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We have conducted spectral and spatial analysis of the 
Compton–Belkovich Thorium Anomaly (61.1°N, 
99.5°E) region on the far side of the Moon based on 
high-resolution data from recent lunar missions. 
Chandrayaan-1 Moon Mineralogy Mapper data of 
Compton–Belkovich volcanic complex (CBVC) reveal 
the existence of a strong doublet feature near 2800 nm 
throughout the volcanic construct, which could be at-
tributed to the presence of water and/or hydroxyl in 
the studied site. Very high resolution Lunar Recon-
naissance Orbiter Camera–Narrow Angle Camera 
mosaic of the study area shows that the strongest of 
the hydration features within the CBVC is primarily 
related with either sunlit inner flanks of small-sized 
fresh craters or fresh escarpments associated with the 
central collapse structure. Moreover, Mini-RF Syn-
thetic Aperture Radar data from Lunar Reconnais-
sance Orbiter mission suggests the presence of a thick 
pyroclastic deposit in the volcanic complex. Our study 
indicates that the enhanced hydration at CBVC could 
possibly have originated from the episodic events of 
eruption and effusion involving silicic magma, which 
could probably be responsible for the tapping of a 
zoned magma body with a water-rich cap. Morphol-
ogy of CBVC also confirms the presence of episodic 
effusive and eruptive events that probably had led to 
the formation of elevated topography, central col-
lapsed feature and late eruptive domes in the study 
area. 
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RECENT detection of OH/H2O features on the Moon based 
on remote measurements revealed, contrary to prevailing 
ideas, the hydrous nature of the Moon1–3. Water and  
water-ice associated with the permanently shadowed cra-
ters of the lunar poles have also been detected remotely4 
and measured directly by the LCROSS impact experi-
ment5. Moreover, direct in situ measurements of lunar 
melt inclusions and lunar apatites indicated some parts of 
the deep lunar interior to be hydrated6–8. Here, we report 
the detection of strong OH/H2O features near 2800–
3000 nm based on Chandrayaan-1 Moon Mineralogy  

Mapper (M3) observations over non-mare silicic Comp-
ton–Belkovich Thorium Anomaly (CBTA) region, a vol-
canic construct on the far side of the Moon9,10. Strength 
of the OH/H2O feature at CBTA ranges from ~ 6 to 17% 
(estimated based on convex hull continuum) relative to its 
surroundings having an average strength of ~ 3%. Based 
on radiative transfer models11–13, we have estimated a 
maximum OH/H2O concentration of ~ 0.55 weight per cent 
(wt%) from the strongest observed 2800-nm band strength 
of ~ 17% at 30% reflectance in the Compton–Belkovich 
volcanic complex (CBVC). 
 Lunar Prospector Gamma Ray Spectrometer (LP-GRS) 
first identified an isolated small-scale feature with an  
unusually high Th abundance at Compton–Belkovich 
(CB) region (Figure 1) on the far side of the Moon9. Jollif 
et al.10 interpreted CBTA as a compositionally evolved 
volcanic complex enriched in silica or alkali-feldspar  
indicative of rhyolitic volcanic materials based on Lunar 
Reconnaissance Orbiter (LRO) Diviner Lunar Radiometer 
and LP-GRS FeO and Th measurements. CBVC is also 
characterized by higher albedo than its surroundings and 
is associated with a positive relief feature with several 
volcanic cones and domes10. High-resolution Digital Ter-
rain Model (DTM) revealed the presence of irregular de-
pressions within the topographic high that could probably 
represent collapse features associated with volcanism10. 
CBVC, being an isolated KREEP-rich (or similarly 
 
 

 
 

Figure 1. Lunar Reconnaissance Orbiter Camera–Narrow Angle 
Camera (LROC–NAC) mosaic of Compton–Belkovich Thorium Anom-
aly (CBTA). Yellow dashed line demarcates the approximate boundary 
of Compton–Belkovich volcanic complex (CBVC). White arrows indi-
cate volcanic domes within the Compton–Belkovich (CB) region. Red 
arrows mark irregular depression in the central part of the CBTA. 
White dotted curve represents an irregular depression along the western 
flank of the central collapse feature. Orange arrows near the southwest-
ern boundary of CBTA mark a non-circular vent. Orange and white rec-
tangular boxes represent areas of Figures 3 c and 4 c respectively. *For correspondence. (e-mail: satadru78@yahoo.co.in) 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 105, NO. 5, 10 SEPTEMBER 2013 686 

 
 

Figure 2. a, False colour composite (FCC) of CBTA (band assignments: R = 930-nm, G = 2018-nm and B = 2816-nm M3 channels). White line 
demarcates the approximate boundary of the enhanced hydration feature at CBTA. Pixels corresponding to 16 regions of interest (ROIs) from the 
study area are numbered and marked by different colours. b, c, M3 mean apparent reflectance of ROIs (shown in a) without (b) and with (c) vertical 
offset for clarity. 
 
 
evolved) alkaline–silicic intrusive and volcanic construct10, 
offers a unique opportunity to study the presence of in-
digenous volatiles (especially water and/or hydroxyl), if 
any, in the region. Here, we study the spectral character-
istics of the high-reflectance feature situated at the centre 
of the CBVC in a spatial context to map the spectral as 
well as compositional diversity and detect the presence of 
endogenic water and/or hydroxyl, if any, associated with 
the late stage silicic volcanism at CBVC based on 
Chandrayaan-1 M3 and Lunar Reconnaissance Orbiter 
Camera–Narrow Angle Camera (LROC-NAC) and Mini-
RF observations. 
 New data from M3 imaging spectrometer14,15 over CBTA 
show diverse spectral features16,17 (Figure 2). For details 
on M3 data analysis and band depth estimation of 2800-nm 
OH/H2O feature see Supplementary Material (online). 

False colour composites (FCCs) of the study area have 
been generated using various M3 channels and integrated 
band depth (IBD) combinations to capture the first-order 
mineralogical variations in the study area16,18. In the FCC 
having band combinations of IBD-1000-nm as red, IBD-
2000-nm as green and IBD-2800-nm as blue16 (Figure 
3 a), CBTA appears deep blue in an otherwise green to 
yellow background because of the enhanced hydration 
and lack of mafic silicates in the region compared to its 
surroundings. However, few green to yellow pixels have 
been observed within the central part of CBTA (marked 
by white arrow in Figure 3 a) pointing possibly towards 
the presence of a minor mafic phase in the region. 
 Analysis of M3 spectra of the mafic-bearing pixels from 
the central part of CBTA reveals a weak 2000-nm feature 
(Figure 3 a), having a varying band strength of ~ 5–7%

http://www.currentscience.ac.in/Volumes/105/05/0685-suppl.pdf
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Figure 3. a, Integrated band depth-based FCC of CBVC (R: IBD-1000-nm, G: IBD-2000-nm and B: IBD-2800-nm). White arrow indicates green 
pixels at the central part of CBTA that correspond to Fe–Mg-spinel exposures. b, Normal and continuum-removed mean (average of six pixels)  
reflectance spectra of Fe–Mg-spinel-bearing pixels shown in (a). Black dashed lines indicate 2000-nm and 2800-nm absorption corresponding to 
Fe–Mg-spinel and OH/H2O features respectively. c, High-resolution LROC–NAC mosaic showing close-up of spinel-bearing lithologies within the 
central collapse feature associated with a ~ 2-km diameter crater. Maroon arrows indicate clusters of small boulders along the steeper inner flanks 
of the crater. 
 
 
typical of Fe–Mg-spinel, associated with a strong (aver-
age band strength ~ 9%) 2800-nm OH/H2O feature16 and 
very weak (~ 2%) 1000-nm mafic feature. On continuum 
removal, the very weak 1000-nm feature reveals two dis-
tinct and separate features centred at ~ 870 and 1149 nm 
respectively (Figure 3 b), having average band strength of 
~ 2%, which could primarily be due to the Fe2+ charge 
transition in the crystal lattice of mafic silicates and/or 
spinel19–23. Very high resolution LROC-NAC mosaic 
(spatial resolution ~ 2 m/pixel) of the spinel and/or mafic 
silicate-bearing central collapse structure reveals boulders 
and/or fresh rock exposures (Figure 3 c) along the sunlit 
inner flanks of a small, relatively young crater having a 
diameter of ~ 2 km. The boulders are associated with  
minor bulges/domes (Figure 3 c) that post-date the forma-
tion of the young crater within the central collapsed struc-
ture, indicating possibly a late-stage eruptive event. This 
is the first positive detection of a strong OH/H2O feature 
in association with a detectible Fe–Mg–spinel-rich lithol-
ogy in an otherwise non-mare silicic volcanic complex. 
 The association of spinel-bearing lithology in an evolved 
volcanic complex having granitic (rhyolitic) composition 
is highly unusual and rare on the Moon. Other than 

CBTA16, spinel exposures in a silicic volcanic construct24 
have been only reported recently from Hansteen Alpha in 
the lunar near side25. The 2000-nm spinel feature at Han-
steen Alpha reportedly lacks any 1000-nm mafic and 
2800-nm OH/H2O feature25. However, we have observed 
minor hydrations in both Hansteen Alpha (associated 
with or without spinel features) and Gruithuisen Domes, 
silicic volcanic constructs on the near side of the Moon, 
having average 2800-nm band strength of ~ 4% (see  

ementary Material and Figures S5–S7 onlineSuppl ). 
 In the southwestern edge of CBTA, a very small, young 
crater of ~ 210 m diameter (white box in Figure 1) with 
unusual spectral features has been observed (Figures 4 a 
and b). Prominent ejecta rays are seen in the high-
resolution LROC-NAC mosaic (Figure 4 c). Mean spectra 
of the ray crater show three subdued but distinctly sepa-
rate features near ~ 890, 1089 and 1898 nm (Figure 4 b) 
in association with a strong OH/H2O feature having 
strength of ~ 9% and probably represent a mixture of 
Type-A clinopyroxene with orthopyroxene and/or spinel. 
The subdued nature of the absorption features possibly 
represents the spectra of volcanic glass associated with a 
possible buried pyroclastic deposit that was excavated by

http://www.currentscience.ac.in/Volumes/105/05/0685-suppl.pdf
http://www.currentscience.ac.in/Volumes/105/05/0685-suppl.pdf
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Figure 4. a, M3 FCC of CBTA with black arrow indicating orange pixels that correspond to unusual spectra as shown in (b). Red arrows in (a) 
indicate other orange pixels distributed across the CB complex having similar spectral characteristics as those presented in (b); b, Normal and con-
tinuum-removed reflectance spectra of orange pixels in (a) showing weak absorption features near ~ 890, 1089 and 1898 nm in association with a 
strong OH/H2O feature at 2800 nm. Black dashed lines represent approximate locations of the absorption features. c, High-resolution LROC–NAC 
image of the orange pixels marked by black arrow in (a) showing a small fresh crater with prominent ejecta rays (marked by yellow arrows) and 
ejecta blanket demarcated by yellow dotted circle. White arrow indicates a small dome situated to the left of the small ray crater. 
 
 
the impact crater. Similar spectral features are seen at 
many places within the CBVC (red arrows in Figure 4 a) 
and are mostly associated with fresh ejecta blankets 
and/or fresh escarpments described by Jollif et al.10. 
These buried pyroclastic deposits with abundant volcanic 
glasses possibly host the indigenous OH/H2O within the 
CBVC. At places, we have also observed very weak  
absorption features near ~ 1.4, 1.9 and 2.2 μm, which 
could be attributed to the vibrational overtones of OH and 
H2O in the crystal lattice of hydrous mineral phases pre-
sent within the central collapse feature. However, the 
possibility of these features being instrumental artefacts 
cannot be completely ignored owing to the fact that they 
are very weak in nature. 
 We have also utilized 12.6-cm (S-band) Mini-RF radar 
data from LRO26 to study the physical properties of the 
CBVC as the radar echo is sensitive to the presence of 

subsurface scatterers or interfaces, and to the surface 
roughness. The total backscattered power (S1) image 
(Figure 5 a) covering the central part of the study area  
indicates that the region is radar dark compared to the 
surrounding terrain17. The CBVC is characterized by very 
low to moderate circular polarization ratio (CPR) values 
(average value ~ 0.38 ± 0.23; Figure 5 b), suggesting that 
the area is mantled by fine-grained pyroclastic materials 
devoid of surface or near-surface rocks17. 
 In order to map the extent and distribution of pyroclas-
tic deposits within the CBVC, we have generated an m-χ 
decomposition27 image (Figure 5 c) from the Mini-RF 
data. This method facilitates unambiguous interpretation 
of lunar features according to single (odd) or double 
(even) bounce signatures in the polarized portion of the 
reflections, and characterization of the randomly polar-
ized constituents27. The decomposition image indicates
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Figure 5. CBTA region as viewed by Mini-RF. a, Total backscattered power; b, Circular polarization ratio values; 
c, m-chi decomposition images. The radar look direction is from the east and the bright radar-facing slopes of big 
dome, middle dome and little dome of Jollif et al.10 are marked by orange arrows in (a). Blue regions within the  
volcanic complex in (c) indicate a relatively thick layer of pyroclastic material; the approximate extent is marked with 
white arrows. 

 
 
that surface scattering (blue) is the dominant scattering 
mechanism within the volcanic complex region (Figure 
5 c). Regions in blue clearly indicate a relatively thick 
layer of pyroclastic material that is smooth at the Mini-
RF wavelength scales and has very few embedded wave-
length-sized scatterers. The domes (marked with arrows 
in Figure 5 a) appear yellowish in the decomposition  
image, which indicates a combination of double bounce 
and volumetric scattering due to their topographic relief 
(Figure 5 c). It has also been observed that the CB region 
has relatively low secondary crater population compared 
to its surroundings (Figure 5 c), which implies that it has 
been little modified by the impact processes, consistent 
with the previous results10. Decomposed image of CBTA 
thus helps in quantifying regions primarily dominated by 
surface scattering for which the CPR is ambiguous in 
some contexts. 
 At the CBVC, the strongest of the 2800-nm OH/H2O 
features with band strength ranging from ~ 9% to 17% 
(band strength is calculated by fitting convex hull conti-
nuum) is mostly found in association with small, young 
craters and their fresh ejecta blankets. Direct correlation 
of strong OH/H2O features with fresh ejecta blankets and 
sunlit inner walls of young, small-sized craters confirms 
that enhanced hydration at CBTA is not restricted only to 
the upper few millimetres of the surface, but extends signi-
ficantly deeper into the lunar mega-regolith blanket 
and/or crust. Spectral characteristics of ejecta deposits 
and sunlit inner walls associated with small craters 

strongly suggest the presence of a possible buried pyro-
clastic deposit that is relatively rich in hydroxyl and/or 
water. Moreover, the CBVC being radar dark in the Mini-
RF image indicates that the region is covered by a thick 
mantling material17 that supports M3 spectral observa-
tions. Fresh surfaces within the CBVC are mostly charac-
terized by featureless spectra corresponding possibly to 
quartz and/or alkali-feldspar. However, weak mafic fea-
tures near 1000 and 2000 nm have also been observed in 
the spectra of fresh ejecta deposits and fresh escarpment 
surfaces associated with irregular depressions, volcanic 
cones and domes, and/or crater walls that probably repre-
sent pyroclastic deposits having basaltic and/or noritic 
composition in an otherwise granitic (rhyolitic) complex. 
Previous studies based on LP-GRS Th and FeO data ex-
plained the composition of the CB region to be granitic 
(rhyolitic) or a mixture of granite and alkali anorthosite, 
norite and/or gabbro10, which supports our spectral obser-
vations. 
 The OH/H2O features near 2800 and 2900 nm, as seen 
in the M3 data over CBTA, clearly indicate that the regolith 
at the study area is primarily dominated by the hydroxyl 
fundamentals2. However, it is not possible to completely 
characterize the OH/H2O feature because of the limited 
M3 spectral coverage (~ 540–3000 nm). Radiative transfer 
(RT) modelling11–13 of the spectra from CBTA reveals 
that the water concentration varies from ~ 0.1 to 0.55 wt% 
(Figure 6). We have estimated maximum water concen-
tration of ~ 0.55 wt% from a spectra having ~ 30%
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Figure 6. a, Graph showing spectra with band depth of ~ 5.3% corresponding to the minimum OH/H2O weight percentage of 0.1. b, Graph show-
ing spectra with band depth of ~ 17% corresponding to the maximum OH/H2O weight percentage of 0.55. 
 
 
 
reflectance at 2800-nm and ~ 17% band strength of the 
2800-nm feature (estimated based on convex hull contin-
uum) (see Figure 6 and ementary Material onlineSuppl ). 
This is also the highest estimated water concentration so 
far, outside the polar regions28,29 based on RT model-
ling11–13 of remote measurements. High-reflectance areas 
have band depths of ~ 8–9.5% corresponding to an 
equivalent water concentration of ~ 0.2–0.3 wt%, whereas 
the average water concentration is estimated to be 
~ 0.3 wt%. Thus, the CBVC having unique compositional 
(silicic) and geological setting10 with high Th9 and 
OH/H2O concentration should be considered as a top-
priority target for future study. 
 The strong 2800-nm OH/H2O feature observed at the 
non-mare silicic CBVC could possibly indicate the pre-
sence of endogenic water associated with the late-stage 
silicic volcanism in the region. Direct correlation of 
2800-nm hydration feature in the M3 data with that of other 
silicic volcanic constructs, such as the Hansteen Alpha 
and the Gruithuisen Domes on the lunar near side associ-
ated with evolved KREEP-rich material at Oceanus  
Procellarum further strengthens the possibility that endo-
genic water associated with silicic melts is primarily re-
sponsible for the observed enhanced hydration at CBTA. 
According to Jollif et al.10, either extreme fractionation of 
a KREEP-rich magma body with upward enrichment of 
silicic late-stage residual melt, or large-scale gravity 
separation of silicic melt from a magma that reached the 
field of silicate–liquid immiscibility during crystalliza-
tion was responsible for the formation of a non-mare 
silicic volcanic complex at CBTA with anomalously high 
Th concentration. During the late-stage near-surface frac-
tionation of the KREEP material, OH/H2O and other 
volatiles being incompatible get enriched into the silicic 
melt. Subsequently, the volatile enriched silicic materials 
were brought to the surface by episodic explosive and  
effusive events. A progressive change from explosive to 
effusive style of eruption could possibly be responsible 
for the tapping of a zoned magma body with a water-rich 
cap30,31. Morphology of CBVC also attests to the fact that 

the episodic effusive and eruptive events possibly had led 
to the formation of elevated topography, central collapsed 
feature and late eruptive domes10. 
 Other possibilities include impact-induced hydration 
by water-bearing comet or asteroid and/or solar wind pro-
ton-induced hydroxylation32. However, much stronger 
OH/H2O feature at CBTA having band strength of ~ 10–
17% relative to its immediate surroundings (average band 
strength ~ 3–4%) and to the polar regions strongly sug-
gests that endogenic water may be adding to the overall 
observed strength of the absorption feature. Therefore, 
presence of indigenous volatiles, in particular, water6  
into the models constraining the Moon’s formation and 
evolution. 
 
 

1. Pieters, C. M. et al., Character and spatial distribution of OH/H2O 
on the surface of the Moon seen by M3 on Chandrayaan-1. Sci-
ence, 2009, 326, 568–571. 

2. Clark, R. N., Detection of adsorbed water and hydroxyl on the 
Moon. Science, 2009, 326, 562–564. 

3. Sunshine, J. M. et al., Temporal and spatial variability of lunar 
hydration as observed by the Deep Impact Spacecraft. Science, 
2009, 326, 565–568. 

4. Spudis, P. D. et al., Initial results for the North Pole of the Moon 
from Mini-SAR, Chandrayaan-1 mission. Geophys. Res. Lett., 
2010, 37, L06204. 

5. Colaprete, A. et al., Detection of water in the LCROSS ejecta 
plume. Science, 2010, 330, 463–468. 

6. Saal, A. E. et al., Volatile content of lunar volcanic glasses and 
the presence of water in the Moon’s interior. Nature, 2008, 454, 
192–195. 

7. Hauri, E. H., Weinreich, T., Saal, A. E., Rutherford, M. C. and 
Van Orman, J. A., High pre-eruptive water contents preserved in 
lunar melt inclusions. Science, 2011, 333, 213–215. 

8. McCubbin, F. M. et al., Fluorine and chlorine abundances in lunar 
apatite: implications for heterogeneous distributions of magmatic 
volatiles in the lunar interior. Geochim. Cosmochim. Acta, 2011, 
75, 5073–5093. 

9. Lawrence, D. J. et al., Small-area thorium features on the lunar 
surface. J. Geophys. Res., 2003, 108, JE002050. 

10. Jolliff, B. L. et al., Non-mare silicic volcanism on the lunar farside 
at Compton–Belkovich. Nature Geosci., 2011, 4, 566–571. 

11. Shkuratov, Y., Starukhina, L., Hoffmann, H. and Arnold, G., A 
model of spectral albedo of particulate surfaces: implications for 
optical properties of the Moon. Icarus, 1999, 137, 235–246. 

http://www.currentscience.ac.in/Volumes/105/05/0685-suppl.pdf
http://dx.doi.org/10.1126/science.1178658
http://dx.doi.org/10.1126/science.1178105
http://dx.doi.org/10.1126/science.1179788
http://dx.doi.org/10.1029/2009GL042259
http://dx.doi.org/10.1126/science.1186986
http://dx.doi.org/10.1038/nature07047
http://dx.doi.org/10.1038/nature07047
http://dx.doi.org/10.1126/science.1204626
http://dx.doi.org/10.1016/j.gca.2011.06.017
http://dx.doi.org/10.1029/2003JE002050
http://dx.doi.org/10.1038/ngeo1212
http://dx.doi.org/10.1006/icar.1998.6035


RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 105, NO. 5, 10 SEPTEMBER 2013 691

12. Starukhina, L., Water detection on atmosphere-less celestial  
bodies: alternative explanations of the observations. J. Geophys. 
Res. E, 2001, 106, 14701–14710. 

13. Starukhina, L. V. and Shkuratov, Y. G., Simulation of 3 μm  
absorption band in lunar spectra: water or solar wind induced  
hydroxyl? In Lunar and Planetary Science Conference, The Wood-
lands, Texas, 2010, vol. 41, Abstr. 1385. 

14. Green, R. O. et al., The Moon Mineralogy Mapper (M3) imaging 
spectrometer for lunar science: Instrumentation, calibration, and 
on-orbit measurement performance. J. Geophys. Res., 2011, 116, 
E00G19. 

15. Boardman, J. W. et al., Measuring moonlight: an overview of the 
spatial properties, lunar coverage, selenolocation and related level 
1b products of the Moon Mineralogical Mapper. J. Geophys. Res., 
2011, 116, E00G14. 

16. Bhattacharya, S., Chauhan, P. and Ajai, Study of 2800 nm OH/ 
H2O feature at Compton–Belkovich Thorium Anomaly (CBTA) in 
the far side of the Moon using Chandrayaan-1 Moon Mineralogy 
Mapper (M3) data. In Lunar and Planetary Science Conference, 
The Woodlands, Texas, 2013, vol. 44, Abstr. 1382. 

*For correspondence. (e-mail: savefauna@gmail.com) 

17. Petro, N. E. et al., Presence of OH/H2O associated with the lunar 
Compton–Belkovich volcanic complex identified by the Moon 
Mineralogy Mapper (M3). In Lunar and Planetary Science Confer-
ence, The Woodlands, Texas, 2013, vol. 44, Abstr. 2688. 

18. Mustard, J. F. et al., Compositional diversity and geologic insights 
of the Aristarchus crater from Moon Mineralogy Mapper data.  
J. Geophys. Res., 2011, 116, E00G12. 

19. Adams, J. B., Visible and near-infrared diffuse reflectance spectra 
of pyroxenes as applied to remote sensing of solid objects in the 
solar system. J. Geophys. Res., 1974, 79, 4829–4836. 

20. Burns, R. G., Mineralogical Applications of Crystal Field Theory, 
Cambridge University Press, 1993. 

21. Cloutis, E. A., Gaffey, M. J., Jackowski, T. L. and Reed, K. L., 
Calibrations of phase abundance, composition and particle size 
distribution for olivine–orthopyroxene mixtures from reflectance 
spectra. J. Geophys. Res., 1986, 91, 11641–11653. 

22. Cloutis, E. A. and Gaffey, M. J., Pyroxene spectroscopy revisited: 
spectral–compositional correlations and relationships to geother-
mometry. J. Geophys. Res., 1991, 96, 22809–22826. 

23. Cloutis, E. A., Sunshine, J. M. and Morris, R. V., Spectral reflec-
tance–compositional properties of spinels and chromites: implica-
tions for planetary remote sensing and geothermometry. Meteorit. 
Planet. Sci., 2004, 39, 545–565. 

24. Glotch, T. D. et al., Highly silicic compositions on the Moon. Sci-
ence, 2010, 329, 1510–1513. 

25. Kaur, P., Chauhan, P. and Ajai, Exposures of Mg-spinel on an 
evolved silicic lithology Hansteen Alpha on the moon. In Lunar 
and Planetary Science Conference, The Woodlands, Texas, 2013, 
vol. 44, Abstr. 1348. 

26. Nozette, S. et al., The Lunar Reconnaissance Orbiter miniature  
radio frequency (Mini-RF) technology demonstration. Space Sci. 
Rev., 2010, 150, 285–302. 

27. Raney, R. K., Cahill, J. T. S., Patterson, G. W. and Bussey, D. B. 
J., The m-chi decomposition of hybrid dual-polarimetric radar data 
with application to lunar craters. J. Geophys. Res., 2012, 117, 
E00H21. 

28. Feldman, W. C., Binder, A. B., Maurice, S., Barraclough, B. L. and 
Elphic, R. C., First positive indication of water ice at the lunar poles. 
Eos, Trans. AGU, 1998, 79 (Spring Meet. Suppl.), Abstr. S190. 

29. Feldman, W. C. et al., Polar hydrogen deposits on the Moon. J. 
Geophys. Res., 2000, 105, 4175–4195. 

30. Fink, J., Structure and emplacement of a rhyolitic obsidian flow, 
Little Glass Mountain, Medicine Lake Highland, northern Califor-
nia. Geol. Soc. Am. Bull., 1983, 94, 362–380. 

31. Scandone, R. and Malone, S., Magma supply, magma discharge 
and readjustment of the feeding system of Mount St Helens during 
1980. J. Volcanol. Geotherm. Res., 1985, 23, 239–262. 

32. McCord, T. B. et al., Sources and physical processes responsible 
for OH/H2O in the lunar soil as revealed by the Moon Mineralogy 
Mapper (M3). J. Geophys. Res., 2011, 116, E00G05. 

 
 
ACKNOWLEDGEMENTS. We thank the anonymous reviewers for 
useful comments that helped improve the manuscript. We also thank  
Dr J. S. Parihar, Space Applications Centre (ISRO), Ahmedabad for his 
keen interest in the study and constant encouragement and support; Dr 
G. Parthasarathy (NGRI-CSIR, Hyderabad) for fruitful discussions and 
the M3, LROC and Mini-RF operation teams for providing the datasets. 
We acknowledge the contributions of Chandrayaan-1 mission operation 
team. 
 
 
Received 25 April 2013; revised accepted 15 June 2013 

 
 
 
Tropical grasslands supporting the  
endangered hispid hare (Caprolagus  
hispidus) population in the Bardia  
National Park, Nepal 
 
Promod Tandan1,2, Bhuwan Dhakal3,  
Kabita Karki4 and Achyut Aryal5,* 
1Central Department of Environmental Science, Tribhuvan University,  
Kathmandu, Kritipur, Nepal 
2London School of Commerce, Cardiff Metropolitan University,  
Wales, UK 
3Eric Friedheim Tourism Institute,  
Department of Tourism Recreation and Sport Management,  
University of Florida, Gainesville, FL, USA 
4Kathmandu Environment Education Project, Kathmandu, Nepal 
5Institute of Natural and Mathematical Sciences, Massey University,  
Auckland, New Zealand 
 
The presence of the endangered hispid hare (Capro-
lagus hispidus) has been confirmed in the seven grass-
lands (approx. 900 ha) of the Babai valley, Bardia 
National Park (BNP), Nepal. We conducted a pres-
ence–absence survey, studied the diet of hispid hare 
and evaluated vegetation composition in hispid hare 
habitat of the park. The pellet density was 4.07/ha  
before the burning season and 8.71/ha after it. The 
diet of the hispid hare consisted of 23 plants species, of 
which Saccharum spp., Imperata cylindrica, Desmo-
stachya bipinnata and Cynodon dactylon were most 
preferred. These plant species were also more abun-
dant in the hispid hare habitat. Our results showed 
that composition of plant species in the diet was avail-
able proportional to the hispid hare habitat. We rec-
ommend that the management authorities should 
prepare a species-focused management plan to con-
serve and monitor the hispid hare population and 
other small mammals of the region. 
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THE tropical grasslands of Nepal support a critical eco-
system and endangered wild animals, including the hispid 
hare (Caprolagus hispidus)1–3. The range of hispid hare is 
limited to the tropical grasslands of Nepal and northern 
India1. As these grassland habitats are the main source of 
livelihood for local people, they are simultaneously under 
the pressure of fire, grazing and occasionally encroach-
ment3–5. Annual grass harvesting and burning are com-
mon practices adopted in the management of these 
tropical grasslands3–6. However, the management espe-
cially focuses upon the charismatic large mammals and 
their habitats (grasslands), with less concern toward the 
small mammals1,3. 
 Occurrence of hispid hare population has been reported 
in the Shuklaphanta Wildlife Reserve, Nepal2,3,5. This 
species is possibly distributed throughout the grasslands, 
from the eastern to the western regions of Nepal1–3,5–8. 
Yet, there is no information on the distribution of this 
species in other parts of Nepal. Therefore, we studied the 
grasslands of the Bardia National Park (BNP), Nepal. The 
study focused on the abundance of hispid hare based on 
the presence/absence information, its habitat, diet and 
threats faced in BNP. 
 The BNP lies between 80°10′E to 80°50′E and 28°15′N 
to 28°40′N in the western part of Nepal, extending across 
968 km2 as the largest national park of lowland/tropical 
region in the country. The park supports a large tropical 
biological diversity and about 3.5% of the park area is 
classified as grassland. The dominant grass species include 
Saccharum spontaneum, Imperata cylindrica and Desmo-
stachya bipinnata. The grasslands particularly support 
small and large mammals, birds and other biological diver-
sity9,10. Seven different vegetation types have been identi-
fied, dominated by species such as Shorea robusta, 
Terminalia tomentosa, T. bellirica and Buchanania latifo-
lia. BNP provides a prime habitat for endangered animal 
species, such as tiger (Panthera tigris), one-horned rhino 
(Rhinocerus unicornis) and elephant (Elaphus maximus)9. 
 The study was conducted in two seasons: before  
the burning season (November 2008–February 2009) and 
after (March–June 2009) the burning season. We 
searched the whole grassland for hispid hare pellets in all 
the potential hispid hare habitats. Pellets, which are con-
spicuous, were identified based on earlier studies2,3,5–8. We 
laid out strip transect lines (50 m × 20 m of about 1 km) 
systematically in each grassland and counted the hispid 
hare pellets. The transect lines were drawn perpendicular 
to the river direction in each grassland of the Babai valley 
and the grassland near BNP headquarters. Once we iden-
tified the plots, we marked the areas for vegetation meas-
urement, i.e. 10 m × 10 m for the tree layer, 4 m × 4 m 
for shrub layer and 1 m × 1 m for grass. The plot points 
for each area were transformed into the digitized Topo-

map of BNP, and Arc GIS 9.3 was used to prepare the 
hispid hare distribution map. 
 In total, 29 and 62 hispid hare pellets were collected 
from the study area before and after the burning season res-
pectively. The samples were analysed in laboratory of 
Central Department of Environmental Science, Tribhuvan 
University, Nepal. Each sample was further analysed for 
microhistrological diet analysis3,11–13. The samples were 
washed with distilled water and kept for 24 h in alcohol 
(2%). After washing with 25% alcohol, they were oven-
dried at 40°C for 24 h. Samples were further analysed as 
described earlier3. In total, 29 and 62 slides were pre-
pared from the samples collected before and after the fire. 
From each slide, 20 fragments were taken to identify the 
hares up to species level. The plant fragments which re-
mained in each sample were analysed by comparing with 
the reference plant fragments of the area3. 
 A total of 682 transect lines were laid out throughout 
the entire potential grasslands of the park. We divided the 
grasslands into four categories and conducted the transect 
survey. These included: (i) Around the park headquarters 
(169 transects), (ii) Lamkohli (114 transects) and adjacent 
areas, (iii) Lal Matti, Chisapani and Rambhapur (43 tran-
sects) and (iv) Babai valley (356 transects). Of these 
sites, only seven grassland patches of the Babai valley 
support the hispid hare population, which extends over an 
area of approximately 900 ha. The pellet density of the his-
pid hare was 4.07/ha before the burning season and 8.71/ha 
after it. The seven grasslands of BNP which support the 
hispid hare population (Figure 1) are the following. 
 (i) Sanosiri: This is located on the southern side of 
the Babai valley on the upper margin adjacent to Thu-
losiri grassland on the southeastern side of the Guthi post, 
where S. spontaneum and I. cylindrica are the dominant 
grass species (Figure 1). 
 (ii) Thulosiri: This grassland lies on the southwestern 
part of the Sanosiri, where S. spontaneum, I. cylindrica 
and Cynodon dactylon are the dominant grass species 
(Figure 1). Larger pellet size was recorded here than in 
any of the other grasslands and good coverage provided 
escape from predators. This grassland is similar to that of 
Sanosiri and was observed to be prone to poaching of 
other big mammals and not hispid hare. 
 (iii) Guthi: The Guthi grassland, in the northern part 
of the Babai river, lies almost in the middle of the 
Chepang and Parewaodar Post, where S. spontaneum and 
I. cylindrica are the dominant grass species. The Guthi 
grassland as well as Sanosiri, Thulosiri and Chittale are 
the preferred elephant habitats (Figure 1). 
 (iv) Kalinara: The Kalinara grassland lies south of 
the Babai river, where S. spontaneum and I. cylindrica 
are the main grass species (Figure 1). 
 (v) Ratamate: This is the only grassland supporting 
the hispid hare, which is not drained by the Babai river. 
We encountered many wild pigs during the survey peri-
ods (Figure 1). 
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Figure 1. Vegetation types of the Bardia National Park, Nepal and map showing the hispid hare habitat, existing grassland and 
forest area besides other topographic features. 

 
 
 (vi) Mulghat: This grassland lies on the west, adja-
cent to Machan, where the dominant grass species include 
C. dactylon and I. cylindrical (Figure 1). This grassland 
was found to be most frequently harvested by the local 
inhabitants from Chepang. Such activities have disturbed 
hispid habitat and its species, C. dactylon. 
 (vii) Nahar: This grassland lies on the western part of 
the Babai irrigation dam (Babai bridge on the eastwest 
highway; Figure 1). I. cylindrica and C. dactylon are the 
dominant grass species. The species population was 
found to be the most isolated and confined among the 
grasslands studied, with the hispid hare population surviv-
ing under threat, i.e. flooding and the connectivity with this 
grassland was broken down by forest patches and rivers. 
Visits by the public to the Babai dam add to the threat to 
this grassland. No annual burning is practised here. 
 The diet of the hispid hare consists of 23 plants spe-
cies, the 5 most preferred species are: S. spontaneum, I. 
cylindrica, D. bipinnata, C. dactylon and Saccharum 
munja. These constitute more than 85% of the food plant 
species (Figure 2). 
 S. spontaneum occurred with the highest frequency fol-
lowed by I. cylindrica and C. dactylon before the burning 

season; I. cylindrica had the highest frequency followed 
by S. spontaneum and C. dactylon after the burning sea-
son (Figure 2). Our results showed that the composition 
of the plant species in the diet of the hare was available 
proportional to the hispid hare habitat. 
 This study has confirmed the presence of the hispid 
hare in the Babai valley. Due to the nocturnal nature of 
the hispid hare, we adopted the survey method, studying 
hispid hare pellets to understand the status and conduct a 
presence–absence survey. Aryal et al.3 and Yadav5 esti-
mated the hispid hare population based on the pellet den-
sity in the Shuklaphanta Wildlife Reserve. We used the 
same method to estimate the population density from the 
pellet density. We found a population density of 0.452 
and 0.967/ha before and after the burning seasons, with 
estimates that were much lower than those of the earlier 
studies3,5. 
 I. cylindrica, C. dactylon and S. spontaneum were the 
most preferred plant species for the hispid hare to feed 
upon in both seasons. Similar plant species in the hispid 
hare diet were recorded3. All the pellets were found in the 
grasslands dominated by I. cylindrica and S. spontaneum 
in the park, similar to the findings of Aryal et al.3. 
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Figure 2. Frequency of plant species found in hispid hare habitat and 
hispid hare pellets. 
 
 
Therefore, we conclude that the hispid hare prefers I. cyl-
indrica, C. dactylon and S. spontaneum-dominated grass-
lands, and these plant species would offer the most 
suitable habitat for the hare. We suggest that the pres-
ence–absence survey be conducted in other grasslands 
(dominated by I. cylindrica and S. spontaneum with a 
combination of C. dactylon) as well as in the Protected 
Areas of the tropical region (i.e. Chitwan National Park). 
We also suggest that the concerned authorities prepare a 
species-focused management plan for the conservation of 
the hispid hare and other small mammals of the region. 
At the same time a fire management strategy needs to be 
prescribed and implemented.  
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