located near Promorntorium
Laplace(cf. Fig. 3e) immediately west of a somewhatsteeper e usive dome(Lena and
Woehler, 2008b). Another e usive dome can be found 200km further south. In USGS
lunar geologicmap 1-602 three distinct lithological units are mapped as Im1 through
Im3 and descriked as at, smooth mare material (Schaber, 1969).

In the Mare Humorum region, the principal structure is the Humorum basin, a
circular mare basin of approximately 300 km diameter. Two e usive lunar domesare
located near the crater Doppelmayer, displaying markedly di erent spectral, morpho-
metric, and rheologicproperties (Lenaet al., 2007). A candidateintrusive domenamed
Palis locatedin a small mare areaimmediately west of Mare Humorum nearthe crater



Palmieri (cf. Fig. 3f). It is assa@iated with a broad linear rille of presumablytensional
origin. The unnamedmare patch appearsto be located in a basin ring trough. The
Humorum basinformed early in the history of the moon and waslater o odedby mare
material. Impact cratering with attendant erosion, episalic volcanism, and faulting
have alsooccurredin this region (Wilhelms, 1987). The inferred history of the Humo-
rum basin is similar to that of the Imbrium basin, but the more subdued topography
and the larger density of craters on the rim of the Humorum basin suggestghat it is
older than the Imbrium basin (Titley, 1967and referencegherein). Di erent lithologi-
cal units, includedin USGSlunar geologicmap 1-495, are apparert in Mare Humorum.
The Humorum basalts are mapped as four distinct units, [pm1 through Ipm4. Very
dark material partially coveringthe o or of the crater Doppelmayer, alsoknown asthe
Doppelmayer formation, has beeninterpreted as fragmertal volcanic ejectaor ows,
or both, from verits or ssures along the edgeof the Humorum basin (Titley, 1967).
The dark material of the Doppelmayer Formation (Eid unit in USGS map 1-495) is
prominert in the Clemertine 750 nm albedo image and coincideswith units of high
FeOcontent in Mare Humorum found by Busseyet al. (1997). Moreover, thesetwo Eid
units located just to the west and north of Doppelmayer have been spectrally char-
acterisedas lunar pyroclastic deposits by Gaddis et al. (2003) basedon Clemertine
UVVIS data. In their recen study of pyroclastic units in the Humorum region, Hawke
et al. (2009) additionally regard Earth-basedtelescopicnear-infraredre ectance spec-
tra, indicating the presenceof Fe&?* bearing glass. Furthermore, surfacetextures and
block populations inferred from depolarised 126 cm and 70 cm radar imagesindicate
rock-poor areas.

4 Morphometric  prop erties and classi cation

4.1 Generation of local DEMs

To determine the morphometric properties of lunar domes,we make use of an image-
based3D reconstruction approad which relies on a conbination of photoclinometry
and shape from shading techniques as descrited in detail by Wehler et al. (2006).
This method takesinto accourt the geometric con guration of camera, light source,
and the surfacenormal, as well as the re ectance properties of the surfaceto be re-
constructed. For the re ectance behaviour of the lunar surfacewe assumethe Lunar-
Lambert function as described by McEwen (1991). Neither Lunar Orbiter imagesnor
the high-resolution orbital imagestaken with hand-held and aerial camerasfrom the
Apollo command modules are suitable for 3D reconstruction of lunar surface parts
basedon photometric methods as theseimageswere acquired on photographic Im,
leading to a nonlinear and unknown relation betweenincident ux and Im density.
The Clemertine imagesare photometrically calibrated but acquired under high solar
elewation angles,thus not revealing subtle relief featureslike lunar domes. Hence,for
generatinga digital ele\ation map (DEM) of a domewe have to rely on telescopicCCD
images.As an example,the DEM of the Valentine domeV1 is shavn in Fig. 4.

From the DEM of adomeits height h canbereadily inferred. All candidateintrusive
domesregardedin this study have a non-circular outline that can be descrited by a
major axis a and a minor axis b. We de ne the dome diameter asthe geometricmean



D= P abandits circularity asc = b=a The ank slopeisde ned as = arctan(2h=D).
The domevolumeV is computedby integrating the DEM over the areacorrespnding
to the extensionof the dome. Wohler et al. (2006) point out that the relative standard
error amourts to 10% for the dome height h and is better than 20% for the dome
volume V. The morphometric properties inferred for the set of domesexaminedin
this study are listed in Table 2. Our analysisshaows that the diametersof the lunar
candidateintrusive domesrange from 10to 30 km and their ank slopesfrom 0:1 to
0:9 . Hence,they aretypically larger than lunar e usive domes,whosediametersmay
be as small as 5 km and rarely exceed20 km, while the ank slopesof lunar e usive
domesare mostly steeger than 1 and may read valuesof 3 and more (Wohler et al.,
2006,2007). Thesemorphometric di erences may be interpreted as a consequencef
fundamenally di erent formation medanisms.

4.2 Classication scheme

The diameter D vs. ank slope diagram showvn in Fig. 5 revealsthree distinct mor-
phometric classe®f candidateintrusive domes(cf. alsoLenaet al., 2008a,c).A similar
subdivision is apparert in the volumeV vs. ank slope diagramshawn in Fig. 6. The
rst class,Inl, compriseslarge domeswith D > 25km and ank slopesbetween0:2
and 0:6 . ClassIn2 is madeup by smaller and slightly steepger domeswith diameters
between10and 15 km and ank slopeslarger than 0:4 , reacing maximum valuesof
more than 0:8 . The domesof classIin3 have moderate diameters betweenabout 13
and 20 km and very low ank slopesof lessthan 0:3 .

It is tempting to interpret classIn3 asa cortinuation of classinl towards smaller
diameters. In the diagram shawvn in Fig. 5, all examineddomesbelongingto classesnl
and In3 are situated below the dotted line givenby [ ]= 0:02 D [km]. Concerning
the distinct separationbetweenclassednl and In3 on the one hand and classIin2 on
the other, it remainsunclear if this behaviour is real or merely a selectione ect due
to the limited samplesize.

The morphometric properties represeted by the classednl1{In3 overlap with the
valuescharacterising seeral classesf e usive domesde ned by Weohler et al. (2006,
2007)and Lena et al. (2008b). Speci cally, e usive domesof classA have diameters
between 5 and 13 km, low ank slopes between 0:3 and 1:0 , and volumes below
3 km?3, while classC; represets larger domesof diameters between 13 and 20 km
with somewhatsteeper ank slopesof 0:6 {1:8 and high edi ce volumesof 7{50 km?.
ClassE; is characterisedby very small diametersbelon 6 km, ank slopeslowerthan 2 ,
and edi ce volumesbelowv 1:2 km3. The large domesof classinl can be distinguished
from e usive domesbasedon their morphometric propertiesalone,while the di erences
arelessevidert for the domesof classIin3, and the morphometric parametersof classin2
overlap with those of classesA and C;. A discriminative criterion, howeer, is the
circularity c of the dome outline as de ned in Section4.1. All candidate intrusive
domesregardedin this study have circularity valuesbelowv 0:8, while the circularity is
higher than 0:9 for all e usive domesregardedin previousstudies(Wohler et al., 2006,
2007)which have ank slopesbelon 0:9 and display e usive vens (cf. Table 3).

E usiv e domeswith low ank slopeswereformedfrom lavaswith low viscositiesnot
higher than seweral 10* Pa s (Weohler et al., 2006). Presumably their circular shapes
result from the low-viscosiy lava spreadingout radially at constant speedfrom the
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certral vert onto a at surface. We concludethat domeswith low ank slopesand
highly circular outlines not displaying e usive verts (cf. Table 3) are also of e usive
origin, wherethe vens of thesedomeswere pluggedby the ascendinglava (Head and
Giord, 1980).

We found that the circularity criterion allows a revised classi cation of the dome
C12in Mare Tranquillitatis already examinedin a previousstudy (Weohler et al., 2006),
whereit is classi ed asintrusive, but accordingto the analysisin this study its small
diameterand high circularity strongly suggesthat it belongsto the e usive classk, (cf.
Table 3). The domeM14 in the Milichius/T. Mayer regionis alsoclassi ed asintrusive
by Wehler et al. (2006), but closeinspection of Lunar Orbiter and Clemertine UVVIS
imagesrevealsthat the surrounding mare surfacehas a lower density of small craters
than M14 and is spectrally bluer. Theseobsenations indicate that in cortrast to the
candidate intrusive domesof classednl1{In3, the surfaceof M14 is not a cortinuation
of the surrounding mare but is the visible remnart of an older mare basalt layer.

4.3 Comparison with Head and Giord (1980) classes5 and 6

Lunar domesof class6 in the schemeintroducedby Headand Gi ord (1980)are found
in closeassaiation with highland terrain, often have a higher albedo than the mare
surface surrounding them, and do not display summit pits. Many of them appear
adjacen to \islands" of highland material (kipukas). With diametersof 3{7 km, they
are smaller than the candidate intrusive domesexaminedin this study. Examples
of class6 domesgiven by Head and Gi ord (1980) are Jansenl, 3, and 4 situated in
northern Mare Tranquillitatis (cf. Fig. 7a), for which we measureddiametersbetween4
and 7 km and ank slopesof 2.0, 1.6 , and 1:1 , respectively (cf. Table4). No spectral
corntrast can be obsened between these domesand the surrounding mare surfacein
Clemenine UVVIS imagery Their circularities are all larger than 0:94, and they have
no summit pits. Our candidate intrusive domeshave larger diameters and are less
steepthan thesetypical examplesof class6.

A well-known example of a kipuka is the formation Darney located in western
Mare Cognitum (Nichols et al., 1974), which is shovn in Fig. 7b. Its surface ap-
pearsmuch brighter than the surrounding mare, suggestingthat an elewated section
of highland terrain hasbeenenbayed by mare lava. The sizeof Darney amourts to
18 10km?, and its surfacedisplays fractures which presumablyoriginate from exur-
ing and tensionalfracturing. Sud featuresmay be dueto local isostatic adjustmert of
the pre-maresurfaceor regional di erential settling of mare material, or alternatively
volcanic subsidenceor intrusion (Nichols et al., 1974). None of our candidateintrusive
domesshows a higher albedo or any other perceiable spectral cortrast with respect
to the surrounding mare surfacein Clemertine UVVIS imagery sud that it is rather
unlikely that they are kipukas. However, the fracture patterns on the surfacesof all
four classinl domeslook similar to thoseon the surfaceof the kipuka Darney . Pos-
sibly, volcanicintrusion occurredbeforemare o oding for kipukassimilar to Darney ,
lifting up a small section of the pre-mare surfaceand thus preverting it from being
coveredby mare lava. In this line of thought, volcanicintrusion should have occurred
after mare o oding for the candidate intrusive domes,sud that they display similar
fracture patterns but no spectral cortrast with respectto the surroundingmare surface.

Domesof class5 in the schemeby Headand Gi ord (1980) consistof mare material
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that appearsto be draped on or around a portion of nearby highland terrain and likely
originate from lava martling of pre-existinghighland topograpty. Two domesassigned
to class5 by Headand Gi ord (1980)are T. Mayer 7 and Milic hius 4, correspnding to
M10 and M6 listed by Wehler et al. (2006) (cf. Fig. 8aand Table 4). They are clearly
e usive due to their summit verts, and the surfacetexture of Milichius 4 (M6) may
result from a ow lobe. The shape of T. Mayer 7 (M10) is somewhatill-de ned asit is
embeddedinto highland terrain, while Milichius 4 (M6) hasa largely circular outline.

A class5 exampledescribed by Lenaet al. (2007)is the dome Doppelmayer 2 near
the crater Doppelmayer at the southern border of Mare Humorum (cf. Fig. 8b and
Table 4). To its south, it is limited by a portion of adjacent highland terrain, while
in the north it mergessmaothly into a small mare patch. This dome is assaiated
with nearby linear rilles and has an out o w channel on its surface,the latter clearly
indicating an e usive mode of formation. According to the dike intrusion medanisms
descrilked by Wilson and Head (2002), the narrow linear rilles were probably formed
by the stress elds assaiated with dikesthat ascendedo shallov depths belov the
surface. Following the interpretation by Lena et al. (2007), one of the dikes, which
initially remainedsubsurface gainedsurfaceaccessat somepoints dueto failure of the
overlying rocks. As a consequenceg usion of lava occurred, leading to the formation
of the dome and the out o w channel or chain of e usive vernts on its summit. The
northern outline of Doppelmayer 2, where the erupting lava could freely ow onto a
plain surface,is largely circular (cf. telescopiclow-sunimagein Fig. 8b).

The morphometric propertiesderived by Wehler et al. (2006)and Lenaet al. (2007)
for thesethree examplesof class5 domesare listed in Table 4. Comparedto the candi-
date intrusive domesof classedn2 and In3, class5 domesare of comparablediameter
but exhibit steeper ank slopesaswell as outlines of circular shape for those parts of
their boundarieswhich are not limited by the adjacert highland terrain. The candi-
date intrusive domesof classinl are much larger than domesof class5. Unlike class5
domes,domesof classesn2 and In3 are usually not closelyassaiated with or limited by
highland terrain but mostly appear as smooth cortinuations of the surrounding mare
surfaces. Exceptions are Pal and possibly L6 and V2, the latter displaying a small
non-wolcanic hill on its surface. Howewer, the fault-lik e appearanceof the northern
outline of V2 (cf. Section4.4) is not typical of a lunar e usive edi ce.

4.4 Prop erties suggesting an intrusiv e origin of class In1{In3
domes

The four domesGal, V1, M13, and Arl belongingto classinl are all assaiated with

faults or linear rilles on their surfaces.Sud structures are not typical of lunar e usive
domes. The pronouncedtensional featuresmay suggesta formation of thesedomesby
laccolithic intrusions causing exuring and updoming of the mare surface{ an analo-
goussuggestionis given by Nichols et al. (1974)to explain the occurrenceof tensional
linear rilles on somekipukas. Alternativ ely, classinl domesmay be structural features
e. g. resulting from basin subsidence.With their diametersaround 30 km, domesof
classInl are much larger and have much lower ank slopesthan the largest known
monogeneticdomesof clearly e usive origin, sud as T. Mayer 7 (M10), Milichius 4
(M6), or the cryptomare domeMee 1 in the Sailler-Schickard regionwith its diameter
of 25km (Lenaet al., 2009). The e usive domesArago and in westernMare Tran-
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quillitatis also have diametersaround 25 km but exhibit steeper ank slopesof 1.5
and 1.3, respectively (Wohler et al., 2006). They are presumably not monogenetic
as they show traces of individual lava ows on their surfaces. Hence,the signi cant
morphometric di erences with respect to the known large e usive domessuggesta
non-e usive origin for the domesof classinl, and the presenceof pronouncedtensional
featureson their surfacessupport the assumptionof a formation by intrusive processes.
In this line of thought, the faults visible on the surfacesof V1, M13, and Arl suggest
that to a limited extert piston-like uplift may have occurred (for the fault forming the
southwesternrim of M13, cf. alsoFig. 8a).

Similarly, the morphometric properties of the domesC9 and C10, which de ne
classIn3, dier from those of e usive domesof comparable diameter. Their ank
slopesare extraordinarily low with < 0:3 and their outlines are strongly elongated
with circularity valuesof 0:63 and 0:73, respectively (cf. Table 2). The very low dome
C9is assaiated with a short linear feature running parallel to Rima Caudy and Rupes
Caudy, which arein turn oriented radial to the Imbrium basin(cf. Fig. 3a). The dome
ClO0islocatedadjacen to the tectonic fault RupesCaudy. The unusualmorphometric
properties of the classIn3 domesalong with the presenceof tensional features make
the occurrenceof intrusions at least plausible.

The morphometric properties of the domesof classIn2 overlap with those of the
e usive classesA and C,, but their outlines are of much more elongatedshape. No
e usive or ow featuresare visible on their surfaces,instead they always appear as
continuations of the surrounding mare surface. Similar to the classinl and In3 domes,
three classIn2 domesare assaiated with tensionalfeatures: The dome C11in north-
eastern Mare Tranquillitatis is located near the large graben Rima Caudy oriented
radial to Mare Imbrium (cf. Fig. 3a), and a rather broad linear rille of presumably
tensional origin is visible in Fig. 3f at the easternborder of Pal. Furthermore, the
northeasternrim of the domeV2 is comparably steepasit castsa shadav in Fig. 3d,
and its northwesternrim appearsshadedin Fig. 2a, alsoindicating a rather steepslope
of a small surfacepart. Hence,the northern rim of V2 has a fault-lik e appearance,
similar to the easternrim of its larger southernneighbour V1, while the southern part
mergessmaoothly into the surrounding mare.

According to these considerations,sheet-like magmatic intrusion of laccoliths ap-
pears as a possible and plausible mode of formation for the examined domes of
classesln1{In3, although di erent modes of origin, e. g. as e usive features modi-

ed by structural deformation leading to the obsened elongated shapes, cannot be
ruled out basedon the available data.

This discussionprovides a motivation for the modelling analysisperformedin the
following section,which yields geoplysical parametersof the lunar laccoliths that may
have formed the obsened domesof classedn1{in3. The modelling results canthen be
usedto \test" for the consistencyof thesefeaturesbeing of intrusive origin.

5 Mo delling lunar laccoliths

To estimate the geometricparametersof the putativ e laccoliths that may have formed
the candidate intrusive domesexaminedin this study, we rely on the model by Kerr
and Pollard (1998), who treat the overburden of the pressurisedmagmaas an elastic
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plate. According to their two-dimensionalanalysis,the de ection w(x) of the plate is
governedby the equation

Fw) = o  px); (1)
wherex denotesthe distancefrom the certre of the laccolith, F the exural rigidity of

the plate, , the overburdenweigh per unit area,and p(x) the upward magmapressure
(cf. Fig. 9 for illustration). The exural rigidity F is given by

E hg

FEa o

2)
where E denotesthe Young modulus, the Poissonratio, and he the e ective over-
burden thickness,which deviatesfrom the geometricoverburdenthicknessif the over-
burden consistsof seeral layers. Speci cally, if the overburdenis regardedasa stad of

for ead layer, the e ective overburdenthicknesshe and the geometricthicknesses
h; of the individual layers are related by

X E;
he =" —'h (3)
e i1 E |

(Johnson and Pollard, 1973), where E correspnds to the Young modulus used to
calculateh, accordingto Eq. (2). To keepthe model simple but newerthelessrealistic,
we assumea layeredstructure of the overburden, consistingof a singlebasaltic layer of
thicknessh; with a Young modulus Epssar @and m additional crustal layers of thickness
c with a Youngmodulus E s, correspnding to brecciatedimpact basin o or material

(the issueof the overburdenstructure will be further discussedater on). From Eq. (3)

we thus obtain
1 1=3

c= m E orust E hg E basalt h? (4)

and for the intrusion depth d, i. e. the overall thicknessof the overburden,

d= hy+ mc: (5)

Constraints on the thicknessh; of the uppermost basaltic layer are provided by the
obsenation that the large domesof classinl shawv fractures on their surfaces,best
visible in high-resolution Lunar Orbiter or Apollo orbital images(cf. Fig. 2). No
fracturesare obsenedonthe smallerdomesof classedn2 and In3. If a plate of thickness
h, is bert, forming a surfacewith a curvature radius r, the relative extension of the
material at the surfaceof the plate amourts to = h;=(2r). The averagecurvature
radius r is readily determined basedon the corresppnding DEM. Fractures occur at
the surfaceonce becomedargerthan the critical relative extension it = it =Epasatt
with it asthe critical tensional stressof the material. As a consequencethe value
_ 2r crit

h, = 6
' Ebasalt ( )

is a lower limit to the true thicknessof the uppermost basaltic layer for classinl
(with fractures) and an upper limit for classedn2 and In3 (without fractures). In our
modelling analysiswe therefore always compute h; accordingto Eq. (6), and we will
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shawv in Section 6.1 that the modelling results do not critically depend on the value
chosenfor h;.
As a next step, basedon Egs. (5) and (6) we compute the overburden weigh per
unit area, which is given by
%= gd (7)

with  asthe density of the overburden and g asthe accelerationdue to gravity. For
the magmapressurep(x), Kerr and Pollard (1998) proposethe relation
X n

PX)=p 1 — (8)
wherea correspndsto the distancebetweenthe laccolith certre and its border, and n
is a parameterwhich dependson the rheologicproperties of the magma. The magma
pressureobtains its maximum value po at the laccolith certre (x = 0) and is zerofor
X = a. For a magmabehaving like a Newtonian uid we have n = 1, correspnding to
a linear decreasean pressurefrom the certre towards the border of the laccolith. Note
that p(x) actually denotesthe driving magma pressure,correspnding to the total
magmapressureminus the compressie stress,wheretypical valuesof the compressie
stressin the lunar crust rangefrom 15to 20{25 MPa (Wilson and Head, 2008).

Kerr and Pollard (1998) take into accour the vertical compressibiliiy of the over-
burden and the basemety which is modelled by the assumptionthat the overburden
and the basemenh are connectedby springs characterisedby an e ective spring con-
stant ks (measuredin N m 3). This approad leadsto a seconddi erential equation
which needsto be solved simultaneously with Eq. (1):

Fwo) + ksw( ) = o (9)

with asthe distancefrom the border of the lift-o regionasindicated in Fig. 9 and
thus = x a. Furthermore, Kerr and Pollard (1998) derive the following constrairts
on a physically meaningful solution to Egs. (1) and (9):

wix=0) = 0 (10)
wix=a = w( =0)=0 (11
wix=a = w{ =0) (12)
wlx=a) = w{ =0) (13)
w¥=0) = 0 (14)
%VOO& =a) = w9 =0) (15)
2 oaw(x)dx = v (16)

Constraint (10) re ects the fact that the laccolith certre is located at x = 0, while
constraints (11) and (12) indicate a cortinuousand di erentiable surfacepro le at the
border of the laccolith. The second-deriative constraint (13) is lessintuitiv e and is not
taken into accourn in the earlier laccolith model by Johnsonand Pollard (1973). Its
physical meaningis that the forcedueto the bendingmomert of the overburden,which
is proportional to w%¢x), hasto compensatethe springforceat the border (x = a) of the
laccolith in order to remain consistem with the assumptionof zeromagmapressurefor
X = a accordingto Eq. (8). The third-derivative constrairts (14) and (15) follow from
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the symmetry of w(x) at the laccolith certre and the cortinuity of the third derivative
w%%) at the laccolith border, respectively. Regardingthe volumetric constrairt (16),
we determine the value of the volume ¥ per unit length by computing the integral of
a cross-sectiorthrough the laccolith certre extracted from the DEM. The minus sign
in Eq. (16) resultsfrom the convertion introducedby Kerr and Pollard (1998) that for
the uplifted parts of the surfacethe value of w(x) is negative (cf. Fig. 9).

Basedon theseconstrairts on the solution to Egs. (1) and (9), the framework by
Kerr and Pollard (1998)yields relations for the maximum magmapressurep, and the
exural rigidity F. Usingthe abbreviations

a = alks=(4F)]*™ (17)
n = (n+1)(n+2)(n+ 3)(n+ 4)(n+5) (18)
So = O Po (19)
we obtain
2a% + 682+ 6a+ 3 .
Po = h 5 v R (20)
a2’+6a+t3 r ztats
—_ 1 2 5 3

So&® e’ +

73\7(826)5 1—550& )
;3¢ (n+3)(n+4) pe’[(n+4)(n+5) 6]
P& D+ 3)(n + 4) n '

(21)

Egs. (20) and (21) are no analytical expression$ut must be solved iteratively in order
to yield solutions for pp and F. What is more, the e ective overburden thickness
he follows from the exural rigidity F accordingto Eq. (2). The value of he then
determinesthe intrusion depth d accordingto Egs. (4) and (5), which is required to
compute the overburden weight per unit area @y, which must in turn be known to
obtain the exural rigidity F. No closed-formsolution is available here, sud that we
suggestthe following iterativ e procedure:

1. Initialise the overburdenthicknesshe with a realistic value, e.g. he = 1000m.
Compute aninitial value of the exural rigidity F accordingto Eq. (2). Compute
the thicknessh; of the uppermost basaltic layer accordingto Eq. (6).

Compute the crustal layer thicknessc accordingto Eqg. (4).
Compute the intrusion depth d accordingto Eq. (5).

Compute the overburdenweight per unit areaq, accordingto Eq. (7).

o & DN

Compute the maximum magmapressurep, and the exural rigidity F by itera-
tively solving Egs. (17){(21).

6. Compute the e ective overburden thicknessh, accordingto Eq. (2), using the
value of the exural rigidity F determinedin step 5.

7. Iterate steps2{6 until corvergenceis achieved.
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For our analysis,we usea pressurecoe cient of n = 1, correspnding to a Newtonian
uid. The distance betweenthe laccolith certre and its border is taken to be a =
D=2. The absenceof sedimemation on the Moon suggestsa two-layered overburden
structure (m = 1), being formed by one basaltic layer and one crustal layer. We
will discussin more detail in Section 6 the e ect of other valuesof n and m on the
modelling results. The lunar gravitational accelerationamourts to g= 1.6 m's 2. We
furthermore assumea magmadensity of = 2900kg m 3 (Wieczoreket al., 2001),
a Poissonratio of = 0:25 (Wichman and Sdultz, 1996),a Young modulus of E =
70 GPa for computing the e ective overburden thickness(the other modelling results
areindependen of the choiceof this parameter),a Youngmodulus and a critical tensile
strength of the uppermostbasaltic overburdenlayer of Epasar = 70 GPa (Wichman and
Sdultz, 1996)and i = 13 MPa (Pollard and Fletcher, 2005), respectively, a crustal
Young modulus of E¢ust = 32 GPa (Wichman and Sdwltz, 1996), and an e ective
spring constart of ks = 2 10 N m 2 (Kerr and Pollard, 1998). The modelling results
obtained with theseparametersare listed in Table 5.

6 Results and discussion

6.1 Mo delling results and parameters

The classesof the candidate intrusive domesde ned in Section 4.2 are immediately
re ected by the correspnding valuesof the basaltic layer thicknessh,, the intrusion
depth d, and the maximum magma pressurep, (cf. Table 6). In the scenarioof for-
mation by laccolithic intrusion, the large and low domesof classinl are characterised
by uppermostbasaltic layer thicknessedarger than about 0:2{0:5 km, intrusion depths
between 2:2 and 3:5 km, and maximum magma pressuresbetween 18 and 28 MPa.
For the smaller but steeper domesof classIn2, the uppermost basaltic layer is only
0:07{0:3 km thick, the magmaintruded to shallov depths between 0:4 and 0:9 km,
and the magmapressurewas comparably low with valuesbetween3 and 7 MPa. The
domesof classIn3 are similar to those of classinl due to similar thicknessesof the
uppermost basaltic layer, which amourt to 0:6{1:0 km, intrusion depths between 1:9
and 2:5 km, and magmapressuresbetween 15 and 22 MPa. The obtained modelling
results shov immediately that an important precondition of the elastic plate model,
namelythat the layer thickness-to-diameteratio doesnot exceeda value of about 0:1,
holds for all examinedcandidateintrusive domes.

The domesof classinl are endmenibers with respect to the size of the assumed
assaiated laccoliths. Presumably an upper limit on laccolith sizeis imposedby the
limited magmapressure,which doesnot appear to exceeda value of 30 MPa. Ac-
cordingly, classIn3 is a cortinuation of classinl towards smaller laccolith sizesbut
similar, though somewhatsmaller intrusion depths and lower magma pressures.The
domesof classIn2 are the \opp osite” endmentoers, characterisedby shallow intrusion
depths and low magmapressures.

Regarding the example of the dome Gal, we examine the e ect of varying the
parametersn and m on the resulting valuesof d and p,. For m = 1 and increasing
rheology parametern, the intrusion depth d decreasesnonotonouslyfrom 2:2 km for
n = 1to 1:1 km for n = 10 (cf. Fig. 10a). At the sametime, the magma pressure
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po decreasedrom 17:7 to 5:3 MPa (cf. Fig. 10b). The valuesfor the magmapressure
po inferred basedon the laccolith model are at least 2{3 orders of magnitude higher
than the valuestypically found for the yield strength of lavas forming e usive lunar
domes,which range from about 10to 10* Pa (Wilson and Head, 2003; Wehler et al.,
2006,2007). This relation justi es the treatment of the laccolith-forming magmaasa
Newtonian uid with n = 1.

For a Newtonian magma(n = 1) and an increasingnumber m of crustal layers, we
nd that the thicknessc of an individual layer is nearly independert of m, increasing
only very slightly with increasingm (cf. Fig. 11a). Hence,the intrusion depth d ac-
cording to Eq. (5) and alsothe magmapressurep, increaselargely linearly with m, as
illustrated in Fig. 11. The exampleof the dome Galis represetativ e; the inferred rel-
ative variation of d and py is similar for all other examinedcandidate intrusive domes.
It follows that setting m > 1 would require magma pressuresmuch larger than the
magma excesspressuresof about 20 MPa commonly postulated for the baseof the
lunar crust (Wilson and Head, 1996){ the near-surfacemagmapressuremay be much
lower than that value, depending on the magmabuoyancy in the crust which in turn
dependson the density di erence betweenthe magmaand the crustal material (Head
and Wilson, 1992; Wieczoreket al., 2001). Hence,m = 1 correspnds to the most
likely con guration at least for the domesof classesnl and In3 with their inferred
magmapressuref around 20 MPa. In principle, for the domesof classin2 with their
lower inferred magma pressures,se\eral crustal layers may be possible,but there is
no apparernt reasonwhy the upper lunar crust should display sud a coarselylayered
structure.

In the laccolith model we have always set the laccolith sizeparametera to one-half
of the obsened dome diameter D. Although this assumptionis intuitiv e, it is not
necessarilyful lled exactly. We found that an increase(decrease)of a by 10% from
its default value D=2 leadsto an increase(decrease)of the intrusion depth d and the
magmapressurepy by 25%, respectively.

For the dome Gal, the value of h;, computedbasedon Eq. (6) is a lower limit. The
fractures on the domesurfaceindicate that the uppermost basaltic layer might alsobe
thicker. As a somewhatextremecon guration, replacingh, by twicethe valuelisted in
Table5 leadsto d = 2:6 km and p, = 20:7 MPa, correspnding to an increaseof about
17%,respectively. For the dome V2 north of the Valertine dome V1 in western Mare
Serenitatis, setting h; to one-halfof the value listed in Table 5 (here, that valueis the
upper limit dueto the absenceof fractureson the domesurface)yieldsd = 0:33km and
Po = 2:5 MPa, correspnding to a decreaseof about 14%, respectively. Thesetypical
examplesillustrate that the in uence of the value chosenfor h; on the intrusion depth
d and the magmapressurepy is fairly minor.

A poorly constrainedmodel parameteris the spring constart k. Kerr and Pollard
(1998) use examplevaluesof 2 10" and 5 10° N m 3, but it is unclear if these
valuesare represetativ e of the lunar crust. Howewer, the valuesof d and p, listed in
Table 5, wherewe have usedthe lower valueks = 2 10’ N m 3, dier by only a few
percen from thoseobtainedfor ks! 1 . For the laccolith sizesregardedin this study,
which are always larger than 10 km, the in uence of the spring constart ks is largely
negligible. This behaviour hasalsobeenstated by Kerr and Pollard (1998).
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6.2 Interpretation of the spatial distribution of the candidate
intrusiv e domes

A generalmodel of the ascem of magmathrough dikeshasbeendeweloped for the Moon
and Mars by Wilson and Head (1996, 2002). Under the assumptionof an intrusive
origin of the domesexaminedin this study, the fact that seweral domesare locatedclose
to bordersof impact basins(cf. Fig. 1) would indicate a formation of thesestructures
dueto magmarisethrough dikesguidedby stress elds resulting from basin subsidence
asa consequencef lava loading. This is a plausible mode of formation for the domes
V1, V2, L6, Pal, and Arl. An alternative explanation is structural warping and low-
angle overthrust assaiated with mare subsidence as suggestedby Head and Gi ord
(1980) as a possiblemode of formation for the domesbelongingto their class4.

Woehler et al. (2007) suggestfor the elds of e usive domesin Mare Tranquillitatis
and the Hortensius/Milichius/T. Mayer regionthat the formation of the dikesthrough
which the dome-forming magma ascendedwas driven by impact-related stress elds.
Sud dikesmay alsoleadto intrusions at shallov depth. This mode of formation may
apply to C9, C10, C11, M13, and Gal, which are located within theselarge elds of
e usive domes.

6.3 Discussion of specic candidate intrusiv e domes

The candidate intrusive domesexaminedin this study have smooth surfacesand low
cross-sectionalpro les merging smoothly into the surrounding mare lava plains, in-

dicating that laccolith formation proceededuntil the secondstage characterised by

exure of the overburden. All domesof classinl show fractures on their surfaces,
probably formed by the tensional stresscausedby exure of the laccolith overburden.
The large domesV1, M13, and Arl, howewer, also display faults on their surfaces.
While there is a smaoth transition from the the western ank of V1 into the surround-
ing mare, the easternrim of the domeis madeup by a fault about 60 m high. A part

of the southwesternrim of M13 is formed by a similar fault. A fault of 70 m heigh is
obsened on the surfaceof the dome Arl. If Arl is interpreted as being composedof
two structures, as proposedin Section 3, this fault would form the westernrim of the

easternpartial structure Arle. The northern rim of the smallerdomeV2 hasa similar

but lesspronouncedfault-lik e character (cf. also Section4.4). Under the assumption
of domeformation by laccolithic intrusion, thesefaults suggestthat to a limited externt

piston-like uplift accordingto the third phaseof laccolith growth might have occurred
for V1, M13, Arl, and V2.

The large and low classinl domesV1 and M13 and also the smaller and steeger
classIin2 dome V2 shav small non-wolcanic hills on their surfaces.Presumably these
hills are part of the underlying ruggedbasin o or belonv the mare lavas. In the case
of V1 and V2, they closely resenble nearby hills belongingto the Serenitatis basin
rim just outside the mare region, which are characterisedby heighs (inferred from
shadav length measuremets) of not more than a few hundred metres. Accordingly,
the hills occurring on the surfaceof somedomesindicate layersof marebasaltonly a few
hundred metresthick, which is consistem with the basalt thicknessestimatesobtained
in Section5 basedon tensile stressanalysis. The exceptionally steep ank slopes of
the dome V2 may even be a direct consequencef the fact that both domesformed
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around a pre-existing non-volcanic hill. A pre-existing hill in the certre of a laccolith
shouldreducethe tensional stressresulting from the strong bending of the overburden
due to the steep ank slope, thus preverting deepfracturing and subsequen eruption
of the pressurisedmagma. Due to the asymmetric pro les of V1 and V2 (one side of
eat domeis formed by a fault with a comparably steepslope, while at the opposite
sidethe domesurfacesmergesmoothly into the surroundingmare), it appearsunlikely
that they were formed by lava martling of pre-existing highland terrain, since sut
asymmetric cross-sectionakhapesare uncommonfor lunar e usive domes.

An extraordinary feature assaiated with a candidateintrusive domeis the concen-
tric crater Archytas G ontop of Arl (cf. Fig. 2d). An early overview about lunar con-
certric cratersis provided by Bugaevskii(1973). Archytas G has rst beencatalogued
as a conceitric crater by Wood (1978). The diameter of its outer rim correspnds to
6:8 km and that of the inner depressionlacking a well-de ned rim to 4:0 km. The
depth of a fresh lunar impact crater of this sizetypically amourts to one- fth of its
diameter (Wood and Andersson,1978), here correspnding to 1:36 km for the outer
rim structure. The obsened depth of the conceitric crater, howeer, is much lower.
In the Lunar Orbiter image showvn in Fig. 2d, the sharp outer rim castsa shadav on
the crater interior adjacen to the outer rim. Given the solar elewation angle of 11:6
for that image, the shadav length indicates an elewation di erence of 270m between
the rim crest and the outer part of the crater o or. Relying on a photoclinometric
analysis of the Clemertine 750 nm image of the concettric crater (cf. Fig. 12a), we
determined a depth of 100 m for the shallov inner crater and an elewation di erence
of 80 m betweenthe crest of the outer rim and the surrounding surface. Hence,the
overall crater depth amourts to 370 m while the certre of the inner crater lies 290 m
belown the surrounding surface.

We found that the spectral signature of the crater o or is similar to that of the
highland terrain south of the domeAr1 (cf. Fig. 12b). Especially the Rg50=R750 Spectral
ratio is similarly high for the concertric crater and the highland soil, whereit amourts
to about 1:03, indicating a very weak ma c absorption. With its lower Rgs50=R7s50
value of about 1:00, the nearby mare surfaceis more mac. An explanation for the
relatively high albedo of the mare surfaceis the medanism of lateral mixing due to
randomimpacts (Li and Mustard, 2000). The Clemertine spectrashow that the impact
penetratedthe uppermostbasaltic layer and indicate at the sametime that the shallov
crater depth is not dueto lava lling but that the original crater o or is still visible.

Wood (1978) suggestghat the modi cations of crater morphologythat leadto the
obsened concerric shapes were of volcanic origin. An alternative hypothesisis the
formation of conceitric craters by impact on a surface consisting of two horizorntal
layersof di erent strength (Piekutowski, 1977;Abels,2004). According to the analysis
of terrestrial concertric craters by Abels (2004), the upper layer may e. g. consist of
low-strength sedimemary and the lower layer of high-strength crystalline material. The
thicknessof the upper layer and the position of the interface betweenthe two layers
relative to the geometryof the excavation ow are found to be essetal factors for the
nal appearanceof the crater.

The obsenation that the large majority of impact craters near the bordersof mare
regionshave normal appearancesmplies that the presenceof a basaltic lava layer of
0:3 km thicknesssuperimposedon the original impact basin o or, as inferred for the
dome Arl, cannot be the reasonfor the formation of a concenric crater. Moreover,
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the modelled intrusion depth of Arl of 3:5 km is much larger than the inferred depth
of the transient cavity of 1:36 km, sud that the transient cavity did not read the
intrusive magma body, given the modelling results for Arl. At the bottom of the
transiert cavity, howewer, the exural rigidity of the overburden and the overburden
weight per unit areawould have beenreducedto 29%and 61%of their original values,
respectively, accordingto Egs. (2), (3), and (7). If the impact occurred during the
magma intrusion phase,the thinned part of the overburden was probably unable to
resist the pressurisedmagma, which in turn may have lifted up the crater o or, thus
leadingto the shallow crater depth. In this line of thought, the inner depressiorof the
conceltric crater is a remnart of the original bowl-shaped crater o or.

On the other hand, if we assumethat the dome Arl is made up of two parts
and that the intrusion depth correspndsto only 0:74 km as modelled for the eastern
partial structure Arle, the transient cavity of the impact was about twice as deepas
the laccolith overburden. The exure during laccolith growth may have altered the
strength of the crustal material in the overburden by microfracturing (Hacker et al.,
2007),resulting in two crustal layersof di erent strength separatedby the comparably
thin intrusive magmatic body. The relation betweenthe depth of the transiert cavity
and the overburdenthicknessis typical of the typesIV and V of the shemedeweloped
by Abels (2004) for terrestrial concertric craters. Craters of thesetypeshave a rather
steepouter rim surrounding a shallov inner depressionformed by uplift, shatter, and
subsequen collapseof the upper layer.

Although the similarity of terrestrial type IV and V cratersto the concertric crater
Archytas G is striking, it should be kept in mind that most type IV and V craters
regardedby Abels (2004) have diameterswell above the simple-to-complextransition,
which occurs at a diameter of about 2 km for terrestrial impact craters. Hence,it is
guestionableif uplift and collapsemedanismsanalogousto thoseidenti ed by Abels
(2004) have occurred for the small concettric crater with a diameter well belov the
lunar simple-to-complextransition limit of about 10 km (Pike, 1980). On the other
hand, an argumert in favour of an origin of lunar concertric cratersrelated to (intru-
sive) volcanismis the obsenation that the majority of the known conceltric craters
are located near the borders of mare regions (Wood, 1978). Hence, many of them
may be assaiated with intrusive magmatic bodies, which do not necessarilyall have
pronounced surface manifestations. Basedon the available obsenational data and
modelling results, it is not possibleto decidewhich of the two proposedscenariosfor
the formation of the concenric crater Archytas G is the more realistic one.

6.4 Comparison between lunar and terrestrial laccoliths

Regardingthe modelling resultspresered in this study for the candidatelunar intrusive
domes,the questionremains open of how realistic they are. In-situ measuremets of
the internal geometricand magmaproperties of lunar laccoliths have beenimpossible
so far, but our modelling results can be compareddirectly to the results of in-situ
analysesof terrestrial laccoliths. At this point it is illustrativ e to provide a comparison
basedon represetativ e results of geologicalanalysesof terrestrial laccoliths.
Accordingto the survey by Mudge (1968)describinglaccolithsin the westernUnited
States, their intrusion depths typically amourt to 0:9{2:3 km. Jadkson and Pollard
(1988) nd intrusion depthsof 1:0{2:5 km for the Henry Mountain laccoliths. Maynard
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(2005) descrilkes 12 laccolithsin the Ortiz porphyry belt in New Mexico, characterised
by arealexterts between1:2 and 52 km? (correspnding to e ectiv e diametersbetween
1:2 and 8:1 km) and intrusion depths of 1:0{3:2 km. For these laccoliths, no clear
relation betweendiameter or areal extert and intrusion depth can be established.

In a study of the Miocene axis laccolith group in southwest Utah, Hadker et al.
(2007) provide a detailed description of v e individual laccoliths. The Pine Valley
laccolith has an elongatedshape of 45 km by 20 km sizeand was emplacedat a very
shallow depth of 0:2 km. The smaller Three Peakslaccolith hasan extensionof 5:9 km
by 3:1 km. Drilling experimerts have shown that its intrusion depth amourts to 0:7 km
and its thicknessto 0:8 km. The sizesand intrusion depths of the Granite Mountain
and Stoddard Mountain laccoliths correspnd to 6:7 km by 3:9 km and 1:0{2:3 km
and to 84 by 5:9 km and 1:2 km, respectively. The Iron Peak laccolith displays an
outcrop of 7:5 km? areal extert and was emplacedat an original depth of 1:2 km. It is
assaiated with a swarm of dikesof 0:25{8 m width.

In their study of the Vigneux leucogranitein southernBrittan y in France, Martelet
et al. (2004) analyseseismicand and gravity data, revealing a large laccolith of about
30 km diameter emplacedat a depth of 10{15 km. According to Gomez-lzquierdoet
al. (2008), the laccolithic intrusion of Orciatico in Tuscary, Italy, is characterisedby
an extensionof about 1 km, a thicknessof 0:125km, and an intrusion depth of 0:4 km.
On the Italian island of Elba, intrusive sheetsand sheetedntrusions form a Christmas
tree laccolith. The individual intrusions have diametersbetween 1:6 and 10 km and
thicknessesof 0:05{0:7 km, while the intrusion depths amourt to 1:9{3:7 km (Dini et
al., 2002;Rocai et al., 2008). Relying on geachemicaland gravity data and geological
eld measuremets, Carlino et al. (2006) explain the resurgenceof Monte Epomeoon
the Italian island of Ischia by the thrust of a laccolithic intrusion of 10 km diameter
located at a depth of 1 km. The structure of the resurgen block is delimited by faults,
indicating that the Monte Epomeolaccolith has undergonea piston-like uplift phase.

A generalobsenation is that terrestrial laccoliths are typically smaller than the
lunar laccoliths modelled on the basisof the morphometric properties inferred for the
candidate intrusive domesexaminedin this study. The dimensionsof lunar classinl
laccoliths comecloseto those of terrestrial \megalaccoliths" with areal exterts larger
than 300 km? (Hacker et al., 2007),i. e. diameters of more than 20 km. While di-
ameterssmaller than 10 km are found for se\eral terrestrial laccoliths, we have not
detectedlunar candidate intrusive domeswith diametersin this range. Howe\er, this
obsenation may alsobe a selectione ect dueto the limited resolution of our telescopic
CCD imagesasit is unclearif possiblyexisting small lunar laccoliths have surfaceman-
ifestations su cien tly pronouncedto be detectablein ground-basedmages.A feature
that appearsto be commonto both lunar candidate intrusive domesand terrestrial
laccoliths is the elongatedoutline, readily identi able in the geologicalmaps provided
by Hadker et al. (2007). The intrusion depths of most terrestrial laccoliths descrited
in this sectionare comparableto thoseinferred for lunar laccoliths. Exceptionsare the
very shallow (0:2 km) intrusion of the large Pine Valley laccolith and the extraordinar-
ily deep(10{15 km) intrusion of the Vigneux leucogranite. If the intrusion thicknesses
of lunar laccoliths are assumedo be equalto the heighs of the correspnding domes,
terrestrial laccolithstend to be thicker, suggestingthat many of them have undergone
a piston-like uplift phase.
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6.5 Possible future analysis of candidate intrusiv e domes
based on upcoming orbital data

A wealth of new data have beenand will be obtained by high-resolutionimaging and
altimetry instruments of the Cheng'e, Kaguya, Chandrayaan, and Lunar Reconnais-
sanceOrbiter spacecraft. Sud data are essetial to distinguish more reliably between
e usive and possiblyintrusive lunar domes. Multisp ectral imageryis requiredto recog-
nise kipukas basedon their spectral cortrast to the surrounding surface. Imaging
campaignsaiming for a detailed analysisof candidate intrusive domesshould rely on
high-resolutionimagestaken when the object of interest is located closeto the termi-
nator, sincelow domeswith ank slopeswell belov 1 are well visible only in images
acquiredunder illumination anglesof lessthan a few degreedthis explainswhy most
of the candidate intrusive domesexaminedin this study are not at all detectablein
Lunar Orbiter or Clemenine imagery). In sud low-sun orbital images,the shape of
the dome outline would stand out clearly, allowing an accurate circularity measure-
mert. What is more, faults and narrow linear rilles on the dome surfaceor located
closeto the dome,beingindicative of tensionalprocessesgould be clearly distinguished
from curved or pitted out o w channelswhich are characteristic for an e usive mode
of formation. Low-sunimagesof high resolution are also necessaryto detect textural
featureson the surfaceof e usive domessud assmall-scaldava ows, ase.g. obsened
for the domesArago and { the presenceof sudh o w-related featuresrules out an
intrusive mode of formation.

Like Clemertine laseraltimetry, the altimetry data of the recen spacecraftmissions
might still not be su ciently well resohed to reveal the morphometric properties of
very subtle featureslike the candidateintrusive domesof classIin3 with their heights of
only a few tens of metres. As long asthe surfacealbedois uniform, local DEMs canbe
derived from orbital imagedata e. g. with the photoclinometric approad descrited in
Section4.1. For non-uniform surfacealbedos,ase. g. obsened for the domePal dueto
the presenceof a small freshimpact crater on its surface,two or more imagesacquired
under di erent illumination anglesare required for a photoclinometric analysisof the
full surface(Lena et al., 2006). In this cortext (and also for the detection of subtle
faults and tensional rilles), pairs of low-sun imagestaken under opposite illumina-
tion conditions are especially valuable. Setsof imagesacquiredfrom di erent orbital
viewpoints would also allow a 3D reconstruction of the surfacebasedon traditional
photogrammetric techniques(Wu and Doyle, 1990)or by integration of geometricand
photometric image information (d'Angelo and Wehler, 2008) to increasethe lateral
DEM resolution. Sudh high-resolution DEMs would allow the detection of candidate
intrusive domeswith smaller diametersor still lower ank slopes. Furthermore, char-
acteristic quartities sud as the depth or wall slope of e usive out o w channels or
sinuousrilles on the one hand and faults or linear rilles of presumablytensional origin
on the other hand, which can be derived from high-resolution DEMs, might provide a
more speci ¢ distinction betweene usive and intrusive featuresthan a morphological
analysisalone.
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7 Summary and conclusion

In this study we have performed an analysis of the morphologic, morphometric, and
spectral properties of a set of lunar domesof possibly intrusive origin. Most of these
domesare situated near the bordersof mare areasor in regionsalso characterisedby
extensiwe e usive volcanicactivity, speci cally the regionaround Caudcy and Vitruvius
in Mare Tranquillitatis and the Hortensius/Milichius/T. Mayer region. We have shovn
that accordingto Clemertine UVVIS imagery, the candidate intrusive domesdid not
prefererially form in specic typesof mare basalt. Our determination of their mor-
phometric properties, involving a combined photoclinometry and shape from shading
technique applied to telescopicCCD imagesacquired at oblique illumination, reveals
diameters between 10 and more than 30 km, ank slopes belov 0:9 , and volumes
ranging from 0:5 to 50 km?.

We have establishedthree distinct morphometric classesof candidate intrusive
domes. The rst class,Inl, compriseslarge domeswith diametersabove 25 km and
ank slopesof 0:2 {0:6 , classIn2 is made up by smaller and slightly steeper domes
with diametersof 10{15 km and ank slopesbetween0:4 and 0:9 , while domesof
classIn3 have diameters of 13{20 km and ank slopes belonv 0:3 . We have shavn
that the morphometric properties of classedn2 and In3 domesoverlap with those of
some classesof lunar e usive domes. Howeer, a distinction is possibledue to the
characteristic non-circularity of the outlines of the domesof classedn2 and In3.

A comparisonbetweenthe candidate intrusive domesexaminedin this study and
typical domesof classess and 6 as de ned by Head and Giord (1980) revealsthat
class6 domesare smaller and display more circular outlines. All candidate intru-
sive domesare usually not closely assaiated with or limited by highland terrain but
appear as smooth corntinuations of the mare surface surrounding them, lacking any
speci ¢ spectral cortrast. It is thereforeunlikely that they are kipukas. Class5 domes,
formed by lava mantling of pre-existing highland terrain, have similar diametersasthe
candidateintrusive domesof classesn2 and In3 but exhibit steeper ank slopesaswell
asoutlines of circular shape for those parts of their boundariesthat are not limited by
the adjacent highland terrain.

Under the assumptionof an intrusive origin of the examineddomes,we have utilised
the laccolith model by Kerr and Pollard (1998)to estimatethe correspnding geoplys-
ical parameters, esgecially the intrusion depth and the magma pressure. The mor-
phometric properties of the dome classedn1{In3 have beenrelated to the modelled
laccolith parameters. According to our modelling results, domesof classinl are char-
acterisedby uppermost basaltic layer thicknessesof 0:2{0:5 km and more, intrusion
depthsof 2:2{3:5 km, and magmapressuresf 18{28 MPa. For the smallerand steeper
domesof classIn2, the uppermostbasaltic layer hasa thicknessof lessthan 0.3 km, the
magmaintruded to shallov depths between0:4 and 0:9 km while the inferred magma
pressuresrange from 3 to 7 MPa. ClassIn3 domesare similar to those of classinl
with similar thicknessesof the uppermost basaltic layer ranging from 0:6 to 1:0 km,
intrusion depths of 1:9{2:5 km, and magma pressuresof 15{22 MPa. The estimated
magma pressuresare consistem with valuesobtained by other geoplysical modelling
approadesfor the lunar interior.

As an extraordinary feature of uncertain origin, we have descrited the concetrric
crater Archytas G assaiated with the candidate intrusive dome Arl. We have dis-

24



cussedwo alternative possiblemodesof formation: (i) Uplift of the crater o or by the
pressurisedintrusive magmatic body due to the reduced exural rigidity of the over-
burden at the location of the crater; (i) formation of a concertric crater dueto impact
on a layeredtarget, followed by layer-speci ¢ collapseprocessedeadingto concerric
crater morphology The available data and modelling resultsarenot su cient to nally
decidewhich of thesetwo formation scenarioss the more realistic one.

Furthermore, we have provided a comparisonbetween the inferred properties of
lunar laccoliths and published data about sometypical terrestrial courterparts. We
have found that terrestrial laccolithstend to be smallerthan the lunar candidateintru-
sive domesexaminedin this study, but it remainsunclearif this obsenation is merely
a selectione ect due to the limited resolution of our telescopicCCD images. As a
generalobsenation, an elongatedoutline is commonto both the candidate intrusive
domeson the Moon and terrestrial laccoliths. Typical intrusion depths of terrestrial
laccoliths are comparableto those estimated for lunar laccoliths. On the other hand,
terrestrial laccolithsappearto bethicker, indicating that many of them have undergone
a piston-like uplift after the exure-induced uplift phase.

Acknowledgements: We are grateful to the two anorymousreviewers, whosecom-
merts and suggestionsvere very helpful for improving the paper.
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Dome R7s0  Rs15=R7s0  Rogso=Ryso
Gal 0.1129 0.6067 1.0303
V1 0.1195 0.5967 1.0134
M13 0.1024 0.6119 1.0377
Arl 0.1485 0.5553 1.0016
Cl11 0.0853 0.6656 1.0566
Pal 0.1382 0.6054 1.0224
L6 0.1204 0.5578 1.0433
V2 0.1116 0.5921 1.0343
C9 0.0860 0.6503 1.0657
C10 0.0902 0.6414 1.0582

Table 1: AlbedoR;5g and re ectanceratios R415=R750 and Rgo50=R750 determinedbased
on Clemertine UVVIS data for the candidateintrusive domesexaminedin this study.

Dome Long.[] Lat.[] DI[km] h[m] [] V[km®] ¥ [km?] ¢ class

Gal 1484 0:75 30.0 140 0.57 50 3.0 0.77 Inl
V1 1620 3070 30.0 130 0.55 42 24 071 Inl
M13 3153 1168 27.8 100 0.41 15 1.7 0.77 Inl
Arl 071 5571 33.0 70 0.25 22 20 0.73 Inl1
Arle 1.05 5571 16.0 70 0.50 7.0 0.57 0.50 In2
Cl1 3675 1106 12.2 75 0.70 6.4 0.62 0.66 In2
Pal 4788  26:63 13.5 60 0.50 4.3 0.37 { In2
L6 2916 4708 10.0 45 0.52 15 0.26 0.79 1In2
V2 1626  31:89 11.0 80 0.82 1.9 0.73 0.69 In2
C9 34:66 7:06 13.3 15 0.13 0.5 0.11 0.63 1In3
C10 3519 1G00 19.2 50 0.30 10 0.84 0.73 In3

Table 2: Morphometric properties of the candidate intrusive domesexaminedin this
study. The parameter V denotesthe volume per unit length as de ned by Eq. (16).
The circularity c of the domePal could not be determinedbasedon the available image
data.
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Dome Long.[] Lat.[] D [km] h [m] [1] VI[km®] ¢ class ven
A7 2415 1129 6.2 45 0.82 0.6 0.99 A yes
C1 3748 7:11 8.1 25 0.35 0.7 0.96 A yes
C4 36:78 8:85 13.3 50 0.43 3.2 0.95 A yes
C6 3197 1076 7.7 50 0.74 1.0 0.93 A yes
NTA3 3613 1401 9.2 50 0.62 20 0.93 By{C; yes
NTA4 3647 1368 8.3 45 0.62 0.8 091 By{C; yes
NTA5 3672 1357 5.7 25 0.50 0.4 090 A{E, yes
NTAG6 3749 1307 7.0 30 0.49 06 096 A{E, yes
M5 3101 1324 15.3 80 0.60 6.8 0.98 Cy yes
M10 3170 1406 19.0 140 0.84 21.0 0.97 C, yes
M15 2520 1G10 21.0 110 0.60 17.0 1.00 Cy yes
Hy3 826 1052 9.3 70 0.86 2.2 0.93 A yes
Cal 27.08 1010 8.6 45 0.59 0.7 0.91 A yes
Al 21:96 7:66 5.6 45 0.88 0.3 0.96 A no
A4 21:27 8:65 11.1 65 0.66 3.2 0.99 A no
A5 20:96 8:88 8.4 45 0.59 1.4 0.98 A no
A6 20:79 9:22 9.5 50 0.58 1.8 0.93 A no
NTAl 3505 1473 17.1 50 0.34 39 096 A{C{C, no
NTA2 3530 1436 5.7 35 0.70 0.6 098 A{E, no
Vel 5783 1574 16.8 80 0.55 7.2 0.90 C, no
Ve2 5900 1775 135 30 0.25 21 096 A{C, no
CH1 3257 3476 16.8 64 0.44 7.1 0.97 C, no
C12 3720 1237 6.3 25 0.45 0.5 0.92 E, no

Table 3: Morphometric properties of lunar e usive domesdisplaying ank slopeslower
than 0:9 (Wohler et al., 2006,2007). The circularity is always higher than or equal

to 0:9.
Dome Long.[] Lat.[] D [km] h[m] [T V [km?] ¢ class ven
Jansenl 3138 11:52 7.0 120 20 2.3 097 6 no
Jansen3 30:95 11:75 4.0 55 16 0:34 0:94 6 no
Jansen4 3120 11:95 55 5 11 0:48 0:.97 6 no
T. Mayer 7 (M10) 3170 14:06 190 140 0:84 21 | 5 yes
Milic hius 4 (M6) 3274 11:48 197 230 1:34 33 097 5 yes
Doppelmayer 2 4342 126 126 160 1:15 28 { 5 yes

Table 4. Morphometric properties of seweral lunar domesassignedo Headand Gi ord
(1980) classess and 6. The shape of T. Mayer 7 is irregular, while the northern half
of Doppelmayer 2 displays a circular outline (cf. Fig. 8b).
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Dome hg [km] hy[km] c[km] d[km] po [MPa]

Gal 1.5 0.28 2.0 2.2 17.7
V1 1.7 0.27 2.2 2.5 19.7
M13 1.9 0.50 2.4 2.9 23.2
Arl 25 0.24 3.2 3.5 27.7
Arle 0.40 0.24 0.48 0.72 5.6
Cl1 0.38 0.07 0.43 0.50 3.8
Pal 0.61 0.12 0.79 0.91 7.2
L6 0.34 0.10 0.44 0.53 4.2
V2 0.24 0.08 0.30 0.38 29
C9 1.5 0.56 2.0 2.5 21.7
Ci0 11 1.0 095 1.9 15.3

Table 5: Modelling results obtained for the examinedset of candidate intrusive domes
with the parametersgiven at the end of Section5.

Class D [km] [1] hy[km] d[km] po[MPa]
Inl1 > 25 0:2{0:6 02{0:5 2:2{3:5 18{28
In2 10{15 04{0:9 < 03 0:4{0:9 3{7
In3 1320 < 0:3 0:6{1:0 1.9{2;5 15{22

Table 6: Morphometric properties and modelling results for the classedn1{In3.
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Figure 1. Spatial distribution of the candidate intrusive domes examined

in this study. The badkground image has been generated by PDSMAPS
(http://www.mapaplanet.org) using Clemertine 750nm re ectance data.
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Figure 2: Orbital imagesof the candidate intrusive domesof classinl. (a) Apollo 15
orbital imageAS15-91-12372f the Valertine domeV1 and its northern neighbour V2.
(b) Lunar Orbiter imagelV-133-H2 shaving the domeM13. (c) Apollo 12 orbital image
AS12-50-7438&howing the domeGal. (d) Lunar Orbiter imagelV-116-H1 showving the
concetric crater on top of the domeArl. The domeitself is not visible dueto its low
ank slope and the high solar illumination angle. The arrows indicate a structure
resenbling a linear rille (1), a chain of craters (2), and a fault (3). The fault is more
clearly apparert in Fig. 3g.
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Figure 3: TelescopicCCD imagesof the candidate intrusive domesusedfor generating
the DEMs for this study. North is to the top and westto the left. Scalebarsindicate
the averageimagescale. (a) DomesC9, C10,and C11in Mare Tranquillitatis. Image
by P. Lazzarotti. (b) Dome M13 in Mare Insularum. (c) Dome Gal near the crater
Gambart in Mare Insularum. (d) Valertine dome V1 and the smaller dome V2 to
its north, located at the western border of Mare Serenitatis. Image by K. C. Pau.
(e) Dome L6 situated near Promontorium Laplace in Sinus Iridum (lower image by
S.Lammel). (f) DomePal nearthe o or-fractured crater Palmieri south-west of Mare
Humorum. Image by J. Phillips. (g) Dome Arl near the crater Archytas in Mare
Frigoris. Arrows indicate the easternpart of the dome (label \Arle") and the fault on
the northern part of the dome surface.Imageby J. Phillips.
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Figure 4. DEM of the Valertine dome V1, viewed from northeastern direction. The
vertical axis is 30 times exaggeratedthe curvature of the lunar surfacehas beensub-
tracted.
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Figure 5: Diameter vs. ank slope diagram illustrating the three establishedmorpho-
metric classesIn1{In3. Circles, squares,and triangles denote the classesinl, In2,
and In3, respectively. The dotted line correspndsto the relation []= 0:02 D [km],
separatingthe classednl and In3 from classIn2.
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Figure 6: Volumevs. ank slope diagram. Circles, squares,and triangles denote the
classednl, In2, and In3, respectively.
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Figure 7: (a) DomesJansenl, 3, and 4, belongingto class6 in the shemeby Headand
Giord (1980). Corntrast-enhancedversion of a telescopicCCD image by M. Wirths.
(b) Apollo 16 image AS16-120-19248hawving the kipuka Darney in western Mare
Cognitum. The surfaceof the kipuka is brighter than the surroundingmareand displays
characteristic fractures. In both images,north is to the top and west to the left.
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Figure 8: Domesof classb in the shemeby Headand Gi ord (1980). (a) Domesnhamed
T. Mayer 7 and Milichius 4 by Headand Gi ord (1980)and M10 and M6 by Wehler et
al. (2006). The fault forming a part of the southwesternrim of M13 is clearly apparen.

Imageby J. Phillips. (b) Doppelmayer 2 nearthe crater Doppelmayer. TelescopidCCD
imageby M. Wirths (top) and sectionfrom Lunar Orbiter imageIV-143-H1 (bottom,

adapted from Lena et al., 2007). North is to the top and westto the left. Feature A,

marked by horizortal parallel lines, appearsto be an out o w channelor chain of verts.
FeaturesB and C, denoted by vertical parallel lines, are linear rilles. The domeis
marked by two long solid lines. In the telescopicimage, the northern part of the dome
outline appearslargely circular.
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Figure 9: lllustration of the exure-induced uplift phaseof laccolith formation (after
Kerr and Pollard, 1998). For clarity, the springsin the certral uplift regionare omitted.

39



201

p, [MPa]

(a) | | | (b)

2 4 6 8 10 2 4 6 8 10
n n

Figure 10: Dependenceof (a) the intrusion depth d and (b) the magmapressurepy on
the parametern for the dome Gal. A Newtonian uid is characterisedby n = 1.
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Figure 11: (a) Dependenceof the thicknessc of an individual crustal layer (dashed
curve) and the intrusion depth d (solid curve) on the number m of crustal layers for
the domeGal. (b) Dependenceof the magmapressurep, on the number m of crustal
layers for the dome Gal.
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Figure 12: (a) Clemeriine 750 nm image of the dome Arl and the concetric crater
Archytas G onits surface. (b) Clemertine UVVIS spectra of the sitesaround Arl. Solid
curve, circles: concetric crater Archytas G; dashedcurve, squares: intrusive dome
Arl; dashed-dottedcurve, triangles: mare surface;dotted curve, diamonds: highland
surface.
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