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Abstract

In this study we examine a complex lunar volcanic region, composed of an extended smooth low-
albedounit assaiated with a domical structure and a vert, situated in the south of Petavius crater at
selenographiccoordinates 61:9 E and 26:9 S.We perform a spectrophotometric study of the volcanic
region based on Clemertine UVVIS data. Relying on ground-based high-resolution CCD imagery
acquiredunder avariety of illumination conditions, we examinethe morphometric characteristics of the
domical structure situated on the edgeof the low-albedounit. For this purposewe make use of multi-
image photoclinometry and shape from shading techniques especially suitable for surfacesdisplaying
a strongly non-uniform albedo. We provide a geologicinterpretation of the spectrophotometric and
morphometric results we obtained for this volcanic region, arriving at the conclusionthat the low-
albedounit represerts a pyroclastic deposit and is accompaniedby a vert and an e usiv e lunar dome
which is situated adjacert to a hummocky deposit. Possiblythis regionhasundergonean e usiveand a
subsequeh eruptiv e phaseof volcanism. We thus demonstratethe analysisof a complexlunar volcanic
region basedon the combined interpretation of photogeologicand spectrophotometric spacecraftdata
and morphometric measuremets derived from ground-basedCCD images.

1 Intro duction

The form and distribution of lunar volcanic domesand lunar pyroclastic deposits (LPDs)
provide insight into the sourceregions and conditions of anciert volcanic eruptions on the
Moon. More than 110 LPDs have beencharacterized acrossthe Moon (Gaddis et al. 2003),
using the Clemertine UVVIS multisp ectral imagery. LPDs are low-albedo units obsened
as dark smooth areasin the highlands, on the o ors of craters and near mare deposits,



and they are often assaiated with fractures, irregular depressionsand other likely volcanic
vents. Thesepyroclastic deposits often appearto drape over or mantle the underlying surface,
which may be mare, smooth plains, or hummocky highland deposits (Gaddis et al. 2003).
Fire fountaining occurs when rising magma beginsthe processof degassing(Head & Wilson
1992). Here gasseddissoled in the magma when it is under great pressurebegin to come
out of the solution (a processcalled exsolution). This happenedas the magma approaced
the lunar surface,and asthe gassesxameout of solution they may have explosiwely erupted,
fragmerted the surrounding magma, and thrown small magmadroplets high above the lunar
surface(Head & Wilson 1979).

Lunar domes are formed either by outpouring of magma from a certral vert or by a
subsurfaceaccunulation of magmathat causesan up-doming of the bedrock layers, creating
a smooth, gertly sloping positive relief. Domes represerting volcanic sourcesare smaooth-
surfaced and usually have a summit crater pit. Most verts related to domesappear to be
assaiated with surrounding lava plains of known volcanic origin or in assaiation with py-
roclastic deposits (Head & Giord 1980). The extrusive origin of lunar domesand their
similarity to terrestrial featureslike small shield volcanoes have beendescribed in the litera-
ture (cf. e.g. Head & Giord 1980), and the presenceof a summit crater pit arguesagainst
an intrusive or laccolithic origin for the majority of thesefeatures. Mare domesbear resem-
blance in scaleand morphology to smaller terrestrial shield volcances of the Icelandic and
Scutulum Types(Whitford-Stark 1975). In cortrast, objects like the Valentine domeand the
dometo its north, situated in western Mare Serenitatis, are probably formed by subsurface
intrusions, similar to laccoliths on Earth, where magmahas o wed under a surface of solid-
ied lava and lifted it up (Douglass 2004; Pau & Lena 2004). The issue of intrusive lunar
domesand how they are possibly related to equivalent terrestrial featuresis not yet well
understood, sincefundamertal di erences betweenterrestrial and lunar structures make the
comparison uncertain without additional studies about the mecanisms of intrusions under
lunar conditions.

In this study we will regard a complex volcanic region inside the lunar crater Petavius.
Petavius is a large, Imbrian-age crater located at 600 E and 253 S on the southern edge
of Mare Fecunditatis. It is a o or-fractured crater that has undergoneuplift and fracturing
due to magmaspushing up from belov (Wilhelms 1987). The hilly areaslocated to the east
and to the north of the certral peakscontain seeral rilles, somestraight and others sinuous.
Much of the o or is rough, but there are smoother areasin the very north and south.

Two dark areasare localizedin the northernmost and southernmostportion of the crater,
asseenin Figs. 1, 5, and 6a. Both the northern and southern deposit are included in Plate 4
of the USGS lunar geologicmaps (Wilhelms 1987 and referencestherein). The large pyro-
clastic deposit in the northern part of the o oor of Petavius with an areaof 1645km? located
at 610 E and 235 S was characterized using Clemertine UVVIS multisp ectral imagery
by Gaddis et al. (2003). In this study we report Clementine UVVIS data and include new
ground-basedCCD imagesto investigate the low-albedo unit situated in the southern part
of Petavius, certered at 61:9 E and 269 S, which likely represerts another LPD according
to an earlier spectrophotometric analysis by Gaddis et al. (2000). Moreover, we perform a
detailed examination of the previously reported domical structure in the southern part of
the crater o or at 607 E and 269 S (Wood 2004;Lena et al. 2004) and its relation to the
nearby possibleLPD. This feature distinctly appearsin Lunar Orbiter image IV-053-H1 on
the edgeof the smooth low albedo unit rather than at its certer. Relying on ground-based
high-resolution CCD imagery acquired under a variety of illumination conditions, we examine
its morphometric characteristics by making use of multi-image photoclinometry and shape



from shading techniques. We provide a geologicinterpretation of the spectrophotometric
and morphometric results we obtain for this exceptionally complex volcanic region. We thus
demonstrate the analysis of a complexlunar volcanic region basedon the combined interpre-
tation of photogeologicand spectrophotometric spacecraftdata and morphometric analyses
relying on ground-basedhigh-resolution CCD imagery, obtained by means of sophisticated
multi-image 3D reconstruction techniques.

2 Observ ations, morphological considerations

2.1 Ground-based CCD imagery

The imagesshawn in Figs. 1-5 are oriented with north at the top and west on the left. For
ead of the obsenations, the local solar altitude H and the solar selenographiccolongitude
C were calculated using the Lunar Obsener's Toolkit (Jamieson1992). Two images(Figs. 1
and 3) were usedto derive a digital elevation map (DEM) of the region localizedat 60:7 E
and 269 S (cf. Section 3). The CCD imageswere taken with a Lumenera CCD camera
(Fig. 1), a Philips VestaPro webcam (Figs. 2-4), and a Philips ToUCam Pro webcam (Fig. 5).
The Lumenera camerais a CCD camera for industrial purposes. Its image size amounts
to 640 480 pixels, the size of the quadratic pixelsto 7.4 m. The Philips Vesta Pro and
ToUCam Pro webcamshave the sameimage sizeof 640 480pixels and a pixel sizeof 5.6 m.
We generated ead image by stadking seweral hundreds of video frames. For this purpose
we made use of the Registax and Giotto software padkages, employing a cross-correlation
technique similar to the one described by Baumgardner et al. (2000). In that work, however,
digitized analog video tapeswere processedwhile we directly acquired digital video frames.
The imagesare slightly oversampledwith respectto the Nyquist limit imposedby the optical
system, respectively (however, by no morethan 30 percert). The scaleof the imagesshownn in
Figs. 1 and 3 usedfor 3D reconstruction amourts to 300m per pixel on the lunar surface. Due
to atmospheric seeing,however, the e ectiv e resolution approximately correspondsto 1 km
on the lunar surface. We did not utilise super-resolution techniques, but for better visibilit y
of small detail at the resolution limit in the printed gures we applied slight unsharp masking
to generatethe imagesshown in Figs. 1-5. For 3D reconstruction, howewer, the e ectiv e point
spreadfunction of the imagewas estimated by the procedureoutlined in Section3.3 and then
taken into accourt in Eq. (8).

Image-based3D reconstruction methods like those described in Section3 assumethat the
greyvaluel of a pixel is proportional to the incident ux F. Especially for webcamsthis is not
necessarilythe casebecauseit is often possibleto adjust the gammavalue manually from
within the cameracortrol software, causingthe greyvalue | to be proportional to F . For
the Philips webcamsusedfor Figs. 2-5, we thus performed a calibration of the gammascale
in the cameracortrol software by evaluating ateld frames of varying intensities acquired
through dierent neutral density Iters with known transmission coe cien ts, then tting
a characteristic curve of the form | = aF to the measured ateld intensities. From this
calibration procedurewe obtained = 0:70for Figs.2and 3, = 0:80for Fig. 4,and = 0:94
for Fig. 5. The Lumenera CCD camerausedfor Fig. 1 hasa linear ( = 1:0) characteristic
curve.

Lunar Orbiter imagesare not suitable for 3D reconstruction of lunar surfaceparts basedon
photometric methods sincethe relation betweenincident ux and pixel greyvalue is nonlinear
and unknown. The reasonis that the imageswere acquired on a photographic Im scanned
on board the spacecraft. The sameproblem arisesfor the high-resolution orbital imagestaken



with hand-held and aerial camerasfrom the Apollo command modules. What is more, in
most existing orbital lunar imagedata the illumination is not su cien tly oblique to derive 3D
information for shallow featureslike lunar domeswith photoclinometric or shape from shading
techniques. For example, solar altitudes are betweenabout 20 and 30 for Lunar Orbiter
images,and nearly all Clemertine imageswere acquired at local lunar noon, corresponding to
steepillumination anglesin the equatorial regions. Finally, pairs of orbital imagesof the same
region of the lunar surfaceacquired under di erent illumination conditions are not available
for most surface parts, but our albedo-independen approadc requires such image pairs. As
a conseqguencewe have to rely on high-resolution telescopicCCD imagesacquired at oblique
illumination for the purposeof 3D surfacereconstruction.
The imageshawn in Fig. 1 wasmadeby P. Lazzarotti on November 27, 2004,at 23:35UT

(H = 1727 , C = 10066 , seeingll Antoniadi scale)with a 252 mm Newtonian telescofe.
In the southern part of Petavius a region is visible which is smooth and of low albedo, asit is
typical of pyroclastic deposits. Fig. 2 displays an image taken by C. Zannelli on Septenber
30, 2004, at 21:49UT (H = 527, C = 11336, seeingll) with a 180 mm Maksutov-
Newtonian. The imageshown in Fig. 3 wastaken by A. Bianconi using a Schmidt-Cassegrain
300 mm f =10 on October 1, 2004, at 00:10UT (H = 412, C = 11451 , seeingll). The
image shovn in Fig. 4 was taken by C. Fattinnanzi on Decenber 29, 2004, at 00:42 UT

(H = 1:95, C = 11815, seeingll) with a 250 mm Newtonian telescoge. Due to the very
low solar altitude, the main rim of Petavius castsa shadav on the western ank of the domical
structure, and the south-eastern ank of the domical structure itself castsa shadav on the
surrounding surface. Figs. 1-4 were acquired in integral visible light. The image shown in
Fig. 5 wastaken by C. Wehler on January 15, 2005,at 17:14UT (H = 36:60 , C = 33341 ,
seeinglll) with a 200 mm Newtonian in the Johnson| band, a bandpass Iter transmitting

near-infrared wavelengths between 700 and 1100 nm. This image distinctly reveals both
the well-studied LPD in the northern part of Petavius (Gaddis et al. 2003) and the similar
low-albedo unit in its southern part (Gaddis et al. 2000).

2.2 Morphology of the domical structure and the vent

The domical structure situated on the edgeof the low-albedo unit localizedin the southern-
most part of the crater Petavius appearsto be smooth, with a shallow, rimless crater pit as
aven. It is marked by white linesin Figs. 1-4. In Figs. 1, 2, and 4, its diameter amourts to
(10 2) pixels, corrected for foreshortening, corresponding to (3:0 0:6) km. Its depth was
estimated by measuring the length | of the shadav cast by its rim in Fig. 4, corrected for
foreshortening. We obtained a shadav length of (7 1) pixels, corresponding to (2:1  0:3)
km. The depth d¢, of the vent canthen be calculated accordingto the relation

der = ItanH; 1)

which yields der = (70  10) m. The depth derived from the shadav length measuremen
must be consideredasa lower limit becausethe shadaw is not castright into the middle of the
vent but slightly o -center on its inner wall. Nevertheless,this result is in good accordance
with the depth of (80 10) m derived by 3D reconstruction in Section 3.

The Lunar Orbiter high-resolution image LO 1V-053-H1, here shown in Fig. 6a (image
scaleis 300m per pixel and solar altitude H = 23.0 ), wasusedin order to further investigate
the domical structure visible in Figs. 1-4. Fig. 6b shows a four times enlarged section of this
Lunar Orbiter image, displaying the vent. The diameter of the vent amounts to 3.0 km,
consistent with the value derived from Figs. 1, 2, and 4. Its rim does not cast a black
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shadav. Fig. 6¢is a four times enlarged section of the samelLunar Orbiter frame showing a
nearby freshimpact crater. Small lunar impact craters of this kind have a depth-to-diameter
ratio of 1=5 (Pike 1974; Wood & Andersson 1978), corresponding to an average slope of
the rim of 22 . Under the given solar altitude of 23 , approximately half of the crater is
therefore lled by the shadowv cast by the rim. The two impact craters in this image, which
are of approximately the samesize as the vent, are thus signi cantly deeper than the vert.
Additional high-resolution orbital data of this region from Lunar Orbiter V (frame 033)
are showvn in Fig. 6d. In this frame, captured at a much higher resolution than the Lunar
Orbiter IV image in Fig. 6a, the vert appearsrimless and without a sharp outline, which
supports our interpretation that it is of volcanic origin.

Fig. 4 provesthe presenceof a domical rise. There is a curved edgewith the shadav
bending around it, shaving that the certer of the structure is higher than the edges. The
domical structure around the vent has a diameter in east-west direction of (19:8 0:6) km.

Head & Giord (1980) presen a least-squarest to a set of domesof classesl, 2, and 3
with summit craters, indicating that the crater pit diameter W, is related to the dome base
diameter Wy, such that

Wer = 0:16Wqyo + 0:52 (2

with a correlation coe cien t of 0:83, where Wy, and W, are given in kilometres. With our
value of Wy, = (19:8 0:6) km, the expectedvalue of the vent diameter therefore corresponds
to 3:69 km, which is in reasonableagreemen with the value of W = (3:0 0:6) km we
determined from Lunar Orbiter frame IV-053-H1 and Figs. 1, 3, and 4.

2.3 Determination of relativ e albedo

Most LPDs are recognizedon the basis of their low albedo, mantling appearance,and asso-
ciation with a volcanic vent. The albedo of the dark region localized in the southernmost
portion of the crater Petavius was evaluated using the imagesin Figs. 1 and 3 as a byprod-
uct of the multi-image 3D reconstruction technique described in Section 3. We found that
the albedo of the eastern ank of the domical structure, situated inside the low-albedo unit,
corresponds to (79  2) percert of the albedo of the western ank, represenative of the
surrounding undisturb ed surface.

Using Fig. 5 acquiredin the Johnsonl band, the albedowasdeterminedto (82 2) percen
of the albedo of the surrounding undisturb ed surface. In cortrast to the imagesshown in
Figs. 1-4, the in uence of topographic relief on pixel intensity is negligible due to the higher
solar altitude, sud that this secondestimate of relative albedo was obtained by directly
measuring pixel intensities.

Using the same pixel-based approad, the albedo of the eastern ank of the domical
structure wasdeterminedto (83 1) percen of the albedoof the undisturb ed surface(western
ank) in the Clemertine 750nm image. This valueis in good correspondencewith the results
derived from the ground-basedCCD imagesshawn in Figs. 1, 3, and 5, also demonstrating
that the accuracy of gamma calibration (cf. Section 2.1) is satisfactory. The results are
summarizedin Table 1.

2.4 Clementine UVVIS imagery

The dark region corresponding to the southernLPD is well apparert in the Clemertine 750nm
image showvn in Fig. 7a. We examinedthe Clemertine v e-band UVVIS multisp ectral data
(415, 750,900,950, 1000nm) in terms of 750nm re ectance (\alb edo") and the 415/750 and



950/750 colour ratios (Gaddis et al. 2000; Gaddis et al. 2003), making use of the calibrated
and normalized Clemertine UVVIS re ectance data as provided by Eliason et al. (1999).
Albedo at 750 nm is an indicator of variations in soil composition, maturity, particle size,
and viewing geometry The 415/750 colour ratio essetially is a measurefor the TiO , content
of mature basaltic soils, where high 415/750 ratios correspond to high TiO » content and vice
versa(Charette et al. 1974). The 950/750 colour ratio is related to the strength of the ma c
absorption band, represernting a measurefor the FeO content of the soil, and is also sensitive
to the optical maturity of mare and highland materials (Lucey et al. 1998).

Clemertine UVVIS data have beenusedto characterize lunar pyroclastic deposits and
their composition. The spectral properties likely represen a complex conbination of the
degreeof crystallinit y (i. e.ilmenite cortent) and of the FeO and TiO , content of LPDs. The
Taurus-Littro w, Sinus Aestuum, Vaporum, and Rima Bode LPDs are all spectrally very blue
(high 415/750 ratios) and are known or inferred to have a signi cant componert of high-TiO »
materials, in the form of ilmenite-rich black beads. A secondclass,exempli ed by Sulpicius
Gallus, is similar to Apollo 17 depositsin overall composition and is likely to berich in TiO »,
but may consist of a mixture of Fe?* bearing orange glassesand black beadswith a higher
glass-to-tead ratio than that of the Taurus-Littrow LPD. The Aristarchus and Harbinger
LPDs have low 415/750 values (Gaddis et al. 2003). Both orange and black beadswere
recognizedas pyroclastic, with variations in cooling time in a re fountain probably resulting
in quended, crystallized, and/or composite droplets (Weitz & Head 1999). According to
Gaddis et al. (2003), black beadsand orange glassesare compositionally equivalert although
the spectral behaviours of these two componerts are dierent. Orange glasseshave low
415/750 ratios becausehe TiO , generatesan absorption feature extending from the near UV
into the visible and the FeO causesabsorption bandsnear 1000and 2000nm. In contrast, the
higher crystallinit y of the black beadsimplies a reducedspectral contrast and thus a weaker
ma c absorption band, which in combination with the ilmenite absorption band at 600 nm
resultsin a high 415/750ratio. This di erence occurs although the TiO , content of the black
beadsis comparableto that of the orangeglasses.As a consequencethe Clemertine spectral
ratios can be usedfor comparisonsof LPDs enriched in orangeglassesor black beadsto other
LPDs but not as strict indicators of their FeO and TiO, corntent. The orange glassesand
black beadsdeposits, however, are not represenativ e of the majority of LPDs.

The Clementine v e-bandre ectance valuesinferred for the volcanic region in the south
of Petavius are reported in Table 2 and Fig. 7b; the samplearea usedto obtain the spectra
amourts to 700 700m?. The areaof the LPD amourts to roughly 530km?2, which makesit
belongto the classof \large" LPDs de ned by Gaddis et al. (2003). Fig. 8 displays albedos
and colour ratios of the represenativ e locations in the volcanic region. The grey badkground
shapesare the rangesfor typical mature mare and highland materials. They are shavn for
comparisonin order to provide a cortext for the spectral properties of the examined LPDs
accordingto Gaddis et al. (2003). The 750vs. 950/750 diagram and the 950/750 vs. 415/750
diagram only display the eastern part of the LPD since there are no Clemertine 950 nm
data available for the region around the vernt. Data for the LPDs Petavius N and S reported
by Gaddis et al. (2000) are indicated in Fig. 8 for comparison. According to Gaddis et
al. (2003), LPDs were obsened to display a wider range of albedosand spectral properties
than previously known. While most large and very large LPDs appear to corntain signi cant
componerts of mare material, seweral LPDs of all sizes,including the LPD examinedin this
study, display substartially higher albedos,indicating contamination by highlands material
(cf. Section4).



3 Digital elevation map of the domical structure

Generatinga DEM of a part of the lunar surfacerequiresits three-dimensionalreconstruction.
The Clemertine spacecraftentirely mapped the lunar surfacein 3D at a resolution on the
ground of 0.25 degreesin longitude and latitude, i. e. better than 7.5 km, by meansof laser
altimetry. Although the obtained pro les nicely show large-scalefeatures such as the huge
South Pole Aitk en Basin on the lunar far side, they do not reveal the 3D structure of the
lunar surface on small, e. g. kilometre, scales(Bussey & Spudis 2004). Parts of the lunar
surfacehave beenmapped in 3D basedon a stereoscopicanalysis of image pairs acquired by
the Clemertine spacecraftand from the Apollo command modules orbiting the Moon (Cook
et al. 1999). The resolution of the obtained surfacepro les is 1 km on the ground, while the
accuracy of the derived elewation valuesis not better than 100 m, which is not su cien t for
measuringthe height of shallow lunar volcanic features.

We therefore generateda DEM of the obsened domical structure basedon our telescopic
CCD images. Well-known image-basedmethods for three-dimensionalsurfacereconstruction
are photaclinometry and shage from shading (SFS). They make use of the fact that surface
parts inclined towards the light sourceappear brighter than surfaceparts inclined away from
it. Both methodsaim at deriving the orientation of the surfaceat ead imagelocation by using
a model of the re ectance properties of the surface and knowledge about the illumination
conditions. The photoclinometric approach performsa 3D reconstruction of the surfacealong
one-dimensionalpro les (McEwen 1985), while the SFS technique yields an elewation value
for ead image pixel (Horn 1989). Wehler & Hafezi (2005) intro duce an extended framework
basedon conmbined SFS and shadav analysisand its application to the 3D reconstruction of
regionsof the lunar surface.

In this section we present a multi-image 3D reconstruction technique which relies on a
conbination of photoclinometry and shape from shading. In contrast to most state-of-the-art
approades,our method is also applicable in the caseof non-uniform surfacealbedo, such as
for 3D reconstruction of lunar volcanic regionsdominated by pyroclastic deposits.

3.1 Surface re ectance model

Photoclinometric and SFStechniquestake into accourt the geometric con guration of cam-
era, light source, and the object itself. For parallel incident light and an in nite distance
betweencameraand object the intensity | (u; v) of image pixel (u;v) amounts to

(u;v) = | (R(XY;2); 8 %) : 3)

Here, is a camera-sgecic constart, n the surface normal, ¥ the direction to the camera,
I; the intensity and s the direction of incident light, and the re ectance function. A well-

known exampleis the Lambertian re ectance function (R;s) = cos j, where | denotes
the incidence angle betweenn and s with cos ;| = n s=(jnjjsj), and a surface-sygcic
constart. The product | ; = (u;v) is called surface albedo. In the following, the surface

normal f will be represened in gradient space by the directional derivativesp = @=@ and
g= @=@ of the surfacefunction z(x;y) with a = ( p; @;1). Eq. (3) canthen berewritten
as

I(u;v) = R((p(u; v); a(u; v)) : 4)
The function R(p;q) is called re ectance map. Analogousto A, wedene s= ( ps; ;1)
andv = ( py; q;1).



The Lambert model does not correspond very well to the true re ectance behaviour of
the lunar surface. A much more appropriate relation is the physically motivated photometric
model by Hapke (1993) which is basedon the theory of radiativ e transfer. It allows conclu-
sionsabout certain surface properties suth as the averageparticle size,the particle density,
the albedo of the surfacematerial, and the macroscopicsurfaceroughness.Setsof Hapke pa-
rametersvalid for the lunar regolith aregivene. g. by Warell (2004). It is not straightforward,
howewer, to directly employ the Hapke model for 3D reconstruction purposes. Therefore, in
many astrogeologicalapplications the comparably simple, empirical Lunar-L amkert law

RI(: it e )= () gs pess st @ L()cos, ©)
is used(McEwen 1991). In Eq. (5), . denotesthe emissionanglebetweenthe surfacenormal
A and the viewing direction ¥ with cos ¢ = A w=(jnjj¥j). The Lunar-Lambert parameter
L( ) is an empirical value depending on the phaseangle betweens and ¥. The Lunar-
Lambert model is a weighted sum of the Lommel-Seliger law and the Lambert law. Given
a suitable choice of L( ), it ts the true re ectance behaviour of many planetary surfaces
equally well as the Hapke model. For oblique illumination and perpendicular view we have
COS | cos ¢ 1, sudh that the behaviour of the Lunar-Lambert law (5) is essetially
Lambertian. The domical structure regardedin this paper, howewer, is situated far o the
center of the Moon's apparert disk ( ¢ 60 ), wherethe Lunar-Lambert law displays distinct
deviations from the Lambert model.

Values for L( ) have beentabulated by McEwen (1991) for planetary surfaceswith a
wide range of regolith properties. McEwen (1991) demonstratesthat for low-albedo surfaces
like that of the Moon, L( ) is mainly governed by Hapke's macroscopicsurface roughness
parameter (Hapke 1993). According to recert work on lunar photometric modelling by
Warell (2004), we assume = 11 . The ground-basedCCD imagesusedfor 3D reconstruction
have beenacquired under phaseanglesof 132 (Fig. 1) and 29:6 (Fig. 3). In this range, a
largely constart value of L( ) = 0:95 0:15 is obtained from McEwen (1991) for a surface
with the Hapke parametersof the lunar regolith (McEwen 1991,Figs. 16 and 17 therein). The
error interval for L( ) coversvaluesof betweenl1l0 and 20, thus also covering somewhat
larger valuesfor obtained in earlier work on lunar photometric modelling (Warell 2004).

3.2 Initialisation by quotien t-based two-image photo clinometry

According to Eq. (4) we attempt to determine three variables (u;v), p(u;v), and g(u;v) for
ead pixel from onesingle measuremen the pixel intensity | (u; v), i. e.we aretrying to solve
an ill-posel problem In a rst step we therefore follow a photoclinometric approad, which
consistsof computing height pro les alongimage rows. In our example,the terrain is gertly
sloping (jpj;jdi 1), and the sceneis illuminated nearly exactly from the west (gs = 0)
and viewed approximately from the west (jauj  jpvj). The Lunar-Lambert re ectance (5)
thus depends much stronger on p than on ¢, such that we may set g = 0. Note that this
approximation is exact for cross-sectionsin east-west direction through the summit of a
feature, while it is otherwise a reasonableapproximation.

Even in the recert photogrammetric literature dealing with 3D reconstruction of lunar
surfaceregions (Lohse & Heipke 2002) it is usually assumedthat the albedo (u;v) is con-
stant over the surface. This assumptionis clearly invalid for the domical structure regarded
here, which is situated on the edgeof a low-albedo unit. We therefore utilise the two images
of the domical structure shown in Figs. 1 and 3, acquiredat di erent illumination conditions,



to separateintensity variations due to topographic relief from those due to albedo variations.
The imageshave to be pixel-synchronous, i. e. identical pixel positions on the imagesmust
correspond to the same physical point on the surface, which is achieved by an image regis-
tration step (cf. Gottesfeld Brown (1992) for a survey). The result is shown in Fig. 9a. The
imagesare then transformed to cylindrical projection as shown in Fig. 9b, suc that image
columns and rows are parallel to the longitude and latitude grid, respectively. We assume
that we have a re ectance map of the form R(; p;g) = R(p;g). We can then perform
photoclinometry along image rows by extending Eq. (4) asdescribed by McEwen (1985) and
determine p(u; v) sud that

l1(u;v) _ Ra(p(u;v);0) (©6)

I2(u;v)  Ra(p(u;v);0)
The surface gradient g(u;v) is still kept zero, and the albedo cancelsout. With the re-
ectance function corresponding to the Lunar-Lambert law (5), Eq. (6) cannot be solved
analytically, sud that the Newton method is used. As the imagesare not absolutely ra-
diometrically calibrated, their averagepixel intensities have to be adjusted according to the
di erent solar altitudes, relying on the assumptionthat on the averagethe surfaceis at. As
long as R(p;q) is not strongly nonlinear in p and q it is su cien t to normalise image 1 by
multiplying its pixel intensities with the factor

R1(0;0) N 2(u; )iy, |
R2(0;0) H1(u; V)i, |

The non-uniform surfacealbedo (u;v) is then recovered by

L 1% [1(u;v)
(V) = Lo, Ry

(7)

wherewe have L = 2 imagesin our example. A cross-sectionin east-west direction through
the vert, obtained by integration of p(u;v) along the corresponding image row, is shown in
Fig. 9c. The albedo map of the domical structure is shavn in Fig. 9d.

3.3 Renemen t by a variational shape from shading approach

The result of photoclinometry is re ned in a secondstep by meansof a more sophisticated,
variational approad described in detail by Horn (1989). It primarily consistsof minimising
the sum of squareddi erences betweenthe obsened pixel intensities | (u; v) and the modelled
re ectances R( (u; Vv); p(u; v); g(u; v)).

Our ground-basedimagesare a ected by a slight blur due to atmospheric seeing. Hence,
the obsenedimagel (u; v) is assumedo bea corvolution G 1(u; V) of the true imagel o(u; v)
with a Gaussianpoint spreadfunction (PSF) G. The half width  of the GaussianPSF G is
determined from the intensity pro le of shadaws cast by steep mountains, e. g. crater rims,
where an abrupt transition from illuminated surfaceto darknessis expected. Convolving a
synthetically generatedabrupt changein intensity with a GaussianPSF and comparing the
result with the intensity prole obsened in the image allows for an estimation of the PSF
half width . A similar method is used by Baumgardner et al. (2000) to estimate the PSF
for ground-basedMercury images, using the limb of the planetary disk as a reference. The
intensity error term is then given by

X
&= [1(u;v) G R( (u;v);p(u; v); g(u; )] (8)
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(Joshi & Chaudhuri 2004). The non-uniform surfacealbedo (u;v) and approximate values
for the surfacegradients p(u;v) in east-west direction are known from Section 3.2, obtained
there under the assumption of zero values of the surface gradients g(u;v) in north-south
direction. Horn (1989) emphasiseghat p(u;v) and g(u;v) are not independern of ead other
but represen directional derivatives of the samesurfacez(u;v). In other words, they have
to be an integrable vector eld. As a consequencez(u;v) hasto be chosensud that the
demrture from integrability error term
" #
X 2 2
= 2,7 2, ©)

uv @ @
is minimized. We therefore have to minimise the overall error term e = ¢ + e 5, where the
Lagrange parameter denotesthe relative weight of the error terms. For this purposewe
utilise the iterativ e schemeby Horn (1989), which simultaneously adjusts p(u; v), q(u;v), and
z(u;v). The iteration is initialized with the p(u;v) valuesobtained in Section 3.2 and with
d(u;v) = 0. In the courseof the iteration process,p(u;v) hardly changes,and g(u;v) obtains
values consistent with the integrability error term (9). For this evaluation we utilized the
image shown in Fig. 3 becauseit most distinctly displays the topographic relief.

The DEM of the domical structure obtained with this method is shavn in Fig. 9e. It
revealsthat the vent is elewvated by 240 m above the surrounding surface. To the south of
the vent, the terrain is rising further up to a height of 530m. Fig. 9f is a synthesizedview of
the domical structure derived by meansof the DEM, illustrating how the region should look
like when illuminated at a solar altitude of 1:95 , asit is the casefor Fig. 4. The western
ank doesnot display a shadov, becausein Fig. 4 this shadaw is cast from the outside by the
main rim of Petavius, but the shape of the shadov on the eastern ank, which is cast by the
structure itself, is in reasonableagreemen with its real counterpart obsened in Fig. 4. This
kind of comparisonis suggestedby Horn (1989) as an independert test of the reconstruction
result when no ground truth is available.

3.4 Estimation of error bounds

In the context of image-based3D reconstruction of the domical structure, three main sources
of error can be found. The parameter L( ) of the re ectance function is not exactly known
and may show variations over the surfacefor di erent terrain types. According to McEwen
(1991), however, its dependenceon the physical parametersof the surface(the Hapke param-
eters) is strongestfor phaseanglesaround 90 but not very pronouncedat low phaseangles.
In our examplewe assumeL( ) = 0:95 0:15 (cf. Section3.1).

The half width of the GaussianPSF for the imagein Fig. 3, which is usedfor the re ned
3D reconstruction of the domical structure described in Section 3.3, was estimatedto =
(2:5 05) pixels.

The uncertainties in L( ) and aect the measuredheight valuesewen at the summit
of the domical structure by no more than a few metres and can therefore be regarded as
irrelevant. We expect the in uence of the PSF to become more important for strongly
wrinkled surfaces.

An important issue, howeer, is the nonlinearity of the CCD sensor,which is compen-
sated by the gamma calibration proceduredescribed in Section 2.1. The uncertainty of the
determined gammavaluesapproximately amounts to  0:05 for the webcamsusedto acquire
Figs. 2-5. The Lumenera CCD camerausedfor Fig. 1 hasa linear ( = 1:0) characteristic
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curve. The resulting error interval of the height amounts to 20 m at the vent and 30 m
at the summit.

4 Results and discussion

Petavius is a large, Imbrian-age crater. Much of the o or is rough, but there are smoother
areasin the very north and south (Figs. 1-3). Views under higher solar altitudes (Figs. 1, 5,
6, and 7) shav that thesetwo regions have a lower albedo than the surrounding surface. A
large pyroclastic deposit with an areaof 1645km? is located in the northern part of the o or
of Petavius, at 235 Sand 61 E. A further LPD, measuring roughly 530 km?, is situated
in the southernmost region of Petavius. The southern LPD has beenincluded in Plate 4 of
the USGS lunar geologymaps (Wilhelms 1987 and referencestherein). Moreover, Gaddis et
al. (2000) characterisetwo LPDs in Petavius, both without specic data and location, but
described in generalterms as Petavius N and S.

A domical structure assaiated with a shallow, rimlessvent of (3:0 0:6) km diameter is
found on the edgeof the southern LPD, certered at 60:7 E and 26:9 S. According to the
DEM shown in Fig. 9e,the vent hasa depth of (80 10) m. As a note of interest, the depth
value is signi cantly dierent from the D=5 ratio, which is typical for small fresh impact
craters of similar diameter (Pike 1974;Wood & Andersson1978). For such an impact crater,
the expecteddepth is roughly 600m. Furthermore, the location of the vent on a typical dome
relief (cf. Figs. 1-4) and its assaiation with the LPD is suggestie of a volcanic origin. The
domical structure hasa diameter of (19:8 0:6) km and an e ectiv e height of (240 20) m,
resulting in a slopeof 1:4  0:2 . The most elewated part of the surfacesection covered by
the DEM has a height of (530 30) m, resulting in an averageslope of 3:1  0:3 . Some
parts of the eastern ank, however, are steeper than 4:25 asthey castshadavs in the image
shawvn in Fig. 3. The morphometric data are summarizedin Table 3.

The relation betweendome diameter and vert diameter is consistert with the statistical
data by Head & Giord (1980) for lunar domesof classesl, 2, and 3. According to their
diameter-height considerations, the domical structure appearsto be similar to the class 1
(shield volcano) type. The more elevated summit south of the vent, howewer, is too high
and too steepto be of volcanic origin. Hence, our interpretation is that the dome s placed
adjacert to a hummocky deposit, which is supported by the closeproximity of this regionto
the ruggedinner crater rim of Petavius.

The Clemenrtine UVVIS data we report for the easternpart of the deposit and the vert
(Table 2, Figs. 7 and 8) are closeto the Petavius S data of Gaddis et al. (2000), such
that the LPD examined here presumably corresponds to that object. Unfortunately, no
950 nm data are available for the region around the vernt, suc that the data points denoting
locations near the vent do not appar in Figs. 8b and 8c. In the 750 vs. 415/750 diagram,
the eastern part of the pyroclastic deposit (diamonds in Fig. 8) appearsto fall within the
highlands material type, mainly due to its high 750 nm albedo of 0:19; this remains true
when regarding its moderate ma ¢ absorption in the 750vs. 950/750 diagram. The obsened
re ectances are considerably higher than those of the Taurus-Littro w and Aristarchus LPDs
(Gaddis et al. 2003). Such properties are found for many small but also for seweral large
LPDs. A hummocky, high-albedo surfaceappearsto be covered by a relatively thin layer of
pyroclastic material containing highlands substrate. The most plausible explanation is that
highlands wallrock was ertrained into the deposit during eruption, or contamination was
incorporated by lateral transport or vertical mixing. In the 950/750 vs. 415/750 diagram,
the easternpart of the LPD falls within the mare type but closeto the highlands type; both
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soil typesstrongly overlap in this diagram.

While the easternpart of the LPD, the vent, and the eastern ank of the domical structure
(diamonds, right-triangles, and circlesin Fig. 8a) are of similarly high 750nm albedo (around
0:19), the dark spot south of the vert (solid squarein Fig. 8a) hasa considerablylower 750nm
albedoof about 0:16, indicating that it is dominatedto a larger extent by pyroclastic material.
In the 750vs. 415/750 diagram, its signature is very similar to the LPD in the northern region
of the o or of Petavius at 235 Sand 61.0 E, characterized by Gaddis et al. (2003). If we
wereto assumea 950/750 ratio of the dark spot of around 1:05, similar to the value obsened
for the easternpart of the LPD, its position in the 950/750 vs. 415/750 diagram (Fig. 8c)
would imply a composition which is more mare-like than that of the other locations regarded,
dueto its higher 415/750ratio. Possibly the dark spot represerts a small patch coveredby a
thicker layer of pyroclastic material. Further similar patchesare apparert in the Clemertine
750 nm image of Fig. 7ato the south and south-eastof the vert.

Interestingly, the domical structure shows on its eastern ank a spectral signature similar
to that of the vent. This material likely consistsof pyroclastesdeposited by explosive activity
from the vert. This assumption is supported by the fact that alsothe hummocky structure
just south of the vent, rising up to a level sewral hundreds of metres higher than the vert
itself (cf. Fig. 9e), is covered by dark material presumably transported there by eruptions.
Hence, this region might have undergonetwo subsequen volcanic phases:a phaseof e usive
volcanism building up the domical structure at the northern ank of the hummocky deposit,
and a phaseof eruptiv e volcanismgeneratingthe LPD, thus covering the southernand eastern
part of the hummocky deposit with dark pyroclastic material.

5 Summary and conclusion

In this study we have examined a complex lunar volcanic region, composedof an extended
smooth low-albedo unit ass@iated with a domical structure and a vert, situated in the south
of Petavius crater at selenographiccoordinates 61:9 E and 26:9 S. We have performed a
spectrophotometric study of represertativ e locations in the volcanic region basedon Clemen-
tine UVVIS data. Relying on ground-basedhigh-resolution CCD imagery acquired under a
variety of illumination conditions, we have examinedthe morphometric characteristics of the
domical structure situated on the edgeof the low-albedounit. To cope with the strongly non-
uniform surfacealbedo of that region, we utilized sophisticated multi-image photoclinometry
and shape from shading techniques. Our geologicinterpretation of the spectrophotometric
and morphometric results we obtained for this complex volcanic region arrivesat the conclu-
sion that the low-albedo unit represerts a pyroclastic deposit and is accompaniedby a vert
and an e usiv e lunar dome which is situated adjacert to a hummocky deposit. Possibly this
region has undergonean e usive and a subsequeh eruptive phase of volcanism. We have
thus demonstrated the analysis of a complex lunar volcanic region basedon the conmbined
interpretation of photogeologicand spectrophotometric spacecraft data and morphometric
data derived from ground-basedCCD images. We expect our approac to be suitable for the
generalscenarioof detection and geologicinterpretation of complex lunar volcanic regions.
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Figure

| Solar altitude H Relative albedo

1, 3 (cf. Section 3)

5 (Johnson | band)
7a (Clemertine 750 nm)

1727 , 412

36:60
63

0:79 0:.02
0:82 0:.02
0:83 001

Table 1: Albedo of the eastern ank of the domical structure relative to the albedo of the
western ank (circles and up-triangles in Figs. 7 and 8).

Location Longitude Latitude 415nm 750nm 900nm 950nm 1000nm
Eastern part of

low-albedo unit 6126 E 2684 S 0.113 0.188 0.194 0.198 0.203
Dark spot south

of the vent 6069 E 2703 S 0.099 0.157 0.160 no data 0.165
Ven 6068 E 2692 S 0.111 0.183 0.188 no data 0.196
Eastern ank of

domical structure | 6072 E 2699 S 0.111 0.184 0.189 no data 0.197
Western ank of

domical structure | 6052 E 2689 S 0.139 0.222 0.229 no data 0.238

Table 2: Clemertine UVVIS re ectance values(seealso Fig. 7).

\ Diameter [km] Height or depth [m] Slope][ ]
Domical structure 198 06 240 20 14 02
Vert 30 06 80 10 31 10
Hummocky deposit 198 06 530 30 31 03

Table 3: Morphometric properties of the domical structure, the vent, and the hummocky

deposit.
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Figure 1. Image by P. Lazzarotti, acquired on Novenmber 27, 2004,23:35UT. Solar altitude
is 17:23 . White lines mark the domical structure.

Figure 2: Image by C. Zannelli, acquired on Septenber 30, 2004,at 21:49UT. Solar altitude
is 5:27 . White lines mark the domical structure.
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Figure 3: Image by A. Bianconi, acquired on October 01, 2004,00:10UT. Solar altitude is
4:25 . White lines mark the domical structure.

Figure 4: Image by C. Fattinnanzi, acquired on Decenber 29, 2004, at 00:42 UT. Solar
altitude is 1:95 . White dashesmark the domical structure.
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Figure 5: Johnsonl band image by C. Wehler, acquired on January 15, 2005,at 17:14 UT.
Solar altitude is 36:60 .

(a) o a (d)

Figure 6: Lunar Orbiter high-resolution image LO IV-053-H1. Image scaleis 300 m per
pixel, solar altitude is 23.0 . The two small sections shaving the vent (b) and a nearby
fresh impact crater of similar size (c) aswell asthe areacovered by the Clemertine 750 nm
image in Fig. 7a are indicated by white frames, respectively. (d) Part of Lunar Orbiter V
high-resolution image 033, showing the vert in more detail. For further explanations see
Section 2.2.
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Figure 7: (a) Clemertine 750 nm image of the volcanic region. The dark area corresponding
to the likely LPD is well apparert. (b) Clemertine re ectance spectra of v e represenativ e
locations in the volcanic region. The symbols denote the locations marked in the 750 nm
image and correspond to the eastern part of the LPD (diamonds), the dark spot south of
the vent (squares),the vert itself (right-triangles), the eastern(circles) and the western (up-
triangles) ank of the domical structure (cf. also Table 2 and Fig. 8).

Figure 8: Spectrophotometric analysis of v e represettativ e locations in the volcanic region
(closed symbols, cf. Fig. 7, diagrams after Gaddis et al. (2003)). Se\eral data points are
missing in the 750 vs. 950/750 diagram (b) and the 950/750 vs. 415/750 diagram (c) since
there are no Clemertine 950 nm data available for the corresponding locations. For compar-
ison, open symbols represen data for LPDs Petavius N (squares)and S (circles) reported by
Gaddis et al. (2000).
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Figure 9: DEM of the domical structure around the vent (cf. Section 3). (a) Result of image
registration of Figs. 1 and 3. (b) Reconstructed surface section according to Figs. 1 and
3, respectively, rectied to cylindrical projection. (c) Cross-sectionin east-west direction
through the vent and (d) albedo map, derived by two-image photoclinometry. (e) DEM,
viewed from the north-east, along with a renderedview of the scene.The vertical scaleis 10
times exaggerated.(f) Synthesizedview of the region around the vent under a solar altitude
of 1:.95 (left) along with the corresponding recti ed section of Fig. 4 (right). The western
ank in the synthesizedimage cannot display a shadav becausethis shadow is cast from the
outside by the main rim of Petavius, but the shape of the shadav on the eastern ank, which
is cast by the domical structure itself, is in reasonableagreemenm with its real counterpart.
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