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Automated Artifact Removal in Lunar Reconnaissance Orbiter WAC Images
Richard Evans (GLR), and M aurice Collins, Palmerston North, New Zealand.

Abstract
Lunar Reconnaissance Orbiter (LRO) wide angle camera (WAC) images that are not yet
fully processed by NASA are available for download by amateur astronomers but most
are not yet fully assembled into completed viewable images. Final image assembly from
the image strips is easily achievable by processing in Octave, a free program that is
somewhat analagous to Matlab in that both specialize in matrix manipulation and many
subroutines written for Octave can also be run in Matlab. This paper describes an
Octave subroutine written and tested by the authors which removes most artifacts
present in WAC images not yet fully processed by NASA, but available for download on
the LRO website. For those not familiar with the Octave environment, a Windows
executable program has since been written and made freely available by Jim Mosher
which achieves the same objectives and is described in the Addendum section of this
paper.

Introduction
LRO WAC images are available for download from http://wms.lroc.asu.edu/lroc_browse
under the image submenu. The vast majority of these images contain “strip artifacts”
which become very noticeable on image enlargement. These are technically not artifacts
in the strict sense of the word, but represent the image strips in the format in which they
were produced. A representative example of the artifact is shown in Figure 1, which is
an enlargement of a cropped area within the WAC image M 116870007M C_pyr1.tif.
John M oore, http://www.moonposter.ie/waced-moon.htm (personal communication),
noted that the WAC images consist of sequential horizontal strips 14 pixels in width and
that an image that is essentially artifact free can be created by stacking sequential images
(from top to bottom) on top of each other with a 3 pixel overlap. This allowed a simple
Octave subroutine to be written to accomplish this task in a fully automated way. The
result of applying this algorithm to the approximate geography of the image shown in
Figure 1 is shown in Figure 2.
The remainder of this paper more fully describes the subroutine involved and other
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useful software supporting this artifact removal.
Methodology
The following workflow describes the steps that should be followed to create the
corrected WAC image:
1. Download image from LROC image browser, either tiff or one of the
other IM G formats
2.

If tif, Open tif image in Photoshop (or the free program Gimp 2.6) and
resave as non-compressed IBM format. Note: Gimp 2.6 can be found here:
http://www.gimp.org/downloads/

3. Using ImageJ, , Open the tif image. For .IM G, go to Plugins / PDS reader
and open.
4.

Save As – Text Image with same name to your working folder in Octave.

5. This step is optional and is for checking during the first run: Import the Text
File then check headers (none usually) and rest should be a matrix.
6.

Save As Text Image using filename of 1.t xt

7. Run Octave script in Octave by changing directory to the location of the files
(1.txt and script) and typing the script name at the prompt. The script file (i.e. m
file) must have .m extension not .txt extension. But, when calling the script at the
prompt only the script name is used and the .m is omitted.
8.

When Octave finished, Open assembled.txt – Import – Text File

9.

Cut Octave header off (clear or cut)

10. Save as text file with original name and maybe crater name if you like.
11. Open that .txt file as Import – Text Image
12. Do a photometric correction: Process – M ath – Divide 146, then Process –
M ath – M ultiply by 0.1684
13. Change image Type to 8-bit or 16-bit from 32-bit
14. Save As Tiff or whatever format you like.
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15. Open corrected image in Photoshop or your favorite image software (even
Image J).
The Octave Subroutine
The code for the short Octave subroutine (i.e. m file) written to achieve artifact removal
is given below:
% read in lro image file named 1.txt
A1 = dlmread("1.txt")
[nr,nc] = size(A1)
a= 0
D=zeros(11,nc)
fo r i = 1 : nr/14
B1=A1(a+1,:)
B2=A1(a+2,:)
B3=A1(a+3,:)
B4=A1(a+4,:)
B5=A1(a+5,:)
B6=A1(a+6,:)
B7=A1(a+7,:)
B8=A1(a+8,:)
B9=A1(a+9,:)
B10=A1(a+10,:)
B11=A1(a+11,:)
C1=[B1;B2;B3;B4;B5;B6;B7;B8;B9;B10;B11];
D = [C1;D];
a = a + 14
end for
save assembled.txt D

page 3

WAC IMAGING PROCESSING

SELENOLOGY TODAY # 21

The WAC image is first converted to txt format and renamed 1.txt for import into the
Octave subroutine. The artifact removed output file, assembled.t xt, will be placed in the
same directory as 1.txt. The output file is in txt format with header information. This
header information must be removed before viewing the artifact removed image.
For batch conversion of several files, make a script as a series of these subroutines, one
after the other, but instead of using the filename1.txt keep the original file name of the
WAC image.
This needs to be entered at the line A1 = dlmread("M 117406530M C_pyr.txt") and at the
end save M 117406530M C_pyr_assembled.txt D so as not to overwrite the previous
image.

Image Processing Programs useful in Image Type Conversion:
The authors prefer the free program ImageJ (see http://rsbweb.nih.gov/ij/ ) and various
available plug-ins for working with WAC images to render them into txt format that can
be read by the Octave subroutine described above, and also to remove the header
information from the output file assembled.txt to allow its visualization. This program
also allows files to be saved in most standard image type formats. However, ImageJ
cannot open WAC images in tif format, and if a WAC image to be processed is in tif
format then it should first be opened in another image processor such as Adobe
Photoshop or the equivalent and saved in IBM -PC uncompressed tif format. Such a tif
image can then be opened in ImageJ and saved in txt format as well as many other
formats. M ost WAC mono EDR format files can be opened in ImageJ using a free PDS
plug-in. The PDS plugin for ImageJ can be downloaded from: http://rsbweb.nih.gov/ij/
plugins/pds.html
M any other useful plug-ins are available from:
index.html

http://rsbweb.nih.gov/ij/plugins/

Our experience so far is that WAC image names ending in M C and M E and in EDR
format can usually be opened using the ImageJ pds plugin. Then can then be saved in 32
bit txt format and renamed 1.txt using ImageJ. WAC images in tif format are best
opened first in Photoshop or the equivalent and saved as IBM -PC format uncompressed
tif files which can be opened in ImageJ and then saved in txt image format as described
above. We continue to work on other WAC image formats, but nearly all WAC
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unprocessed images are currently available in one of the two formats described above.
The output file assembled.txt produced by the Octave subroutine can be opened as a txt
file in ImageJ and the header easily clipped off. The resulting file is saved in t xt file
format and opened as a txt image in ImageJ for visualization. It can then be save in most
commonly desired image formats.

Results
Additional examples of artifact removed WAC images, obtained using the Octave
subroutine described above, are provided here as figures 3-7.
Discussion
Results obtained thus far for removing the “strip artifact” from WAC images have been
encouraging. After removal of the “strip artifact”, some degree of edge image distortion
is frequently noted and may be a result of oblique camera imaging. Future planned work
by our group in this area is to further study this phenomena and hopefully find a method
of improving or eliminating it. The distortion can be minimized if several WAC frames
are mosaiced together over an area at similar lighting.
It is hoped that the Octave subroutine described above will make it possible for amateur
and professional astronomers to better visualize LRO WAC images that are not yet fully
processed by NASA but none-the-less available for download on the LRO website. Our
initial experience is that the algorithm also runs in M atlab.
We have additionally written Octave algorithms to extract and assemble WAC color
images and another GLR member, Christian Wöhler has written an Octave executable
program in M ATLAB which extracts spectral band images from M oon M ineralogical
M apper (M 3) data files. The evolution of these works represents likely future GLR
activity in lunar geological studies.
Addendum
LROC WAC Previewer written by Jim Mosher
Since our initial work using Octave described above, Jim M osher (author of the well
known program Lunar Terminator Visualization Tool or LTVT) has written a Windows
executable utility program to complete the assembly of LRO images in .img format. The
utility is named the LROC WAC Previewer and is available here:
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http://ltvt.wikispaces.com/Utility+Programs#WAC_Viewer
full documentation on use of the utility is provided at this site. Generally speaking, the
great majority of WAC .img images can be fully assembled by choosing the following
program options: invert framelets, 11, pixel vertical travel, and correct distortion. These
parameters may need to be adjusted for a small minority of WAC .img images, with
deselecting invert framelets and minor adjustments to the 11 pixel vertical travel being
the most commonly encountered adjustments.
The Octave method in some cases produces superior contrast images that more match the
original unconverted image in the LROC image browser with less post processing. So
overall the results using Octave provide an alternative way of investigating the LROC
WAC images for the study of lunar surface features. Examples of processed images can
be found here http://moonscience.yolasite.com/lroc-wac.php.
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[1] Eaton, JW, Bateman D, and Hauberg S. (2008) GNU Octave M anual Version 3.
ISBN: 0-9546120-6-X (publ: Network Theory Limited)
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Figure 1

Figure 2
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Figure 3: M119428924ME.img (Eimmart crater area)
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Figure 4: M116445760MC (Copernicus)
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Figure 5: Plato from image M116370355MC_pyr.tif
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Figure 6: M116870007MC-pyr1.tif
(center latitude –4.12° center longitude 95.35°)
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Figure 7: S chiller from M117744442ME
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Lunar cones near Milichius
by Raffaello Lena Geologic Lunar Research (GLR) group

Abstract
This study uses a spectral mapping technique based on Clementine UVVIS-NIR imagery
to assess the composition of the western cone near Milichius. The examined cone has an
elongated base diameter determined as 1.8 x 1.1 km. Its height amounts to 75 ±10 m.
Morphometric properties and geological interpretation are examined relying on highresolution imagery taken by LRO Wide Angle Camera. It is aligned along a linear rille
formed by tensional stress. Lunar cones aligned along a linear rille are evidence for the
presence of near-surface magma and interpreted to be the result of degassing and minor
eruption subsequent to a shallow dike. Elemental abundance maps for Al, Ca, Fe, Ti, O,
and Mg were generated using a matrix regression based spatial enhancement of Lunar
Prospector data. The goal was to evaluate the composition of the mare soil.

1.Introduction
On the Earth, cinder cones form when small gas-driven eruptions fragment lava,
extruding it in small “cinders” that pile up around a central vent. Slopes for terrestrial
cones can be up to 33° because of the angle of repose for cinders, but the greater
dispersal of clasts on the Moon favours lower slopes (McGetchin and Head, 1973).
Lunar cones come in many shapes and sizes: circular (Osiris in Mare Serenitatis),
breached cones with a short sinuous rille disappearing into the mare (Isis in Mare
Serenitatis), or cones that are elongated and aligned along a rille, such as the Flamsteed P
cone (Lena, 2010). Morphometric data about various lunar volcanic features has been
published by Pike and Clow (1981) in an USGS file report. In this paper Pike and Clow
(1981) report for the cone Isis a height of 60 m with a corresponding slope of 4.00°,
while Osiris has a height of 72 m with a slope of 3.54°. The cone near Flamsteed P has a
height of 95 m with a slope of 4.70° (Lena, 2010).
This paper describes two lunar volcanic cones near Milichius described in a previous
study by Viegas et al. (2005). The morphometric characteristics of the lunar cone are
examined relying on high-resolution imagery taken by LRO Wide Angle Camera.
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Furthermore, this study aims for determining the elemental, mineralogical, and spectral
characteristics of the geologic units using Clementine UVVIS+NIR data.
2. Digital images and measurements
Lunar Orbiter IV-133-H2 (Fig. 1a) displays two lunar cones aligned radially on the
flank of a low dome located to the north of the well known Milichius πdome.
The examined region is shown in Fig.2, a Clementine 750 nm imagery.
Two examined cones are well detectable in a recent image released on the LROC website
(WAC M116520385ME), taken with the Wide Angle Camera on 2009-12-27 UT 02:33
(Fig.3). This image was processed using an Octave subroutine which removes most
artifacts present in WAC images not yet fully processed by NASA, but available for
download on the LRO website (Evans and Collins, 2011). Moreover a Windows
executable program has since been written and made freely available by Mosher (2010)
which achieves the same objectives.
The processed image is oriented with north to the top and west to the left. A crop of the
LROC image is shown in Fig. 4. The corresponding solar altitude above the examined
lunar cones when the image was acquired corresponds to 3.04°. The coordinates were
computed using the Lunar Terminator Visualization Tool (LTVT) software by Mosher
and Bondo (2006). The diameter computation for the western elongated cone yields 1.8
km x 1.1 km. According to measurements of the shadow length, the height of the flank of
the western lunar cone amounts to 75 m ± 10 m. The corresponding flank slope angle 
amounts to 4.76° for the steepest part of the cone. Using LTVT the summit of the nearby
Milichius πdome is 215 metres higher than the surrounding plain, according to
preceding studies (Lena et al., 2005; Wöhler et al., 2006).
In the probe imagery shown in Figs. 3 and 4, the examined features and their summit
craters are strongly elongated and appear different from nearby small craters of impact
origin. Furthermore, the examined lunar cones are aligned along a linear rille likely
produced by a near-surface dike (Head and Wilson, 1996). At a certain depth below the
surface, a dike will cause extension to produce a graben. If the dike is shallow enough,
then degassing of the dike can occur and cones will be produced, a mechanism proposed
by Weitz and Head (1999) for the origin and formation of lunar cones such as Isis, Osiris
and Mons Esam. These findings support the interpretation that the examined features,
with their elongated craters, are of volcanic origin.
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Figure 1a (top): Lunar Orbiter IV-133-H2; 1b (bottom) enlarged image of the lunar
cones.
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Figure 2: Clementine 750 nm imagery. The arrow displays the region of interest.
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Figure 3: WAC M116520385ME (see Fig.2 for reference).
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Figure 4: A crop of the LROC imagery WAC M116520385ME. The western dome
is located at longitude 32.10°W and latitude 10.62° N.
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Figure 5
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3. Spectral analysis
3.1 Methodology using Clementine UVVIS-NIR multispectral imagery
The 5 UVVIS (415, 750, 900, 950, and 1000 nm) and 4 NIR wavelengths (1100, 1250,
1500, 2000 nm) are available at the PDS Map-a-Planet site (http://www.mapaplanet.org/
explorer/moon.html). This work employs the Clementine UVVIS+NIR spectral mapping
technique developed by Evans et al. (2009a; 2009b). The technique is used to produce
spectral maps of the principal spectral mafic absorption features for lunar terrain of
interest. It was employed here in an attempt to discern the mineralogy of the examined
lunar cone. The spectral mapping was obtained using the implementation in Octave as
described by Evans and Lena (2010).
The spectral data (cf. Fig. 5) resulted in the automated production of maps concerning:
a) band center minimum
b) band depth
c) FWHM (full height at half maximum).

3.2 Clementine multispectral analysis
Examination of spectral maps prepared using the Clementine UVVIS+NIR dataset
reveals that the region of interest (marked with an arrow in Fig.2) is composed of
clinopyroxene bearing rock with the presence of olivine, with a band absorption center
near 1.09 μm, a FWHM width of 0.31 μm and a band depth of 4.2% (cf. Fig. 5). Because
band depth can be affected by very high optical maturity (OMAT) values, an OMAT
map was created for the region and is shown in Fig. 5. OMAT values are not high
enough to affect band depth estimation being indeed less than 0.3 except in the Milichius
crater wall itself. More details on OMAT mapping in general is discussed by Evans et al.
(2009b) and a key reference is the work by Lucey (2000).
The individual Clementine spectral plot, shown in Fig.6, is also consistent with the
presence of high-Ca pyroxene with a band centre at 0.970 μm and a second deeper
absorption at 1.09 μm, which is due likely to an olivine component in the basaltic lavas.
It is well known that thermal instability in the Clementine NIR cameras causes some
calibration problems for NIR wavelength images. As a result, Clementine UVVIS+NIR
images with the standard USGS calibration do not conform perfectly to spectra taken
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Figure 6: Individual Clementine spectral plot for the marked region corresponding
to the examined lunar cones.

Figure 7: Maturation image (see text for detail).
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with Earth based telescopes. In this paper a calibration based on Keck spectra of eight
central crater peaks was derived. The result of applying this is shown in Fig. 6. However,
the two calibrations do not produce radically different results. More information about
spectra obtained using the different calibration are reported in the recent manual for lunar
spectral work published in Selenology Today #19. Combined image ratios created from
415, 900, 950 and 1000 nm images provide additional information on surface maturation
and surface mafic constituents. To create a maturation image, the R0.750 /R0.415 μm ratio
image is assigned to the red channel, the R0.750 /R1.000 μm ratio image to the green channel,
and the R0.415/R 0.750 μm ratio image to the blue channel. Immature surfaces appear
greenish-blue while older mature soils appear red. Yellow color signals indicate freshly
excavated basalt features, especially when found in crater and rille walls. The process of
surface maturation causes a reddening of the surface spectra (increase of a positive slope)
and a decrease of the spectral contrast of the absorption bands. Due to some artifacts in
the Clementine imagery (415 and 900 nm) and the high OMAT values in the Milichius
crater, the interpretation of its composition should be carefully assessed. In the mafic
image the usual scheme is to assign R0.750 /R0.900 μm ratio to the red channel, R 0.750/R1.000
μm ratio to the green channel and R0.750/R 0.950 μm ratio to the blue channel (Tompkins et
al., 2000). The color signature of the high calcium pyroxenes is bluish green through
bluish violet while the signature of a low calcium pyroxene (orthopyroxene) is distinctly
red. On this basis, it appears that the mafic ratio image (Fig. 7) supports a high calcium
pyroxene as the principal mafic component of the Milichius floor. The individual
Clementine spectral plot, shown in Fig. 9, is also consistent with the presence of high-Ca
pyroxene with a band absorption at 0.950 μm.
In order to investigate the style of the eruption conditions, the spectral data were
compared with the spectra extracted from the cones Mons Esam, Isis, Osiris and
Flamsteed P (cf. Lena, 2010), which are aligned along a rille without any apparent
associated pyroclastic deposit, according to the preceding study by Weitz and Head
(1999). The multispectral images reveal that the material of the cones appear comparable
to those of Isis, Osiris, Mons Esam and Flamsteed P (Fig.10). Compared to the two well
known cones Isis and Osiris, the examined cones display a lower R0.415/R 0.750 μm ratio
(0.622 vs. 0.660) indicating a lower TiO2 content. Moreover the material does not have
the typical signature of volcanic glasses, compared as “black bead” and “orange
glasses” (Gaddis et al., 2003). The lack of volcanic glass signature may be due to large
gas bubbles in the magma. In this case only larger clasts were formed during
fragmentation of the magma.
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Figure 8: Mafic image (see text for detail).
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Figure 9: Individual Clementine spectral plot for the Milichius floor.
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Figure 10: Spectra of the examined lunar cones compared with the cones Isis,
Osiris, Mons Esam and the cone reported near Flamsteed P formation (cf. Lena,
2010).
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4. Elemental Abundances and petrographic maps using Clementine UVVIS-NIR
data
Lunar Prospector (LP) data provides elemental abundance ground truth, but at low spatial
resolution. This resolution, however, may be increased using the method described by
Wöhler et al. (2009) which represents LP data in terms of a transformation of spectral
parameter maps for the absorption trough near 1 μm derived from Clementine
UVVIS+NIR imagery. Mathematically, a data matrix can be represented by the
transformation of a second matrix according to equation (1) where matrix x and matrix b
are of the same width:
Ax = b

(1)

Using this model, the global LP elemental abundance map for a given element is termed
the ground truth matrix and is matrix b. A set of spectral parameter maps includes the
band center, band depth, FWHM and slope, where only the deepest minimum is
regarded, and their quadratic combinations. In addition to the spectral maps described
above, their pairwise product maps are also added to matrix x. Matrix A is the coefficient
matrix giving the gain and offset values that matrix b must be applied to effect its
transformation into a form approximate to matrix x.
When the equation Ax = b is solved for A using standard linear algebra techniques, one
obtains the gain and offset coefficients necessary to transform matrix x into an
approximation of the ground truth matrix b. Matrix A has height one and width equal to
the number of rows in matrix x. The last element in Matrix A is the offset and all other
elements are gain coefficients. This feature set does not comprise the albedo itself, and
produces a similarly good fit to the global LP data as the Lucey Fe and Ti abundances
(Lucey et al., 2000).
These gain and offset coefficients, once derived, are also applicable to any other set of
Clementine based spectral maps even though they represent a much higher spatial
resolution than the global maps used to determine the coefficients. The uncertainty of the
derived elemental abundance maps is ± 1 wt%. Based on this approach, the abundances
of the elements Ca, Al, Fe, Mg, Ti, and O were estimated (Fig. 11). The wt % range for
the Figure 11 is as follows: aluminum (0-20 wt %), calcium (2-18 wt %), iron (0-25 wt
%), magnesium (0-16 wt %), oxygen (40-47 wt %), and titanium (0-6 wt %). The
elemental abundance values are reported in Table 1, compared with the elemental
abundances inferred for a cone near Flamsteed P (Lena, 2010). Consequently, the Mg/Al
ratio (0.635) is lower than would be expected for a volcanic glass: most volcanic glasses
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have Mg/Al ratios in the range of 1.7 to 3.3.
The topographic distribution of rock types can be derived from elemental abundance
maps using the three end-member model described by Berezhnoy et al. (2005). The
petrographic map shown in Fig. 12 indicates the relative fractions of the three endmembers mare basalt (red channel), Mg-rich rock (green channel), and ferroan
anorthosite (FAN, blue channel). Another petrographic basalt map was created to
distinguish between different mare basalt types in the Milichius region. The map
displays the relative fractions of the three basalt end-members titanium-poor mare basalt
(red channel; 9.25 wt% Al, 1.6 wt% Ti), aluminous mare basalt or highland material
(green channel; 14 wt% Al, 0.5 wt% Ti), and titanium-rich mare basalt (blue channel; 6.3
wt% Al, 3.6 wt% Ti). The relative fractions were inferred from a ternary diagram in the
space spanned by the Al-Ti abundances.
However the elemental abundances values and petrographic/basalt maps of the crater
wall of Milichius itself cannot be trusted because of their high OMAT values and of
some artifacts in the Clementine multispectral images (cf. section 3).

5. Results and discussion
As can be seen on the LROC imagery (Fig.4), the cones are aligned radially on the flank
of a low dome. Therefore, a study of the cones requires some consideration as to the
nature of the neighbouring dome. It shows no distinct coloration from the surrounding
mare material. There is a sinuous bright feature that extends out of its surface into the
surrounding terrain interpreted as a lava flow front. A rille-like feature, north of the
summit crater, which extends into the surrounding terrain to the east, bisects the dome.
This straight rille is not a lava channel and may be interpreted as the surface
manifestation of a dike, suggesting that the cones formed from an eruption occurred
along a lateral fissure and not from a central conduit. According to Head and Wilson
(1996) lunar cones aligned along a linear rille are evidence for the presence of near
surface magma and interpreted to be the result of degassing and minor eruption
subsequent to a shallow dike. The presence of a lunar cone implies that gas may be
released from the erupted magma, causing disruption of the magma and subsequent
dispersal of the clasts (Weitz and Head, 1999).
The 5-band Clementine UVVIS data have been used to characterize lunar pyroclastic
deposits and their composition (Gaddis et al., 2003). The spectral analysis reveals that
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Figure 11: Elemental abundances

page 27

GEOLOGIC LUNAR RESEARCH

SELENOLOGY TODAY # 21

the material of the examined cone appears comparable to those of Isis, Osiris, Mons
Esam and Flamsteed cone (Fig. 10) and the lower R 415/R 750 μm ratio indicates a lower
TiO2 content when compared with the other cones. Moreover, based on mapping the
previously extracted spectral features to Lunar Prospector gamma ray spectrometer data,
the abundances of the elements Ca, Al, Fe, Mg, Ti, and O were computed (Fig. 11).
Accordingly the presence of significant amounts of volcanic glasses in the examined
cones appear to be unlikely based on the low Mg/Al ratio below 1. The lack of associated
dark deposits and volcanic glass signature may be due to large gas bubbles in the magma,
producing only larger clasts during the fragmentation. The soil around the lunar cone
displays an absorption band at 0.970 μm, indicating the presence of high-Ca pyroxene,
with a broad absorption band centred at 1.090 μm due to an olivine component in the
basaltic lava. The orange color in the petrographic map indicates the presence of a mare
basalt composition. The blue coloration indicates very low iron rock, typically consistent
with ferroan anorthosite or generally highland-like material appearing green in the
petrographic basalt map. In this last map the soil of the examined cones appear admixed
by highlands material, thus the green colour. In contrast, the map displays many spectral
halo craters which brought Ti-rich mare basalt (blue) up to the surface.
Note that the high OMAT value (larger than 0.35) of part of the inner wall of Milichius
makes it impossible to interpret elemental abundance values or to interpret petrographic
map pixels for it.
The height of the examined cone was computed as 75 ± 10 m, resulting in a flank slope
angle  of 4.76°.
The volume of the western cone was, then, estimated according to the empirical relation :
Vcone = (0.408) h D2 established by Wood (1979), corresponding to a form factor of f =
0.52. Hence the volume corresponds to 0.09 km3. For comparison volumes of 0.20, 0.16
and 0.071 were estimated for the Flamsteed cone, Osiris and Isis, respectively.
According to Wood (1979) the smaller volume for the examined cones imply that their
construction rates were low and their magma chambers were smaller and at shallower
depths than is typical for the terrestrial cones.
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Table 1. Elemental Abundances
cones

Ca

Al

Fe

Mg

Ti

O

near Flamsteed P

9.4%

9.1%

12.9%

7.8%

2.2%

43.2%

near Milichius

9.4%

10.7 %

10.1%

6.8%

1.7%

44.5%

(*) data about the cone near Flamsteed P are reported in a preceding study (Lena, 2010).

Figure 12: The petrographic map (left) indicates the relative fractions of the three
end-members mare basalt (red channel), Mg-rich rock (green channel), and ferroan
anorthosite (FAN, blue channel). The crater wall of Milichius is masked. The
petrographic basalt map (right) indicates the relative fractions of the three basalt
end-members: titanium-poor mare basalt (red channel), highland material (green
channel) and titanium-rich mare basalt (blue channel).
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Measurements of Selected Montes Alpes Peaks
By Howard Eskildsen
Association of Lunar and Planetary Observers, American Lunar Society, Alachua
Astronomy Club

Abstract
Elevation measurements of 9 peaks or prominences along the western edge of Montes
Alpes were made under lunar sunrise illumination using LTVT and images from an 8”
refractor. Peaks’ elevations ranged from 1200 meters to 3100 meters with an estimated
error of ± 200 meters, however conditions did not permit measurement of Mount Blanc,
which is likely higher than any peaks measured in this study.
Introduction
Montes Apes (Fig. 1) stretches approximately 300 km between Cassini and Plato as part
of the northeastern rim of Mare Imbrium and was created by the catastrophic collision
that excavated the Imbrium basin (Wilhelm, 1987). Its western margin rises abruptly
from Mare Imbrium with multiple peaks that give way to lower hummocky terrain which
gradually slopes downward towards the northeast. It was named by Johannes Hevelius in
the 17th century (Mosher, 2010). Notable features in the formation include the well
known cleft of Vallis Alpes, and the prominences of Mons Blanc, Promontorium Deville,
and Promontorium Agassiz.
Method
The image used for elevation measurements was taken at Ocala, Florida, 82.07° west,
29.18° north, with a D&G Optical 8-inch, f/12, refractor and an Orion StarShoot Solar
System Color Imager II. A 30-second AVI file was acquired then stacked with Registax
2 to produce a single image. Further processing was done with Photoshop Elements 6.0
to sharpen and adjust tones and contrast of the image. The image was loaded to the Lunar
Terminator Visualization Tool (LTVT) and calibrated using craters Egede B and Marco
Polo B, selected from the ULCN 1994 list of control points. Calibration was verified by
measuring the position of Aristillus A which was within 0.06° longitude and 0.02°
latitude of its ULCN 1994 coordinate. Shifting the measurement points by this amount
resulted in a discrepancy of 15 meters which is much lower than the estimated error of
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the measurements. The reverse shadow length mode was used to determine the relative
elevations of the features measured. The reference point, marked by a blue “+” symbol,
was carefully placed at the margin of the shadow and then the cursor was placed as
precisely as possible over the intersection of the shadow margin and the red line that
radiates sunward from the reference point. Estimated elevation and the lunar coordinates
of the point of measurement were recorded from the LTVT data box.
After carefully recording coordinates and measurements listed in this paper, the
measurements were then repeated and compared to results of independent measurements
by M. Collins from a global lunar digital elevation map (DEM), obtained with the Lunar
Orbiter Laser Altimeter (LOLA) instrument on the Lunar Reconnaissance Orbiter (LRO)
spacecraft, which is used to derive a rendered image with LTVT (cf. Addendum) and
assuming the same illumination conditions as in Fig. 2. It allows to estimate the
measurement error of ± 200 meters.
Results
Elevation measurements are shown rounded to 100 meters, with error estimated at ± 200
meters. Raw measurement data is on the images (Fig. 2 and Fig. 3).
Discussion
Direct comparison of these measurements with prior measurements was problematic
possibly since no other measurements could be found for five of the peaks observed.
However, all but two of the results fell within the elevation range of 1.8-3.5 km listed by
Wood (Wood, 2003) and finding some peaks lower than that would be expected. The
measurement of Promontorium Agassiz of 2500m compared well with 2470m recorded
by Boint 2001, and was within 300 meters of the 2.28 km measurement by Cherrington,
1969 (Mosher, 2010). Other comparisons included Peak #2 (Fig. 2) 2800m, compared to
2760m per LAC Chart 12; peak #3 2800m (Fig. 2) compared to 2840m per LAC Chart
12 (Schimerman, 1967). Promontorium Deville presented more of a challenge since there
were doubts whether the spike on the south end of the promontorium shadow was due to
a high point on the ridge or due to local maria surface irregularities. If it truly represented
the maximum elevation of the promontorium, its height of 3100m (point #9a, Fig. 3) was
very close to the elevation of 3050m per LAC Chart 25 (Schimerman, 1966). If,
however, the shadow spike represented a contour in the local topography, then the point
#9 elevation (Fig. 2), 2600m, was considerably lower than the value on the LAC chart. It
should be noted that on the LAC 25 a massif that lies 35 kilometers north-northeast of
Promontorium Deville is mislabeled as the promontorium, but the elevations referred to
above were from the correct location of the promontorium.
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Conclusion
Nine points were measured along the western margin of Montes Alpes, five of which had
no known prior measurements. Elevations of selected peaks and ridges in Montes Alpes
appeared to correlate well with prior measurements where they were available. The
exception might be Promontorium Deville, if the shadow spike was cast by local maria
anomalies and not by a high point in the promontorium. To my mind this was not
resolved and will need further measurements to clarify.
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TABLE
Feature

Elevation

Lunar Coordinates

1. Unnamed Peak

1800 meters

01.93W 52.28N

2. Unnamed Peak

2800 meters

01.13W 49.90N

3. Unnamed Peak

2800 meters

03.03W 48.70N

4. Data discarded due to inability to determine which peak cast shadow.

5. Peak SW of Vallis Alpes

1400 meters

00.34W 47.11N

6. Unnamed Peak

1200 meters

00.49W 46.63N

7. Unnamed Peak

2300 meters

00.17E 46.30N

8. North of Prom. Deville

3000 meters

01.09E 43.90N

9. Promontorium Deville

2600 meters

01.13E 43.51N

9a. Promontorium Deville

3100 meters

01.13E 43.39N

10. Promontorium Agassiz

2500 meters

01.73E 42.59N

Note: Unable to measure Mons Blanc due to shadow conflict with lower terrain.
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Figure 1
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Figure 2

Figure 3
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Addendum

Comparison of actual elevation measurements with independent data measured by M.
Collins from a global lunar digital elevation map (DEM), obtained with the Lunar
Orbiter Laser Altimeter (LOLA), and LTVT.

Feature

by Author

by M. Collins

1. Unnamed Peak

1779 meters

1968 meters

2. Unnamed Peak

2788 meters

2782 meters

3. Unnamed Peak

2787 meters

3075 meters

4. Data discarded due to inability to determine which peak cast shadow.

5. Peak SW of Vallis Alpes

1441 meters

1489 meters

6. Unnamed Peak

1243 meters

1521 meters

7. Unnamed Peak

2278 meters

2498 meters

8. North of Prom. Deville

3039 meters

3032 meters

9. Promontorium Deville

2617 meters

2703 meters

10. Promontorium Agassiz

2467 meters

2613 meters
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On the visibility of the earliest crescent moon: An Islamic calendar for Makkah
by Abdelhamid Bentchikou, Moiz Rasiwala, Amit Patel
Abstract
This paper wants to shed a new light on the Islamic calendar for Makkah. This very
practical problem has impact on the lives of millions of pilgrims across the world
because the date of the Hajj, or the great annual pilgrimage, depends on an accurate
calendar. Modern astronomical methods make it quite possible to establish an accurate
calendar for Makkah decades in advance. This article enlarges upon the traditional
Islamic idea of beginning the new month when the first crescent is observed in the
evening sky, as reported by two reliable witnesses. The concept of the limiting horizon is
introduced as defined by the time interval between sunset and the early morning prayer
in Makkah at each birth of the new moon. Any visibility within the limiting horizon, at
any intermediate horizon, is considered as visibility at Makkah itself. The concept of the
limiting horizon permits the use of plotted visibility curves in order to predict the
visibility of the early crescent to a high degree of accuracy. Some recent photographs of
the early crescent are published in the article. They validate concretely the accuracy of
our hypothesis
I. Lunar calendars
Lunar calendars, just like solar calendars, are as ancient as the recorded history of
civilisations. The only purely lunar calendar in use at present is the Islamic or Hegirian
calendar in which the twelve months of the year follow twelve lunar cycles. Since the
lunar year is shorter than the solar year by a period of 11 to 12 days, the Islamic months
drift across the seasons in a cycle of approximately 33 lunar years.
Most other lunar calendars, the Hebrew, the Chinese, the Hindu calendars are in fact
lunisolar calendars. To keep the months in phase with the seasons, even whilst
accounting for the shortness of the lunar year with respect to the solar year, an intercalary
13th month is introduced every three years in general. These calendars are used
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essentially for religious purposes whereas the Hegirian calendar is also the recognised
commercial calendar in some Islamic countries like Saudi Arabia.
II. The Calendar of Makkah
It is well known that the beginning of the Islamic month is based on the visibility of the
earliest crescent moon as reported by two reliable witnesses. Thus, depending on local
sighting, the calendar differs from one place to another. Amongst all the possible local
Islamic calendars, that of Makkah is specially precious in order to determine the date of
the annual pilgrimage. It concerns not only the Arabian peninsula but also the countries
to the North, to the South and to the West of the peninsula. On certain months the
calendar might also apply to the countries lying to the East. Thus it is essential to create
a calendar for Makkah which is both totally scientific in nature and which respects
Islamic tradition. In order to be useful, it must be possible to establish such a calendar
over a long span of time depending on the predicted visibility of the New Moon. The
calendar of Makkah is not the universal Hegirian calendar. But it can be a decisive step
towards a universal calendar for Islam.
III. Islamic tradition : some references to religious texts
The highest authority in Islam is the Koran. Islamic law and tradition (the Sharia) are an
expression of the Koran in legislative and social terms. A second authority is contained
in the sayings and doings of the Prophet as recorded by a chain of reliable witnesses.
These are known as the Hadith. Even in an article of scientific interest it is not irrelevant
to reproduce some references to religious texts pertaining to the Islamic calendar. These
texts are the ultimate authority in establishing a scientific Islamic calendar. We give the
texts as an annex at the end of this article.
IV. Each spot in the world has its own calendar
As remarked before, because of the varying visibility of the new crescent, each place in
the world will have its own local calendar. In practice, however, each country will refer
the calendar to the capital or some other important metropolitan town. The calendar thus
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used will be of a conventional nature. Conflict in fact can arise, and has arisen several
times, between the conventional calendar and actual local observation.
We thus have the choice between observing the beginning of the Hegirian months from
an agreed unique location – which seems rather difficult to admit – or, more broadly, by
reference to a unique location.
V. The official calendar used by the Saudi Arabian government
Known as the Umm al-Qura calendar the Saudi Arabian government uses the following
criteria for determining the beginning of the Islamic month. These criteria apply since the
Islamic year 1423 (current Islamic year: 1431):
If on the 29th day of the lunar month the two following conditions are satisfied, then the
next day is the first day of the new lunar month:
1. The geocentric conjunction occurs before sunset
2. The moon sets after the sun
Otherwise, the current month lunar month will last 30 days. It is obvious that the actual
sighting of the young crescent is not taken into account. Many discrepancies have been
reported about the beginning of the lunar month under these circumstances. Even if the
conjunction is shortly before sunset, with no possibility of viewing the crescent on that
particular evening, the month will be declared as over, contrary to Islamic tradition.
VI. The criteria for observing the new moon
Low on the horizon, faint and thin, the young crescent is indeed difficult to observe. The
following scientific criteria determine the actual observation of the crescent:
1. The arc of light (elongation, meaning separation of the moon from the sun),
2. The arc of vision (the altitude the of moon from the sun),
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3. The altitude of the moon above the local horizon,
4. The width of the crescent,
5. The distance of the moon from earth,
6. The distance of the earth from the sun.
We will exploit these terms in greater detail in the course of this article. In practice, at
least ten hours must elapse after conjunction before the angular separation between sun
and moon will be sufficient to give a chance to observe the crescent. Local atmospheric
conditions will also obviously play a role.
VII. What to do in practice
Obviously, the traditional method would be to try to observe the crescent in Makkah
itself. Normally, if the crescent is not visible on the 29th lunar day, the month would be
extended to 30 days. The new idea we have developed is the following: if, after
conjunction, the new moon is sighted to the west of Makkah before the morning prayer,
the sighting can be considered as having taken place as having taken place in Makkah
itself. The month will be ended at 29 days in this case. Otherwise it will be prolonged to
30 days. Instead of the narrow interval of time around sunset in order to observe the
crescent, we now dispose of the whole night (until the morning prayer) to observe the
crescent anywhere west of Makkah. This leads to the concept of the limiting horizon and
of an intermediate horizon developed in the next paragraph. We might add, that the time
of the morning prayer in Islam, called fajr in Arabic, is of solar nature, defined as the
moment of early dawn.
VIII. The method used for elaborating the Makkah calendar
The earth rotates around its axis once every 24 hours. This means that every point on
any given longitude describes a circle of 360° around the axis of rotation defined by the
straight line which traverses the North and the South poles. We can thus affirm that 24
hours (or 24 x 60 = 1440 minutes) correspond to 360°.
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Knowing the time of sunset in Makkah on the evening after the birth of the new moon,
as well as the time of the fajr prayer which follows – meaning the fajr of the day which
follows that of the birth of the new moon – it is very simple to calculate the time
difference between the two. In fact, this interval of time varies between roughly 12 hours
when the nights are the longest and 9 hours when they are the shortest. The simple rule
of three tells us that if 24 hours correspond to 360°, then 12 hours correspond to 180°
and 9 hours to 135°. For each day of birth of the new moon, this elementary rule of
proportionality thus allows us to convert into a space interval – or, more precisely, into
an interval of longitudinal degrees – the time interval between sunset at Makkah and the
fajr of the next day, both referred to the new moon.
The calculation of the Limiting Horizon (LH) is now very easy : it is the visibility to the
extreme West of Makkah, circumscribed by fajr in this town.
Now Makkah is situated at a longitude of 39.8° East of the Greenwich meridian. Let us
simplify this figure to 40° East and let us give a concrete example: suppose that the
duration between sunset in Makkah on the day of the new moon birth and the prayer of
fajr on the next day is 12 hours, which corresponds to 180° of longitude. Towards the
West of Makkah, we will have to cover 40° in order to reach the Greenwich meridian
and again cover a further 140° in order to reach our limiting horizon. In this case, LH =
140° West.
We postulate that any visibility of the crescent until 140° West will be considered as
visibility referred to Makkah. A corollary immediately follows: if the visibility is
achieved before the limiting horizon, at an Intermediate Horizon (IH), it will be
already considered as visibility referred to Makkah.
In practice, we have used the visibility curves provided by Syed Khalid Shaukat (http://
www.moonsighting.com). Some examples of recent visibility curves are given below
(Fig. 1-4), whereas the method of plotting the visibility curves is given in the last section
of this article.
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Figures 1-2
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Figures 3-4
The different colours represent extended zones of different patterns of visibility on earth
between the latitudes 60° North and 60° South. The curves are plotted for the day of
birth of the new moon (except when visibility is impossible on earth on this day) and the
two following days.
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We have retained the most convenient visibility, represented by the green and the blue
fields. We have avoided the exclusive use of the green fields, because this leads to an
impossible result: in 1430, for instance, we would end up with too many months of 30
days and a Hegirian year of close to 360 days.
One also has to emphasize that the blue fields represent vast regions of the globe and
perfect conditions of visibility will certainly be achieved at some place or another. We
further point out that the use of an optical instrument in case of necessity is hardly
contrary to Islamic law.

IX. Calculation of the Q factor or the “Ease of visibility” of the early crescent
We have already remarked that it is no easy feat to observe the early crescent with the
naked eye. However, if astronomy tells us that the crescent is going to be visible and
gives us its ease of visibility, then we can redouble our efforts of sighting and even try to
photograph the crescent, atmospheric conditions permitting. The following paragraphs
explore this “ease of visibility”.
IX.1 The notion of “Best time of visibility” or Tb
One might think that the best time for observing the new crescent moon is just before it
sets in the night sky. This is however not so. If the crescent moon is observed too early
after sunset, the sky might be still too bright to obtain visibility of the faint object. If we
wait too much, then the intrinsic visibility of the crescent will diminish, and, again, it will
not be visible. In his paper, Yallop (B. D. Yallop, A Method for Predicting the First
Sighting of the New Crescent Moon, HM Nautical Almanac Office, NAO Technical
Note N° 69, June 1997, Updated April 1998) uses earlier results to give an empirical
formula for the “Best Time” of visibility. According to him:
Tb = Ts + 4/9 * Lag
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In this equation Ts is the time of sunset and Lag is the time difference between sunset
and moonset (in minutes, for example).
We will use the example of observing the new moon of November 2009 in Makkah and
at an Intermediate Horizon IH. The new moon is born on the 16th at 19 H 15 M
(Universal Time). This is too late to give any visibility on the 16th in Makkah. On the
next day, 17 th November, there is still no visibility in Makkah, but the Intermediate
Horizon at 30° W 30° S is green. As an example, we will calculate the Q factor for 17th
November 2009, both for Makkah and for IH as above.
Best time of observation in Makkah (17/11/2009 ; 21°25’0” N 39°49’0” E, seconds
neglected:
Ts = 14:38
Moonset = 15:01
Lag = 0:23
Tb (Makkah) = 14:38 + 4/9(23 minutes) = 14:48
Best time of observation at IH 30°W 30° S (17/11/2009, Using Sunset Moonset
computing in MICA, Multiyear Interactive Computer Almanac software. It is easy to use
astronomical almanac from the U.S. Naval Observatory. More information about it is
available at http://aa.usno.navy.mil/software/mica/micainfo.php).
Ts = 20:36
Moonset = 21:39
Lag = 01:03
Tb (IH) = 20:36 + 4/9(63 minutes) = 21:04

IX.2 Coordinate systems
Angles will be measured either in geocentric, topocentric or celestial coordinates.
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Geocentric means from the centre of the earth. A position measured in geocentric
coordinates does not depend on latitude or longitude since observations are from a fixed
point.
Topocentric means from each local horizon. Topocentric coordinates from Makkah will
use the horizon at Makkah.
Celestial coordinates are used to fix position of heavenly bodies on the celestial sphere.
The celestial sphere is the huge sphere which seems to surround us day and night. It is an
indefinite projection of the spherical earth. The projection of the earth’s equator on the
celestial sphere is the celestial equator. The apparent path described by the sun on the
celestial sphere is known as the ecliptic. Since the axis of the earth is tilted by 23.5° with
respect to the plane of its orbit, the planes of the ecliptic and of the celestial equator are
also tilted at the same angle. They intersect in two points called the vernal and the
autumnal equinox.
Celestial coordinates are like longitude and latitude on earth. Celestial longitude is also
called Right Ascension. It is measured along the celestial equator starting from the vernal
equinox and counted in degrees or, more traditionally, in hours, minutes and seconds (24
hours = 360 degrees). Celestial latitude is also called Declination. It is always measured
in degrees, positive if the celestial body is north of the celestial equator, negative if it is
south of the celestial equator.
Finally, azimuth is the clockwise angle starting from the North until the direction of the
heavenly body is reached.
1X.3 Four definitions
IX.3.1 Arc of Sight or ARCS
It is the angular distance in degrees between the Moon’s centre and the horizon at the
time of local sunset. It is equal to the topocentric altitude of the Moon at local sunset.
The angle is to be measured at the “best time”.
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IX.3.2 The Arc of Light or ARCL
The following two diagrams have been taken from the article of Ilias M. Fernini,
Yallop’s criterion as a test for the earliest crescent visibility, College of Science,
Department of physics, U.A.E. University, Al-Ain, P.O. Box, 17550 U.A.E. Date of
publication not available.
ARCL is the angle subtended at the centre of the Earth by the centre of the Sun and the
centre of the Moon.
ARCL allows the calculation of the width of the lunar crescent (W or WOC) according to
a formula given later. ARCL is frequently called the lunar elongation.
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IX.3.3 Delta azimuth
Delta Azimuth or DAZ is the difference in azimuth between the Sun and the Moon at a
given latitude and longitude, the difference is in the sense azimuth of the Sun minus
azimuth of the Moon.

IX.3.4 The Arc of Vision or ARCV
ARCV is the geocentric difference in altitude between the centre of the Sun and the
centre of the Moon for a given latitude and longitude, ignoring the effects of refraction.
Angles ARCL, ARCV and DAZ satisfy the equation
Cos ARCL = Cos ARCV * Cos DAZ
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so only two of the angles are independent variables. ARCL and ARCV are not directly
observable and have to be computed from the celestial longitudes and latitudes of the
Sun and the Moon.

IX.4 Example of Makkah
First of all we calculate ARCL and ARCV. For this we need from MICA LS, the
geocentric celestial longitude (or Right Ascension) of the Sun and LM, the geocentric
celestial longitude of the Moon. We need DM , the celestial latitude (or declination) of the
Moon. We further need DAZ as defined above. Values for Makkah on 17th November
2009 at 14:48 (Best Time).
LS = 235.39°
LM = 245.01°
DM = - 3.76° (the moon is south of the celestial equator)

page 51

LUNAR CALENDAR

SELENOLOGY TODAY # 21

Azimuth of Sun = 250.62°
Azimuth of Moon = 241.97°
DAZ = 8.65°
RP = Radius vector of the moon (earth – moon geocentric distance = 392 357.996
km = 61.52 (in terms of the equatorial radius of the earth or 6378.1370 km)
Finally, ARCS or Alt M (topocentric altitude of moon) = 1.75°
Now:
ARCL = Cos -1 (Cos(LM – LS) * Cos D M) = 10.32°
ARCV =Cos -1 (Cos ARCL/Cos DAZ) = 5.6484°
We now calculate the semi diameter SD of the Moon in seconds of arc with the
following formula:
SD

= 56204.92/RP * (1 + Sin Alt M/RP) = 0.2539°

Yallop gives for the width of the lunar crescent W the following equation:
W = SD * (1 – Cos ARCL) = 0.2468’ (minutes of arc) = 0.0041°
Finally, with ARCV in degrees and W in minutes of arc,
Q = (ARCV – 11.8371 + 6.3226 W - 0.7319 W2 + 0.1018 W3)/10 = - 0.467
According to Yallop:
Easily visible or green means

Q > +0.216

Visible under perfect conditions or blue means

+0.216 ≥Q > - 0.014

Optical aid probably needed or grey

- 0.014 ≥Q > - 0.160

Optical aid certainly needed or red

- 0.160 ≥Q > - 0.232

Not visible or black

Q < -0.232
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So, on 17 th November 09 at 14:48, visibility is not there at Makkah (black).

IX.5 Example of intermediate horizon 30°W, 30°S at 21:04
We have:
LS = 235.65°
LM = 248.32°
DM= - 3.55°
Azimuth of Sun= 243.47°
DAZ = 243.47 – 244.69 = 1.22 (always +)
Azimuth of Moon = 244.69°
Zenith distance of Moon = 84.26°
AltM = 90° - 84.26° = 5.74°
Distance earth –moon (geocentric) = 393315 km so RP = 393315/6378 = 61.67
SD according to MICA (illumination of disc) = 15’ 11.14” = 911.14”
ARCL = Cos -1 (Cos(LM – LS) * Cos D M) = 13.15°
ARCV = Cos -1 (Cos ARCL/Cos DAZ) = 13.10°
SD = 56204.92/RP * (1 + Sin AltM /RP) = 0.2536°
W = SD * (1 – Cos ARCL) = 0.3986’ (minutes of arc) = 0.0066°

Finally, with ARCV in degrees and W in minutes of arc,
Q = (ARCV – 11.8371 + 6.3226 W - 0.7319 W2 + 0.1018 W3)/10 = + 0.367
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According to the Yallop criteria, Q indicates easy visibility in the green.
IX.6 Plotting visibility curves and taking photographs
Once the value of the Q factor is known it is in principle easy – with a good computer
programme – to plot visibility curves by calculating this value for a closely knit grid of
points on the globe.
It is to be noted that the visibility curves on the world map are not for an instant of time.
They are a composite of local sunset time at every point on earth showing the possibility
of sighting the moon on one specific day (date of Gregorian calendar) shown on top left.
That specific day begins at the International Dateline (IDL) at 180º from the prime
meridian of the Greenwich.
The day continues towards west of IDL, and ends at the IDL traversing the 24 hour
period of a specific day.
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In March 2010, the new moon was born on the 15th at 12:02 UTC. The visibility curves
showed a green belt in Canada on the next day.
On our behalf, two photographs were taken of the early crescent on March 16 th:
Photo1

Above photograph was taken by Roy Bishop at Grand Pre, Nova Scotia at approximately
45°07’ latitude and 64°18’ longitude, the moon being 26 hours past new.
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Photo2

Above Photograph was taken by Steve Irvine, also in Canada, at 44.46’ latitude and
80.57’ longitude, the moon being 27 hours and 9 minutes past new. Both photographs are
brilliant and a conclusive proof of the applicability of our calendar. They both are also
published on our dedicated Website (see next paragraph). We have mobilised several
observatories and amateur astronomers to provide us early crescent photographs at places
determined by the visibility curves and situated within the limiting horizon for Makkah.
All these photographs will be published immediately on our Website.
X. A dedicated Website
In order to make the new Makkah calendar available to the general public, we have
created a dedicated Website with the following address:
http://www.makkahcalendar.org
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At present the reader will find the calendars from Islamic years 1431 to 1440 (current
year 1431). We will keep on adding additional years in order to reach Islamic year 1500.
Conclusion
In his days, Galileo established, against all current thought, that it is the earth that
revolves around the sun, and not the contrary. In our days, science – celestial mechanics
in particular – clearly establishes that every point on the globe has its own calendar so
that, ipso facto, a national calendar is neither justified nor legitimate. It is then
remarkable that astronomy can still be used in order to define an accurate calendar for
any given point of the globe for decades in advance. A grid of such calendars for various
metropolitan cities of the world can contribute towards the establishing of a universal
Islamic calendar, or at least calendars that rely on accurate scientific data.

ANNEX TO THE ARTICLE : ISLAMIC TEXTS PERTINENT FOR THE
MAKKAH CALENDAR (SEE § III)
“If you are asked about the phases of the moon, tell them: 'They are marks in time,
intended for men and for fixing the pilgrimage.'” (Koran, Surat 2, verse 189).
As stipulated by the Prophet in several Hadiths, the Hegirian month begins with the
visibility of the new moon. A few are quoted below:
First Hadith
“We are an illiterate community. We neither write nor count. The months are sometimes
like this and sometimes like that, i.e. sometimes with 29 days and sometimes with
30.” (Reported by Al Bukhari, vol. 5, p. 2485, according to the narration of the son of
Omar, transmitted by Said Ibn Awz.)
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Second Hadith
“Fast when you see the crescent and finish fasting when you see the crescent. If you do
not perceive it, complete the month of Sha’ban with 30 days.” (Reported by Al Bukhari,
vol. 5, p. 3476, according to the narration of Abu Hurayra, transmitted by Mohammed
Ibn Ziyad.)
Thus the need for vision, otherwise instruction for completing the month in 30 days.
Third Hadith
“If you see it, fast, and if you see it (again), stop fasting. If you do not see it, determine it
by calculation.” (Reported by Al Bukhari, vol. 5, p. 2467, according to the narration by
the son of Gurat.)
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Mons Hansteen: Morphometry, Principal Component Analysis, Spectral Mapping
and Mode of Emplacement.

by Richard Evans, Raffaello Lena and Christian Wöhler
Geologic Lunar Research (GLR) Group

Abstract
Mons Hansteen is a lunar red spot feature and as such shows high albedo and enhanced
ultraviolet absorption. Red spot features have generally been assumed to be Imbrian and
to have been active before the filling of the maria. However, Hawke et al. (2003) showed
that Mons Hansteen most likely formed after the Imbrian age craters Hansteen and Billy.
This paper explores the age of Mons Hansteen using Principal Component Analysis
(PCA) and mapping of spectral features using Clementine and Selene imagery. Results
were found to be consistent with the interpretation of Hawke et al. No evidence of
emplacement of materials from Hansteen or Billy were found on Mons Hansteen. The
slope and height of Mons Hansteen in images taken with a solar illumination angle of 9°
and 2.1° were computed, and used to derive information about the physical parameters
(lava viscosity, effusion rate, duration of the effusion process), employing the rheologic
model by Wilson and Head (2003).

1. Introduction
Mons Hansteen is a well known lunar red spot feature in the lunar highlands that has a
distinctive arrow-head shape. Lunar red spot features are dome-like or mound-like highalbedo extrusive features of volcanic origin that absorb preferentially in the ultraviolet as
compared to the visible. 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 different from those of mare basalts but also of the highland areas
surrounding them. Among the Red Spots, the highland domes Gruithuisen γ and δthe
nearby Northwest Dome, situated at the border of Mare Imbrium, the three Mairan
domes, located at the eastern border of Sinus Roris, are described as volcanic edifices by
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Head and McCord (1978). Head et al. (1978) discuss their formation from highly silicic
non-mare lavas. Detailed mapping of the distribution of non-mare volcanic material is
provided by Chevrel et al. (1999) based on Clementine UVVIS data. Wilson and Head
(2003) quantitatively determine the rheologic properties of the lavas from which they
formed and estimate the dimensions of their feeder dikes. Hawke et al. (2003)
demonstrate that a further Red Spot, Hansteen α, situated at the southwestern border of
Oceanus Procellarum, is most likely of volcanic origin and was also formed by extrusion
of viscous non-mare lavas. Red Spots are different in appearance than classic lunar
domes in that the lavas that made them appear to be much more viscous, and the main
contenders are dacitic or rhyolitic lavas (Hawke et al. 2002, 2003). These viscous lavas
allow the volcanic features to attain a greater height, volume and steepness than classical
extrusive domes formed from thinner lavas. And these classic extrusive domes formed
from thinner lavas do not absorb preferentially at ultraviolet wavelengths. Examples of
further prominent red spot features include the Helmet formation, Mons LaHire, Lassell,
Lubinezky, the southern Riphaeus mountains and Darney although this is only a partial
listing. Most red spot features are felt to represent volcanic activity from the pre-mare
late Imbrian period of lunar history. The purpose of this paper is to examine Mons
Hansteen more closely using Principal component analysis (PCA) performed based on
the five band Clementine UVVIS dataset; and to further study the geology of Mons
Hansteen using maps of spectral features obtained via analysis of Clementine nine band
UVVIS+NIR images. Furthermore we compute the slope and height of Mons Hansteen
in images taken with a solar illumination angle of 9° and 2.1°. The obtained values are
used to derive information about the physical parameters (lava viscosity, effusion rate,
duration of the effusion process), employing the rheologic model by Wilson and Head
(2003).

2. Overview of the Stratigraphy of the Hansteen Region
A fairly recent study by Hawke et al. (2003) indicates that Mons Hansteen is not covered
by ejecta of nearby Imbrian aged craters Hansteen and Billy (which formed 3.8 to 3.9
Gyrs ago). Its precise age is not known, but stratigraphic studies indicate an age of
roughly 3.74 to 3.6 Gyrs ago (Wagner et al., 2004). The Imbrian impact occurred
approximately 3.91 Gyr ago and most lunar red spot features are assumed to be Imbrian
and to have been active before the filling of the lunar maria in successive flows dating at
approximately 3.55 Gyr (peak), 3.2 to 3.3 Gyr, and 2.4 Gyr ago. Measurement of small
crater impacts on the Mons Gruithuisen features indicate that they formed between 3.85
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and 3.7 Gyr ago. Similar cratering studies for Mons Hansteen have placed its age at
between 3.74 and 3.6 Gyr ago (Wagner et al., 2004). Stratigraphic studies of the craters
Hansteen and Billy indicate that they were created between about 3.8 to 3.9 Gyr ago. If
this dating is correct, no ejecta from Hansteen or Billy could have been emplaced upon
Mons Hansteen. The ejecta of these craters would be iron and titanium rich and to date
no increase in iron or titanium as been detected on Mons Hansteen (Hawke et al., 2003).
3. Shadow length measurements and height of Mons Hansteen
Mons Hansteen is roughly triangular in shape with a dimension of 30 km. Lunar Orbiter
IV image 149-H2 shows a few peaks casting shadows to the west. The lengths of the
shadows indicate height differences with respect to the surrounding surface of about 500600 m. The lower sun angle view of Consolidated Lunar Atlas plate E23 suggests that
the main peaks rises about 1000 m above the mare. The image shown in Fig.1 was taken
on October 30, 2009 at 21:59 UT using a 180 mm Maksutov Cassegrain telescope and a
Lumenera LU 075 M. The AVI clip was processed in Registax 5.0, with a single point
alignment, and the sharpest frame sequences following optimization process were
selected and saved as a Registered Avi clip (340 frames of 1980). Multi point alignment
(420 points) was performed in Avistack and the best frames (210) were stacked to
produce a fit raw file. The FITS file was imported into Astroart software and unsharp
masking was applied. The resulting image was resized (120%) and saved in BMP format
for measurement according to the shadow length method (Fig.1). The image is oriented
with south to the top and west to the right.

Figure 1
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The height values obtained in this study were computed using the LTVT software
package by Mosher and Bondo (2006) which requires a calibration of the images by
identifying the precise selenographic coordinates of some landmarks on the image. This
calibration was performed based on the UCLN 1994 list of control points. The computed
heights were obtained with the shadow length method based on the sun angle at specific
locations of Mons Hansteen and the angular distance from this point to the tip of the
shadow. The reference control points, from UCLN 1994, were Billy K and Billy D. The
scale of the image is corresponding to 0.63 km per pixel computed based on the diameter
of the crater Billy of 45 km. The image was transformed in rectified view and the
diameter computation for Mons Hansteen yields 30 km (North South direction) x 25 km
(largest points in East-West direction). The rectified image is shown in Fig.2. The results
of the shadow length measurements are shown in Table 1.
The southern point of Mons Haansten was taken as reference point (0,0) for profile
computation.

Figure 2
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Latitude [°]

Solar altitude [°] Height [m]

Distance form
reference (0,0)
point [km]

-50.54

-12.31

9.10

551±60

1.79

-50.51

-12.28

9.13

810±60

2.30

-50.47

-12.22

9.16

770±60

5.17

-50.44

-12.19

9.20

720±60

6.37

-50.41

-12.15

9.23

690±60

8.40

-50.40

-12.12

9.24

558±60

9.36

-50.43

-12.05

9.28

550±60

11.4

-50.37

-12.00

9.28

410±60

12.7

-50.34

-11.96

9.29

270±60

14.1

Table 1

Based on measurements of the shadow length, the height of the flank of Mons Hansteen
was calculated for several locations. The height amounts to 810 m and decreases towards
the north and the south. These measurements are drawn as a profile in Figure 3.
Hansteen alpha profile
900
800

Height (m)

700
600
500
400
300
200
100
0
1.8

2.3

5.2

6.4

8.4
distance (km)

Figure 3

page 63

9.4

11.4

12.7

14.1

GEOLOGIC LUNAR RESEARCH

SELENOLOGY TODAY # 21

Similarly, the height of Mons Hansteen was computed using an image acquired under
strongly oblique illumination (solar altitude of 2.1°) by K.C. Pau on December 9, 2008
at 13:20 UT. The rectified image is shown in Fig.4. In this image, the highest point is not
more than 820 m, according to the measurements made on the image acquired with a
solar illumination angle of 9°.

Figure 4

The slope was computed using the relation


= arctan (2h/D),

(1)

where h and D denote the computed height and the diameter respectively, determined for
a specific location of Mons Hansteen. The height amount to 810 ± 60 m for highest part.
Correspondingly, the slope angle is about 3.1° for the steepest part of Mons Hansteen
and decreases towards the north and the south (Table 2). Based on measurements of the
shadow length computed on the image shown in Fig. 4 (H= 820 m) the slope angle
amounts to 3.1° m for highest part.
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Longitude [°]

Latitude [°]

Height [m]

Slope [°]

-50.54

-12.31

551±60

2.09

-50.51

-12.28

810±60

3.10

-50.47

-12.22

770±60

2.93

-50.44

-12.19

720±60

2.74

-50.41

-12.15

690±60

2.63

-50.40

-12.12

558±60

2.13

-50.43

-12.05

550±60

2.09

-50.37

-12.00

410±60

1.56

-50.34

-11.96

270±60

1.03

Table 2
4. Spectral Ratio Study of Mons Hansteen
Compared to the highland domes, Mons Hansteen displays a higher R415 /R750 ratio and a
higher 750 nm albedo. The examined highland domes are spectrally redder than Mons
Hansteen. In the R 750 vs. R415/R 750 and the R750 vs. R950 /R750 diagrams, Mons Hansteen is
located close to the Gruithuisen and Mairan highland domes.
In the R950/R 750 vs. R415 /R750 diagram, Mons Hansteen is located near the Gruithuisen and
Mairan domes, but at the same time it is close to the mare dome Hortensius 6 of class B1
in the classification scheme introduced by Wöhler et al (2006). Hortensius 6 is spectrally
bluer than highland domes implying a higher TiO2 content and a somewhat lower 750
nm albedo.

0. 64
0. 62
Mons Hansteen

415/75 0

0.6

Grui thuisen delta

0. 58

Grui thuisen gamma

0. 56

NW dome
Hort ensius 6
Mairan T

0. 54
0. 52
0.5
0.1

0.12

0.14

0.16

0. 18

750 nm

Figure 5a
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Figure 5b

Figure 5c

5. Principal component analysis (PCA)
Principal component analysis (PCA) is a type of multivariate statistical analysis used to
find associations between a large number of datasets. This can make large datasets easier
to understand and can help visualize commonalities and differences across a large
collection of data. Association between datasets is made by determining covariance
values. As in linear regression, covariance in principal component analysis is the
difference between the average product of corresponding data elements in datasets being
compared and the product of the means of the dataset elements. A covariance of zero
means that no statistical correlation exists between the datasets. The covariance values of
n-datasets are mapped in n-space and the angle and distance separating the point clouds
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in this multidimensional space can be determined which provides useful information on
how closely related the datasets are to each other. Usually, PCA is performed on data
sets unrelated to images, however software is available to allow multispectral images to
be analyzed using this technique and n-principal component images can be produced for
a dataset of n-multispectral images. Each principal component image represents the
covariance plot for the axis represented by its respective dataset in n-dimensional space.
The colors observed in the PCA image depend on the average spectral properties of the
surrounding soil. When the PCA method is applied, the database for the PCA image is
the set of multispectral images itself, so the results change from one multispectral image
to another. Various software packages exist for the preparation of principal component
images from a series of multispectral images. In this paper, FoveaPro 4.0 by Reindeer
Graphics was used (see www.reindeergraphics.com). The PCA feature was used as a
plug-in for Adobe Photoshop CS2.
5.1 Method (PCA)
Calibrated Clementine five band UVVIS images were downloaded from the USGS mapa-planet website (http://www.mapaplanet.org/explorer/moon.html) in 16 bit tiff format.
Due to frequent overhauls of the map-a-planet site and possible differences in 16 bit tiff
file importation (due to the type of data compression used) into various user image
processing software packages, it is important to be certain that the general appearance of
downloaded 16 bit tiff and 8 bit jpg images for a particular wavelength obtained from the
site are of identical appearance when compared with each other visually. The 415nm,
750 nm, 900 nm, 950 nm, and 1000 nm images of a selected “red spot” feature were
loaded respectively into five alpha channels of a color image in Photoshop and the R, G
and B channels deleted.
With all alpha channels selected (Files>Scripts>IP-SelectAllChannels) the PCA
transform was computed using the FoveaPro 4.0 PCA plug-in. This provides the basic
statistical correlation between the five data sets and is required for production of PCA
images. With the PCA transform obtained and saved, the PCA plug-in was then used to
perform a foward PCA analysis. The five alpha channels of the original multispectral
dataset are now converted into the first five PCA images respectively. The first three
PCA images contain the most useful geologic information with images four and five
being mostly noise from the dataset. Therefore, the first three PCA images were assigned
respectively to the R, G and B channels of a new color image. This produced a false
color mapping of PCA information for the Clementine five band UVVIS dataset.

page 67

GEOLOGIC LUNAR RESEARCH

SELENOLOGY TODAY # 21

The result is shown in Fig. 6.

Figure 6. False Color PCA MAP: RED= PCA#1 GREEN=PCA#2 BLUE=PCA#3

6. Absorption Trough Parameters and Spectral Mapping
The spectral mapping method used in this paper is identical to that described in Evans et
al. (2009) and is available for download at the Selenology Today website at:
http://digidownload.libero.it/glrgroup/selenologytoday14.pdf.
Since a thorough description of the spectral mapping method used is explained in detail
by Evans et al. (2009), it will not be further repeated here. Fig. 7 shows the 415/750 nm
Ratio for Mons Hansteen.
The spectral maps obtained for Mons Hansteen are shown in Figs. 8 and 9. Trough
parameters are well visualized using continuum divided reflectance which serves to
minimize soil maturation effects. Clementine VIS+NIR continuum divided reflectance
typically shows some degree of error in the 1000 nm to 1100 nm range due to thermal
instability of the camera sensors. Attempts to improve the standard USGS calibration to
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minimize this problem using gain and offset corrections have been attempted and
although some improvement results, the basic problem remains. For this reason,
Clementine continuum divided reflectance of Mons Hansteen was compared to Selene
VIS+NIR continuum divided reflectance which is smoother in the NIR region. To date,
Selene imagery is only pre-calibrated to the 2B2 level (i.e. radiometric calibration with
conversion of DN values to radiance). Therefore, Selene multispectral imager data must
be subjected to further calibration. We used Keck 120 color spectrum data file HE1226
covering the 5 to 10 km region centered at –50.0° longitude and –12.2° latitude for this
purpose. Results are shown in Figures 10 through 12. The Clementine binned FeO wt%
map shown in Figure 13 shows the FeO content of Mons Hansteen to be about 5 wt%.
This is consistent with the trough depth shown in the Keck HE1226, Selene and gain/
offset corrected Clementine spectra. Calibrated Selene spectra agree with Keck HE1226
spectra to within about 1 % trough depth for most areas of Mons Hansteen sampled. The
Selene based FWHM of the absorption trough near 1000 nm is about 200 nm. The
absorption trough depth is about 4.0%. The band center of the absorption trough is about
965 nm. This is in very good agreement with trough parameter estimates based on Keck
HE1226 120 color spectra. Clementine USGS calibrated spectra give an FWHM estimate
of about 200 nm with a depth of about 6.7% and a band center of about 1000 nm. This
represents a fairly reasonable correlation between the Clementine and Selene datasets.

Figure 7. Clementine 415/750 nm Ratio for Mons Hansteen
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Figure 8. Spectral Mapping of Mons Hansteen

Figure 9. Spectral Plot
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Figure 10. Calibration of Selene imagery using Keck data file HE1226

Figure 11. Comparison of Clementine and Selene Continuum Divided Reflectance
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Figure 12. Comparison of Selene Calibrated Spectra with Keck HE1226 Spectra

Figure 13. Clementine binned FeO wt% map of Mons Hansteen
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7. Elemental abundance data and petrographic map
Figure 13 shows a map of the FeO abundance as provided by the Map-a-Planet data
system using the algorithm by Lucey et al. (2000). Figure 14 maps the elemental
abundances of Al, Ca, Fe, Mg O, and Ti for Mons Hansteen based upon a matrix
regression correlation between Clementine UVVIS + NIR imagery and Lunar Prospector
imagery (Table 3).
The elemental abundance maps were then used to produce petrographic and basaltic
maps based on Mg-Fe endmembers and Al-Ti endmembers respectively. Those
interested in the methodology involved can consult the reference supplied in the figure.
Mons Hansteen is seen to be composed of material that is poor in iron and titanium, and
rich in Aluminum and Calcium, consistent with an origin from highlands volcanism.
The petrographic map indicates the relative fractions of the three endmembers mare
basalt (red channel), Mg-rich rock (green channel), and ferroan anorthosite (FAN, blue
channel). Mons Hansteen appears as an “island” of highland material (blue) surrounded
by mare basalt (red) and a mixture of FAN and mare basalt (purple). The floor of Billy
and part of the floor of Hansteen are also covered by mare basalt.

values in wt% for 9x9 pixel ROI

Ca

Al

Fe

Mg

Ti

O

Mons Hansteen

11.30

13.32

5.02

4.51

0.39

44.90

Gruithuisen Delta surface of impact
crater

11.07

13.53

4.32

5.05

0.22

45.14

Gruithuisen delta average surface

10.14

11.57

7.78

5.93

1.02

44.14

Gruithuisen Gamma surface of
impact crater

10.85

13.30

5.23

4.82

0.45

44.86

Gruitsuisen Gamma average surface

11.04

13.05

5.38

5.03

0.50

44.47

Gruithuisen NW

10.83

13.01

5.38

5.21

0.50

44.47

Table 3
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Figure 14
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values in wt%

Ca

Al

Fe

Mg

Ti

O

Highlands regolith

10.7

13.3

4.87

4.55

0.31

44.6

Mare regolith

7.88

6.97

13.2

5.76

3.1

41.7

Table 4 (extracted from General Dynamics/Convair study under contract to NASA)

D (km)

ξ(°)

V (km3)

η(Pa s)

E (m 3 s -1)

T e (years)

7-30

>6°

20-390

10 8 - 10 9

48-120

12.8-42

Table 5. Class G domes properties (including Gruithuisen and Marian T domes)

8. Discussion
Hawke et al. (2003) demonstrated that Mons Hansteen, a well known lunar red spot
feature, is not covered by ejecta from the nearby craters Hansteen and Billy which are
rich in FeO and TiO2. Although Hawke et al. (2003) initially described thorium
abundance levels of only about 6 ppm for Mons Hansteen, revised thorium abundance
levels obtained using improved modelling of the spatial distribution of this element by
Haggerty et al. (2005) indicate a Thorium concentration of about 25 ppm which is
consistent with an evolved highlands lithology. Evolved highlands rock samples show a
high content of incompatible elements and are high in iron/magnesium. Haggerty et al.
(2005) also found that thorium concentrations for the Gruithuisen red spot features are
likely higher than previously thought and are probably similar to Mons Hansteen.
The present study views Mons Hansteen using PCA imaging and spectral mapping. On
the PCA image, Mons Hansteen is distinct in appearance from surrounding terrain
features and has both high albedo and a difference in hue consistent with compositional
variation from surrounding structures. The 2nd and 3rd PCA channels of Mons Hansteen
do show areas of intensity variation within the arrow-head shaped structure but the
appearance of this variation is not suggestive of ejecta emplacement onto the feature.
Examination of spectral maps prepared for Mons Hansteen using the Clementine
UVVIS+NIR dataset reveals the feature to be composed almost exclusively of
clinopyroxene bearing rock with a band center near 1000 nm and a band depth of
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between about 4 to 6 percent. The Clementine binned FeO wt% map of Mons Hansteen
shows an FeO wt% of about 5 %. There is no indication of the presence of more iron rich
ejecta on the surface of Mons Hansteen in the spectral map images and its appearance is
quite uniform. Spectral maps produced here are consistent with lava with a low iron
content due to the presence of small quantities of clinopyroxene. The individual
Clementine spectral plots are also consistent with the presence of clinopyroxene. The
steepness of Mons Hansteen indicates an origin from viscous lavas, which on the earth
include lavas of dacitic and rhyolitic composition. The median 415nm/750nm ratio of the
central portion of Mons Hansteen is 0.597 with a minimum of 0.565 and a maximum of
0.645 confirming the spectral redness of the feature.
The Selene based FWHM of the absorption trough near 1000 nm is about 200 nm. The
absorption trough depth is about 4.0%. The band center of the absorption trough is about
965 nm. This is in very good agreement with trough parameter estimates based on Keck
HE1226 120 color spectra. Clementine USGS calibrated spectra give an FWHM estimate
of about 200 nm with a depth of about 6.7% and a band center of about 1000 nm. This
represents a fairly reasonable correlation between the Clementine and Selene datasets.
According to shadow length measurements performed in telescopic CCD images
acquired at moderate and strongly oblique illumination angle, the height of Mons
Hansteen amounts to 820 m and decreases towards the north and south. The slope angle
amounts to 3.12° for the steepest part of the examined formation.
The rheologic model by Wilson and Head (2003) estimates the yield strength τ
, i. e. the
pressure or stress that must be exceeded for the lava to flow, the plastic viscosity η,
yielding a measure for the fluidity of the erupted lava, the effusion rate E, i. e. the lava
volume erupted per second, and the duration of the effusion process T. The computed
values for τ
, η, E and T are valid for domes that were formed from a single flow unit
(monogenetic volcanoes). Otherwise, the computed rheologic values are upper limits to
the respective true values, as it is the case for highland domes of Gruithuisen. Assuming
a parabolic shape (f=0.5) the estimated volume for Mons Hansteen amounts to 289 km³.
According to the rheologic model by Wilson and Head (2003) we estimated an effusion
rate E of 280 m3 s-1 and a duration T of the effusion process of 32 years.
The Gruithuisen domes are known to have large diameters of up to 20 km, heights of
more than 1000 m, steep flank slopes between 7° and 15°, and very high edifice volumes
of several hundred km 3. Wilson and Head (2003) show that while the eruption processes
that formed Gruithuisen δand the nearby Northwest Dome occurred over more than 20
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years at low effusion rates, between 6 and 50 m3 s-1, the effusion rate was 119 m3 s-1 for
Gruithuisen γover a period of 38 years. The lava that formed the Gruithuisen highland
domes had viscosities between 108 and 109 Pa s. One must be careful when interpreting
the flank slope values of the highland domes, since according to Wilson and Head
(2003), the Gruithuisen domes and Mairan T domes have been formed during at least two
distinct subsequent eruption phases, respectively, a process that may build up steeper
edifices. Consequently, Mons Hansteen is not necessarily monogenetic (its rough surface
texture may indicate individual flows), such that the inferred values are upper bounds in
the case of several effusion events. Compared to the Gruithuisen domes, Hansteen αis
shallower, with a slope of 3.1°. Accordingly the effusion rate inferred for Mons Hansteen
is somewhat higher than the inferred values for the Gruithuisen domes. The rheologic
model applied to Mons Hansteen yields lava viscosity of ≈108 Pa s. The lava that
formed the Gruithuisen highland domes had viscosities around 109 Pa s. Hence, the
peculiar 3D shape of Hansteen α, might be due to the duration of the effusion process,
yielding a high edifice volume and likely an eruption in distinct subsequent phases. The
higher effusion rate and lower lava viscosity inferred for Hansteen αfavoured an edifice
with lower slope than the Gruithuisen domes.
The Gruithuisen highland domes form a separate spectral and morphometric group (class
G) in the classification scheme by Wöhler et al. (2006), due to their steep flank slopes,
high volumes, and red spectral signatures, giving rise to the assumption that they have
been formed by lava of significantly different composition erupted over a long period of
time (Table 5). Consequently, the Hansteen formation belongs to class G of the dome
classification scheme and appears to represent an "extreme" example of the highland
dome formation process, due to the low values of the associated rheologic parameters.
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