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Introduction: Spinel dominant rock exposures de-
void of mafic minerals such as olivine and pyroxenes, 
have been recently found in certain areas both on the 
far-side and on the near-side of the Moon using data 
from  NASA’s  Moon  Mineral  Mapper  (M3)  onboard 
Chandrayaan-1, India’s first mission to the Moon [1, 
2]. These include, far-side exposures along the ring of 
Moscoviense basin, where they were first reported [3] 
and several near-side exposures such as the extensive 
occurrences  in  Sinu  Aestuum,   in  the  Theophilus 
crater, Copernicus crater floor and few exposures in 
the Tycho crater [4-9]. The mode of formation of this 
newly discovered rock type on Moon is  not clearly 
understood in the current perspective about the evolu-
tion of Moon. Except for Tycho crater, all the above 
mentioned  exposures  are  found  in  similar  geologic 
settings i.e., along the rings of major basins. Hence it 
is envisaged that most of these rock exposures consti-
tute  previously  deep-seated  rocks  which  have  been 
exhumed on to  the surface  due to  impacts.  Finding 
similar  exposures at other locations on the Moon is 
essential to test this hypothesis and to constrain the 
extent of these rocks in the lunar crust and to under-
stand  the  petrographic  conditions  for  its  formation 
[3,5]  Here, we report regional spinel rich exposures 
in  various  geologic  settings  inside  and  around  the 
Lowell crater using M3 data. 

Lowell crater (12.9°S 103.1°W, diameter: ~ 66 km) is 
located in the NW quadrant of the Orientale basin just 
beyond the western limb of the Moon (Figure 1). It is 
younger  Copernican  in  age  [10],  and  occurs  in  the 
Montes Rook formation between the Outer Rook Ring 
(ORR) and the Cordillera  ring of  Orientale  basin.  It 
has prominent central peak, sharp rim, terraced wall 
and numerous surface mounds on its floor. A partially 
collapsed small (~ 10 km diameter) rayed impact crater 
lies along the fringe of the eastern rim. A low albedo 
fresh resurfaced unit covering ~ 60 sq. km,  extends ~ 
17 km inwards from this crater [11].

Data used:  Global mode Level 2 M3 hyper-spectral 
data  M3G20090213T115953_V01  _RFL.IMG  provided 
through  public  access  web  portal 
http://ode.rsl.wustl.edu/moon/indexproductsearch.as-
px have been used in the study. The data comprises of 
83  near-contiguous  bands  spanning 540  –  2980  nm. 
The spatial resolution is 140 meters and the spectral 
resolution varies between 20 – 40 nm . The bands are 
photometrically  and  thermally  corrected. 

Figure 1:  Clementine albedo image showing the re-
gional geologic setting of Lowell crater.

Methodology:  The composition of the exposures 
in the region have been identified on the basis of char-
acteristic spectral reflectance curves of the dominant 
mineral present in them. Spinel rich lithology with ab-
sence/minor mafic silicates such as olivines and py-
roxenes  are  identified  on  the  basis  of  a  prominent 
broad  absorption  feature   centred at  ~2  µ  but  with 
no/weak absorption feature at ~1 µ [3]. In contrast, the 
pyroxenes show  broad absorption features centred at 
~1 µ and 2 µ, olivine shows a single composite absorp-
tion centred ~ at 1.1 µ, crystalline plagioclase exhibits 
a minor broad absorption band centered at ~ 1.25 µ 
and shocked plagioclase  shows a  featureless,  mono-
tonically increasing spectra.  High Ca Pyroxenes can 
be distinguished from low Ca-pyroxenes on the basis 
of  absorption at  slightly  longer wavelengths i.e.  be-
tween 0.95 – 1 µ for one micron band and ~ 2.2 µ for 
the two micron band. In case of low Ca pyroxene the 
one micron band occurs  between 0.9  -  0.95  and the 
two micron band occur at ~ 2 micron. 

Dominant  mineralogy  in  the  various  geologic 
settings:  Figure 2 a-c shows M3 750 nm image of the 
study area depicting the sites (1-7) for which spectral 
reflectance curves have been derived and their corre-
sponding spectra (S1 – S7). An account of the compo-
sitional diversity in various distinct geologc units is as 
follows:  

Central Peak of Lowell crater.  Discrete exposures 
of spinel dominant lithology (e.g. S1) are present on 
the central peak of Lowell crater. The other accompa-

9016.pdfSecond Conference on the Lunar Highlands Crust (2012)



nying rock-type in the adjacent areas on the peak is 
pyroxene, especially high Ca-pyroxene (e.g. S2) con-
sistent with [12].  

Prominent resurfacing on the eastern side. The unit 
with peculiar features of a recently built volcanic ter-
rian i.e. fresh viscous flows, pits, cone with melt pond 
at the summit etc. shows pervasive high-Ca pyroxene 
signature (e.g. S3) indicative of either a recently built 
volcanic  unit  [11]  or  impact  melts  and debris  flow 
from the small crater on the Lowell crater wall. Here, 
only few areas show spinel dominant signature along-
with a weak 1 micron feature indicating presence of 
minor quantities of high-Ca Pyroxene also. 

Mounds  on  the  Lowell  crater  floor. Signatures  of 
spinel  dominant  lithology have  also  been found  on 
numerous surface mounds on the Lowell crater floor. 
Though, in most of  these exposures the accompany-
ing lithology is pyroxene dominant, one of the surface 
mound near the central peak shows co-existing signa-
ture of crystalline plagioclase and spinel in some areas 
(e.g. S4), transitioning into spinel rich rocks.

Lowell  crater  wall and Ejecta .  The Lowell crater 
wall is dominantly composed of noritic rocks (e.g. S5) 
in association with spinel rich exposures in certain ar-
eas (e.g. S6). The ejecta is a mixture of spinel and py-
roxene. 

Peaks and plateaus North of  Lowell  crater.  These 
portions of Montes Rook formation, representing the 
sample target rocks for Lowell impact event show per-
sistent signature of spinel dominant lithology (e.g. S7). 

  
Figure 2: a) M3 750 nm image of a portion of Lowell 
crater  showing locations  (marked  as  1-7)  for  which 
spectral reflectance curves have been derived; b) Av-
erage (4 pixel) reflectance spectra for sites 1-4; c) Av-

erage (4  pixel)  reflectance spectra  for  sites  5-7  with 
offset induced for clarity.   

Discussions:  The  pervasive  signatures  of  spinel 
rich lithology in almost all the geologic settings stud-
ied here  indicate that laterally and vertically exten-
sive  spinel  dominant rocks  are  present in  this  area. 
The   Montes  Rook  formation  are  understood  to  be 
composed of ejecta from deeper portion of lunar crust 
formed during the Orientale impact event. Therefore, 
possibly  the spinel  rich  rocks  would  have been de-
rived from deeper portions of the crust similar to most 
of the other earlier findings. Since the central peaks 
would have sampled the rocks from  maximum depth, 
the present day lower limit to this stretch could be as 
deep as 6.6 km from the surface considering depth/ di-
ameter = 0.1 for Lowell crater. 

Conclusions: Extensive exposures of spinel domi-
nant lithology without noticeable mafic silicates  such 
as olivines and pyroxenes have been found in Lowell 
crater and in other portions of Montes Rook forma-
tion. The other accompanying mafic rock in the adja-
cent areas is mainly pyroxene.   These findings indi-
cate presence of possibly spinel rich layer at depth in 
the primordial crust, consistent with [13]. Still, the op-
tion of spinel-anorthosite production due to basaltic 
melt - anorthositic wall rock reaction at depth >10 km 
as proposed by [14]  cannot be ruled out here due to 
co-existing crystalline plagioclase and spinel signature 
observed in one of the surface mounds on the crater 
floor.  Further, possibility of  intrusives in the lower 
crust  prior  to the Orientale impact event also make 
the scenario feasible. Finding similar exposures at oth-
er locations in the Orientale basin would be crucial for 
further understanding in this regard.  
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