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ABSTRACT

Advanced Spaceborne Thermal and 
Refl ection Radiometer (ASTER) data of the 
early Quaternary Khanneshin carbonatite 
volcano located in southern Afghanistan 
were used to identify carbonate rocks within 
the volcano and to distinguish them from 
Neogene ferruginous polymict sandstone and 
argillite. The carbonatitic rocks are charac-
terized by diagnostic CO3 absorption near 
11.2 μm and 2.31–2.33 μm, whereas the sand-
stone, argillite, and adjacent alluvial deposits 
exhibit intense Si-O absorption near 8.7 μm 
caused mainly by quartz and Al-OH absorp-
tion near 2.20 μm due to muscovite and illite.

Calcitic carbonatite was distinguished 
from ankeritic carbonatite in the short wave 
infrared (SWIR) region of the ASTER data 
due to a slight shift of the CO3 absorption 
feature toward 2.26 μm (ASTER band 7) in 
the ankeritic carbonatite spectra. Spectral 
assessment using ASTER SWIR data sug-
gests that the area is covered by extensive car-
bonatite fl ows that contain calcite, ankerite, 
and muscovite, though some areas mapped 
as ankeritic carbonatite on a pre existing geo-
logic map were not identifi ed in the ASTER 
data. A contact aureole shown on the geologic 
map was defi ned using an ASTER false color 
composite image (R = 6, G = 3, B = 1) and 
a logical operator byte image. The contact 
aureole rocks exhibit Fe2+, Al-OH, and Fe, 
Mg-OH spectral absorption features at 1.65, 
2.2, and 2.33 μm, respectively, which sug-
gest that the contact aureole rocks contain 
musco vite, epidote, and chlorite. The contact 
aureole  rocks were mapped using an Inter-
active Data Language (IDL) logical operator.

A visible through short wave infrared 
(VNIR-SWIR) mineral and rock-type map 
based on matched fi lter, band ratio, and 
logical operator analysis illustrates: (1) lat-

erally extensive calcitic carbonatite that 
covers most of the crater and areas north-
east of the crater; (2) ankeritic carbonatite 
located southeast and north of the crater 
and some small deposits located within 
the crater; (3) agglomerate that primarily 
covers the inside rim of the crater and a 
small area west of the crater; (4) a crater 
rim that consists mostly of epidote- chlorite-
muscovite–rich metamorphosed argillite  
and sandstone; and (5) iron (Fe3+) and 
muscovite-illite–rich rocks and iron-rich 
eolian sands surrounding the western part 
of the volcano. The thermal infrared (TIR) 
rock-type map illustrates laterally extensive 
carbonatitic and mafi c rocks surrounded 
by quartz-rich eolian and fl uvial reworked 
sediments. In addition, the combination of 
VNIR, SWIR, and TIR data complement 
one another in that the TIR data illustrate 
more laterally extensive rock types and the 
VNIR-SWIR data distinguish more specifi c 
varieties of rocks and mineral mixtures.

INTRODUCTION

Carbonatites are of economic importance 
due to their typical association with deposits of 
rare earth and radioactive elements (Alkhazov 
et al., 1978; Castor, 1991; Le Bas, 1977; 
Olson et al., 1954). Carbonatite deposits con-
sist of carbonate-rich rocks that contain diag-
nostic spectral absorption features (Rowan 
et al., 1984; Rowan et al., 1986; Rowan, 1997). 
The rarity and unique spectral characteristics 
of carbonate-rich carbonatites dictate the need 
for spectroscopic remote sensing analysis and 
mapping of surfi cal deposits, which will aid 
future exploration and research.

The Khanneshin carbonatite volcano is 
located in the Registan Desert ~240 km 
southwest of Kandahar, Afghanistan (Fig. 1). 
According to Alkhazov et al. (1978), the vol-
cano formed during the early Quaternary 
period as multiple episodes of carbonatite 
volcanogenic and volcanogenic-sedimentary 

facies formed a domelike base with a super-
imposed cone, as well as numerous “explosion 
pipes” (Fig. 2). Alkhazov et al. (1978) also 
note the presence of rare-earth-element- (REE) 
rich zones and concentrations of phosphorus, 
iron, strontium, and radioactive minerals. The 
diameter of the dissected volcano is ~10 km 
(Alkhazov et al., 1978). The cone stands 
~700 m above the desert fl oor, and a 2.1 km × 
3.1 km caldera occupies the central part (Fig. 
1B). In this study, an Advanced Spaceborne 
Thermal Emission and Refl ection Radiometer 
(ASTER) false color composite image (R = 6, 
G = 3, B = 1) is used to defi ne the caldera 
(crater) as the area within a circular pattern of 
green pixels (dotted line, Fig. 1B).

ASTER measures refl ected radiation in three 
bands between 0.52 and 0.86 μm (VNIR); 
in six bands from 1.65 to 2.43 μm (SWIR); 
and emitted radiation in five bands in the 
8.125–11.65 μm wavelength region (TIR) with 
15 m, 30 m, and 90 m resolution, respectively 
(Fujisada, 1995). ASTER also has a back-
looking  VNIR telescope with 15 m resolu-
tion. Thus, stereoscopic VNIR images can be 
acquired at 15 m resolution. The swath-width is 
60 km, but ASTER’s off-nadir pointing capabil-
ity extends the total cross-track viewing capa-
bility to 232 km (Fujisada, 1995).

The purpose of this study is to evaluate data 
recorded by the ASTER imaging system for 
mapping the Khanneshin volcano lithologies, 
especially the carbonatitic deposits with which 
potentially important mineral deposits appear 
to be associated. The study area includes the 
volcanic crater, surrounding fl ows, and alluvial 
and desert-plain deposits (Fig. 1B). This evalua-
tion is based on comparison of image analysis 
results to a generalized geologic map (Fig. 2; 
Alkhazov et al., 1978). In addition, interpre-
tation of the images is based on previous 
documentation of the spectral refl ectance and 
spectral emittance of carbonatites and associated 
alkalic rocks collected from other sites such as 
Mountain Pass, California and Iron Hill, Colo-
rado (Bowers and Rowan, 1996; Rowan, 1997; 
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Rowan, 1998; Rowan et al., 1984; Rowan et al., 
1986; Rowan et al., 1995; Rowan and Mars, 
2003; Watson et al., 1996).

GEOLOGY

The initial phase of formation of the Khan-
neshin volcano was the shallow intrusion of 
sovite and doming of red, ferruginous polymict 
sandstone and argillite (Alkhazov et al., 1978) 
(Fig. 2). Subsequently, the dome was breached 
by extrusion of gray, banded breccialike stron-
tianite sovite, which consists mainly of calcite 
and strontianite, and minor acmite, barite, biotite, 
phlogopite, apatite, and pyrochlore (Alkhazov 
et al., 1978) (Fig. 2). The main crater was nearly 
fi lled with barite-calcite-ankerite agglomeratic 
deposits of the next phase, which also contain 
magnetite, phlogopite, apatite, acmite, fl uorite, 
REE-carbonate minerals, galena, and pyrochlore 
(Fig. 2). Most of the subsequent volcanism was 
characterized by carbonatitic diatremes, the larg-
est of which is 500 × 900 m, and alvikite lava 
and volcanic-sedimentary rocks mainly within 
the main crater (Alkhazov et al., 1978) (Fig. 2). 
The diatreme deposits and alvikite lava contain 
abundant xenoliths and nodules consisting of 
calcite, clinopyroxene, biotite, garnet, magne-
tite, apatite, melilite, phlogopite, analcime, and 
fenite (Alkhazov et al., 1978). The carbonatitic 
rocks are grouped into two units, dominantly 
calcitic tuffs, lavas, and agglomerates (carb1—
yellow, Fig. 2) and dominantly ankeritic lavas, 
tuffs, and agglomerate (carb2—green, Fig. 2). 
 Volcanic-sedimentary rocks are common in the 
calcitic and ankeritic carbonatitic units (carb1 
and carb2, Fig. 2).

Carbonatite dikes and veins are also charac-
teristic of the later stages of activity. The termi-
nal phase of activity at the Khanneshin volcano 
was extrusion of leucite phonolite lava in the 
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Figure 1. (A) ASTER false-color composite 
image (red—band 6; green—band 3; and 
blue—band 1) of the Registan, Afghanistan, 
area showing the Khanneshin volcano and 
location of the study area south of the Hel-
mand River (solid line). (B) ASTER subset 
false-color composite image (red—band 6; 
green—band 3; and blue—band 1) of 
the study area showing the location of the 
Khanneshin crater—A, crater rim (dotted 
line) highlighted by green colored rocks, 
and large fl uvial terrace deposit—B. Addi-
tional volcanic deposits fl ank the north, 
northeast, and southeast rim of the crater. 
An isolated volcanic deposit is located west 
of the volcano—C.
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southeastern sector, which is the only alkaline 
volcanic rock associated with these carbonatite 
deposits (lp, Fig. 2). Erosion of the volcano 
resulted in the “Upper Pliocene gravel-rubble, 
proluvial deposits” (gvl, Fig. 2). Note that the 
barite-ankerite carbonatite lavas and tuffs and 
Neogene polymict sandstone and argillite are 
exposed along the fan margin (carb1 and ss, 
respectively, Fig. 2).

Contact metamorphism resulted in a 
5–100-m-wide band of greenish rocks around 
the crater periphery, which Alkhazov et al. 
(1978) reported being enriched in phos phorous. 

They also reported REE-carbonate minerals, 
including bastnaesnite and burbankite, con-
centrated in hydrothermally altered rocks in 
the southwestern part of the volcano, in addi-
tion to those REE zones indicated within the 
crater (Fig. 2).

CARBONATITE SPECTRAL 
CHARACTERISTICS

The spectral characteristics of carbonatitic 
rocks are dominated by carbonate minerals, but 
in some deposits silicate minerals and certain 

oxide-minerals have signifi cant effects (Rowan 
et al., 1984; Rowan et al., 1986; Rowan et al., 
1995). Carbonate mineral laboratory spectra 
are distinctive in the 8–12 μm thermal infra-
red (TIR) region because of the presence of a 
weak absorption feature near 11.2 μm and, 
otherwise, generally fl at spectra (Fig. 3A). 
This weak feature is evident as a slight drop in 
emittance in band 14 in ASTER TIR spectra 
due to the breadth of the TIR bandpasses (Fig. 
3B). As noted in the geologic description of 
the study area, a wide range of other minerals 
is common in carbonatite, and absorption fea-
tures exhibited by them cause departure from 
the generally fl at emittance spectrum (Fig. 3A). 
Note that some rock-forming minerals exhibit 
important absorption features near 10.0 μm in 
laboratory spectra, but ASTER does not have a 
band in this region due to atmospheric absorp-
tion. Nevertheless, spectra of mafi c minerals, 
such as biotite, hornblende, and epidote, dis-
play emissivity minima in ASTER bands 13 or 
14, whereas quartz and microcline minima are 
centered in shorter wavelength bands (ASTER 
bands 11 and 12, Fig. 3A), which causes a shift 
of the restrahlen band envelope toward longer 
wavelengths with increasing rock mafi c content 
(Lyon, 1964).

In the 0.5–2.5 μm visible near infrared 
(VNIR) and short wave infrared (SWIR) wave-
length region, calcite and ankerite display 
absorption features at 2.33–2.34 μm and 2.31–
2.32 μm, respectively (Fig. 3C). Ankerite is Fe-
bearing and forms in a solid solution series with 
dolomite [Ca(Fe2+,Mg,Mn)(CO

3
)

2
] (Mandarino, 

1999). Laboratory refl ectance spectra of anker-
itic carbonatite from Iron Hill, Colorado, indi-
cate that the CO

3
 absorption feature in ankerite 

is centered at 2.32 μm (Figs. 3C and 3D).
Some phyllosilicate minerals, such as biotite, 

chlorite, and phlogopite, display absorption fea-
tures near 2.32 μm, which may cause ambigui-
ties in distinguishing carbonate minerals from 
mafi c minerals in images with limited spectral 
resolution and/or low signal:noise (S:N) (Fig. 
3C; Hunt, 1977). REE-bearing carbonate miner-
als and apatite are characterized by narrow Nd3+ 
absorption features, which are centered at spe-
cifi c wavelength positions (Rowan et al., 1986; 
Rowan and Mars, 2003) (Fig. 3C).

ASTER’s multispectral sampling permits dis-
crimination of pixels dominated by a particular 
mineralogical group, but more specifi c mineral 
identifi cation is usually not feasible (Fig. 3D; 
Rowan and Mars, 2003; Rowan et al., 2006). 
ASTER spectral refl ectance analysis has proven 
effective for mapping lithologies characterized 
by ferric-iron and ferrous-iron, Al-OH, Fe, 
Mg-OH, and CO

3
 absorption features (Hewson 

et al., 2005; Rowan and Mars, 2003; Rowan 
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Figure 2. Generalized geologic map of the Khanneshin, Afghanistan volcano and surround-
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Figure 3. Comparison of laboratory spectra and the same spectra after resampling to ASTER bandpasses: (A) high-resolution emissivity 
spectra of important rock-forming minerals; (B) Figure 3A spectra resampled to the ASTER TIR bandpasses (Fujisada, 1995); (C) high-
resolution refl ectance spectra of several important minerals and neodymium oxide (Nd3+) (Clark et al., 1993); vertical lines at 2.20 μm and 
2.30 μm are shown for reference; and (D) Figure 3C spectra resampled to the ASTER VNIR+SWIR bandpasses (Fujisada, 1995).
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et al., 2006), and some spectrally subtle dif-
ferences permit discrimination of calcite from 
dolomite, and Fe-muscovite from K-muscovite 
in well-exposed areas (Rowan and Mars, 2003).

CALIBRATION AND IMAGE 
PROCESSING

The ASTER instrument acquired data from 
the Khanneshin study area on July 6, 2001 and 
the AST_l1b radiance data were downloaded 
from the Land Processes Distributed Active 
Archive Center (LP DAAC) at the EROS data 
center in Sioux Fall, South Dakota. A crosstalk 
algorithm and radiance correction factors were 
applied to ASTER SWIR data to correct for 
anomalies in the SWIR radiance data (Biggar 
et al., 2005; Iwasaki and Tonooka, 2005; Mars 
and Rowan, 2006; Mars and Rowan, 2010). 
The three VNIR bands of ASTER data were 
co-registered  with the six SWIR bands subse-
quent to spatially resampling the 30 m resolu-
tion SWIR data to match the 15 m resolution 
VNIR data. The atmospheric water-vapor esti-
mate used for calibration of the VNIR+SWIR 
image was obtained from Moderate Resolution 
Imaging Spectrometer (MODIS) MOD05_L2 
data (Gao and Kaufman, 2003), which were 
collected simultaneously with the ASTER 
acquisition, and input into atmospheric correc-
tion software to calibrate the nine-band ASTER 
Level_1B radiance data to refl ectance data 
(ImSpec, 2004). The atmospheric correction 
algorithm uses radiative transfer code to com-
pensate for atmospheric absorption and scatter-
ing effects (Chandrasekhar, 1960).

A sand sample obtained from the study area 
in the summer of 2009 was used to calibrate 
ASTER VNIR, SWIR refl ectance data (Rowan 
and Mars, 2003). The sample was measured 
in the laboratory using an Analytical Spectral 
Device (ASD) spectrometer, which records 
2151 channels throughout the 0.4–2.5 μm 
wavelength region. The sand spectrum was 
then resampled to simulate ASTER refl ectance 
VNIR-SWIR data using ASTER bandpasses. 
The quotient of the ASTER-resampled sand 
spectrum divided by an ASTER refl ectance 
VNIR-SWIR image spectrum representing the 
same area was used to rescale the refl ectance 
values (Rowan and Mars, 2003).

The ASTER spectral emittance data evalu-
ated in this study were the standard prod-
uct (AST_05), which was produced at the 
LP DACC using the temperature-emissivity 
separation (TES) algorithm developed by Gil-
lespie et al. (1998). The TIR spectral emittance 
data were resampled to 15 m resolution and 
co-registered  to the nine-band VNIR+SWIR 
data. A decorrelation stretch image was com-

piled from AST_05 bands 12 (red), 11 (green), 
and 10 (blue) using image analysis software 
(Gillespie  et al., 1986; ITT, 2008).

Minimum noise transform (MNF) analysis 
was used to reduce noise in the ASTER TIR 
and SWIR data (Green et al., 1988). MNF data 
compiled from AST_05 data indicated that 
MNF TIR bands 1 through 3 contained coher-
ent data while MNF bands 4 and 5 contained 
noise. Thus, in order to reduce noise in the TIR 
data an inverse MNF transform using MNF 
bands 1 through 3 was used to compile a noise-
suppressed fi ve band ASTER TIR data set. In 
addition, MNF analysis of ASTER SWIR data 
showed that MNF band 6 contained mostly 
noise; thus an ASTER six-band SWIR data 
set was compiled using inverse MNF bands 1 
through 5, which substantially reduced noise in 
the SWIR data.

IMAGE ANALYSIS

ASTER TIR

Decorrelation-stretch images are an especially 
effective means of displaying spectral emittance 
among felsic, mafi c, ultramafi c, and carbon-
ate rocks (Gillespie et al., 1986). In a typical 

 decorrelation-stretch image in which ASTER 
band 13 or 14 is displayed in red, band 12 in 
green, and band 10 in blue, felsic rocks appear 
red, mafi c rocks are blue, and carbonate rocks 
and vegetation are green (Fig. 4). However, an 
ASTER band 3/2 ratio map (not shown), which 
maps the chlorophyll absorption feature at 
0.68 μm, did not illustrate any green vegetation 
in the study area. Thus, the central part of the 
crater, according to the decor image, is primar-
ily carbonate in composition (green, Fig. 4). The 
decorrelation stretch image of AST_05 bands 
13 (red), 11 (green), and 10 (blue) illustrates 
that yellow pixels on the north and south sides 
of the crater contain high band 13 and band 10 
values, which are mixtures of felsic (sandstone) 
and carbonate (carbonatite) rocks (Fig. 4). Pink 
pixels  surrounding the crater in the decorrela-
tion stretch image contain high band 13 and low, 
approximately equal, band 11 and band 10 val-
ues. The pink pixels correspond to the contact 
metamorphosed sandstone and argillite, which 
are interpreted as felsic rocks with smaller but 
equal components of mafi c and carbonate rocks 
(Fig. 4). Blue pixels in the decorrelation-stretch 
image indicate mafi c material and suggest that 
mafi c volcanic rocks and eroded mafi c sediment 
from the volcano cover the northeastern part 
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Figure 4. Decorrelation-stretch ASTER image of the Khanneshin volcano study area (Gillespie 
et al., 1986). Red—band 13; green—band 12; and blue—band 10. Crater rim highlighted 
by black-dotted line.
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of the study area (Fig. 4). Purple pixels in the 
decorrelation-stretch image contain high band 
13 and band 10 values, which indicate mixing 
of mafi c and felsic components and suggest that 
the eastern part of the study area consists pri-
marily of mafi c volcanic sediment eroded from 
the volcano mixed with surrounding quartz-rich 
eolian and fl uvial sediments (Fig. 4). The false 
color composite image (R = 6, G = 3, B = 1) 
illustrates that the western part of the plain 
below Khanneshin is covered by linear eolian 
sand dunes, which are red in the corresponding 
decorrelation-stretch image and suggest that the 
sands are quartz-rich (Figs. 1B and 4).

TIR ratio images are useful for distinguish-
ing certain lithologic groups and identifying 
pixels for use as reference spectra for sub-
sequent spectral analysis and classifi cation 
(Rowan et al., 2006). The 14/12 band ratio 
image is effective for displaying quartzose 
materials with SiO

2
 (9.1 μm) spectral absorp-

tion whereas the 13/14 band ratio image shows 
well-exposed carbonate deposits that exhibit 
weak 11.2 μm spectral absorption (Figs. 5A 
and 5B, respectively; Rowan et al., 2006). The 
relative-band-depth (12+14)/13 image (RBD 
13) is useful for displaying mafi c and ultramafi c 
rocks that exhibit 10.6 μm absorption features 
(Fig. 5C; Rowan et al., 2006). A lithologic map 
of quartz-rich, carbonate-rich, and mafi c-rich 
rocks was compiled using the TIR ratio images 
by displaying only the highest digital numbers 
(DN) and comparing the pixel distribution 
of each image with the generalized geologic 
map and decorrelation stretch image (Figs. 2, 
4, and 6). In order to illustrate the proper dis-
tribution of rocks and sediment the carbonate 
lithologic unit compiled from the TIR ASTER 
band ratio 14/13 is stacked on top of the RBD 
13 mafi c-rich lithologic unit (Fig. 6). The RBD 
13 values are more widespread and correspond 
to carbonatite and deposits of alluvium, which 
probably contain mixtures of carbonatite and 
mafi c rock fragments and eolian sand and fl u-
vial sediments (brown, Fig. 6). The quartz-rich 
lithologic unit compiled from the band ratio 
14/12 maps the quartz-rich eolian sands in the 
western part of the study area (maroon, Fig. 6). 
Thus, the three lithologic units of the TIR map 
compiled from the high DN values for the band 
14/band 12, band 13/band 14, and RBD 13 
show good agreement with the decorrelation-
stretch image and the geologic map (Figs. 6, 4, 
and 2, respectively).

The emittance spectra that correspond to the 
TIR spectral units illustrate spectral contrast 
among some of the main lithologies in the study 
area (Figs. 6 and 7). The quartzose spectrum 
exhibits intense absorption in band 12 due to 
quartz (Fig. 7). This feature is also present in 
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Figure 5 (on this and following page). ASTER TIR ratio images of the Khanneshin vol-
cano study area showing spectral variations caused by lithologic composition differences: 
(A) band 14/band 12, showing high DN values (bright) caused by quartzose deposits, and low 
values (dark) in carbonate-rich areas and vegetation concentrations; (B) band 13/band 14, 
showing high DN values caused by carbonate deposits and green vegetation (none present ).



Mars and Rowan

282 Geosphere, February 2011

the carbonatite and carbonatite-mafi c-felsic-
mix spectra, probably due to the admixture of 
quartzose sedimentary rocks, either as xenoliths 
or interlayered siliceous beds (Fig. 7).

ASTER VNIR-SWIR

ASTER SWIR Pixel Purity and Matched 
Filter Analysis

Most of the diagnostic spectral absorption 
features in argillite (clay-rich rock) and car-
bonatites are in the SWIR region (Hunt, 1977; 
Rowan and Mars, 2003). In addition to the 
2.31–2.33 μm absorption features observed in 
carbonate-rich rocks, clay-rich rocks, which 
consist of muscovite or illite (the weathered 
product of muscovite), exhibit 2.2 μm absorp-
tion features (Figs. 3C and 3D). Thus, a pixel 
purity index (PPI) was performed on the MNF 
ASTER SWIR data to map spectral end-
members, which are pixels with the most diag-
nostic spectral absorption features of a specifi c 
mineral or mineral groups (Green et al., 1988; 
Boardman et al., 1995; Rowan et al., 1995; 
Rowan and Mars, 2003; Rowan et al., 2003). 
Although PPI was developed for hyperspectral 
data, ASTER SWIR data have suffi cient spec-

tral resolution for defi ning spectral endmembers 
(Boardman et al., 1995; Rowan et al., 2003).

In the Khanneshin data set the ASTER 
SWIR PPI endmember spectra exhibit CO

3
 

and AL-OH spectral absorption features char-
acteristic of ankeritic and calcitic carbonatites, 
clay-rich (argillite) sandstones, and a mixture of 
carbonitite  and clay-rich sandstone interpreted 
as agglomerate (Fig. 8). According to the geo-
logic map, the PPI endmember spectrum that is 
similar to ankeritic carbonatite is from an anker-
itic carbonatite fl ow southeast of the crater and 
has 2.2, 2.26, and 2.33 μm absorption features 
(A in Fig. 2; A in Fig. 8). Although intimate 
mixing may infl uence mineral abundances, the 
shape of the SWIR part of the PPI ankeritic 
spectrum resembles a laboratory spectrum rep-
resenting equal amounts of ankerite, muscovite, 
and calcite (Clark, 1999; A in Fig. 9).

The PPI calcitic carbonatite spectrum has 
weak 2.2 and strong 2.33 μm absorption fea-
tures (B in Fig. 8). The geologic map indicates 
that the PPI calcitic spectrum corresponds to 
calcitic carbonatite rocks in the southern part of 
the crater (B in Fig. 2). The shape of the SWIR 
part of this spectrum resembles a laboratory 
spectrum containing two-thirds calcite and one-

third muscovite (B in Fig. 9). In contrast, the 
PPI ankeritic spectral endmember has greater 
band 7 absorption than the calcitic carbonatite 
spectrum due to the ankeritic CO

3
 absorption 

at 2.26 μm (Fig. 3D; A and B in Fig. 8). Thus, 
calcitic carbonatite and ankeritic carbonatite are 
distinguishable locally in ASTER data because 
of this subtle spectral shape difference displayed 
in the SWIR region.

The PPI endmember spectra that have the 2.2 
and 2.33 μm absorption features correspond to 
the southern rim of the crater near the argil-
lite and sandstone–carbonatite contact, where 
mixing of country and intrusive rocks is most 
likely (C in Fig. 2). PPI endmember spectra 
have spectral absorption features characteristic 
of the agglomerates, which consist of carbona-
tite (2.33 μm-CO

3
 spectral absorption), and 

argillite (muscovite, 2.2 μm-AL-OH absorp-
tion) and sandstone (Fig. 3D; C in Fig. 8). The 
shape of the SWIR part of the PPI agglomerate 
spectrum resembles a laboratory spectrum rep-
resenting equal amounts of muscovite and calcite 
(C in Fig. 9).

The PPI endmember spectrum that has a band 
6 absorption feature is consistent with the 2.2 μm 
spectral absorption feature exhibited in musco-
vite. The PPI endmember spectrum is located on 
the northern rim of the crater in the contact aure-
ole rocks that consist of metamorphosed argil-
lite and sandstone (D in Fig. 2; Fig. 8; Fig. 9D). 
Thus, spectral absorption features associated 
with muscovite (AL-OH, ASTER band 6), 
ankerite (CO

3
, ASTER bands 7 and 8), and cal-

cite (CO
3
, ASTER band 8) are critical for iden-

tifi cation of agglomerates, ankeritic carbonatite, 
calcitic carbonatite, and argillite-rich sandstones 
using ASTER SWIR data.

Matched filter classification, which was 
used with the PPI spectral endmembers, out-
puts grayscale images with DN pixel score 
values related to endmember abundance and 
conformity of image spectra to endmember 
spectral shapes (Figs. 10A–10D; Farrand, and 
Harsanyi, 1997; Harsanyi and Chang, 1994). In 
some cases, however, due to spectral similar-
ity, matched fi lter mapped the same areas using 
different PPI spectral endmembers in multiple 
images (Figs. 10A–10D).

Ankeritic carbonatite rocks mapped with 
matched fi lter using the ankeritic PPI end-
member spectrum cover the areas north of the 
crater, within the crater, and southeast of the cra-
ter (A in Fig. 8; A, B, and C in Fig. 10A). The 
ankeritic carbonatite located north and southeast 
of the crater corresponds to the geologic map 
and includes the location of the PPI ankeritic 
carbonatite spectrum (Fig. 2; A in Fig. 8; A and 
C in Fig. 10A). The ankeritic carbonatite in the 
crater on the matched fi lter image is mapped as 
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Figure 5 (continued). (C) Relative-band-depth (RBD) image in which ASTER band 13 is the 
denominator and bands 14 and 12 constitute the numerator, showing carbonate-rich deposits  
with high DN values and carbonate deposits mixed with silicate material in intermediate 
values; low DNs represent quartzose deposits. Crater rim highlighted by red-dotted line.
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Figure 6. ASTER TIR lithologic map of the Khanneshin volcano, Afghanistan, compiled 
from high DN values for each of the ratio images shown in Figure 5A (maroon—band 14/
band 12), Figure 5C (brown—RBD13), and Figure 5B (light blue—band 13/band 14). Back-
ground image is ASTER band 1.
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Figure 7. ASTER TIR image spectra of 
quartz, carbonatite, and mixture of carbon-
atite and quartz-rich rock and sediment.
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Figure 8. ASTER pixel purity endmember 
spectra which according to the geologic map 
(Fig. 2) are located on: A—ankeritic car-
bonatite, B—calcitic carbonatite, C—calcitic 
carbonatite close to the sandstone and argil-
lite rim where agglomerate is more likely to 
be located, and D—contact metamorphosed 
sandstone and argillite. Locations of image 
spectra are shown in Figure 2. The ankeritic 
carbonatite spectrum A has 2.2, 2.26, and 
2.33 μm spectral absorption features caused 
by ankerite, calcite, and muscovite, the cal-
citic carbonatite spectrum B has a weak 
2.2 and strong 2.33 μm spectral absorption 
feature caused by muscovite and calcite, 
the spectrum of agglomerate C has 2.2 and 
2.33 μm spectral absorption features of the 
same intensity caused by muscovite and 
calcite, and contact-metamorphosed argil-
lite and sandstone D has a 2.2 μm spectral 
absorption feature caused by muscovite.
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Figure 9. ASTER resampled sample spectra 
of A—1 calcite + 1 muscovite + 1 ankerite, 
B—2 calcite + 1 muscovite, C—1 calcite + 1 
muscovite, and D—1 muscovite.
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calcitic carbonatite on the geologic map and the 
PPI calcitic matched fi lter image (Fig. 2; B in 
Fig. 10A; A in Fig. 10B). Spectral analysis of 
the carbonatite in the crater indicates that there 
is more intense band 8 absorption than observed 
in the PPI ankeritic carbonatite spectrum and is 
therefore interpreted as a mixture of primarily 
calcitic and smaller amounts ankeritic carbona-
tite (Figs. 8A and 8B; B in Fig. 10A). Ankeritic 
carbonatite along the rim of the crater, northeast 
of the crater, and south of the crater on the geo-
logic map did not map in the ankeritic spectral 
endmember match fi lter image (Figs. 2 and 
10A). Spectral assessment of these unmapped 
areas show no signifi cant band 8 (2.33 μm) or 
band 7 (2.26 μm) absorption features related to 
ankeritic carbonatite.

Calcitic carbonatite rocks mapped using the 
calcitic PPI spectrum cover most of the crater, 
southwest of the crater, and, sporadically, north-
east of the crater (B in Fig. 8; A, B, and C in Fig. 
10B). The calcitic carbonate rocks illustrated in 
the matched fi lter image correspond to calcitic 
carbonate rocks shown on the geologic map and 
the position where the PPI calcitic carbonatite 
spectrum is located (Fig. 2; B in Fig. 2; A and B 
in Fig. 10B). Calcitic carbonatite deposits shown 
on the geologic map west, north, and southeast 
of the crater did not map on the matched fi lter 
image (Figs. 2 and 10B). Spectral assessment of 
the areas not mapped using ASTER data north 
and southeast of the crater show no signifi cant 
2.33 μm absorption feature related to calcite. In 
addition, the unmapped area west of the crater 
contains 2.2 and 2.33 μm absorption features 
which suggest mixing of volcanic carbonate and 
clay-rich rocks (agglomerate).

Rocks with 2.2 and 2.33 μm absorption fea-
tures mapped using the agglomerate PPI spec-
tra sporadically cover the crater, the northwest 
part of the crater rim, and areas west, north, and 
southeast of the crater (C in Fig. 8; A, B, C, D, 
and E in Fig. 10C). According to the geologic 
map all the areas mapped as agglomerate in 
the matched fi lter image consist of carbonatite 
and agglomerate with sandstone except for the 
northwest crater rim, which is covered by sand-
stone and argillite and contact-metamorphosed 
sandstone and argillite. Spectral analysis of 
areas with high DN values in the matched fi lter 
image indicate that the crater and the area west 
of the crater contain 2.2 and 2.33 μm absorp-
tion features consistent with muscovite and illite 
(AL-OH) from argillite mixed with calcite and 
ankerite (CO

3
) from the carbonatite (Fig. 3D; C 

in Fig. 8; A and C in Fig. 10C). The less exten-
sive areas north and southeast that mapped as 
agglomerate have spectral characteristics that 
are similar to the ankeritic carbonatite PPI spec-
trum (A in Fig. 8; D and E in Fig. 10C).
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Figure 10 (on this and following page). Matched fi lter images of the Khanneshin volcano study 
area compiled from PPI spectra (Fig. 8). Bright areas represent close spectral matches to cor-
responding PPI spectra. (A) ASTER SWIR matched fi lter image using the ankeritic carbon-
atite PPI spectrum; areas A and C contain rocks with spectra similar to ankeritic PPI spectra; 
area B consists primarily of rocks with spectra that are similar in spectral shape to a mixture 
of primarily the calcitic PPI spectrum and a smaller amount of the ankeritic PPI spectrum. 
(B) ASTER SWIR matched fi lter image using the calcitic carbonatite PPI spectrum; areas A, 
B, and C are covered with rocks that exhibit spectra similar to calcitic PPI spectra.
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Rocks with 2.2 μm absorption features 
mapped using the contact-metamorphosed 
 argillite-sandstone PPI spectrum cover the south-
ern part of the crater, the crater rim, and the areas 
south and north of the crater (Fig. 10D). Accord-
ing to the geologic map, the ASTER mapped 
rocks with band 6 absorption consist of calcitic 
and ankeritic carbonatite, sandstone and argil-
lite, and contact metamorphic rocks. Most of the 
spectra with high DN values in the matched fi l-
ter image lack or have a weak 2.33 μm (band 8) 
absorption feature. The lower spatial coherence 
of the image compared to the other PPI matched 
fi lter images suggests a greater amount of mixed 
rock types such as carbonatite, and sandstone 
and argillite. In the southern part of the crater an 
area with high DN values in the matched fi lter 
image exhibits intense band 8 and minor band 
6 absorption features and also maps as calcitic 
carbonatite (A in Fig. 10D; Fig. 10B).

Contact Metamorphosed and 
Iron-Quartz-Rich Rocks

The circular green pattern of pixels in the 
ASTER false color composite (R = 6, G = 3, 
B = 1) image appears to correspond gener-
ally to the contact aureole within the polymict 
sandstone and argillite shown on the geologic 
map (Figs. 1B and 2). These crater rim rocks 
have 2.2 and 2.33 μm absorption features and 
have high DN values in the PPI agglomerate 
matched fi lter image (B in Fig. 10C; A in Fig. 
11). When compared to other image spectra 
from the study area, the rocks also have low 
band 4 refl ectance with respect to bands 3 and 
5, moderately high band 3 refl ectance, and low 
band 1 refl ectance. These spectral characteris-
tics are similar to a mixture of muscovite, chlo-
rite, and epidote (Fig. 3D; A in Fig. 11; Fig. 12). 
The crater rim rocks have been described in the 
fi eld as metamorphosed, green, sandstone, and 
argillite (Alkhazov et al., 1978). Contact meta-
morphosed clay-rich and basic rocks (hornfels) 
typically consist of the minerals chlorite, epi-
dote, and muscovite (Yardley, 1989). Chlorite 
and epidote are green minerals that exhibit a 
2.31 μm absorption spectral absorption feature 
and have relatively low band 4 absorption when 
compared to other minerals (Figs. 3D and 12). 
Thus, geologic descriptions and spectral data 
from the crater rim suggest that the ASTER 
band 8 absorption feature is caused by chlorite 
and epidote (FeMg-OH) and the ASTER band 
6 absorption is caused by muscovite (ALOH).

On the basis of spectral properties, a relative 
band depth ratio ((3 + 5)/4), a 3/1 band ratio, 
and a threshold of band 1 was used in an inter-
active data language (IDL) logical operator (A) 
to map the contact metamorphosed crater rim 
rocks (A in Fig. 11; Fig. 13).
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Figure 10 (continued ). (C) ASTER SWIR matched fi lter image using the agglomerate PPI 
spectrum; areas A and C contain rock that exhibit similar spectral shape to the PPI agglom-
erate spectrum; spectra from area B have low band 4 refl ectance when compared to the 
PPS agglomerate spectrum; and areas D and E have spectra that are more similar to the 
ankeritic carbonatite PPI spectrum. (D) ASTER SWIR matched fi lter image using the argil-
lite and sandstone PPI spectrum; area A contains rock with strong 2.33 μm absorption and 
weak 2.2 μm absorption. Crater rim highlighted by red-dotted line.
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 (A) (fl oat(b3)/b1) gt 1.666 and 
 (fl oat(b3)/b1) lt 1.7827 and 
 ((fl oat(b3)+b5)/b4) gt 1.876 and b1 lt 1760

 lt = less than; gt = greater than; 
 fl oat = fl oating point.

Logical operators use band ratios and band 
thresholds to map spectral shapes (Mars and 
Rowan, 2006). The logical operator byte image 
that maps the contact areole rocks matches the 
pattern of green rocks illustrated in the ASTER 
false color composite image (R = 6, G = 3, 
B = 1) and has an averaged spectrum similar 

to chlorite and epidote (Fig. 1B; A in Fig. 11; 
Figs. 12 and 13).

Iron-rich rocks were mapped using a 2/1 
band ratio (Rowan and Mars, 2003). The 2/1 
ratio map shows iron-rich rock and sediment 
south, north, and northwest of the crater (A, 
B, and C in Fig. 14). Spectra from the iron-
rich rocks north and south of the crater exhibit 
strong Fe3+ band 2 and AL-OH band 6 absorp-
tion features and very weak band 8 absorption 
features (B in Fig. 11). The iron-rich rocks 
south of the crater correspond to sandstone and 
argillites on the geologic map (Fig. 2; A in Fig. 
14). The area north of the crater corresponds to 
carbonatite on the geologic map although the 
spectra are more similar to the rocks to the south 
and suggest that the iron-rich rocks north of the 
crater are sandstone and argillite (Fig. 2; B in 
Fig. 14). The TIR decorrelation stretch image, 
however, shows the iron-rich deposits near the 
north and south sides of the crater as a mixture 
of felsic and carbonate rocks (Fig. 4; A and 
B in Fig. 14). The 2/1 band ratio image also 
illustrates northeast-trending linear patterns of 
iron-rich sediments northwest of the crater that 
exhibit spectra with high VNIR-SWIR refl ec-
tance, and very weak 2.2 μm band 6 absorp-
tion (Fig. 1B; B in Fig. 11; C in Fig. 14). The 
high VNIR-SWIR refl ectance suggests that the 

deposits are quartz-rich and the weak 2.2 μm 
spectral absorption indicates that the deposits 
contain a small amount of muscovite or illite. 
Thus, the deposits northwest of the crater are 
interpreted as iron-rich eolian sand dunes on 
the basis of spectral characteristics and geo-
morphology (C in Fig. 14).

ASTER VNIR-SWIR and ASTER VNIR-
SWIR-TIR Mineral and Rock-Type Maps

An ASTER VNIR-SWIR mineral and rock-
type map was produced by threshholding each 
matched fi lter image and the 2/1 band ratio 
image to the highest DN values that best con-
form to the shape of PPI endmember spectra and 
high band 2 and 1 separation, respectively (Figs. 
8, 10, 14, and 15). In addition, the contact aure-
ole rocks, mapped using the logical operator, 
were added to the ASTER VNIR-SWIR min-
eral and rock-type map. The spectral accuracy 
for each ASTER VNIR-SWIR spectral unit was 
checked by comparing the spectral average of 
each unit to the PPI endmember spectra, spectra 
from image data with high DN values on the 2/1 
band ratio map, or spectra located in the contact 
aureole according to the geologic map (Figs. 2, 
8, 11, 13, 15, and 16).

Each spectral unit is placed in a vector layer 
and stacked to form the ASTER VNIR-SWIR 
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Figure 11. VNIR-SWIR ASTER spectral 
averages of spectra consisting of A—the 
contact metamorphosed argillite and sand-
stone (contact aureole) unit (Fig. 13; cyan, 
Figs. 15 and 17) and B—the Fe3+ band ratio 
2/1 spectral unit (magenta, Figs. 15 and 17).
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Figure 12. VNIR-SWIR sample spectra of 
chlorite and epidote resampled to ASTER 
bandpasses.
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Figure 13. Logical operator byte image of contact aureole rocks (white) of the Khanneshin 
volcano area, Afghanistan.
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mineral and rock-type map. Some mineral 
and rock-type units map the same area due 
to similarity of spectral properties. A proper 
stacking order of the mineral and rock-type 
spectral units corrected this problem by plac-
ing a spectral unit that correctly mapped the 
spectral properties of an area over a unit that 
had mapped rocks or minerals with slightly 
different spectral properties for the same area. 
The stacking order of the ASTER mineral 
and rock-type spectral units from base to top 
is (1) iron-quartz-rich rocks and sediment; 
(2) agglomerate; (3) ankeritic, carbonatite; 
(4) muscovite-rich argillite, sandstone and 
sediment; (5) calcitic carbonatite; and (6) con-
tact aureole rocks. Proper stacking of spectral 
unit layers results in a mineral and rock-type 
map that matches the spectral properties of the 
ASTER data and the lithologic units shown on 
the geologic map (Figs. 2 and 15).

The ASTER VNIR-SWIR mineral and rock-
type map shows that most of the rocks within 
the crater and northeast of the crater consist 
of calcite-rich rocks interpreted as calcitic car-
bona tite (yellow, Fig. 15). The map also illus-
trates that the crater contains a small amount 
of ankeritic carbonatite with large ankeritic 
carbonatite fl ows located southeast and north of 
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Figure 14. ASTER band ratio 2/1 of the Khanneshin volcano area, Afghanistan. Bright 
areas A, B, and C indicate high Fe3+ absorption. Crater rim highlighted by white-dotted line.
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Figure 15. ASTER VNIR-SWIR mineral and rock-type map of the Khanneshin volcano 
area, Afghanistan. Background image is ASTER band 1.
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Figure 16. VNIR-SWIR ASTER spectral 
averages of spectra consisting of A—the 
ankeritic carbonatite spectral unit (dark 
green, Figs. 15 and 17); B—the calcitic 
carbonatite spectral unit (yellow, Figs. 15 
and 17); C—the agglomerate spectral unit 
(orange, Figs. 15 and 17); and D—the argil-
lite and sandstone spectral unit (red, Figs. 
15 and 17).
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the crater (dark green, Fig. 15). Agglomerate is 
situated primarily along the inside of the crater 
rim and there is a large isolated deposit west of 
the crater (orange, Fig. 15). The crater rim con-
sists primarily of metamorphosed argillite and 
sandstone and less laterally extensive agglom-
erate (blue and orange, respectively, Fig. 15). 
Muscovite-rich rocks and sediments cover areas 
along the rim of the crater, northeast of the cra-
ter, and east of the crater on the alluvial fan (red, 
Fig. 15). Iron-rich (Fe3+) rocks cover areas north 
and south of the crater and iron-rich eolian sand 
dunes cover the area northwest of the volcano 
(magenta, Fig. 15).

A combination VNIR-SWIR and TIR min-
eral and rock-type map was compiled by over-
laying the VNIR-SWIR units on top of the TIR 
units (Fig. 17). The TIR data map more laterally 
extensive carbonate, quartz -rich, and mixed 
carbonate and quartz-rich rocks than the VNIR-
SWIR data (Figs. 6 and 15). In addition, quartz-
rich rocks that exhibit SiO

2
 absorption observed 

in the TIR data can be mapped, which is not 
possible using the VNIR-SWIR data because 
quartz VNIR-SWIR spectra are featureless. 
In contrast, the VNIR-SWIR data offer more 
diverse classifi cation and higher spatial resolu-
tion of mineral groups than the TIR data (Figs. 

6 and 15). With the exception of the Fe3+-rich 
unit interpreted as argillite and sandstone from 
the VNIR-SWIR spectra and sandstone argillite 
and carbonatite from the TIR spectra, all the 
VNIR-SWIR units map within the more gener-
alized TIR units, providing a cross correlation 
between the VNIR-SWIR and TIR map units. 
Thus, the VNIR-SWIR and TIR data comple-
ment each other and produce a mineral and 
rock-type map that is collectively more similar 
to the geologic map than mineral and rock-type 
maps compiled using either VNIR-SWIR or 
TIR data (Figs. 6, 15, and 17).

SUMMARY AND CONCLUSIONS

ASTER VNIR-SWIR data were used to map 
minerals and rock types on the basis of their 
spectral absorption features and their associa-
tion with a preexisting geologic map of the area 
(Fig. 2). Carbonatite rocks on the geologic map 
were defi ned in ASTER images based on CO

3
 

absorption in the 2.32–2.33 and 11.2 μm regions 
(Figs. 5, 10, and 15). Calcitic carbonatite was 
distinguished from ankeritic carbonatite in the 
ASTER SWIR by the slight shift of the CO

3
 

absorption feature to 2.26 μm in the ankeritic 
spectrum, but some areas of ankeritic car bona-

tite illustrated on the geologic map were not 
identifi ed in the ASTER image (Figs. 2, 8, and 
16). Rocks with ASTER bands 6 and 8 absorp-
tion in the crater were identifi ed as agglomer-
ates that contain calcite and muscovite. Rocks 
with ASTER bands 4, 6, and 8 absorption along 
the crater rim were identifi ed as metamorphosed 
argillite and sandstone that probably contain 
chlorite, epidote, and muscovite. Rocks that 
exhibit a 2.2 μm absorption feature were inter-
preted as muscovite and possibly illite-rich 
argillite and sandstone or contact metamor-
phosed argillite and sandstone. Iron-rich (Fe3+) 
sand and sandstone possibly mixed with carbon-
ate rock that lie north and south of the crater rim 
have a 0.53 μm spectral absorption feature that 
was mapped using an ASTER band ratio of 2/1.

The widespread distribution of carbonate 
rocks within the Khanneshin volcano were 
also indicated by CO

3
 absorption in ASTER 

TIR band 14 which causes high ASTER band 
13/band 14 values (Figs. 5B and 6). Later-
ally extensive silica-rich rock and eolian sedi-
ment were mapped in the western part of the 
study area using the ASTER band ratio 14/12 
which highlights SiO

2
 absorption at 9.4 μm 

(Figs. 5A and 6). A mixture of carbonatite and 
quartz-rich rock and sediment was mapped in 
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Figure 17. Combined ASTER VNIR-
SWIR-TIR mineral and rock-type 
map of the Khanneshin volcano area, 
Afghanistan. Background image is 
ASTER band 1.
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the northeastern  part of the study area using 
an ASTER TIR relative band depth ratio of 
(12+14)/13 (Figs. 5C and 6).

Mineral and rock-type maps were compiled 
from VNIR, SWIR, and TIR data. The VNIR-
SWIR mineral and rock-type map illustrates 
detailed distribution of calcitic and ankeritic 
carbonatites, as well as agglomerates, contact 
metamorphosed rocks, argillite and sandstone, 
and iron-rich sandstone (Fig. 15). The TIR min-
eral and rock-type map illustrates widespread 
silica, carbonate, and mafi c-rich rock and sedi-
ment (Fig. 6). The VNIR, SWIR, and TIR min-
eral and rock-type map combines more laterally 
extensive TIR spectral units with a greater vari-
ety of VNIR-SWIR spectral units that is col-
lectively more similar to the geologic map than 
mineral and rock-type maps compiled using 
either VNIR-SWIR or TIR data.

Thus, ASTER data, carefully calibrated and 
analyzed according to established methods, pro-
vide image-based maps of rocks and minerals 
that are consistent with available geologic map-
ping information for the Khanneshin area. The 
methods used to calibrate the data and map the 
rocks and minerals in this study are well docu-
mented and have been used in other geologic 
remote sensing studies (Mars and Rowan, 2006; 
Mars and Rowan, 2010; Rowan and Mars, 2003; 
Rowan et al., 2003; Rowan et al., 2006). The 
ASTER mineral and rock-type maps illustrate 
a surfi cial elliptical pattern of carbonate rocks 
associated with contact-metamorphosed and 
mafi c rocks that can be used as an exploration 
guide for discovering new carbonatite deposits. 
In addition, these ASTER mapping methods 
will assist in exploration of important deposits 
such as REE and radioactive elements, which 
are typically associated with carbonatite depos-
its and adjacent rocks.
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