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A bst ract

In this study we examine the lunar mare dome Mee 1 situated near the craters Mee H
and Drebbel F in a region showing evidence of ancient (pre-Orientale) mare volcanism
and cryptomare deposits. Regional strat igraphic relat ions indicate that Mee 1 was
formed prior to the Orientale impact at the beginning of the Imbrian period. Based on5

a combined photoclinometry and shape from shading technique applied to telescopic
CCD images of the dome acquired under oblique illuminat ion, we determined a diame-
ter of Mee 1 of 25 km, a height of 250 m, a 
 ank slope of 1:15� , and a volume of 44 km3.
Based on rheologic modelling of the dome and a viscoelast ic model of the feeder dike,
we obtained a magma viscosity of 5:1 � 105 Pa s, an e� usion rate of 869 m3 s 1, a10

durat ion of the e� usion process of 1:6 years, a magma rise speed of 1:9 � 10 4 m s 1,
a width of the feeder dike of 32 m, and a horizontal dike length of 144 km. A com-
parison of Mee 1 with domes with similar morphometric propert ies, which are located
near Milichius and inside the crater Petavius, reveals strong similarit ies with respect
to the viscosity of the dome-forming magma and the feeder dike geometry, while the15

e� usion rate and magma rise speed of Mee 1 are somewhat higher. The pronounced
morphometric di� erences between Mee 1 and a smaller dome situated close to the
crater Doppelmayer and characterised by a similar magma viscosity suggest that the
growth of that dome was limited by exhaust ion of the magma reservoir, while Mee 1
and the other larger domes display morphometric propert ies presumably coming closer20

to the cooling limit . The comparison of the ancient dome Mee 1 with the younger
(Eratosthenian) edi� ces near Milichius and Doppelmayer suggests that the condit ions
in the upper mant le and the crust favoured high erupt ion volumes, e� usion rates, and
magma rise speeds, implying the occurrence of large magma reservoirs prevent ing the
limitat ion of dome growth by magma exhaust ion. On the other hand, we observe25

similar general morphometric, rheologic, and feeder dike characterist ics and thus con-
clude that the format ion condit ions of lunar mare domes did not change fundamentally
during the Imbrian period.

K eywords: Moon; volcanism; image processing; spectrophotometry; geological pro-
cesses30
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1 I nt roduct ion

Hidden ma� c deposits, termed cryptomaria, have long been known to be of great im-
portance to lunar studies because they provide evidence of ancient volcanism (Head
and Wilson, 1992; Schultz and Spudis, 1979; Hawke and Bell, 1981, 1983; Mustard
et al., 1994, 1996). Because of their hidden nature, the ident i� cat ion of cryptomare5

deposits has to rely on indirect methods, such as the presence of dark-haloed impact
craters (DHCs) (Schultz and Spudis, 1979), which excavate the underlying ma� c ma-
terial.1 Criteria for the ident i� cat ion and classi� cat ion of cryptomare deposits have
been presented by Antonenko et al. (1995, 1997).

Schultz and Spudis (1979) present a major study concerning the ident i� cat ion,10

origin, and distribut ion of DHCs exposing mare basalts from beneath higher albedo
surface units (see also Hawke et al., 1999). They suggest that basalt ic volcanism may
have pre-dated the last major impact basins and that at least some lunar light plains
may be early volcanic deposits which were subsequent ly buried by varying thicknesses
of impact ejecta. Analyses of the orbital geochemical data have shown that some15

lunar regions have unusual abundances of certain elements relat ive to surrounding or
adjacent areas, or have a surface chemistry unlike what would be ant icipated from
the examinat ion of local geologic relat ionships. Hawke and Spudis (1980) demonstrate
that the lunar geochemical anomalies on the eastern limb and the farside of the Moon
(e. g. the Balmer basin, the region northeast of Mare Smythii, the Langemak region,20

the area north of Tarunt ius) are associated with light plains units exhibit ing DHCs.
Other studies (Hawke et al., 1999, 2007, and references therein) suggest that Orientale
ejecta correspond to the cryptoma� c-obscuring light plains unit in Schickard. Two
post-Orientale mare patches embaying the light plains unit are found within the crater
Schickard, indicat ing that extrusive volcanism also occurred at a later date in this25

region.
The Schiller-Schickard region is located in the southwestern nearside highlands,

south of the Humorum basin and southeast of the Orientale basin. Schickard is a large
pre-Nectarian crater whose 
 oor contains mare basalt ponds and a light plains unit .
The crater Schiller is elongated and superimposed on the outer ring of the Schiller-30

Zucchius basin. The crater Wargent in exhibits a 
 oor that is topographically higher
than the surrounding terrain. The associat ion of DHCs with light plains deposits has
been interpreted as evidence of ancient (pre-Orientale) mare volcanism in the region
(Hawke et al., 1999, 2006, 2007). Radar observat ions carried out at 70 cm wavelength
have revealed a large expanse of cryptomaria between Mare Orientale and Oceanus35

Procellarum (Campbell and Hawke, 2005) { technical details are out lined by Campbell
et al. (2007). Cryptomare deposits occur in most port ions of the Schiller-Schickard
region, extending from north of Lacus Excellent iae to the crater Zucchius and from
just east of Schiller to Inghirami in the west . The largest expanses of cryptomare are
correlated with Imbrian-aged light plains deposits and other highland units thought40

to have been emplaced as a result of the Orientale impact event (Hawke et al., 2006)
which iscommonly believed to haveoccurred soon after format ion of the Imbrium basin

1The term DHC is somet imes also used for volcanic vents surrounded by dark halos, like those
found on the 
 oor of Alphonsus. In this work, DHC always refers to a dark-haloed impact crater.
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3:85 Ga ago. Some of the cryptomaria in this region are related to the mare basalts
that were emplaced after the Orientale event . These post-Orientale basalts have been
obscured by highlands-rich ejecta from Zucchius and other craters. Spectral mixing
analyses have suggested that major amounts of mare material were incorporated into
the light plains units by local mixing during the emplacement of Orientale basin ejecta5

in the Schiller-Schickard region. Using the Lunar Prospector gamma ray spectrometer,
Hawkeet al. (2007) deriveFeO valuesof 7{ 11 wt% exhibited by thecryptomaresurfaces
in the Schiller-Schickard region, which are consistent with a mare-highland mixture.

In this study we perform a detailed examinat ion of a domical st ructure located
near the craters Mee H and Drebbel F. It is associated with the Schiller-Schickard10

cryptomare region and lies in a complex area mapped as Hevelius Format ion in USGS
map I-823. Lunar domes are formed either by e� usion of magma from a central vent
or by a subsurface accumulat ion of magma that causes an up-doming of the bedrock
layers, creat ing a smooth, gent ly sloping posit ive relief. Domes represent ing volcanic
sources are smooth-surfaced and usually have a summit pit . Most vents related to15

domes appear to be associated with surrounding lava plains of known volcanic origin
or to occur in associat ion with pyroclast ic deposits (Head and Gi� ord, 1980). The
e� usive origin of lunar domes and their similarity to terrestrial features like small
shield volcanoes have been described in the literature (Head and Gi� ord 1980), and the
presenceof a summit pit arguesagainst an intrusiveor laccolithic origin for themajority20

of these features. Based on high-resolut ion telescopic CCD observat ions carried out
under oblique illuminat ion condit ions, we examine the morphometric characterist ics of
the dome near Mee H and Drebbel F, here termed Mee 1, by making use of a combined
photoclinometry and shape from shading approach. Moreover, we perform an analysis
of mult ispectral Clement ine UVVISdata for thearea around thedomeand for a nearby25

well-known DHC situated close to the crater Hainzel A (Hawke et al., 2007). Based on
rheologic modelling, the derived morphometric propert ies are interpreted in terms of
thephysical parametersof domeformat ion such as lava viscosity, e� usion rate, durat ion
of the e� usion process, magma rise speed, and feeder dike geometry.

2 Observat ions30

2.1 Telescopic CCD imagery

Fig. 1 displays our CCD images of the region around the crater Mee H. Each imagewas
generated by stacking several hundreds of video frames, making use of the Registax,
Iris, and Giot to softwarepackageswhich employ a cross-correlat ion techniquesimilar to
theonedescribed by Baumgardner et al. (2000). Thescaleof the images is between 30035

and 500 m per pixel on the lunar surfacebut thee� ect ive resolut ion due to atmospheric
seeing, corresponding to the width of the point spread funct ion, is typically not bet ter
than 1 km. All images are oriented with north to the top and west to the left .

The image shown in Fig. 1a was taken on November 02, 2006, at 02:39 UT, using a
200 mm refractor and an At ik CCD camera. The image shown in Fig. 1b was acquired40

on November 21, 2007, at 00:32 UT using the same telescope and CCD camera. The
image shown in Fig. 1c was taken on December 20, 2007, at 18:25 UT using a 250 mm
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re
 ector with a DMK 31AF03 CCD camera. In all images, the large dome Mee 1 is
apparent in an area of rugged terrain. This dome is adjacent to a high non-volcanic
ridge. Using the LTVT software package by Mosher and Bondo (2006), we determined
the selenographic posit ions of Mee 1 to 42:94� W and 43:50� S. Image calibrat ion was
performed based on theUCLN 2005 list of control points (Archinal et al., 2006). To our5

knowledge, this dome is not described in previously published lunar dome catalogues
(Jamieson and Rae, 1965; Head and Gi� ord, 1980; Jamieson and Phillips, 1992; Kapral
and Gar� nkle, 2005).

2.2 Lunar Orbit er and Clement ine imagery, soi l composit ion

Fig. 2 displays Lunar Orbiter image IV-148-H2, where the area of the dome is marked10

by dots. The region around the dome is characterised by lineat ions running radially
with respect to the Orientale basin, presumably formed by material ejected during the
Orientale impact event . An enlarged and contrast-enhanced view of the area around
the dome is shown in Fig. 3a. The dome circumference, which is not visible in the
Lunar Orbiter image due to the comparably high illuminat ion angle, is marked by a15

circle and several pronounced lineat ions are indicated by arrows. One lineat ion crosses
the dome surface in the north and another one in the west . The observat ion that some
lineat ions extend from the surrounding terrain across the dome surface demonstrates
that the dome was formed prior to the Orientale impact . The volcanic origin of the
dome is suggested by its gent le 
 ank slope and its regular circular shape as indicated20

in Fig. 3b. In contrast , hills that are part of the undulated surface of the Orientale
ejecta (marked by A and B in Fig. 3a) stand out prominent ly and have elongated and
irregular shapes and sharp out lines. The 
 atness of the mare patch near the dome
and also the spectral data discussed later on in this sect ion indicate the presence of an
ancient volcanic province.25

Table 1 and Figs. 4 and 5 report � ve-band re
 ectance values derived for the dome
and several further geologic units, relying on the calibrated and normalised Clemen-
t ine UVVIS re
 ectance data as provided by Eliason et al. (1999). The Clement ine
UVVIS data were examined in terms of re
 ectance R750 at 750 nm and the R415=R750

and R950=R750 colour rat ios. Albedo at 750 nm is an indicator of variat ions in soil30

composit ion, maturity, part icle size, and viewing geometry. The R415=R750 colour ra-
t io essent ially is a measure for the TiO2 content of mature basalt ic soils, where high
R415=R750 rat ioscorrespond to high TiO2 content and viceversa (Charet teet al., 1974).
More recent work by Gillisand Lucey (2005), however, relying on TiO2 abundancedata
obtained with the Lunar Prospector neutron spectrometer, indicates that other e� ects35

such as ilmenite grain size or FeO content may also contribute to the UV/ VIS rat io.
Although TiO2 content is monotonously increasing with R415=R750 rat io, the correla-
t ion is only moderate and the data display a strong scat ter. The R950=R750 colour
rat io is related to the strength of the ma� c absorpt ion band, represent ing a measure
for the FeO content of the soil, and is also sensit ive to the opt ical maturity of mare40

and highland materials (Lucey et al., 1998).
Fig. 4a{ b shows the locat ions of the dome Mee 1 and the geologic units examined

in this study, including the dark and smooth terrain west of the dome, the hummocky
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terrain to the south, and the DHC located at the selenographic coordinates 31:77� W
and 39:09� S. The spectral propert ies are shown in Table 1 and Fig. 5. The sample
area amounts to 3 � 3 km2. The dark and smooth terrain west of Mee 1 has a 750 nm
albedo of about 0:15 which is similar to that of the DHC, but the DHC has a higher
R415=R750 rat io, indicat ing its composit ion of bluish lava with a higher TiO2 content .5

The dome Mee 1 has a higher 750 nm albedo and is spectrally redder than the DHC
with a low R415=R750 rat io of 0.58, indicat ing a low TiO2 content of less than 2 wt%
according to Gillis and Lucey (2005).

E� ect ively, the spectrum of Mee 1 is intermediate between the spectra of the DHC
and thedark and smooth terrain and thespectrum of thehummocky highland material.10

In this region, the main reason for mixing between mare and highland soils is the
Orientale impact event (Hawke et al., 2007). Another possible mechanism is lateral
mixing on smaller scales of � 10 km due to random impacts of small bodies according
to the approach by Li and Mustard (2000), which relies on spectral mixture modelling
of Clement ine UVVIS data. Accordingly, our interpretat ion for the observed spectral15

behaviour of Mee 1 is pronounced lateral mixing on large and small scales.
Furthermore, the presence of the typical dome relief of Mee 1 along with the ob-

servat ion that similar spectral propert ies are displayed by the dark and smooth soil
west of the dome and by the DHC suggests that buried basalts are present , indicat ing
that volcanism in this region was considerably more signi� cant than suggested by the20

visible mare patches.

3 M orphologic and morphomet r ic dome proper t ies

The region around the dome Mee 1 is not covered by the set of Lunar Topographic Or-
thophotomaps which have been generated based on Apollo orbital metric camera data.
Topographic maps extracted from Lunar Orbiter imagery based on stereo image analy-25

sis are not accurate enough to reveal subt le features like lunar domes (Cook, 2008). At
the same t ime, Lunar Orbiter images cannot be used for 3D reconstruct ion based on
photometric methods such as photoclinometry due the nonlinear and unknown relat ion
between incident 
 ux and density of the � lm. Both Lunar Orbiter and Clement ine im-
ages are characterised by illuminat ion angles too steep to reveal very low topographic30

features. As a consequence, for an in-depth morphometric and subsequent rheologic
analysis of the dome Mee 1 we performed a reconstruct ion of its 3D shape based on
the available telescopic image data, using a combined photoclinometry and shape from
shading method. The photoclinometry approach takes into account the viewing direc-
t ion of the camera, the illuminat ion direct ion, and the surface re
 ectance in order to35

infer cross-sect ional pro� les through the surface based on the observed pixel intensit ies
(McEwen, 1991). These pro� les are oriented along the azimuthal direct ion of illumina-
t ion, corresponding to the image rows in the telescopic CCD images shown in Fig. 1.
However, the individual pro� les are generated independent ly of each other such that
the surface shape perpendicular to the direct ion of illuminat ion remains ill-de� ned. To40

obtain a full 3D surface reconstruct ion, the pro� les are used as an init ialisat ion to the
variat ional shape from shading method (Horn, 1989) which computes an integrable
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� eld of surface normal vectors and determines the 3D shape of the surface sect ion ac-
cordingly. Details about this approach and its applicat ion to the generat ion of digital
elevat ion maps (DEMs) of lunar surface regions are given by W•ohler et al. (2006, 2007)
and Lena et al. (2007, 2008). The DEM of Mee 1 obtained based on Fig. 1c is shown
in Fig. 6.5

Mee 1 has a smooth surface, is located adjacent to a high non-volcanic ridge, and
has an impact crater on the summit (cf. Fig. 1). The dome diameter amounts to
25 � 0:5 km. The dome height h and the 
 ank slope � are readily inferred from the
result ing DEM, taking into account the e� ect of the curvature of the lunar surface.
Due to the presence of the non-volcanic ridge, only the northern half of the dome could10

be reconstructed. We therefore approximate the dome volume V by the volume of the
rotat ional body de� ned by a cross-sect ion through the dome in east-western direct ion,
leading to a dome volume of V = 44 km3. W•ohler et al. (2006) have shown that the
relat ive error of the height and slope values determined using this technique amounts
to 10% while the relat ive accuracy of the dome volumes is about 20%.15

4 M agma rheology and feeder dike geomet ry

The rheologic model developed by Wilson and Head (2003) depends on the dome
diameter D, height h, and volume V, the magma density � , and the e� ect ive 
 ow
thickness (cf � h) which is approximated by the elevat ion of the dome pro� le half-way
between the dome summit and its rim. A value of cf = 0:6 can be inferred from our20

DEM of the dome Mee 1. This model yields an est imate of the lava viscosity � and the
e� usion rate E, corresponding to the volume of lava erupted per second. The value of
� is proport ional to (h � � )2:4, while E is proport ional to D=(� c2

f ). To stay consistent
with earlier works (W•ohler et al., 2006, 2007; Lena et al., 2007, 2008) from which the
values in Table 2 are taken, we set � = 2000 kg m 3. For a monogenet ic lava dome,25

the durat ion Te of the e� usion process is given by the rat io V=E of the dome volume
and the e� usion rate.

Furthermore, we est imated the magma rise speed U and the dike geometry (width
W and horizontal length L) according to the model developed by Rubin (1993). In
this model, the magma rise speed U is determined by balancing the vert ical pressure30

gradient dp=dz driving the magma upwards (see below) against the frict ion at the dike
wall. By modelling a pressurised dike propagat ing in a linear viscoelast ic medium,
Rubin (1993) shows that the values of W and L are not independent of each other
but that their rat io L=W depends on the lava viscosity. An important parameter
of this model is the rat io p0=G, where p0 corresponds to the magma pressure at the35

dike entrance minus the least compressive stress of the host rock, and G represents
the elast ic st i� ness of the host rock. As indicated by Rubin (1993), we set the rat io
between magma pressure and elast ic rock st i� ness to the value 10 3:5. In the elast ic
domain, where the viscosity contrast between the host rock and the magma (a broadly
accepted value for the host rock \ viscosity" is 1018 Pa s) is larger than about 12{40

14 orders of magnitude, the rat io L=W is independent of the magma viscosity and
increases approximately linearly with decreasing value of p0=G. For higher magma
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viscosit ies, the magma and the host rock are treated as two viscous media, and the
value of L=W decreases strongly with increasing magma viscosity. Another important
model parameter is thevert ical pressuregradient dp=dz of themagma, for which Wilson
and Head (1996) infer a value of dp=dz = 328 Pa m 1 from their classical model of
magma ascent through the lunar crust (Head and Wilson, 1992).5

These models have been rout inely used for est imat ing the rheologic propert ies and
dike geometries for a large number of monogenet ic lunar mare domes by W•ohler et al.
(2006, 2007) and Lena et al. (2007, 2008), where more detailed explanat ions can be
found. Based on the morphometric propert ies of the dome Mee 1 inferred in Sect ion 3,
we obtain a lava viscosity of � = 5:1� 105 Pa s, a lava e� usion rate of E = 869 m3 s 1,10

and a durat ion of thee� usion process of Te = 1:6 years. Themagma risespeed amounts
to U = 1:9� 10 4 m s 1 and thedikewidth and length to 32 m and 144 km, respect ively
(cf. Table 2).

5 Result s and discussion

5.1 Classi� cat ion of t he dome M ee 115

Mee 1 has a spectrum which is intermediate in re
 ectance between the sampled dark
and smooth mare unit and the hummocky terrain (cf. Fig. 4). The fact that the dark
and smooth mare unit and the DHC display similar spectra con� rms the assumpt ion
by Hawke et al. (2007) that basalt ic units are deeply buried by Orientale impact ejecta
in this region.20

Based on the spectral and morphometric data obtained in this study, the dome
Mee 1 clearly belongs to class C1 in the scheme introduced by W•ohler et al. (2006) and
re� ned by Lena (2007). Domes of class C have diameters between 8 and 20 km and
relat ively low 
 ank slopes typically below 2� . Domes formed from spectrally red lavas
of low to moderate R415=R750 rat io with large diameters between 13 and 20 km and25

large edi� ce volumes of several tens of km3 are assigned to subclass C1, while domes
with smaller diameters between 8 and 13 km and smaller edi� ce volumes are assigned
to subclass C2 (cf. W•ohler et al., 2006, 2007; Lena et al., 2008). Mee 1 shows a shallow

 ank slope of 1:15� , presumably as a consequence of the moderate viscosity of the lava
from which it formed and the high lava e� usion rate of 839 m3 s 1. With its lava30

viscosity of 5:1 � 105 Pa s and fairly broad (W = 32 m) and long (L = 144 km) feeder
dike, the dome Mee 1 clearly belongs to rheologic group R1 de� ned by W•ohler et al.
(2007). If it is assumed that the vert ical extension of a lunar dike is comparable to
its horizontal length L (Jackson et al., 1997), the magma which formed the examined
dome originated in the upper lunar mant le, well below the crust .35

5.2 Compar ison wit h ot her mare domes of class C1

Mee 1 is similar to the domes M2 and M6 in the large dome � eld around the craters
Milichius and Tobias Mayer (W•ohler et al., 2006, 2007), the dome Petavius 1 (Pe1)
inside the crater Petavius reported by Lena et al. (2006), the dome Doppelmayer 2
(Do2) near the crater Doppelmayer examined by Lena et al. (2007), and the dome40
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Condorcet 3 (Co3) in Mare Undarum (Lena et al., 2008). The rheologic propert ies
determined for the domes Pe1 and Do2 may be somewhat inaccurate since these domes
are adjacent to hummocky deposits while the rheologic model by Wilson and Head
(2003) assumes that the dome-forming lava 
 ows radially away from the vent . All
domes listed in Table 2 arecharacterised by comparably moderate 
 ank slopes between5

1:1� and 1:8� and large edi� ce volumes between 20 and 50 km3 (cf. Table 2).
The viscosity of the lava that formed Mee 1 is of the same order of magnitude as

the values derived for the class C1 domes M6, Pe1, and Do2 listed in Table 2, while
the lava viscosity is higher for M2 and lower for Co3. The e� usion rate of Mee 1 of
E = 869 m3 s 1 lies well above therangebetween about 200 and 400 m3 s 1 determined10

for the other C1 domes listed in Table 2. However, the est imated e� usion rates are not
necessarily very accurate since they depend on the square of the e� ect ive 
 ow length
given by the value of cf discussed in Sect ion 4, which is especially di� cult to extract
from the DEM of Mee 1 due to the complex rugged terrain surrounding it . The magma
rise speed U est imated for Mee 1 is about three t imes higher than the values obtained15

for M2, M6, Pe1, and Do2, which were formed by lavas of similar viscosit ies. The
value of U determined for Co3 is only a factor of two higher than for Mee 1 although
its magma viscosity is lower by about an order of magnitude. The somewhat higher
magma viscosity inferred for M2 was probably caused by a higher crystallinity of the
lava, while on the other hand the dome Co3 was formed from lava of lower viscosity20

ascending at higher speed through a narrower and shorter feeder dike. The rheologic
propert ies of Co3 can be explained by a higher erupt ion temperature and thus lower
crystallinity of the lava (W•ohler et al., 2007; Lena et al., 2008).

The est imated durat ion Te of the e� usion process of Mee 1 of 1:6 years is several
t imes shorter than for M2 and M6, three t imes longer than for Do2 and Co3, and25

similar to that of Pe1. It should be noted, however, that Te and U depend on the
fairly uncertain value of the e� usion rate E, so the di� erences between the rheologic
propert ies of the class C1 domes inferred from their morphometric propert ies should
not be over-interpreted. The feeder dikes of M2, M6, Pe1, and Do2 have lengths in
the range between about 120 and 180 km, which is comparable to the dike length of30

144 km est imated for Mee 1 and indicates an origin of the dome-forming magma well
below the lunar crust if the horizontal and vert ical extensions of a dike are assumed to
be comparable (Jackson et al., 1997). In contrast , the dome Co3 was formed of magma
originat ing from the bottom of the lunar crust .

The class C1 dome Do2, which consists of mare material part ially draped over the35

hummocky deposit to its south (Lena et al., 2007), is similar to Mee 1 in its rheologic
and dikegeometry parameters. Thisdomeisassociated with linear rillesand an out 
 ow
channel on its surface (cf. Lena et al. (2008), Fig. 6 therein). According to the dike
intrusion mechanisms described by Wilson and Head (2002), the narrow linear rilles
near Do2 were probably formed by dikes that ascended to shallow depths below the40

surface, where the associated stress � elds generated the observed linear rille structures.
According to the interpretat ion by Lena et al. (2007), one of the dikes, which init ially
remained subsurface, gained surfaceaccessat somepointsdue to failureof theoverlying
rocks. As a consequence, e� usion of lava occurred, leading to the format ion of thedome
Do2 and the out 
 ow channel or chain of e� usive vents on its summit .45
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An important di� erence between the domes Do2 and Mee 1 is that the durat ion of
the e� usion process was shorter by a factor of three for Do2, which explains the strong
di� erences in diameter and edi� cevolumedespite thesimilar magma propert ies. At this
point , it is important to note that the e� usion rate E has been computed for cooling-
limited expansion of thedome(Wilson and Head, 2003). Limitat ion of domegrowth by5

exhaust ion of the magma reservoir would imply higher e� usion rates. The dome Mee 1
marks the current ly observed upper diameter limit for domes with magma viscosit ies
of several 105 Pa s (represent ing typical class C1 domes). The magma temperatures
of the domes listed in Table 2 (except Co3) were probably quite similar since their
viscosity values are also similar. As a consequence, the growth of the dome Do2 was10

probably limited by exhaust ion of the magma reservoir rather than cooling, while the
lavas of Mee 1 and the other domes listed in Table 2 cont inued to 
 ow at much larger
distances from their source vents, thus leading to morphometric con� gurat ions coming
closer to the cooling limit .

The material covering the cryptomare region around Mee 1 was presumably ejected15

during the impact event that formed the Orientale basin (Hawke et al., 1999, 2006,
2007), which is thefreshest lunar impact basin and iscommonly believed to haveformed
soon after format ion of the Imbrium basin 3:85 Ga ago. The dome Mee 1 was thus
formed before the Orientale impact event . For comparison, the domes near Milichius,
including M2 and M6, were formed during the Eratosthenian period 3:2{ 1:1 Ga ago20

(Wilhelms and McCauley, 1971; Wenker, 1999) and are thus more than 0:5 Ga younger
than Mee 1. The age of the lavas in and around Mare Humorum, a patch of which
is associated with the dome Do2, is est imated to 3:2 Ga by Hiesinger et al. (2003),
while the lavas of Mare Undarum surrounding the dome Co3 are of Upper Imbrian age
(3:8{ 3:2 Ga) (Olson and Wilhelms, 1974). No age est imate is available for the dome25

Pe1.
Regarding the dome Mee 1 in comparison with the Eratosthenian edi� ces M2, M6,

and Do2, one might conclude that in the early phases of lunar geologic history, the
condit ions in the upper mant le and the crust favoured high erupt ion volumes, e� usion
rates, and magma rise speeds. A direct implicat ion is the occurrence of large magma30

reservoirs prevent ing the limitat ion of dome growth by magma exhaust ion. On the
other hand, we derive similar general morphometric, rheologic, and feeder dike charac-
terist ics for the ancient (older than 3:8 Ga) cryptomare dome Mee 1 and the younger
mare domes. Hence, the Imbrian period was apparent ly not characterised by funda-
mental changes of thecondit ions in theupper lunar mant leand crust . Moredata about35

cryptomare domes in ancient volcanic regions are needed to establish more � rmly pos-
sible di� erences between them and the younger classical mare domes of Imbrian and
Eratosthenian age.

5.3 Compar ison wit h t er rest r ial volcanoes

The three main types of terrestrial lava are basalt ic, andesit ic, and rhyolit ic. The vis-40

cosity of basalt ic lava amounts to about 102 Pa s at the liquidus temperature (Spera,
2000). E� usion of basalt ic lava isusually non-explosive, asobserved e. g. for theHawai-
ian volcanoesand Mt. Etna. Andesit ic lavas 
 ow lesseasily than basalt ic lavasand have
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intermediate viscosit ies around 104 Pa s. Explosive erupt ions like those of Pinatubo or
Mount St . Helens eject volcanic lava blocks and erupt ash several kilometres into the
atmosphere. The rhyolit ic lavas erupted during such events are usually characterised
by viscosit ies around 106 Pa s (Spera, 2000). A st ill higher viscosity of 1010:8 Pa s is
inferred by Alidibirov et al. (1997) for the dacit ic Mount St. Helens cryptodome. The5

viscosity of 5:1� 105 Pa s est imated for the dome Mee 1 thus implies magma evolut ion
processes during ascent such as cooling and crystallisat ion (W•ohler et al., 2007).

For Mt. Etna, Harris et al. (2000) measure a t ime-averaged magma supply rate of
6:8 m3 s 1 for theperiod from 1980 to 1999, where13% of themagma wereerupted. Ly-
man et al. (2004) state e� usion rates of 0:1{ 40 m3 s 1 for historically act ive dome erup-10

t ions. For basalt ic erupt ions of the Kilauea volcano on Hawaii in the period between
1982 and 2003, Sutton et al. (2003) measure typical e� usion rates around 3 m3 s 1,
peaking at values of up to 10 m3 s 1 over t ime intervals of several months. Hence, the
e� usion rate of more than 800 m3 s 1 inferred for Mee 1 is two orders of magnitude
higher than the values typically found for terrestrial basalt ic erupt ions.15

According to Rutherford and Gardner (2000), rise speeds of terrestrial magmas
usually correspond to 10 3{ 10 2 m s 1, which is an order of magnitude higher than
the value of 1:9� 10 4 m s 1 derived for Mee 1 based on the modelled e� usion rate and
dike dimensions. For terrestrial dikes, � eld measurements of dike widths and viscosity
modelling based on magma composit ion indicate an increase of the dike width with20

increasing lava viscosity (Wada, 1994). For dike widths of 1 m, lava viscosit ies of 101{
102 Pa s are derived, while larger dike widths of typically 10{ 30 m and in some cases
up to 100 m are associated with lava viscosit ies of 104{ 106 Pa s. Hence, the viscosity
of 5:1 � 105 Pa s and dike width of 32 m inferred for the lunar dome Mee 1 � t into the
range of values for terrestrial dikes derived by Wada (1994).25

Seismic data indicate depths of the magma chambers of 3{ 7 km for the Hawaiian
volcanoes(Clague, 1987) and around 10 km for Mt. Etna (Murru et al., 1999). However,
petrographic and composit ional analyses of Hawaiian spinel and olivine rocks indicate
that Hawaiian shield-building magmas may pond and fract ionate in magma chambers
at depthsof morethan 100 km (Keshav and Sen, 2004), corresponding to theuppermost30

part of the asthenosphere. These depth values are comparable to the depth of the
magma reservoir associated with the lunar dome Mee 1, which amounts to 144 km
when assuming a vert ical dike extension comparable to its horizontal length L (Jackson
et al., 1997).

6 Summary and conclusion35

In this study we have examined the lunar mare dome Mee 1 situated near the craters
Mee H and Drebbel F in a region showing evidence of ancient (pre-Orientale) mare vol-
canism and cryptomare deposits. The area around Mee 1 is characterised by lineat ions
running radial to the Orientale basin and crossing the dome surface in some parts, thus
indicat ing that the dome was formed prior to the Orientale impact event . The dark40

and smooth terrain west of the dome has a 750 nm albedo which is similar to that
of the DHC near Hainzel A, but the DHC has a higher R415=R750 rat io, indicat ing its
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composit ion of bluish lava with a higher TiO2 content . The dome Mee 1 has a higher
750 nm albedo and is spectrally redder than the DHC, indicat ing a low TiO2 content of
less than 2 wt%. Its spectral signature, which is intermediate between typical mareand
highland soils, can be explained by impact-induced lateral mixing. The dome Mee 1
was formed prior to the Orientale impact event in a period of ancient mare volcanism.5

Based on a combined photoclinometry and shape from shading technique applied to
telescopic CCD images of the dome, we determined a diameter of Mee 1 of D = 25 km,
a height of h = 250 m, a 
 ank slope of � = 1:15� , and a volume of V = 44 km3.
Based on rheologic modelling of the dome and a viscoelast ic model of the feeder dike,
we obtained a magma viscosity of � = 5:1 � 105 Pa s, a high e� usion rate of E =10

869 m3 s 1, a durat ion of the e� usion process of Te = 1:6 years, a magma rise speed
of U = 1:9 � 10 4 m s 1, a width of the feeder dike of W = 32 m and a length of
L = 144 km. In comparison with typical present-day terrestrial basalt ic erupt ions,
the e� usion rate derived for the dome Mee 1 is about two orders of magnitude higher
and the magma rise speed one order of magnitude lower. The dike width modelled for15

Mee 1 is comparable to the widths found for terrestrial dikes associated with magmas
of similar viscosity. According to the schemes by W•ohler et al. (2006, 2007), Mee 1
belongs to maredomeclassC1 and to rheologic group R1, the lat ter indicat ing an origin
of the dome-forming magma from well below the lunar crust . A comparison of Mee 1
with the class C1 domes M2, M6, and Pe1 reveals strong similarit ies with respect to the20

viscosity of the dome-forming magma and the dike geometry, while the e� usion rate
and magma rise speed of Mee 1 are somewhat higher. The pronounced morphometric
di� erences between Mee 1 and the class C1 dome Do2 despite their similar magma
viscosit ies suggest that the growth of Do2 was limited by exhaust ion of the magma
reservoir rather than cooling, while Mee 1 and the other large domes listed in Table 225

display morphometric propert ies presumably coming closer to the cooling limit . In
contrast , the rheologic and dike geometry parameters of Co3 can be explained by the
lower viscosity of its dome-forming magma.

Our comparison of Mee 1 with the more than 0:5 Ga younger Eratosthenian edi� ces
M2, M6, and Do2 suggests that in the period prior to the formation of the Orientale30

basin the condit ions in theupper mant le and thecrust favoured high erupt ion volumes,
e� usion rates, and magma rise speeds. On the other hand, we have observed similar
general morphometric, rheologic, and feeder dike characterist ics and thus conclude that
the overall format ion condit ions of lunar mare domes did not change fundamentally
during the Imbrian epoch.35
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Site R415 R750 R900 R950 R1000 R415=R750 R950=R750

Mee 1 0.0983 0.1677 0.1718 0.1739 0.1799 0.5863 1.0374
Dark and smooth terrain 0.0863 0.1497 0.1549 0.1568 0.1620 0.5763 1.0469
DHC near Hainzel A 0.0951 0.1511 0.1582 0.1586 0.1655 0.6292 1.0498
Hummocky material 0.1070 0.1782 0.1841 0.1850 0.1926 0.6004 1.0381

Table 1: Clement ine UVVIS data of the dome Mee 1, the dark and smooth terrain west of it , the hummocky material to its
south, and the DHC near Hainzel A (cf. Fig. 4).

Dome D [km] � [� ] h [m] V [km3] � [Pa s] E [m3 s 1] Te [years] U [m s 1] W [m] L [km] Data source
Mee 1 25.0 1.15 250 44.0 5:1 � 105 869 1.6 1:9 � 10 4 32 144 this study
M2 20.1 1.80 320 50.9 2:8 � 106 219 7.2 1:8 � 10 5 66 183 (d)
M6 19.7 1.34 230 33.0 6:1 � 105 293 3.6 5:4 � 10 5 35 155 (d)
Pe1 19.8 1.40 240 18.8 7:4 � 105 417 1.4 6:6 � 10 5 37 168 (a)
Do2 12.6 1.15 160 2.8 3:4 � 105 173 0.5 5:2 � 10 5 27 121 (b)
Co3 11.2 1.30 110 5.3 6:8 � 104 309 0.5 3:6 � 10 4 14 62 (c)

Table 2: Morphometric and rheologic propert ies, magma rise speeds and dike geometries of the the dome Mee 1 and other
e� usive domes of class C1. Data sources are (a) Lena et al. (2006), (b) Lena et al. (2007), (c) Lena et al. (2008), and (d) W•ohler
et al. (2006).
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Figure 1: Telescopic CCD images of the dome Mee 1. North is to the top and west
to the left . Scale bars indicate average image scale. (a) Mee 1 at moderate resolut ion.
The crater Mee H and the dome are marked. (b) High-resolut ion image of Mee 1 under
strongly oblique illuminat ion. (c) High-resolut ion image of Mee 1 under a somewhat
higher solar illuminat ion angle.
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Figure 2: Lunar Orbiter image IV-148-H2. North is to the top and west to the left .
The dome Mee 1 is marked by dots.
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Figure 3: (a) Enlarged and contrast-enhanced sect ion of Lunar Orbiter image IV-148-
H2. The dome Mee 1 is marked by a circle and some prominent lineat ions running
radial to the Orientale basin are indicated by arrows. Two hills which are part of the
undulated Orientale ejecta surrounding the dome are marked by let ters. (b) Telescopic
CCD image of Mee 1 (cf. Fig. 1c) rect i� ed to perpendicular view, indicat ing the regular
circular shape of the dome out line. In both images, north is to the top and west to the
left .
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Figure4: Sites near Mee1 for which Clement ine UVVISspectra have been determined.
North is to the top and west to the left . (a) Centre of Mee 1, dark smooth terrain,
hummocky material. (b) DHC near Hainzel A.
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Figure 5: Clement ine UVVIS spectra determined for the sites near Mee 1 illustrated in
Fig. 4. Solid curve, circles: Mee 1. Dashed curve, squares: Dark and smooth terrain.
Dashed-dot ted curve, stars: DHC. Dotted curve, diamonds: Hummocky material.

Figure 6: DEM of the dome Mee 1, viewed from northeastern direct ion. The vert ical
axis is15 t imesexaggerated. Thedomeisapparent in theforeground, whiletheelevated
terrain in the background corresponds to the northern end of the non-volcanic ridge
visible in the telescopic CCD images shown in Fig. 1.
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