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Introduction      It has been known for several
decades that weakened absorption features in VIS-NIR
spectra of meteorites, asteroids, and lunar samples can
be explained by the presence of dark and/or opaque
components, including carbon [1,2], FeNi metal [3,4],
and metal oxides [5,6]. Furthermore, certain asteroids
and carbonaceous chondrites exhibit water absorptions
near 3 µm indicative of hydrated minerals or aqueous
alteration [7,8,9]. Laboratory studies of silicate, metal,
and oxide mixtures have shown systematic relationships
between band strength and mineral abundance [4,5,10],
but little work has been done to quantify the effects of
darkening agents and low-albedo on the relationship
between the 3 µm absorption strength and water
content. Clark [11] attempted to quantify these effects
for overtone water absorptions at 1.4, 1.9 and 2.2 µm,
but did not have data spanning the full 3 µm region,
complicating the results for the fundamental stretching
vibrations. Other work has shown that a relationship
between the integrated intensity of the 3 µm band and
H/Si ratio can be used to estimate the water content of
asteroids [12,13], but assumes a linear extrapolation of
the continuum slope over the absorption. Here we report
on our study of physical and numerical experiments of
minerals mixed with darkening agents in an attempt to
find a correlation between the strength of the 3 µm
water band and absolute H2O content. This work spans
H2O contents from 0-20 wt. % and albedos of 0.07 –
0.8, a range which should be applicable to laboratory
and telescopic reflectance data for many meteorites and
asteroids.

Methods   Our previous work focused on pure
hydrated minerals and found several compositionally-
independent relationships between the 3 µm water band
and absolute H2O content [14]. Following the same
experimental procedures [14], we analyzed samples of
montmorillonite, zeolite, and palagonite (all <45 µm)
mixed with 0.0, 0.1, 0.5, 1.0, 3.0, and 5.0 wt. % carbon
black (<1 µm), yielding 18 different samples. Pure
samples were then mixed with ilmenite (<45 µm) in a
10:1 volume ratio, corresponding to ~20-25 wt. %
ilmenite, resulting in 3 additional samples.  Reflectance
spectra were acquired in RELAB (Brown University)
under ambient and heated conditions to provide
observations of multiple hydration states for each
sample. Samples were weighed after each measurement
to estimate the H2O content corresponding to each
spectrum [14].

Mixture spectra were also created numerically by
using laboratory data for the pure samples and adding
an ‘ideal’ dark component (low, constant reflectance at
all wavelengths). The components were added linearly
in single-scattering albedo space, weighted by their
fractional cross-sectional areas [15]. One set of
numerical mixtures assumed a dark component with a
grain size of 1 µm (similar to our carbon black
mixtures) and another assumed a grain size equal to that
of the pure mineral (similar to our ilmenite mixtures).
The goal was not to reproduce spectra derived from the
physical mixtures, but rather to provide additional

spectra with a range in albedo and to test the predictions
of the linear mixing model against our physical
observations.

Band depth (BD), integrated band depth (IBD),
mean optical path length (MOPL), and normalized
optical path length (NOPL) were calculated for the 1.9
and 3.0 µm hydration bands for each reflectance
spectrum (see [14] for methods). Spectra were then
converted to single-scattering albedo, w , using the
assumptions of [6] (B(g) = 0, p(g) = 1, where g = phase
angle) and parameters were recalculated with the
addition of Hapke’s effective-single-particle absorption
thickness (ESPAT) parameter [15]. We define the
ESPAT parameter as:    ESPATλ  = (cλ– wλ)/wλ, where c
is the value of the continuum slope at a given
wavelength. This is based on the assumption that the
scattering efficiency (QE) is equal to the continuum, not
unity, when the water content is zero (i.e. when there is
no water absorption) and accounts for differences in
continuum slope between samples.

Results   As seen in other studies, the small carbon
black grains cause a spectral darkening effect in the
physical mixtures that is disproportionate to their
fractional abundance (Figure 1) [1,11]. This effect is
much less for the larger ilmenite grains. Hapke [15]
suggests this is because mixture spectra are described by
the relative cross-sectional areas of the individual
components and not by their relative volumes, resulting
in small grains having a large effect on the final
spectrum. Numerical mixtures produce spectra with
similar trends.

For all physical and numerical mixtures, band
parameters derived from reflectance spectra are strongly
correlated to albedo and cannot be used to accurately
estimate absolute H2O content. The ESPAT parameter,
however, is linearly related to water content (Figure 2)
and provides estimates with an average standard
deviation of ~1 wt. %. The MOPL provides similar
results, with a slightly larger standard deviation. The
montmorillonite + carbon black mixture suite exhibits
the largest residuals when estimating water content
(Figure 2a), but the ESPAT parameter yields the best
results of the parameters examined here.

Conclusions   Reflectance spectra should be
converted to single-scattering albedo in order to
estimate the absolute H2O content of dark materials. The
ESPAT parameter for the 3 µm band shows a linear
relationship to water contents <15 wt. %, above which
the product of the absorption coefficient and optical
path length becomes large and causes deviations from
this trend. No unique trend was observed for the 1.9 µm
band for the sample group as a whole, though unique
trends were observed for individual mixtures.
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Figure 1.     Spectra for physical mixtures of a) montmorillonite plus carbon black and b) palagonite and carbon black. The
submicron carbon black causes a darkening effect disproportionate to its abundance in the mixtures, causing a near disappearance
of overtone H2O absorptions.
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Figure 2.    Plots of water content versus ESPAT values at the maximum absorption in the 3 µm region for a) physical mixtures
of montmorillonite and carbon black, b) physical mixtures of palagonite and carbon black, c) numerical mixtures of
montmorillonite and a flat, dark spectrum, and d) numerical mixtures of palagonite and a flat, dark spectrum. Water contents for
a) and b) are laboratory measurements. Water contents for c) and d) are based on laboratory weight measurements for the pure
mineral, adjusted according to the mass fraction of dark material added.
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