
Spectral Reflectance Properties of Hydrocarbons: 
Remote-Sensing Implications 

The spectral reflectance properties of bituminous tar sands were examined in the 
wavelength range from 0.35 to 2.6 micrometers. Unique absorption features due to all 
the major phases, except quartz, appear in the spectra. The intensities of the absorption 
features correlate with the abundances of the various phases. The results of this study 
have applications to the remote sensing of many terrestrial and extraterrestrial targets 
because of potential similarities between tar sand and other hydrocarbon occurrences. 
For example, it is found that highly polymerized hydrocarbons are a plausible 
constituent of the dark material on one of Saturn's satellites, Iapetus. 

A SYSTEMATIC STUDY OF THE SPEC- 

tral reflectance properties of bitumi- 
nous tar sands was undertaken in 

order to determine whether this class of 
materials has distinct spectral properties (1). 
Tar sands are composed of a mixture of 
clays, bitumen (a complex array of variously 
polymerized hydrocarbons), quartz grains, 
water, and minor accessory minerals (2-4). 
Understanding the spectral properties of 
this material is essential for geological re- 
mote sensing of terrestrial and extraterrestri- 
al targets, because very little is known about 
the spectral reflectance properties of hydro- 
carbon-bearing materials. 

Among the leading extraterrestrial candi- 
dates for possible hydrocarbon occurrences 
are Trojan asteroids, cometary nuclei, and 
the dark side of one of Saturn's satellites, 
Iapetus (5, 6). Tar sands may serve as rea- 
sonable spectral analogs of these objects and 
other bodies whose surfaces are believed to 
be composed of various combinations of 
organic matter, clays, and H20. Spectral 
analysis of the tar sands may also make 
possible the remote-sensing detection of ter- 
restrial, surficial hydrocarbon seeps, because 
highly polymerized hydrocarbons are char- 
acteristic of both tar sands and surface expo- 
sures (7). The term kerogen is often used to 
refer to extraterrestrial occurrences of hy- 
drocarbons. Kerogen and bitumen differ 
primarily in the hydrogentcarbon ratio; in 
bitumen the ratio is higher because of great- 
er maturation (7). Rapid characterization of 
tar sands and heavy oil samples would be 
possible with the development of quantita- 
tive spectral analysis techniques. This could 
improve commercial bitumen extraction ef- 
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ficiencies and simplify the onerous proce- 
dures now required for tar sand character- 
ization. Spectral reflectance techniques may 
eventually be extended to the analysis of 
other nonrenewable energy resources such 
as oil shales and coals. 

All the phases present in the Athabasca tar 
sands, except quartz, display distinct absorp- 
tion bands that are potentially resolvable. 
The shapes, intensities, and wavelength po- 
sitions of these bands may provide informa- 
tion on the physical and chemical properties 
of the various phases (8-1 1). 

Many organic compounds display elec- 
tronic transitions arising from excitations of 
bonding electrons in the wavelength region 
from 0.1 to 0.35 pm. As the complexity of 
the organic molecules increases, the maxi- 
mum absorption shifts toward longer wave- 
lengths and individual bands become less 
distinct because of increasing overlap (12- 
14). A material as complex as bitumen is not 
expected to exhibit individual, resolvable 
absorption bands in the ultraviolet and visi- 
ble spectral region. A broad overall reflec- 
tance decrease toward shorter wavelengths is 
seen in coals, chars, oil shales, and tarsands 
(12, 14-17). 

The wavelength positions of the most 
intense, major organic fundamental bands 
are listed in Table 1.  Because the energies of 
the fundamental absorption bands depend 
on a number of factors such as local atomic 
configurations (18), the wavelength posi- 
tions of the overtone and combination 
bands are somewhat uncertain (Table 2 )  
The low overall reflectance of tar sands is 
expected to suppress all but the most promi- 
nent of these bands. The most promising 
regions in which to search for organic ab- 
sorption bands are near 1.7 pm and between 
2.2 and 2.6 pm (16, 19). The 1.7-pm region 

is dominated by various C-H stretching 
overtones and combination bands. The fun- 
damental bands that contribute to this fea- 
ture are the most intense absorbers in the 
infrared spectra of bitumen (20). The region 
from 2.2 to 2.6 pm is affected by numerous 
overlapping combination and overtone 
bands. Bitumen transmission spectra show 
moderately intense absorption betureen 
-1750 and -900 cm-', which can combine 
in a number of ways in the region from 2.2 
to 2.6 pm (2, 12, 20, 21). Because of the 
sheer number of possible bands, the region 
has a low overall reflectance with only the 
most intense absorption bands being partial- 
ly resolvable (14, 15, 22). 

Transition series elements, particularly va- 
nadium and nickel, complexed with porphy- 
rin-type molecules are quite common in the 

Table 1. Positions of the major organic funda- 
mental absorption bands in energy space. 

Fundamental 
Band frequency Assignment 

(cm- ') 

Alkene, aromatic G H  
stretch 

Asymmetric CH3 
stretch 

Asymmetric CH2 
stretch 

Symmetric CH3 stretch 
Symmetric CH2 stretch 
Carbonyl-carboxyl G O  

stretch 
Aromatic carbon 

stretch 
Asymmetric CH2, CH, 

bend 
Symmetric CH3 bend 

Table 2. Predicted wavelength positions of the 
most intense overtones and combinations of the 
major fundamental organic absorption bands list- 
ed in Table 1. 

Combination- 
overtone 

band 

Wave- 
length 
(v-4 
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Table 3. Wavelength positions of the observed 
absorption bands and their depths, Db, Some 
band positions are given as ranges because of 
variations between different sample spectra. 

Band Sample 
minimum 

(r~,m) 82-05 87-04 86-19 

0.5 1 .O 1.5 2.0 2.5 
Wavelength (pm) 

Fig. 1. Reflectance spectrum (0.35 to 2.6 pm) of 
a low-bitumen tar sand (sample 82-05) (1). 

asphaltic fraction of tar sands. They display a 
number of absorption bands in the ultravio- 
let and visible spectral regions. The most 
intense of these occurs at -0.4 pm and has 
been detected in the spectra of oil shale and 
carbonaceous chondrites (23). 

The bitumen content in the Athabasca tar 
sands typically ranges from 0 to 15% by 
weight (3). This range was arbitrarily divid- 
ed into three 5% intervals in order to disulav 

L ,  

spectral variations as a function of changing 
phase abundances. The reflectance spectra of 
low-, medium-, and high-bitumen samples 
were measured, and a representative sample 
of each group was selected for more detailed 
analvsis. 

I 

The low-bitumen group is characterized 
by prominent absorption bands due to the 
clays (Fig. 1). The absorption bands at 
-1.4, 1.9, 2.2, and 2.3 to 2.6 pm are 
assigned to structural and adsorbed water in 
the clays and to cation-OH vibrational 
bands (8). The wavelength position of the 
1.9 pm band (1.92 pm) does not coincide 
with that expected for free water 11.94 pm 
(II)] .  The broadness of this band and the 
1.4-bm band is consistent with the presence 
of water in a variety of sites or with structur- 
ally disordered clays (2). The decrease in 
reflectance from 2.3 to 2.6 um is also char- 
acteristic of a clay-dominatdd spectrum (8). 
Discrete bitumen absorption bands are weak 
or absent in spite of the amount of bitumen 
present (3.2%) and the dark appearance of 
the sample. Indirect evidence for bitumen 
comes from the low overall reflectance of the 
sample, which is not characteristic of most 
clays (8, 9). 

Spectra of medium-bitumen samples are 
richer in detail than those of the low-bitu- 
men samples and differ in other ways. The 
depth of the 1.9 pm band is reduced, a new 
band appears at - 1.7 pm, the depth of the 
band in the region from the 2.3 to 2.6 pm is 
greater (Table 3), and the overall reflectance 
slope in this range is slightly positive (Fig. 
2). The absorption band that appears at 1.7 
pm can be attributed to first-order over- 
tones and combinations of the various C-H 
stretching fundamentals (Tables 1 and 2). 
The increase in absorption in the region 

0.5 1 .O 1.5 2.0 2.5 
Wavelength (um) 

Fig. 2. Reflectance spectrum (0.35 to 2.6 km) of 
a medium-bitumen tar sand (sample 87-04). 

from 2.3 to 2.6 pm is also a manifestation of 
the increasing bitumen content. The slightly 
positive slope in this region is not character- 
istic of clays, which show a negative slope. 
This suggests that bitumen is overriding the 
spectral signature of the clays in this region. 

Spectra of samples with high bitumen 
content are dominated by bitumen (Fig. 3), 
the second most abundant phase after quartz 
in these samples (Table 3). All the major 
absorption bands can be attributed to hy- 
drocarbons. The expected clay-water bands 
at 1.4 and 1.9 Fm are virtually absent. The 
1.7-pm bitumen absorption region is very 
prominent, and its nonsyrnmetrical shape is 
consistent with multiple, overlapping G H  
absorption bands. The absorption is strong 
in the region from 2.3 to 2.6 pm and has a 
positive slope, neither of which is character- 
istic of clays. The absorption band at 2.3 pm 
is very intense, and the positive slope in the 
region from 2.3 to 2.6 pm is the result of 
the dominance of this feature. 

Each spectral group, divided on the basis 
of bitumen content, exhibits unique spectral 
properties. These variations can be related to 
the physical and chemical properties of the 
samples that have been independently deter- 
mined. Bitumen and clay abundances are 
generally inversely correlated. There is no 
simple correlation between spectral albedo 
and any of the major phase abundances. The 
same holds true for the abundances of 
quartz versus clay. Bitumen and quartz 
abundances are positively correlated. Spec- 
tra corresponding to samples with high and 
low bitumen contents are dominated by 
hydrocarbon and clay absorption features, 
respectively. 

The most prominent absorption band at- 
tributable to the various forms of water is 
present near 1.9 Frn and is most intense in 
the most water- and clay-rich samples (Table 
4). This wavelength region is useful for clay- 
water determination because, unlike the re- 

gion from 2.3 to 2.6 pm, it is not signifi- 
cantly overlapped by hydrocarbon absorp- 
tions. The broadness and complex shape of 
the 1.9-pm band is consistent with the 
presence of water in a number of sites in the 
clay, structurally disordered clays, or more 
than one species of clay. All three interpreta- 
tions are borne out by independent studies 
of the Athabasca clays (2, 3). There may be a 
moderate contribution by free water at 1.94 
Fm, but its presence cannot be unambig- 
uously resolved. 

The absorption band near 1.4 pm is most 
prevalent in the low-bitumen content spec- 
tra and is assigned to structural and bound 
water in the clays. The available spectral 
information on various forms of water 
shows that free water and polymerized water 
absorb at different wavelengths (>1.45 pm) 
than water in clays (1.38 to 1.42 pm). The 
broadness of this band is interpreted in the 
same way as that of the 1.9-pm band (24). 

Clay lattice-OH absorption bands are 
expected in the region from 2.2 to 2.6 pm. 
This band is unexpectedly weakest in the 
spectrum of the most clay-rich sample (Fig. 
1). The highly absorbing nature of bitumen 
in this region, and its low abundance in the 
clay-rich samples, explains this discrepant 
behavior. Clay spectra normally exhibit high 
overall reflectance (8, 9). The low-bitumen 
spectrum (Fig. 1) contains 28% clay-sized 
particles and shows only clay absorption 
bands but has a very low overall reflectance. 
The low reflectance may be caused by the 
presence of the bitumen, iron oxide contam- 
inants, or transition series element substitu- 
tions (3). A reflectance spectrum of a transi- 
tion element-bearing clay, glauconite (Fig. 
4), shows a number of similarities to the 
clay-rich spectrum of Fig. 1: a concave 
reflectance rise between 0.9 and 1.5 pm, a 
weak or absent 1.4-pm absorption band, 
and a reflectance decrease beyond 2.3 pm. 
The overall reflectance of the glauconite is 
still significantly higher than that of the 
most clay-rich sample (Fig. 1) .  Even though 
transition series-bearing clays may be pre- 
sent, glauconite itself has not been identified 
in Athabasca tar sands (2, 3). The spectrum 
of the low-bitumen sample is consistent 
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Table 4. Phase abundances of the samples (in 
percentages by weight). 

Wavelength (ym) 

Fig. 3. Reflectance spectrum (0.35 to 2.6 km) of 
a high-bitumen tar sand (sample 86-19). 

with a cation-substituted clay but requires 
the presence of a phase with low overall 
reflectance. Bitumen seems the likeliest can- 
didate for the darkening material. " 

The high-bitumen spectrum corresponds 
to a sample with 5% clay-sized particles and 
has a vihually undetectable 1.9-pm clay- 
water band. Thus a lower limit of -5% can 
be placed on spectral determination of clays 
in organic-rich materials of this type. Bitu- 
men serves as an effective suppressor of what 
are normally, moderately intense absorption 
bands. 

The regions at 1.7 and 2.3 to 2.6 pm are 
the best areas for the detection of various C- 
H absorption bands. The 1.7-pm region is 
preferable because it is not overlapped by 
clay and water absorption bands and is the 
most recognizable feature shortward of 2.1 
p m  The complex shape of this band is 
consistent with the presence of multiple, 
partially overlapping absorption bands, al- 
though no attempt has yet been made to 
deconvolve this feature into its constituent 
bands. The use of this absorption feature 
places a lower detection limit of -4% on 
bitumen abundances in tar sands. 

The near absence of a 1.9-pm clay-water 
band in Fig. 3 strongly suggests that this 
spectrum is a good representative of poly- 
merized hydrocarbons plus spectrally neu- 
tral material. The moderate-strength absorp- 
tion bands that appear in all the sample 
spectra between 2.17 and 2.25 pm can best 
be assigned to both clay lattice-OH and 
organic bands, because there is no simple 
correlation between their band depths and 
any one phase abundance. The overall slope 
of the region from 2.3 to 2.6 pm is sensitive 
to both bitumen and clay contents. Clays 
consistently exhibit a negative slope in this 
region [see (8, 9) and Fig. 41, whereas 
organic materials show a positive slope (15, 
16, 22). The changeover from negative to 
positive slope occurs in the medium-bitu- 
men group. 

Changes in bitumen content affect the 
ultraviolet and visible spectral regions. The 
point of minimum reflectance shifts to long- 
er wavelengths as the bitumen content in- 
creases. The wavelength position of the re- 

Abundances (%) <400 ,400 
Sam- 
ple Bitu- Wa- Sol- mesh mesh 

men ter ids ('1 (%) 

0.00 
0.30 0 6 0  0.90 1.20 1.50 1.80 2.10 2.40 

Wavelength (ym) 

Fig. 4. Reflectance spectrum (0.35 to 2.6 km) of 
glauconite, which has a number of similarities to 
the Iapetus dark material. 

flectance minimum in Fig. 3 is -0.47 pm, 
which corresponds to an average of six 
condensed aromatic rings per molecule if we 
use the calibration of Badger (25). This is in 
good agreement with the-conventional ana- 
lytical results of five rings per molecule for 
the resin fraction, the most abundant or- 
ganic group (3, 20). The shape of the reflec- 
tance spectrum between 0.5 and 1.5 pm 
changes from two linear segments with a 
slope break at -0.9 pm to a smoother 
concave slope with increasing bitumen and 
decreasing clay contents. The former shape 
is similar to that of the glauconite spectrum 
(Fig. 4); the latter shape is consistent with a 
continuum of charge-transfer energy levels 
expected in complex hydrocarbons. 

The intense ~ o r e t  b&d, which is charac- 
teristic of porphyrins, should be present at 
-0.4 pm (23). The low overall reflectance 
of the sample spectra makes identification of 
this feature very difficult, and its unambigu- 
ous presence has not yet been established. 

Hydrocarbons are suspected to be present 
on a number of extraterrestrial bodies (5, 6) 
and have been found in carbonaceous chon- 
drites (26). Iapetus was selected for more 
detailed spectral analysis. One hemisphere is 
almost entirely covered with a very dark 
substance of unknown com~osition. Earlier 
investigators used a mixing model to remove 
the spectral signature of water ice and isolate 
the dark material (6), which shows a gradual 
rise in reflectance toward longer wave- 
lengths with only minor absorption bands. 
If the removal ~rocedure for the water ice 

I 

signature did not inadvertently delete addi- 
tional features, there is no evidence for any 
of the expected organic absorption bands. In 

1.F , , , , , , , , , , , , , , , , , , I  
0.5 1.0 1.5 2.0 2.5 

Wavelength (pm) 

Fig. 5. Normalized reflectance spectrum of the 
low-bitumen tar sand sample with the telescopic 
spectral data for the Iapetus dark material from 
(6) overlain (filled circles). 

particular, the regions at 1.7 and 2.3 to 2.6 
pm show none of the characteristics of 
highly polymerized hydrocarbons. 

The best match to the dark material was 
found to be a mixture of 90% clay and 10% 
coal tar representing organic matter (6). The 
low-bitumen sample (Fig. 1) consists of the 
same ratio of clay to organics and, like its 
coal tar counterpart, is free of detectable 
organic absorption bands. The clay-coal tar 
spectrum provides a good match to the 
overall change in reflectance with wave- 
length of the Iapetus spectrum, although the 
fit to the region from 0.8 to 1.4 pm is not 
very good. The low-bitumen spectrum (nor- 
malized to match the Iapetus dark material) 
provides a much better fit to the region from 
0.8 to 1.4 pm and also shows a change in 
slope at -0.9 pm (Fig. 5). Beyond 1.4 pm 
the reflectance of the tar sand is consistently 
higher than that of the Iapetus dark materi- 
al; the clay absorption bands at 1.9 pm and 
2.2 to 2.5 pm are also much more intense in 
the tar sand spectrum. 

Neither the clay-coal tar mixture nor the 
tar sand are perfect spectral matches to the 
Iapetus dark material. The reflectance spec- 
trum of glauconite (Fig. 4) exhibits a num- 
ber of desirable spectral features for match- 
ing with the Iapetus dark material. The 
difference between the minimum and maxi- 
mum reflectance is comparable to that found 
for the dark material, the slope break at 
-0.9 pm is present, and a weak 1.9-pm 
clay-water band is present. Most other clays 
do not show the same reflectance difference 
between minimum and maximum reflec- 
tance (8), because they contain only minor 
amounts of transition series elements. A 
dark material must be added to this spec- 
trum to further suppress the 1.9-pm band 
and neutralize the reflectance dropoff be- 
yond 2.2 pm. 

No one of the sample spectra is a perfect 
match to the Iapetus dark material. Because 
each material examined has certain desirable 
spectral characteristics, a complex, intimate 
mixture of different materials may be re- 
quired. An iron-substituted clay seems to be 
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a necessary constituent (5 ) .  The presence of 
some amount of a highly polymerized hy- 
drocarbon, like the bitumen present in tar 
sands, may be needed to modify the clay 
spectrum in the region from 0.8 to 1.4 pm. 
A few percent of bitumen can be present and 
not exhibit distinct absorption bands. Final- 
ly, a material spectrally similar to the coal tar 
extract is needed, which can effectively mask 
the negative slope of the clays between 2.2 
and 2.6 pm, reduce the reflectance rise at 
longer wavelengths, and suppress clay-or- 
ganic bands at 2.2 to 2.6 pm. 
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Temperature Measurements in Carbonatite Lava 
Lakes and Flows from Oldoinyo Lengai, Tanzania 

The petrogenesis of carbonatites has important implications for mantle processes and 
for the magmatic evolution of mantle melts rich in carbon dioxide. Oldoinyo Lengai, 
Tanzania, is the only active carbonatite volcano on Earth. Its highly alkalic, sodium- 
rich lava, although different in composition from the more common calcium-rich 
carbonatites, provides the opportunity for observations of the physical characteristics 
of carbonatite melts. Temperature measurements on active carbonatitic lava flows and 
from carbonatitic lava lakes were carried out during a period of effusive activity in June 
1988. Temperatures ranged from 491" to 519°C. The highest temperature, measured 
from a carbonatitic lava lake, was 544°C. These temperatures are several hundred 
degrees lower than measurements from any silicate lava. At the observed temperatures, 
the carbonatite melt had lower viscosities than the most fluid basaltic lavas. The 
unusually low magmatic temperatures were confirmed with 1-atmosphere melting 
experiments on natural samples. 

C ARBONATITES ARE IGNEOUS ROCKS Oldoinyo Lengai, Tanzania, the only 
rich in primary carbonates, domi- active carbonatite volcano on Earth, is fa- 
nantly calcite and dolomite. Al- mous for its unusual alkali-rich magma, 

though rare compared with silicate rocks, termed natrocarbonatite. The volcano, a 
carbonatites provide important constraints 
on partial melting processes, volatile con- M. Kraft, Centre Vulcain, F-6700 Cernav, France. 

tent, and chemical composition in the J. Keller, Mineralogisch-Petrogra hischis Instimt der 
Universitgt. D-7800 Freiburn. ~ e x r a l  Re~ublic of Ger- 

earth's mantle. 
0, 

many. 
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