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Abstract

In this study we examinea lunar volcanic region near Doppelmayer, composedof two
domical structures previously not studied in detail and a well-known lunar pyroclas-
tic deposit. Dome 1 is situated at selenographiccoordinates 41:92� W and 30:08� S,
dome2 at 43:42� W and 30:66� S. We perform a spectrophotometricstudy of represen-
tativ e locations of the volcanic region basedon Clementine UVVIS data. Relying on
ground-basedhigh-resolution CCD imagery, we furthermore examinethe morphome-
tric characteristicsof the two domes,making useof a combined photoclinometry and
shape from shading technique. Basedon a rheologicmodel, we examinethe physical
conditions under which the domeswere formed. Dome 1 is spectrally atypically red
for mare domesand shows a very weak ma�c absorption, implying a low TiO 2 and
FeO content. The overall spectral signaturecorresponds to that of a mixture between
mare and highland soils. Dome 1 was formed of lava with a relatively high viscosity
value of � 107 Pa s, situated betweenthe rangesof valuestypically observed for mare
domesand for the Gruithuisen and Mairan highland domes,respectively, erupting at
moderateratesover a long period of time. Dome1 is larger, steeper, and morevolumi-
nous than typical mare domesbut hasa much lower 
ank slope than the Gruithuisen
and Mairan highland domes. It is an exemplar of a rare type of unusually steepand
voluminous mare domes,similar to the well-known mare domesHortensius 5 and 6
and Herodotus ! . We discussthe relevanceof vertical (assimilation of crustal mate-
rial) vs. lateral (distribution of material acrossmare-highlandboundariesby random
impacts) mixing mechanismsasbeingresponsiblefor the observed spectral appearance
of dome1. The thermal conditions in the lunar interior did not favour the assimilation
of crustal wallrock into the ascendingmagma. Due to the fact that dome1 is located
right on the boundary betweenhummocky terrain and a mare pond, lateral mixing of
mare and highland soils is a much more natural explanation for the observed spectral
signature. For dome2, we �nd that it is a typical e�usive maredome,given its spectral
and morphometric properties and inferred rheologicparameters.An estimation of the
dimensionsof the feederdikes of the two domesreveals that the dike which formed
dome1 was�v e times asbroad asthe onewhich formeddome2, while the dike lengths
only di�er by about one third. The dike dimensionssuggestthat their sourceregions
were located below the lunar crust.

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

The Humorum impact basin is of Nectarian ageand was formed 3.9 billion yearsago
(Wilhelms, 1987). The basin is �lled with basaltic lava. Loading by lava e�usion
has causeda subsidenceof the central part of the basin. The e�ects of this crustal
settlement arevisible at the surfacein the shapeof longwrinkle ridges,which aredueto
compressive forces,in the easternpart of Mare Humorum, and in grabendue to crustal
extension,especially visible at the westernbordersof MareHumorum (Wilhelms, 1987).
A section of ConsolidatedLunar Atlas image F19 (Kuip er et al., 1967) providing an
overview about the Mare Humorum region is shown in Fig. 1.

Di�eren t lithological units, included in the USGS lunar geologicmap I-495, are
apparent in Mare Humorum (cf. Titley (1967) and referencestherein). Clementine
multispectral data show that the highlandsaround the Humorum basinarefeldspathic,
but somewhatmore ma�c (4{8 wt.% FeO) than the deposits of other basins,while the
mare deposits of central Humorum show an FeO content between 16 and 20 wt.%
(Busseyet al., 1997).

Humorum basalts have been mapped as four distinct units, Ipm1 through Ipm4,
in the USGSlunar geologicmap I-495. Ipm units denote
o ws of volcanic material or
pyroclastic material or both. Pieterset al. (1975)describe three distinct basaltic units.
The basalts covering the western third and the southeasternpart of Mare Humorum
are spectrally red, implying a low TiO 2 content. The westernunit has a lower albedo
than the southeasternunit. Spectrally bluer basalt units situated in the basin centre
and displaying a higher TiO 2 content are similar to others that occur in Oceanus
Procellarum but are not contiguous with them. Pieters et al. (1975) suggestthat
thesebasaltsdo not originate in Mare Humorum itself but may have entered the basin
through the northeasternentrance.

The crater Doppelmayer hasa diameterof 64km and is locatedon the southwestern
edgeof Mare Humorum. To the northeast of the rim of Doppelmayer crater the nearly
submergedcrater Puiseux is situated. Very dark material partially covering its 
o or,
alsoknown asthe Doppelmayer Formation, hasbeeninterpreted asfragmental volcanic
ejectaor 
o ws,or both, from vents or �ssuresalongthe edgeof Humorum basin(Titley ,
1967). The dark material of the Doppelmayer Formation (Eid unit in USGS map I-
495) is prominent in the Clementine 750 nm albedo image and coincideswith units
of high FeO content within Mare Humorum found by Busseyet al. (1997). Moreover,
these two Eid units, located just to the west and north of Doppelmayer, have been
spectrally characterisedas lunar pyroclastic deposits (LPDs) by Gaddis et al. (2003).
They assignthe spectrally red appearanceof the LPDs to iron-rich glassydeposits, like
thosefound in the Aristarchus-Harbingerregion.

Hackwill et al. (2006)further subdivide the three main units found by Pieterset al.
(1975) into 109 units di�ering in FeO and TiO 2 content and crater density. While a
uniform ageof about 3:2 Ga is reported for the Mare Humorum basaltsby Hiesingeret
al. (2003), individual agesare determinedby Hackwill et al. (2006) for 33 major units
basedon crater counts and isotopically dated Apollo samples.The highestageis found
for the unit in the basin centre, which supports the suggestionthat the central unit
sank due to the load of the basalt layer, causingthe lithosphere to bend and create
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dikesthrough which lava ascendedand generatedthe basaltic units near the basinrim.
Furthermore, it is shown that the TiO 2 content of the basaltic units is correlatedwith
their FeO content.

Later episodesof lava e�usion may haveoccurredin the regionaroundDoppelmayer.
In this study we perform a detailedexaminationof a domical structure south of the rim
of Doppelmayer, �rst reported by Wood (2005), and a previously unreported further
domicalstructure locatedsouthwestof it. Thesetwo domicalstructureslie in a complex
region, mapped as a basaltic Ipm unit but also consisting of hummocky material in
USGSmap I-495. In this study, basedon high-resolution telescopicCCD observations
carried out under oblique illumination conditions, we explore the region around the
domical structures in more detail. We examinetheir morphometric characteristicsby
making useof a combined photoclinometry and shape from shadingapproach (Horn,
1989;W•ohler and Hafezi, 2005;Lena et al., 2006;W•ohler et al., 2006). The obtained
valuesareusedto derive information about the physical parametersof domeformation
(lava viscosity, e�usion rate, duration of the e�usion process,magmarise speed,dike
dimensions),employing the rheologicmodel by Wilson and Head (2003). We provide
a geological interpretation of our spectrophotometric, morphometric, and rheologic
modelling results,comparingthem to the correspondingparametersobservedfor typical
lunar mare and highland domes.

2 Observ ations

2.1 Telescopic CCD imagery

Fig. 2 displays our CCD imagesof the region around Doppelmayer. They were taken
with telescopesof aperturesbetween130and 450mm. Details about the UT date and
time of each image and the telescope and CCD cameraused are given in the �gure
caption. Both utilised camera types have an image size of 640� 480 pixels and a
pixel sizeof 5:6 � m. Each imagewas generatedby stacking several hundredsof video
frames. For this purposewe made useof the Registax and Giotto software packages,
employing a cross-correlationtechnique similar to the onedescribed by Baumgardner
et al. (2000). In that work, however, digitized analogvideo tapeswereprocessed,while
we directly acquireddigital video frames. The scaleof the imagesis between200and
500m per pixel on the lunar surface.Due to atmosphericseeing,however, the e�ective
resolution (corresponding 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.

2.2 Lunar Orbiter and Clemen tine imagery , soil comp osition

Fig. 3 displays Lunar Orbiter frame IV-143-H1, distinctly revealing the two previously
mentioned domical structures. From our telescopicCCD images(Fig. 2) and using
Lunar Aeronautical Chart (LAC) #93, we determinedtheir selenographicpositions to
41:92� W and 30:08� S for dome1 and 43:42� W and 30:66� S for dome2 (cf. Table 1).
Wefound evidencefor the assumptionthat both domicalstructuresaree�usivevolcanic
constructs,which is justi�ed in more detail in Section3.1.
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The Clementine UVVIS multispectral imagedata wereobtainedat �v ewavelengths:
415,750,900,950,and 1000nm. Fig. 4b reports re
ectance valuesderived for the two
domesand several further geologicunits, relying on the calibrated and normalised
Clementine UVVIS re
ectance data as provided by Eliason et al. (1999).

Prior to the Clementine mission, the characterisation of lunar soil types was per-
formed by meansof re
ectance spectra measuredwith earth-basedtelescopes(Adams
andMcCord, 1970;McCord et al., 1972;McCord andAdams,1973). A characterisation
of spectral featuresattributable to titanium in lunar soils is provided by Burns et al.
(1976). The extracted Clementine UVVIS data wereexaminedin terms of 750nm re-

ectance (\alb edo") and the R415=R750 and R950=R750 colour ratios. Albedoat 750nm
is an indicator of variations in soil composition, maturit y, particle size, and viewing
geometry. The R415=R750 colour ratio essentially is a measurefor the TiO 2 content
of mature basaltic soils,wherehigh R415=R750 ratios correspond to high TiO 2 content
and vice versa(Charette et al., 1974). Recent work by Gillis and Lucey (2005), how-
ever, relying on TiO 2 abundancedata obtained with the Lunar Prospector neutron
spectrometer, indicates that other e�ects such as ilmenite grain size or FeO content
may contribute to the UV/VIS ratio. Hence,accurateestimatesof the absoluteTiO 2

weight percent valuesfrom spectral properties require supporting information beyond
the UV/VIS spectral ratio, such asre
ectance at 2:7 � m and radar backscatter (Gillis
et al., 2005). Although TiO 2 content is monotonouslyincreasingwith R415=R750 ratio,
the correlation is only moderateand the data display a strong scatter. Gillis and Lucey
(2005) establish two linear trends. A �rst trend with a higher slope is apparent 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 smallerR415=R750

ratios displays a lower slope and is represented e. g. by several typesof soilsin 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, and is also sensitive to the
optical maturit y of mare and highland materials (Lucey et al., 1998).

Fig. 4a shows the locations in the Clementine 750 nm albedo image at which the
spectra wereobtained. The re
ectancespectra for the two domicalstructuresexamined
in this study and further geologicunits including the dark and smooth terrain west
of dome1, the nearby hummocky terrain located just to its south-east,and the LPD
northeastof Doppelmayer areshown in Fig. 4b. The sampleareaamounts to 2� 2 km2.
Both domesare spectrally red with their low R415=R750 ratio of � 0:58, indicating a
low TiO 2 content of lessthan 2 wt.% accordingto Gillis and Lucey (2005). The high
R950=R750 ratio suggeststhat they consist of mature material (Fig. 5). Dome 2 is
spectrally not distinguishable from the mare-like surfaceinto which it mergesto the
north, while dome1 hasa spectrum that is intermediatein re
ectancebetweenthe dark
and smooth mare unit to the west and that of the hummocky terrain to its south-east,
which is of higher re
ectance and shows a typical highland signature. The material of
dome1 appearsto be a 1:1 mixture of the corresponding soils (Fig. 4b).

In the Clementine 750 nm albedo image shown in Fig. 4a, the outline of dome 1
is indicated by a white circle. The location labelled \dark smooth terrain" with its
mare-like spectral appearanceis situated right at the bottom of the western 
ank of
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dome1. Hence,dome1 is situated on a mare-highlandboundary. The easternmostpart
of the crescent-shaped mare pond west of dome1 forms the lower part of the western
dome
ank. This slope is clearly visible in Fig. 2d, appearing bright due to the sunset
illumination from western direction. The observed intermediate spectral signature of
most of the surfaceof dome1 may be due to vertical mixing e�ects, e. g. assimilation
of crustal wallrock into ascendingbasaltic magma(Grove, 2000),or to lateral mixing
causedby random impacts (Li and Mustard, 2000,2005). We will discussthe relevance
of thesepossiblemixing mechanismsin detail in Section5.

Two regions mapped as Eid units in the USGS map I-495 are characterised as
LPDs by Gaddiset al. (2003). A large LPD with an areaof 2628km2 is located inside
Doppelmayer, centred at 40:5� W and 28:1� S. A further LPD measuring1472 km2

is situated at a larger distance north-west of Doppelmayer at 44:4� W and 26:6� S.
Clementine UVVIS data have beenusedto characteriseLPDs and their composition
(Gaddis et al., 2003; Lena et al., 2006). The spectral properties likely represent a
complex combination of the degreeof crystallinit y (e. g. ilmenite content) and of the
iron-titanium content of LPDs.

In Fig. 5a and 5b, mare soils are represented by dark grey regionsand highland
soilsby light grey regions,accordingto Gaddiset al. (2003). In Fig. 5c these�elds are
omitted sincethe regionsrepresenting mareand highland soilsstrongly overlap. In the
R750 vs.R415=R750 diagram(Fig. 5a), the LPD in the northeasternpart of Doppelmayer
is located near the margin of the mare �eld towards lower valuesof R750 (Gaddis et
al., 2003). We obtain R415=R750 and R950=R750 ratios of 0.598and 1.027,respectively,
which aresomewhatdi�erent from the values0.581and 1.052reported by Gaddiset al.
(2003). The LPD displays spectral variations acrossits surface,hencewe presumably
measuredits spectrum at a slightly di�erent location with a possibly di�erent sample
area.

In the R750 vs.R950=R750 diagram(Fig. 5b), this LPD is darker and showsa stronger
ma�c absorptionthan the two domesand the associated dark smooth mare-like terrain,
which can be explained by an iron-rich glassysoil component (Gaddis et al., 2003).
Similar properties are found for several other large LPDs situated near Aristarchus
and Harbinger, inferred to have a lower TiO 2 content in the Fe2+ bearing orange
glass spheresthan the Taurus-Littrow, Sinus Aestuum, Vaporum, and Rima Bode
LPDs, which are spectrally very blue and are known or inferred to have a signi�cant
component of high-TiO2 materials in the form of ilmenite-rich black beads(Gaddis
et al., 2003). Weitz and Head (1999) explain the di�erences between orange and
black bead LPDs by variations in cooling time in a �re fountain probably resulting
in quenched, crystallized, and composite droplets. The spectral behaviour of LPDs
is analysedin terms of a radiative transfer model by Wilcox et al. (2006), who �nd
low TiO 2 contents and FeO contents of 17{21 wt.% for three LPDs on the Aristarchus
Plateau, in Mare Humorum, and near Sulpicius Gallus.
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3 Morphologic and morphometric prop erties

3.1 Morphology of the domes

The structure situated south of the rim of Doppelmayer at 41:92� W and 30:08� S,
described as dome 1 in Table 1, appears to be smooth with a shallow and elongated
crater on the summit (Fig. 3). The location of this elongatedcrater pit on a typical
dome relief (cf. Fig. 2) is suggestive of its volcanic origin, even if it might also be,
as an alternative explanation, a degradedimpact or secondarycrater. However, our
interpretation that it is of volcanicorigin is basedon the observation that in the Lunar
Orbiter imageshown in Fig. 3, the summit crater is elongatedand appearsrimlessand
without a sharp outline. Hence,it looks di�erent from nearby degradedsmall craters
of impact origin. Furthermore, in the Lunar Orbiter image its rim does not cast a
black shadow at a solar altitude of 16� , under which the imagewas acquired. We will
seebelow that its depth is signi�cantly di�erent from the D=5 ratio typical of small
fresh impact craters of similar diameter (Pike, 1974;Wood and Andersson,1978). In
contrast, impact craters in Fig. 3 appear to have signi�cantly steeper inner walls than
the suspectedvent sincethey are�lled with black shadows,evenwhentheir appearance
is not fresh.

As found in Section2.2,the lower part of the western
ank of dome1 consistsof mare
material, which contradicts the possibleinterpretation that this feature is merely an
elevated deposit of hummocky material. It rather seemsthat a signi�cant component of
highland material hasbeenentrained into the surfaceof a domical structure consisting
of mare basalt, situated near a mare-highlandboundary (cf. Section5).

These�ndings support our interpretation that the structure denotedasdome1 with
its elongatedcrater pit is of volcanic origin. In Fig. 2a the dome diameter amounts
to D = 16:8 � 0:3 km. The vent has a diameter of D c = 3:3 � 0:3 km. Its depth
dc was estimatedby measuringthe length of the shadow cast by its rim, which yields
dc = 128� 30 m. The depth derived from the shadow length measurement must be
consideredas a lower limit becausethe shadow is not cast right into the middle of
the vent but slightly o�-centre on its inner wall. In Fig. 2b, the dome diameter was
determinedto D = 16:4� 0:2 km, the vent diameter to D c = 3:2� 0:2 km, and the vent
depth to dc = 145� 20 m, again basedon shadow length measurement. In the Lunar
Orbiter image shown in Fig. 3, the vent diameter amounts to 3:3 � 0:3 km, which is
consistent with the valuesderived from Figs. 2a and 2b.

According to the empirical relation betweenvent diameter and domebasediameter
establishedby Headand Gi�ord (1980)for e�usive maredomes,the expectedvalue for
the vent diameter corresponds to 3:2 km, given the dome diameter of D = 16:8 km,
which is in very good agreement with our measuredvaluesof D c.

Dome 2, located at 43:42� W and 30:66� S and situated adjacent to a non-volcanic
mountain, has a diameter of 12:6 � 0:3 km accordingto Fig. 2a and of 12:0 � 0:3 km
accordingto Fig. 2b. Thesevaluesare consistent with the diameter of 12:6 � 0:3 km
measuredin the Lunar Orbiter imageshown in Fig. 3. In Fig. 6 an enlargedsectionof
the Lunar Orbiter image is shown where the dome appearsto have a smooth surface
with an out
o w channelor chain of vents (featureA) and linear rilles (featuresB andC).
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Narrow rilles crossingthe domearealsovisible in the Clementine 750nm albedoimage
shown in Fig. 7. A discussionof the possiblemode of formation of dome2 is given in
Section4.1.

3.2 Image-based 3D reconstruction of the domes

For an in-depth morphometric and rheologic analysis of the domes,we performed a
reconstructionof their three-dimensionalshape basedon the available imagedata, re-
lying on a combined photoclinometry andshape from shadingmethod. Such techniques
take into account the geometriccon�guration of camera,light source,and the surface
normal, as well as the re
ectance properties of the surfaceto be reconstructed. We
will only give a short summary of our photometric 3D reconstruction approach since
it has been described in detail by Lena et al. (2006) and by W•ohler et al. (2006).
A good description of the re
ectance properties of the surfaceis the physically moti-
vated photometric model by Hapke (1993) which is basedon the theory of radiative
transfer. It is di�cult, however, to use the Hapke model directly for 3D reconstruc-
tion purposes.Therefore,in many astrogeologicalapplications the comparablysimple,
empirical Lunar-Lambert law is used(McEwen, 1991). It �ts the true re
ectance be-
haviour of many planetary surfacesequally well as the Hapke model, making useof a
singlephaseangledependent parameterwhich hasbeentabulated by McEwen (1991)
for planetary surfaceswith a wide rangeof regolith properties.

In a �rst step we follow a photoclinometric approach, which consistsof computing
height pro�les along imagerows, sincethe problem of directly determining two surface
gradients per pixel (in east-west direction and in north-south direction) from a single
intensity measurement is an underdetermined(\ill-p osed") problem. For lunar domes,
the surface slopes are small, and the illumination is highly oblique. The sceneis
illuminated nearly exactly from the eastor the west. It can be shown that the Lunar-
Lambert re
ectance then shows a very weak dependenceon the surfacegradient in
north-south direction, which we set to zero. This approximation is exact for cross-
sectionsin east-west direction through the summit of a feature, while it is otherwisea
reasonableapproximation. Wefurthermore imposea zeroaveragesurfaceslopeover the
region of interest. Unter theseassumptions,the surfacegradient in east-west direction
canbecomputedfor each pixel basedon the measuredpixel intensity, respectively. For
each imagerow, a height pro�le is then obtainedby integration of the surfacegradients.

The result of photoclinometry is re�ned in a secondstep by meansof a variational
approach described in detail by Horn (1989). Applications to the scenarioof lunar
surface reconstruction are described by W•ohler and Hafezi (2005). The algorithm
minimizes the mean squaredeviation between the observed pixel intensities and the
modelled re
ectancesunder the constraint that the surfacegradients are not indepen-
dent but must form an integrablevector �eld. To increasereconstructionaccuracy, the
width of the point spreadfunction is computedbasedon the appearanceof the bound-
ariesof shadows in the image(Lena et al., 2006)and incorporated into the optimisation
scheme(Joshi and Chaudhuri, 2004).

The domevolumeV wascomputedby integrating the reconstructed3D pro�le over
an areacorresponding to a circular regionof diameterD around the domesummit. For
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the Gruithuisenand Mairan highland domes,which will be regardedfor comparisonin
Section5, Wilson and Head(2003)assumea parabolic shape with V = (� =2)(D=2)2h.

Lunar Orbiter imagesare not suitable for 3D reconstructionof lunar surfaceparts
basedon photometric methods sincethe relation betweenincident 
ux and pixel grey-
value is nonlinear and unknown. The reasonis that the imageswere acquired on a
photographic �lm scannedon board the spacecraft. The sameproblem arisesfor the
high-resolutionorbital imagestakenwith hand-heldand aerial camerasfrom the Apollo
commandmodules. Moreover, solaraltitudes are betweenabout 20� and 30� for Lunar
Orbiter images,and nearly all Clementine imageswere acquiredat low phaseangles,
corresponding to steepillumination anglesin the equatorial regions. Hence,illumina-
tion is not su�cien tly oblique to apply photoclinometric methods to shallow features
like lunar domes.

For generatingdigital elevation mapswethushaveto rely on telescopicCCD images.
The utilised CCD camerasperform an internal adjustment of the gamma value 
 ,
leading to a pixel intensity I proportional to F 
 with F as the incident 
ux. We
calibrated the gammascaleof the cameracontrol softwareby evaluating 
at�eld frames
of di�erent intensities acquired through di�erent neutral density �lters with known
transmission coe�cien ts, �tting a characteristic curve of the form I = aF 
 to the
measured
at�eld intensities.

Three main sourcesof error may be relevant for the described 3D reconstruction
scheme. The phase-angledependent parameterof the re
ectancefunction is not exactly
known and may show variations over the surfacefor di�erent terrain types. Further-
more, the width of the point spread function is uncertain by a value of about � 0:5
pixels. Both e�ects, however, changethe elevation valuesby only a few metres in our
examples.In contrast, the uncertainty of the 
 valueof the CCD camerasof about 0:05
results in a relative standard error of the domeheight of 10 percent, which is indepen-
dent of the height value itself. Basedon experiments, we found that the uncertainties
in dome diameter (cf. Section 3.1) and dome height lead to a standard error of the
edi�ce volume of lessthan 20 percent.

The resulting digital evelation maps for dome 1 and dome 2 are shown in Fig. 8.
For dome1, we obtain a height of 410� 40m, a 
ank slope of 2:8� � 0:3� , and an edi�ce
volume of 34� 7 km3. The 
ank slope is an averagevalue sincethe pro�le of dome1
is somewhatasymmetric,with the eastern
ank being steeper than the western 
ank.
Dome 2 is shallower and lessvoluminous, displaying a height of 160� 20 m, a 
ank
slope of 1:15� � 0:15� , and an edi�ce volume of 2:8 � 0:6 km3.

4 Ph ysical parameters of dome formation

4.1 Classi�cation, mo de of formation

Lunar domesare formed either by outpouring of magma from a central vent or by a
subsurfaceaccumulation of magma that causesan up-doming of the bedrock layers,
creating a smooth, gently sloping positive relief (Head and Gi�ord, 1980; Basaltic
Volcanism Study Project, 1981). Domes representing volcanic sourcesare smooth-
surfacedand usually have a summit crater pit. Most vents related to domesappear to

9



be associated with surrounding lava plains of known volcanic origin or in association
with pyroclastic deposits. The extrusive origin of lunar domesand their similarity to
terrestrial featureslike small shieldvolcanoeshave beendescribed in the literature (cf.
e. g. Head and Gi�ord, 1980). The presenceof a summit crater pit arguesagainst an
intrusive or laccolithic origin for the majorit y of thesefeatures. The issueof intrusive
lunar domesand how they are possibly related to equivalent terrestrial features is
not yet well understood. They are probably formed by subsurfaceintrusions, similar
to laccoliths on Earth, where magma has 
o wed under a surface of solidi�ed lava
and lifted it up (Head and Gi�ord, 1980; Basaltic Volcanism Study Project, 1981).
E�usiv e lunar domesprobably formedduring the terminal phaseof a volcaniceruption.
Initially , lunar lavas were very 
uid due to their high temperature. Thus, they were
able to form extendedbasaltic mareplains. Over time, the temperature of the erupting
lavas becamelower, 
o w rate decreased,and crystallisation occurred. This changed
the characteristicsof the lava such that it beganto \pile up" around the e�usion vent
and formed a dome(Cattermole, 1996;Mursky, 1996).

Head and Gi�ord (1980) de�ne seven classesof lunar domes. Classes1{3 refer to
volcanic featuresresembling terrestrial shieldvolcanoes. Class1 domeshave diameters
between 5:5 and 15 km and circular to elliptic outlines, they exhibit slopes smaller
than 5� , and they have rimless summit crater pits. However, this diameter range is
not basedon a statistical analysisbut rather an estimate. Class2 domesdi�er from
those of class1 essentially by their pancake-like shape. Class3 domesare similar to
but lower than thoseof classes1 and 2. While class4 denotesdomesassociated with
mare ridgesand archesof possibletectonic origin, class5 describesdomesoriginating
from lava mantling of previouslyexisting highland terrain. Class6 includesdomeswith
higheralbedothan marematerial and comparablysteepslopes,such asthe Gruithuisen
highland domes. Class 7 describes complex mare domeswith irregular outline and
topography such asArago � and � and many of the domesin the Marius Hills region.

W•ohler et al. (2006)introducea classi�cation schemefor e�usive maredomeswhich
is complementary to the oneby Headand Gi�ord (1980)in that it basesthe distinction
betweentheir classes1{3 on spectral and morphometric quantities rather than a rough
estimation of 3D shape. In this scheme,classA denotesspectrally blue domes(high
R415=R750 ratio) of low slope and volume, while domesof moderate R415=R750 ratio
and moderatediameter are assignedto classB. Steepdomesof high edi�ce volumeare
denotedby subclassB1, shallow domesof low edi�ce volume by subclassB2. ClassC
represents large, shallow, high-volume edi�ces either of low to moderate (subclassC1)
or high (subclassC2) R415=R750 ratio. ClassD is madeup by largeand complexedi�ces
likeArago � and � andcorrespondsto class7 of the schemeby HeadandGi�ord (1980).

The diameter of dome 1 is slightly above the (not too strictly de�ned) range of
class1 by Head and Gi�ord (1980) and at the sametime not steepenoughfor their
\highland dome" class6. In the scheme by W•ohler et al. (2006), dome 1 with its
spectrally red soil, large diameter, and high edi�ce volume �ts into classC1 with a
tendencytowards B1 due to its relatively steep
ank slope.

Dome 2 at 43:42� W and 30:66� S may be categorisedas class5 using the Head
and Gi�ord (1980) schemeand as a typical C1 dome in the schemeby W•ohler et al.
(2006). The lava forming this feature appearsto be draped on or around a portion of
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nearby highland terrain. Figs. 6 and 7 show the presenceof several rilles crossingthe
surfaceof dome2. Rilles that begin in craters have two commonmeansof formation.
Somerepresent sinuous rilles, where lava from a sourcepoured out onto the surface
(Wilhelms, 1987). Theseextend from the sourceby somedistanceout into the mare
surface. Other rilles represent somekind of collapse,commonly due to updoming of
the surface,generatingextensionand subsequent down-droppingof the surfacebetween
parallel faults (Masursky et al., 1978;Wilhelms, 1987). Theserilles generallycontain
straight segments and may be rather short. Tensionalstressesaremost consistent with
laccolith formation but in the caseof dome2 the rille should then end wherethe dome
mergeswith the mare surface. Somerilles in Figs. 6 and 7, however, extend into the
surroundingmare surfaceand show bendsin their trace. Several rilles appear to begin
in oblong craters of sizescloseto the resolution limit.

According to the mechanismssuggestedby Wilson and Head (1996) and Petrycki
and Wilson (1999), narrow linear rilles and graben can be explained as the surface
manifestationsof dikes. A detailed geophysical model of the involved processesthat
lead to the formation of linear graben due to the near-surfacestressesgeneratedby
emplacement of dikesis suggestedby Wilson and Head(2002),who apply their model
to grabensystemson Mars. The model is extendedto explain the emplacement of giant
dikesof around 1000km length by Scott et al. (2002). For the regardedMartian dikes,
the model by Wilson and Head(2002)yieldsa depth of the sourceregionof several tens
of kilometres, with the dike top situated at shallow depths of a few hundred metres.
Lunar graben-formingdikeshave widths of the order of hundredsof metresand lengths
of typically several tens of kilometres but sometimesmore than 100 km (Wilson and
Head,1996;Jacksonet al., 1997;Petrycki and Wilson, 1999). Headet al. (1997)argue
that dependingon the depth to dike top, eruptions may occur in the form of degassing,
forming rimlesscrater pits along the graben as observed e. g. for Rima Hyginus, or as
lava e�usion, which formed the conesIsis and Osiris situated along a graben in Mare
Serenitatis. In the eruption scenario,the depth to dike top amounts to only a few
tens of metres,and the dike penetratesthe surfacein places. More extensive e�usion
processesmay lead to the formation of domes(Wilson and Head, 2003).

In Fig. 6, two linear rilles are apparent, marked as B and C, which extend to
considerabledistancesfrom dome 2. The linear feature A rather appears to be an
out
o w channel or a chain of vents. A possibleinterpretation for dome2 is that dikes
ascendedto shallow depth below the surface.The associated stress�elds generatedthe
linear rille structures B and C accordingto the mechanismssuggestedby Wilson and
Head (2002). Additionally , oneof the dikesgainedsurfaceaccessat somepoints such
that an extensive lava e�usion could occur. According to this scenario,we interprete
dome2 as an e�usive structure.

4.2 Rheologic mo delling

Weassumethat the two examineddomeswereformedby extrusionof magmaonto a 
at
plane spreadingin all directions from the vent, in contrast to lava 
o ws resulting from
lava extrusion onto an inclined surface.Wilson and Head(2003)provide a quantitativ e
treatment of such dome-forming eruptions, which we will follow in our study. This
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model estimatesthe yield strength � , i. e. the pressureor stressthat must be exceeded
for the lava to 
o w (Wol� and Sumner,2000),the plastic viscosity � , yielding a measure
for the 
uidit y of the erupted lava, the e�usion rate E, i. e. the lava volume erupted
per second,and the duration of the e�usion process. The modelling results may be
of limited accuracyfor dome2 sincethe employed model assumeslava spreadingout
radially from a vent, while during the formation of dome2 the lava was restricted at
the southern side by hummocky deposits. Hence,we regard the modelling results for
dome2 merely as order of magnitude estimates.

In the model by Wilson and Head (2003), the magma is treated as a Bingham
plastic with a yield strength of

� =
0:323h2 � g

D=2
(1)

(Wilson and Head, 2003). The plastic viscosity is estimatedby the empirical relation

� (� ) = 6 � 10� 4 � 2:4; (2)

where � is expressedin Pa and � in Pa s. In Eq. (1), � denotesthe lava density,
for which Wilson and Head (2003) apply a value of 2000kg/m 3, g = 1:63 m/s2 the
accelerationdue to gravit y, h the height of the dome, and D its diameter. Assuming
a higher density � will increasethe viscosity by a constant factor. For a high magma
density 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 rangeof
viscositiesinferred for lunar mareand highland domes(W•ohler et al., 2006). Hence,we
computethe lava viscositiesfor � = 2000kg m� 3, but for the subsequent determination
of dike dimensionswe will considerthe e�ects of possiblyhigher lava density and thus
viscosity values.

It is assumedthat the advanceof the front of a lava 
o w unit is limited by cooling
oncea critical depth of penetrationof the cooledboundary layer into the 
o w is reached.
A corresponding estimateof the lava e�usion rate E is then obtained by

E =
0:3231=2 300 � (D=2)2

0:655=2 0:72 h
(3)

for a dome with a parabolic cross-section(Wilson and Head, 2003). Here, � �
10� 6 m2 s� 1 denotesthe thermal di�usivit y of the lava. The duration T of the lava
e�usion processamounts to

T = V=E; (4)

with the edi�ce volume V determinedaccordingto Section3.2. Eqs. (1){(4) are valid
for domesthat formed from a single
o w unit (monogeneticvolcanoes). Otherwise,the
computedvaluesfor � , � , and E are upper limits to the respective true values.

For the two domesexaminedin this study, we obtained comparablee�usion rates
of 121 m3/s for dome 1 and 173 m3/s for dome 2. They formed out of lava with
viscositiesof 1:4� 107 Pa s and 3:1� 105 Pa s over periods of time of 8.9 and 0.5 years,
respectively (Table 2). Hence,dome 1 and 2 are quite di�erent with respect to both
their morphometric properties and the conditions under which they formed.
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In the scenarioof lava e�usion through dikes,an important parameteris the magma
rise speedU at which the dike propagates.According to Wilson and Head(2003), the
value of U depends on the pressurein the dike, the buoyancy and the viscosity of
the magma, and the dimensionsof the dike. It is found by balancing the driving
vertical pressuregradient dp=dzagainst the wall friction, taking into account the need
to overcomethe yield strength � :

U =
W 2

12�

"
dp
dz

�
2�
W

#

: (5)

Wilson and Head (1996) state that for eruption of magma on the surfacean excess
pressureat the dike source of 28 MPa is required for a crust of 64 km thickness,
corresponding to a driving pressuregradient of 328Pa m� 1. For the Gruithuisenand
Mairan highland domes, Wilson and Head (2003) assumeno excesspressurebut a
pressuregradient dp=dz = g(� c � � ) which is due to the positive buoyancy of the
magma, with � c as the density of the crustal material and � as the magma density,
leading to a value of dp=dz= 1300Pa m� 1.

It is realistic to assumea positive buoyancy in the caseof the highland domessince
they were formed from non-basalticmagmawhich may be lessdensethan the crustal
material. For the caseof basalticmagmareaching the bottom of the lunar crust, Wilson
and Head (1996) point out that the magma is positively buoyant in the mantle and
negatively buoyant in the crust. Without an excesspressurein the sourceregion, the
magmawas able to rise above the baseof the crust to a distancewhere the negative
buoyancy component from the magmaabove the crust-mantle boundary compensated
the positivebuoyancyfrom the magmabelow the boundary. Since,however, the magma
could not rise to the surfaceunlessit had an untypically low density, an excesspressure
arising due to the melting of the magma is assumed,leading to an additional force
that drives the magma to the surface. However, Wieczoreket al. (2001) argue that
alsobasaltic magmasmay have beenpositively buoyant in the lower lunar crust. They
show that sincethe lunar crust becomesmorema�c with depth, basalticmagmashould
be lessdensethan the material of the lower crust. Hence,in placeswhere the upper
anorthositic crust was removed by an impact event, basaltic magmacould have been
driven to the surfaceby its positive buoyancy alone. This assumption is supported
by the observation that mare basaltsare present wheregeophysical models of crustal
thicknesspredict the upper crust to be absent.

For modelling the feederdike dimensionsof the Doppelmayer domeswe will adopt
the minimum value of dp=dz= 328 Pa m� 1 necessaryfor basaltic magmato erupt at
the surface(Wilson and Head, 1996). We will examine the implications of possibly
higher valuesof dp=dz. The magma rise speedU, the dike geometry de�ned by the
width W and the length L, and the eruption rate E are related by

E = UWL: (6)

However, L and W are not independent. A detailed model for the dependencebetween
lava viscosity and the ratio L=W is suggestedby Rubin (1993), regardinga pressurised
dike propagating in a linear viscoelastic medium. In this model, the �rst parameter
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governing dike dimensionsis p0=G, representing a measurefor the elastic response
of the host rock, where p0 is the magma pressureat the dike entrance and G the
elastic sti�ness of the host rock. The secondparameter is � =� r , where� is the magma
viscosity and � r the host rock viscosity. Rubin (1993)points out that the valueof p0=G
is situated between10� 4 and 10� 3. Wilson and Head(2003),who alsoapply this model,
assume� r = 1018 Pa s for estimating the dike propertiesof the Gruithuisenand Mairan
highland domesand obtain L=W = 200for the lava viscositiesaround 5� 108 Pa s they
infer, which corresponds to setting p0=G = 10� 3:5. With theseparametersfor p0=G
and � r , we obtain L=W = 1300for dome 1 and L=W = 4470for dome 2. Inserting
Eq. (6) into Eq. (5) then yields a relation for the dike width W accordingto

W 4 =
12� E

(L=W) [dp=dz� (2� =W)]
: (7)

We solved Eq. (7) numerically for W with the nestedintervals method.
For dome1, we obtained a low magmarise speedof 5:7 � 10� 6 m s� 1, a dike width

of 127 m, and a dike length of 167 km. The lessviscouslava of dome 2 ascendedat
a higher speedof 5:2 � 10� 5 m s� 1, and its feederdike is narrower (W = 27 m) than
the dike that formed dome1 but of comparablelength (L = 121 km). The in
uence
of the driving pressuregradient dp=dzis such that increasingdp=dzby a factor of two
yields for both domesa magmarise speedU which is larger by a factor of four, while
dike width W and length L decreaseby a factor of two.

5 Discussion

The region around Doppelmayer shows many traces of ancient volcanic activit y. The
described two lunar domesnear Doppelmayer do not appear to be connectedwith any
of the two LPDs in southernMare Humorum describedby Gaddiset al. (2003),mapped
asEid units in USGSmap I-495. Both domesare spectrally red (low R415=R750 ratio),
indicating a low to moderateTiO 2 content, and consistof mature material asshown by
their high R950=R750 ratios. Dome1 is a large,comparablysteep(
ank slopenearly 3� ),
and voluminousedi�ce. Dome2 is slightly smaller than dome1, signi�cantly shallower
with a 
ank slope of just above 1� , and lessvoluminous by an order of magnitude.
Spectrally, it is not distinguishablefrom the mare-like surfaceto its north.

The rheologicmodel by Wilson and Head (2003) yields comparablee�usion rates
for the two domes.However, lava viscosity washigher by a factor of 30 for dome1 than
for dome2, and the duration of the e�usion processwasnearly 20 times aslong. Hence,
although the two domesare located closeto each other, their spectral, morphometric,
and e�usion properties indicate signi�cantly di�erent eruption conditions.

Dome1 hasbeenformedby a much broaderdike than dome2. In contrast, the dike
lengths are not strongly di�erent. If we assumethat the vertical extensionof a dike
is similar to its length (cf. Jackson et al. (1997) and referencestherein), we conclude
that the magmaswhich formed the Doppelmayer domesoriginate from well below the
lunar crust, for which a total thicknessof 50 km is given by Wieczoreket al. (2006)for
the region in which the domesare located.
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5.1 Dome 1: Lateral vs. vertical mixing mechanisms, compar-
ison to mare and highland domes

The UVVIS spectrum of dome 1 is intermediate in re
ectance between the dark and
smooth marepond to its westand that of the nearby hummocky terrain having a higher
re
ectance, suggestingthat it appearsto consistof a 1:1 mixture of the corresponding
mare and hummocky terrain soils (Fig. 4b). Such a mixing e�ect betweenmare and
highland soil has also been found by Lena et al. (2006) for the material of the LPD
partially covering the lunar dome in the south of Petavius. However, the lowest 3{
4 km of the western 
ank of dome 1, corresponding to the easternmostpart of the
crescent-shaped mare pond (Fig. 4a), display a mare-like spectral appearance. The
highland component inferred from the UVVIS spectrum (Figs. 4b and 5) may have
been incorporated into the dome material either during the lava e�usion processor
later by lateral mixing with impact ejecta.

A vertical mixing mechanism that could explain the high lava viscosity and in
turn the morphometric properties of dome 1 is assimilation of crustal wallrock into
the up-welling basaltic magma during the eruption process(Grove, 2000). In this
scenario,basaltic magmafrom the mantle melts parts of the crustal wallrock through
which it rises upwards, such that the molten wallrock mixes with the magma and
rises to the surface. Hence, the fact that the material of dome 1 spectrally appears
intermediate between basaltic lava and highland material could be explained as the
result of the mixing betweenup-welling lava andsurroundingcrustal wallrock. The high
lava viscosity of � 107 Pa s inferred from the morphometric properties of dome1 may
be partially due to the low metal content of the soil (Melendrezet al., 1994;Williams
et al., 2000), where the very high R950=R750 ratio implies a low FeO content (Lucey
et al., 1998), while the low R415=R750 ratio suggestsa low TiO 2 content (Gillis and
Lucey, 2005). However, although lava viscosity is known to increasewith decreasing
metal content, the analysis by W•ohler et al. (2006) reveals that other domeswith
similar spectral propertieswereformed from lavasof much lower viscosity. In contrast,
heat transfer from the up-welling magmainto the wallrock implied by the assimilation
scenariomight explain the inferred high viscosity asa result of low magmatemperature
(Spera, 2000).

However, Warren (1985)statesthat the magmahasto be considerablysuperheated
to be able to assimilate a signi�cant fraction of crustal material. Hess(1994) shows
that 120 � C of superheat is a realistic upper bound under lunar conditions. The crustal
material hasto be brought to its solidustemperature beforeassimilationbecomespos-
sible. According to Hess(1994),even in the early history of the Moon the temperature
of the lower crust was not higher than 800 � C, while the solidus temperature of the
crust correspondsto at least1000� C, i. e. about 200 � C above the crustal temperature.
Hess(1994)demonstratesthat even under thesefavourablecircumstancesall available
superheat is expendedalready for increasingthe crustal temperature to the lowest rea-
sonablemelting temperature { under realistic circumstances,however, crustal solidus
temperatures are likely above 1200 � C. Assuming that the maximum temperature of
the wallrock at the border of the dike is equal to the averageof the initial magma
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and wallrock temperatures1, Hess(1994) arguesthat the crustal temperature will not
exceed1150 � C, rendering the assimilation of a signi�cant fraction of crustal wallrock
very unlikely.

As an alternative mechanism to explain signi�cant highland components in mare
soilsand vice versa,lateral mixing due to random impacts of small bodiesis suggested
by 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 based
on spectral mixture modelling of Clementine UVVIS data and introduce a so-called
anomalousdi�usion model that �ts well the observed relative abundancesat distances
of up to � 10 km from the boundary. The symmetric shapes of 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, compared to lateral mixing. In a later work
(Li and Mustard, 2003), mapping of mare and highland abundancesis re�ned based
on multiple end-member spectral mixture analysis. Li and Mustard (2005) provide
a detailed model for the ejecta thicknessresulting from impact cratering by bodies
covering a broad range of sizes. Their study demonstratesthat lateral mixing turns
out to be e�cien t enoughto distribute a fraction of 20{30%of exotic components even
over distanceslarger than 100km.

Accordingly, the much more natural explanation for the observed spectral appear-
anceof dome 1 is lateral mixing. Dome 1 is situated right on the boundary between
the mare pond to its west and the hummocky terrain south of Doppelmayer. As ex-
pectedfrom the model by Li and Mustard (2000), the fraction of highland material is
lowest for the westernmostpart of the dome surface,which is most distant from the
mare-highlandboundary.

At this point it is illustrativ e to comparedome1 to non-mare(highland) and mare
domes. Wood and Head (1975) describe various \Red Spots" displaying a relatively
high albedo and a strong absorption in the near UV. Their spectral signatures are
di�erent from thoseof mare basaltsbut also of the highland areassurrounding them.
Among the Red Spots, the highland domesGruithuisen
 and � and the nearby North-
westDome,situated at the northwesternborderof Mare Imbrium, and the threeMairan
domes,nearby located at the easternborder of Sinus Roris, are described as volcanic
edi�ces by Head and McCord (1978). Head et al. (1978) discusstheir formation from
highly silicic non-mare lavas. Stratigraphic relations indicate that they were formed
after the Imbrium impact but beforethe basin was 
o oded by mare basalts. Detailed
mappingof the distribution of non-marevolcanicmaterial is provided by Chevrelet al.

1In the caseof stationary magma (U = 0), the wallrock obtains the averageof the initial magma
and wallrock temperaturesindependent of the dikewidth W (Carrigan et al., 1992)for a limited period
of time and then cools down slowly. The assumption of this maximum temperature value should still
be a good approximation for the magmasthat formed the Doppelmayer domes,ascendingat very low
speedsof � 10� 5 m s� 1. However, for velocities so high that the magma reaches the surface long
before it has lost a relevant amount of its heat to the wallrock, Carrigan et al. (1992) show basedon
numerical modelling that the magma temperature in the dike is largely uniform and hardly deviates
from the initial temperature over large distancesfrom the dike source,while the wallrock temperature
at the border of the dike is closeto the magma temperature. This e�ect is demonstrated for magma
velocities of � 0:1 m s� 1 and higher in a dike of 3 m width.
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(1999) basedon Clementine UVVIS data. Wilson and Head (2003) quantitativ ely de-
termine the rheologicproperties of the lavas from which they formed and estimatethe
dimensionsof their feederdikes,utilising the model we have adoptedfor our study (cf.
Section 4.2). Hawke et al. (2003) demonstratethat a further Red Spot, Hansteen�
situated at the southwesternborder of Oceanus Procellarum, is most likely of volcanic
origin and was also formed by extrusion of viscousnon-marelavas.

The Gruithuisendomesare known to have large diametersof up to 20 km, heights
of more than 1000 m, steep 
ank slopes between 7� and 15� , and very high edi�ce
volumesof several hundred km3. Gruithuisen � is composedof a north-westernand a
south-easternpartial dome. Weitz et al. (1999)show that steeper domesrepresent the
result of cooler, more viscouslavas with high crystalline content, possibly at the �nal
stagesof the eruption. According to Chevrelet al. (1999), the Gruithuisendomeshave
been formed by viscouslava of very low TiO 2 content (corresponding to a very low
R415=R750 ratio) and more silicic composition, presumablyprior to the lava 
o oding of
the Imbrium basin. Wilson and Head (2003) show that while the eruption processes
that formed Gruithuisen� and the Northwest Domeoccurredover more than 20 years
at low e�usion rates between 6 and 50 m3 s� 1, the e�usion rate was 119 m3 s� 1 for
Gruithuisen
 over a period of 38years. The lava that formedthe Gruithuisenhighland
domeshad viscositiesbetween 108 and 109 Pa s. All three Gruithuisen domesare
characterisedby very low R415=R750 ratios (Fig. 5).

Comparedto the Gruithuisen domes,the highland domesnear Mairan located in
northern Oceanus Procellarum are somewhatsmaller and shallower. According to the
morphometric data provided by Wilson and Head(2003), Mairan T is the largest and
steepest of them with a diameter of 13 km, a 
ank slope of 7:9� , and an edi�ce volume
of about 60 km3, while the other two domes, Mairan \middle" and \south", have
diametersaround 10 km, 
ank slopesaround 6� , and edi�ce volumesbetween20 and
30 km3 (Table 1). The rheologicmodel yields lava viscositiesbetween1:3 � 108 and
1:2 � 109 Pa s, e�usion rates around 50 m3 s� 1, and durations of the e�usion process
of 42, 18, and 13 yearsfor Mairan T, \middle", and \south". The averagemagmarise
speed for the Gruithuisen and Mairan highland domesamounts to � 10� 5 m s� 1 for
a magmadensity of 2000kg m� 3 assumedby Wilson and Head (2003). The inferred
dike widths are between80 and 200m while the dike lengths rangefrom 16 to 48 km
(Table 2). Thesedike dimensionsare given by Wilson and Head (2003), who assume
a rather low lava density of 2000kg m� 3 (cf. Section4.2). Setting the magmadensity
to a higher but realistic value of 2400kg m� 3 reducesthe driving pressuregradient by
a factor of two and in turn increasesthe dike width and length by a factor of two.

Onemust becarefulwheninterpreting the 
ank slope valuesof the highland domes,
sinceaccordingto Wilson and Head(2003), the Gruithuisendomesand Mairan T have
been formed during at least two distinct subsequent eruption phases,respectively, a
processthat may build up steeper edi�ces. Hence, the rheologic properties given in
Table 2 for Gruithuisen � and NW are reported for the individual layers, respectively,
as determined by Wilson and Head (2003). In contrast, like most mare domesthe
Doppelmayer domesshow no traces of multiple lava 
o ws and are thus presumably
monogenetic.

Doppelmayer dome 1 is intermediate in diameter between the Mairan and
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Gruithuisendomes.While its 
ank slope is far below the rangeof valuescoveredby the
highland domes,its edi�ce is of comparablevolume. The estimatedvalue for the lava
viscosity of Doppelmayer dome1 is about an order of magnitude lower than that of the
Gruithuisenand Mairan domes,its e�usion rate is similar to that of Gruithuisen
 , and
the duration of the e�usion processis similar to that of Mairan \south" (cf. Table 2).
Comparedto the Mairan domes,dome1 displays a comparableR415=R750 ratio and a
slightly lower 750 nm albedo (Fig. 5). The Gruithuisen domesare spectrally redder
than dome1. In the R750 vs. R415=R750 and the R750 vs. R950=R750 diagrams,dome1
is located rather closeto the Gruithuisenand Mairan highland domes,being situated
\b etween" mareand highland soils. In the R950=R750 vs. R415=R750 diagram, mareand
highland soilsoverlap (Gaddis et al., 2003),and dome1 is locatednear the Gruithuisen
and Mairan domesbut at the sametime closeto dome2.

For a set of 38 e�usive lunar mare domes,W•ohler et al. (2006) report the mor-
phometric properties (obtained using the photoclinometry and shape from shading
approach outlined in Section 3.2) and corresponding rheologic parametersaccording
to the model by Wilson and Head (2003). For the e�usive mare domesexaminedin
that study, steeper 
ank slopesof more than 2� only occur for smallerdomediameters
below 13 km, while all examinedmare domeswith diameterslarger than 13 km have

ank slopes shallower than 2� . With its lava viscosity of � 107 Pa s, dome 1 is in
the uppermost range of viscositiesdetermined for mare domes. Its e�usion rate lies
well within the rangedeterminedfor mare domes,while the estimatedduration of the
e�usion processis atypically long.

In the classi�cation scheme for mare domesintroduced by W•ohler et al. (2006),
dome 1 belongsto classC1 with a tendency towards B1 due to its relatively steep

ank slope. A lunar mare dome that comescloseto dome1 in its morphometric and
rheologic properties is a member of the well-studied dome suite north of the crater
Hortensius in Mare Insularum, termed Hortensius6 by Head and Gi�ord (1980) and
located at 27:34� W and 7:82� N. Using the approach outlined in Section3.2 and the
high-resolution imageof the Hortensiusregion shown in Fig. 9, we found that it hasa
basediameter of 12.5km, a 
ank slope of 3:6� , and an edi�ce volume of 32 km3. Note
that with its steep
ank slope and large edi�ce volume, Hortensius6 is not a typical
representativ e of lunar mare domes(W•ohler et al., 2006). Its rheologic parameters
are � = 2:3 � 107 Pa s for the lava viscosity, E = 70 m3 s� 1 for the e�usion rate,
and T = 14:6 years for the duration of the e�usion process. Assuming the same
driving pressuregradient of 328 Pa m� 1 as for dome1, we found that the feederdike
of Hortensius6 hasa width of 157m and a length of 160km.

Hortensius6 is spectrally slightly bluer than Doppelmayer dome1, implying a higher
TiO 2 content, and has a somewhatlower 750 nm albedo (Fig. 5). It is spectrally not
distinguishable from the mare surface surrounding it. In the caseof Hortensius 6
consistingof typical ma�c high-FeO and moderate-TiO2 mare material, factors apart
from lava composition, e. g. low eruption temperature with resulting high crystallinit y
of the lava, must have led to the high lava viscosity. Dome1 presumablyformedunder
similar conditions asHortensius6 from lava of comparablyhigh viscosity, intermediate
between the viscosities typically observed for mare domesand for highland domes,
respectively, erupting at moderateratesover longerperiodsof time than typical of mare
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domes.Interestingly, the dike widths inferred for dome1 and alsofor Hortensius6 are
of the sameorder asthe valuesinferred for the dikesthat are supposedto have formed
Rima Parry V and Rima Hyginus by intrusion to shallow depth below the surface
(Wilson and Head, 1996; Jackson et al., 1997). Possibly these domesformed from
dikes �lled with relatively cool, highly viscousmagmanearly saturated with crystals
which gainedsurfaceaccessat somepoints (in contrast to the graben-forming dikes),
leading to dome-forminge�usion of lava.

Given the large diameter of dome 1, its 
ank slope is atypically steep for mare
domesbut lower than the valuesobserved for highland domes.The only further simi-
larly steepand voluminousmare domesknown to date, with 
ank slopessteeper than
2:5� and edi�ce volumesabove � 20 km3, are Hortensius5, situated immediately west
of Hortensius6 (cf. Fig. 9), and Herodotus ! , located about 90 km south of the crater
Herodotus in western Oceanus Procellarum (W•ohler et al., 2006). Presumably, Dop-
pelmayer dome1 is a further exemplarof this rare type of mare domes.

5.2 Dome 2: Comparison to other mare domes

Dome2 is a typical e�usive maredome,given its spectral and morphometricproperties
(cf. Fig. 5 and Table 1). It belongsto classC1 accordingto the schemeby W•ohler et
al. (2006). It consistsof mare material partially draped over the hummocky deposit
to its south. Possibly, it is a sourcevent of the mare-like region to its north. A
comparablemare domewith similar spectral and morphometric properties, examined
by Head and Gi�ord (1980) and termed TobiasMayer 1 in their catalogue,is located
at 31:58� W and 12:76� N in the dome�eld betweenthe craters Milichius and Tobias
Mayer. Employing the 3D reconstruction approach outlined in Section 3.2 basedon
the image of the Milichius region shown in Fig. 9, we determined a basediameter of
13.4 km, a 
ank slope of 0:9� , and an edi�ce volume of 8.2 km3 for Tobias Mayer 1
(Table 1). Dome 2 and Tobias Mayer 1 show spectral signatures characteristic for
lunar mare soils (Fig. 5). The LPD displays a somewhatstronger ma�c absorption
than the domes,which can be explainedby an iron-rich glassysoil component (Gaddis
et al., 2003). As a note of interest, Muraseand McBirney (1970)experimentally found
very low viscosity valuesof � 1 Pa s for the lunar lavas that 
o oded the large mare
basins. According to the mare-like spectral signature obtained for dome 2, the much
higher viscosity of the lava that formed it (� 105 Pa s) wasprobably not causedby its
composition but likely originated from a low eruption temperature (presumablyhigher,
though, than that of the lava forming dome1) and thus high crystallinit y of the lava.

According to the dike intrusion mechanismsdescribed by Wilson and Head(2002),
the narrow linear rilles near dome 2 (Fig. 6) were probably formed by dikes that
ascendedto shallow depthsbelow the surface.Oneof the dikes,which initially remained
subsurface,gainedsurfaceaccessat somepoints due to failure of the overlying rocks.
As a consequence,an extensive e�usion of relatively cool and viscouslava occurred,
leadingto the formation of dome2 and the generationof the associated out
o w channel
or chain of e�usive vents (cf. feature A in Fig. 6).
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6 Summary and conclusion

In this study we have examinedtwo e�usive lunar domesnearDoppelmayer, displaying
markedly di�erent spectral, morphometric, and rheologicproperties.

Dome 1 is interpreted to be an e�usive volcanic structure, due to the presenceof
a shallow rimlesscrater pit on its summit. Its spectral signature indicates a highland
component in the dome material. Dome 1 is atypically large, steep,and voluminous,
comparedto lunar mare domes. It was formed of lava with a relatively high viscosity
of � 107 Pa s, which is betweenthe rangesof valuestypically observed for lunar mare
domesand highland domes,respectively, erupting at moderateratesover a long period
of time of nine years. With respect to the determinedspectral and morphometricprop-
erties and the inferred rheologicparameters,we concludethat dome1 is an exemplar
of a rare type of maredomeswith intermediate to largediameters,
ank slopessteeper
than 2:5� , and edi�ce volumeslarger than � 20 km3. Only three further mare domes
of this kind are known to date.

Our discussionof lateral vs. vertical mixing mechanismshas led to the conclusion
that the thermal conditions in the lunar interior did not favour the assimilation of
crustal wallrock into the ascendingmagma. Due to the fact that dome 1 is located
right on the boundary betweenhummocky terrain and a mare pond, lateral mixing of
highland into mare soil is a much more natural explanation for the observed spectral
signatureof dome1, taking into account the high e�ciency of lateral transport mecha-
nismsasdescribed by Li and Mustard (2000). Dome1 likely formedfrom basaltic lava,
the spectral signatureof which is still apparent at the bottom of its western
ank. Sup-
posedly, the main reasonfor the inferred high viscosity of the lava that formed dome1
is a low eruption temperature and thus a high crystallinit y of the lava.

Dome 2 is a typical e�usive mare dome, given its mare-like composition, shallow

ank slope,and low edi�ce volume. It formedfrom 
uid lavasof a viscosity of � 105 Pa s
that erupted at a high rate over a short period of time of only half a year. The rilles
and tensional fractures observed on the surfaceof dome2 indicate that it was formed
by a dike that initially remainedsubsurfacebut gainedaccessto the surfaceat localised
positions, resulting in extensive lava e�usion.

While we inferred that dome1 wasformedby a considerablywider feederdike than
dome2 (127vs. 27m), the dike lengthsarecomparableand amount to 167and 121km,
respectively. If we assumethat the vertical extensionof a dike is similar to its length,
the magmareservoirs of both domesweresituated below the lunar crust.
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Feature Long. [� ] Lat. [� ] D [km] h [m] slope [� ] V [km 3 ]
Dome 1 -41.92 -30.08 16:8 � 0:2 410 � 40 2:8 � 0:3 34 � 7
Dome 2 -43.42 -30.66 12:6 � 0:2 160 � 20 1:15 � 0:15 2:8 � 0:6
Gruith uisen 
 -40.38 36.43 20 1200 6.8 188
Gruith uisen � -39.42 36.11 13 1550 13.4 103
Gruith uisen NW -40.86 36.92 8 1100 15.4 28
Mairan T -48.15 41.74 13 900 7.9 60
Mairan \middle" -47.39 41.34 11 600 6.2 29
Mairan \south" -47.37 40.72 10 500 5.7 20
Tobias Mayer 1 -31.58 12.76 13:4 � 0:3 100 � 10 0:86 � 0:09 8:2 � 2:0
Hortensius 6 -27.34 7.82 12:5 � 0:2 390 � 40 3:6 � 0:4 32 � 6

Table 1: Morphometric properties of the domesnear Doppelmayer, the Gruithuisen
and Mairan highland domes,and the mare domesTobias Mayer 1 and Hortensius 6.
The values for the diameters and heights of the highland domeswere adopted from
Wilson and Head(2003),and their volumeswerecomputedunder the assumptionof a
parabolic shape.

Feature � [Pa s] E [m3 /s] T [years] U [m s� 1 ] W [m] L [km]
Dome 1 1:4 � 107 121 8.9 5:7 � 10� 6 127 167
Dome 2 (estimated) 3:4 � 105 173 0.5 5:2 � 10� 5 27 121
Gruith uisen 
 3:2 � 108 119 38 119 24
Gruith uisen � NW partial dome 9:7 � 108 49.7, 24.0 38.7, 23.8 204 41
Gruith uisen � SE partial dome 1:4 � 109 46.0, 12.6 45.1, 19.3
Gruith uisen NW 9:9 � 108 24.0, 5.5 23.8, 9.1 189 48
Mairan T 1:2 � 108 48 41.5 201 40
Mairan \middle" 2:5 � 108 51.5 18.4 107 21
Mairan \south" 1:3 � 108 51.1 12.8 81 16
Tobias Mayer 1 2:8 � 104 312 0.83 7:4 � 10� 4 9.7 43
Hortensius 6 2:3 � 107 70 14.6 2:8 � 10� 6 157 160

Table 2: Rheologic parameters and dimensionsof feeder dikes for the domes near
Doppelmayer, the Gruithuisenand Mairan highland domes,and the maredomesTobias
Mayer 1 and Hortensius 6. The values for the highland domeswere adopted from
Wilson and Head(2003). For Gruithuisen� and GruithuisenNW, the rheologicvalues
are given for the upper and lower 
o w layer, respectively. To estimate the magmarise
speedU and feederdike dimensionsW and L, the driving pressuregradient wasset to
328Pa m� 1 for the Doppelmayer domesand the mare domesregardedfor comparison
and to 1300Pa m� 1 for the Gruithuisenand Mairan highland domes.
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Figure 1: Sectionof ConsolidatedLunar Atlas imageF19 (Kuip er et al., 1967;digital
version edited by E. Douglass,2003), showing the Mare Humorum region. The scale
bar indicates the undistorted imagescaleasa 100km referencedistance(in telescopic
images,scaleis direction-dependent due to perspective distortion). The two domesare
marked by circlesand labelled \1" and \2".
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Figure 2: TelescopicCCD imagesof the regionaroundDoppelmayer. (a) November 13,
2005,00:40UT, 200mm APO TMB refractor, Atik CCD camera. (b) March 22, 2005,
00:59UT, 450mm re
ector, Atik CCD camera,685nm IR pass�lter. (c) September 15,
2005,01:43UT, 200mm APO TMB refractor, Atik CCD camera. (d) August 30,2005,
03:51UT, 200mm Newtonian, Philips ToUCamCCD camera. (e) November 12, 2005,
20:25UT, 130mm APO TMB refractor, Philips ToUCam CCD camera. In all images,
north is to the top and west to the left. Scalebars indicate undistorted image scale.
The crater Doppelmayer is labelledas\D". The line pairs mark the two domessouth of
Doppelmayer. Images(a){(c) and (e) were acquired under local sunriseillumination,
image(d) under local sunsetillumination.
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Figure 3: Lunar Orbiter high-resolution image IV-143-H1 of the region around Dop-
pelmayer. North is to the top and west to the left. The two domesare indicated by
horizontal line pairs.
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Figure 4: (a) Clementine 750nm imageof the regionsouth-west of Doppelmayer. The
LPD near and inside Doppelmayer, the two domes,the dark smooth terrain west of
dome1, and the hummocky terrain south-eastof it areindicated. The outline of dome1
is drawn as a circle. (b) Clementine UVVIS spectra of the indicated locations. The
spectra of dome2 (circles, dashedline) and the dark smooth terrain (crosses,dashed
line) are very similar.
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Figure 5: Spectral diagramsof the locations indicated in Fig. 4, the highland domes
Gruithuisen
 , � , and NW, the highland domesMairan T, \middle", and \south", and
the mare domesTobias Mayer 1 and Hortensius 6. (a) 750 nm albedo vs. R415=R750

colour ratio. (b) 750nm albedovs. R950=R750 colour ratio. (c) R950=R750 vs. R415=R750

colour ratio. In (a) and (b), mare soils are represented by the dark grey regionsand
highland soilsby the light grey regions,accordingto Gaddis et al. (2003).
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Figure 6: Enlargedsectionof the Lunar Orbiter imageshown in Fig. 3, centred around
dome 2. North is to the top and west to the left. Feature A, marked by horizontal
parallel lines, appearsto be an out
o w channel or chain of vents. FeaturesB and C,
denotedby vertical parallel lines, are linear rilles (cf. Section4.1). The dotted line and
the two long solid lines mark the outline of dome2.

Figure 7: Clementine 750nm imageof the region around dome2. North is to the top
and west to the left. Three linear featuresare indicated, the northwesternoneof which
corresponds to feature B in Fig. 6, while the other two are not apparent in Fig. 6.
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Figure 8: (a) Digital elevation map of dome 1, viewed from south-easterndirection.
(b) Digital elevation map of dome2, viewed from north-easterndirection.

Figure 9: Top: Lunar mare dome Tobias Mayer 1 (marked by horizontal line pair).
Image taken on December 22, 2004, at 02:37 UT, using a 200 mm f/9 APO TMB
refractor and an Atik CCD camera.Bottom: Lunar mare domeHortensius6 (marked
by horizontal line pair). The dome Hortensius 5 is situated to the immediate left of
Hortensius6. Imagetakenon February 19,2005,at 02:28UT, usinga 450mm re
ector
and an Atik CCD camera. In both images,north is to the top and west to the left.
Scalebars indicate the undistorted imagescale.
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