Icarus 156, 64-75 (2002)

doi:10.1006/icar.2001.6767, available online at http://www.idealibrary.com on IDE tl-

®

Near-Infrared Spectrophotometry of Phobos and Deimos

A. S. Rivkin!? and R. H. Brown?

Lunar and Planetary Laboratory, 1629 E. University Boulevard, Tucson, Arizona 85721

D. E. Trilling?

Department of Physics and Astronomy, University of Pennsylvania, David Rittenhouse Laboratory, 209 S. 33rd Street, Philadelphia, Pennsylvania 19104

J. F. Bell III?

Astronomy Department, Cornell University, 402 Space Sciences Building, Ithaca, New York 14853-6801

and

J. H. Plassmann’

Lunar and Planetary Laboratory, 1629 E. University Boulevard, Tucson, Arizona 85721

Received September 25, 2000; revised August 31, 2001

We have observed the leading and trailing hemispheres of Phobos
from 1.65 to 3.5 m and Deimos from 1.65 to 3.12 ;m near opposi-
tion. We find the trailing hemisphere of Phobos to be brighter than
its leading hemisphere by 0.24 + 0.06 magnitude at 1.65 xm and
brighter than Deimos by 0.98 + 0.07 magnitude at 1.65 um. We
see no difference larger than observational uncertainties in spec-
tral slope between the leading and trailing hemispheres when the
spectra are normalized to 1.65 um. We find no 3-um absorption
feature due to hydrated minerals on either hemisphere to a level
of ~5-10% on Phobos and ~20% on Deimos. When the infrared
data are joined to visible and near-IR data obtained by previous
workers, our data suggest the leading (Stickney-dominated) side of
Phobos is best matched by T-class asteroids. The spectral slope of
the trailing side of Phobos and leading side of Deimos are brack-
eted by the D-class asteroids. The best laboratory spectral matches
to these parts of Phobos are mature lunar soils and heated carbona-
ceous chondrites. The lack of 3-um absorption features on either
side of Phobos argues against the presence of a large interior reser-
voir of water ice according to current models of Phobos’ interior
(E P. Fanale and J. R. Salvail 1989, Geophys. Res. Lett. 16, 287—
290; Icarus 88, 380—-395).  © 2002 Elsevier Science (USA)

Key Words: satellites of Mars; asteroid composition; infrared ob-
servations; spectrophotometry.

I Now at Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139.

2 Guest Observer at the Infrared Telescope Facility, operated by NASA and
the University of Hawaii.

0019-1035/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.

1. INTRODUCTION AND PREVIOUS WORK

Phobos and Deimos have long served as stand-ins for aster-
oids, and insights into their origin and composition are applied
to these bodies (Veverka and Thomas 1979). Spectral results
from Mariner 9 and Viking lander cameras indicated that the
satellites were best matched by carbonaceous chondrites (Pang
et al. 1978, Pollack et al. 1978), although in later work Grundy
and Fink (1992) and Murchie and Erard (1996) found much
steeper spectral slopes for these bodies that were inconsistent
with carbonaceous chondrites.

Using data from the VSK (visible imager) multichannel cam-
era on the Phobos 2 spacecraft, Avanesov et al. (1991) found
that Phobos had an unexpectedly low density (1.9 & 0.1 g/cm?).
At that time, it was not thought that small bodies could support
the high porosity implied by this density, and interpretations
favored internal ice and a mineralogy like the lowest density
meteorites, the CI/CM carbonaceous chondrites. This interpre-
tation was supported by the spectral data available at the time.
Because the CI/CM meteorites contain abundant hydrated min-
erals, and because internal ice was inferred, the satellites gained
prominence as a possible source of fuel and materials needed
for life support and as a staging area for human exploration of
Mars. More recent density results from Smith ez al. (1995) based
on distant spacecraft encounters suggest even lower densities,
with Phobos at 1.53 4 0.1 and Deimos at 1.34 & 0.83 g/cm?.
The NEAR encounter with 253 Mathilde showed that aster-
oid to have an unexpectedly low density of 1.3 +0.3 g/cm?
(Veverka et al. 1997), while Rivkin et al. (1997) found no ev-
idence of hydrated minerals on Mathilde. Because numerous
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asteroids do show evidence of hydrated minerals (Lebofsky
1980, Feierberg et al. 1985, Lebofsky et al. 1990, Jones et al.
1990, Rivkin et al. 1995, 2000), we know that hydrated minerals
can survive on asteroidal surfaces and that the lack of an absorp-
tion feature on 253 Mathilde is probably not a result of regolith
processes but rather is a true reflection of its hydration state.
This makes an interior reservoir of ice unlikely on Mathilde and
precludes an association with the hydrated carbonaceous chon-
drites, implying high porosity as the explanation for Mathilde’s
low density. The finding that high porosities are possible on
large asteroids implies that Phobos and Deimos could have large
porosities as well.

The ISM infrared imaging spectrometer on board Phobos 2
provided the first infrared spectra of Phobos and the first ev-
idence that Phobos lacked a deep hydration feature (Bibring
et al. 1989). Murchie et al. (1991), using an early calibration for
the VSK and KRFM (visible and UV spectrometer on Phobos 2)
data, divided the surface of Phobos into four distinct spectral
units: red, reddish gray, blue, and bluish gray. In later work
Murchie and Erard (1996), using a composite spectrum from
the ISM, KRFM, and VSK, condensed these four units into two
main spectral units: a redder sloped “background” unit (here
called Phobos red unit or PRU) and a less-red-sloped unit as-
sociated with Stickney crater (here called Phobos blue unit or
PBU). The PRU consists of what was called “red” and “reddish
gray” by Murchie et al. (1991) and the PBU consists of the
former “blue” and “bluish gray” units. The PBU and PRU cor-
respond, very roughly, to the leading (longitudes 0°-180°) and
trailing (longitudes 180°-360°) hemispheres of Phobos, respec-
tively. Stickney is centered near a longitude of 60°. The PBU
mineralogy may represent a “fresher” (less mature) version of
the PRU mineralogy, or it may represent a different mineral-
ogy altogether, excavated by the Stickney impact. Simonelli
et al. (1998) argued from photometric data that this difference
is probably not simply a particle size effect.

Differences in visible albedo exist on Deimos as well, al-
though these are correlated with topography rather than found
in more coherent units as on Phobos (Thomas et al. 1996). High
spatial resolution color observations of Deimos were not ob-
tained by Phobos 2, and the Viking data which exist are in a very
restricted wavelength range. The Imager for Mars Pathfinder
(IMP) obtained disk-integrated, visible-range spectrophotomet-
ric data for the sub-Mars hemispheres of Phobos and Deimos
(Murchie et al. 1999), showing the former to have colors between
those of the Phobos blue and Phobos red units (presumably due
to mixing between the two units) and the latter to be quite red,
consistent with the results of Grundy and Fink (1992).

A 3-um absorption feature is typically caused by a combina-
tion of the very strong OH-radical absorption feature and the very
strong first overtone of the 6-um H,O fundamental. Adsorbed
water has a symmetric stretch, giving rise to an absorption fea-
ture at 3.1 um, and an antisymmetric stretch feature at 2.9 um.
Structural hydroxyl (OH) that has been incorporated into min-
eral lattices produces a stretch absorption at 2.7 um. The depth

of the fundamental H,O/OH feature depends on many parame-
ters besides abundance of hydrated material, including particle
size, albedo, and temperature. However, water abundances as
low as fractions of a weight percent are observable using 3-um
spectroscopy (Salisbury et al. 1991).

The Murchie and Erard spectra extend from 0.3 to 2.9 um for
the PRU and from 0.3 to 1.0 um for the PBU. The PRU shows
no consistently resolvable 3-um absorption feature, which in-
dicates little or no hydrated minerals, as detailed below. The
hydration state of the PBU could not be determined given the
limited spectral coverage of this unit by Phobos 2. It thus re-
mained possible that interior hydrated minerals could have been
liberated by the Stickney impact and present on the surface in
that spectral unit.

Observations of Deimos in the 3-um region were made by
Bell et al. (1989b). They concluded that Deimos had a band
depth of 5-10%, though they could not rule out a completely
anhydrous surface. Our observations are consistent with those
of Bell et al., and given their relatively large uncertainties, their
data support our results of an anhydrous surface for Deimos.

Observations at4.8, 10, and 20 um were made by Veeder et al.
(1987), who found Deimos to be brighter than expected using the
physical parameters and thermal models available at the time.
This work is further discussed in Section 3. More recently, the
thermal emission spectrometer (TES) on Mars Global Surveyor
(MGS) measured the IR spectral properties of Phobos from 5.88
to 50 um (Roush and Hogan 2000). Roush and Hogan found that
Phobos is composed of fine-grained materials more consistent
with silicates than organic refractories, which they found sug-
gestive of formation near Mars’ orbit rather than in the outer
asteroid belt, although further study is under way. Finally, radar
observations of Phobos were obtained by Ostro et al. (1989).
They determined a radar albedo of Phobos of 0.093 4 0.035, in
the range of low-albedo main-belt asteroids.

2. OBSERVATIONS

We observed Phobos and Deimos from the NASA Infrared
Telescope Facility (IRTF) on Mauna Kea, Hawaii. We used
NSFCAM paired with the Cold Coronagraph (CoCo) (Shure
et al. 1994, Wang et al. 1994, Toomey et al. 1998) to facilitate
IR imaging of the faint martian satellites, which are 7-8 magni-
tudes fainter than Mars and in close proximity to the planet (less
than ~20 arcsec for Phobos and ~50 arcsec for Deimos). Pairs
of images were taken using the circular variable filter (CVF)
available on NSFCAM, at wavelengths of 1.65, 1.80, 2.00, 2.20,
2.40, 2.95, 3.05, 3.12, 3.20, 3.35, and 3.50 um. This coverage
enabled us to cover spectral regions containing both the 2-pum
pyroxene and 3-pm water of hydration absorption features, with
the remaining data serving to define the continuum. Observing
circumstances are provided in Table I. Observations were made
on 25-26 April 1999 (UT), although poor weather on the 25th
made the data collected of limited usefulness. Only data col-
lected on 26 April are used in this paper.
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TABLE 1
Observational Circumstances, 26 April 1999 UT
Body Times (UT) Angular distance A Mag SELat® SELon(®
Phobos (trailing) 0811-0948 22.6-14.4" =0 +34.2 246.7-323.7
Phobos (leading) 1211-1316 21.7-17.5" +0.24 +0.06 +34.2 75.6-125.9
Deimos (leading) 1022-1133 51.9-45.9” +0.98 +0.07 +36.8 53.7-67.6

Note. The phase angle for the martian system was 1.6° for these observations. The angular distance is calculated
from the center of Mars. During the period of observations Mars had an angular diameter of 16.1 arcsec. SELat and
SELon are the sub-Earth latitude and longitude, respectively. AMag is the observed magnitude difference at

1.65 pm and includes both shape and albedo effects.

Operationally, CoCo is inserted into the IRTF beam before
NSFCAM. Light from the IRTF secondary first passes through
user-selectable slits external to CoCo. Upon entering CoCo, the
light is collimated and passed through focal plane masks and a
77 K pupil mask specially designed to reject light from the peri-
phery of the IRTF primary and secondary, as well as scattered li-
ght from the secondary mirror support structures (Wang et al.

Phobos A

b

/

Mars Scattered Light

Phobos A

FIG. 1.

1994, Toomey et al. 1998). Light that passes through the pupil
mask is sent through a reimaging lens and becomes the input
beam to NSFCAM. For our observations we used two special
focal plane masks with either a 4” or 10” back-beveled and
knife-edged central hole designed for previous CoCo observa-
tions of the faint inner jovian satellites (Bustani et al. 1997).
These “puka” (Hawaiian for “hole”) masks provide additional

Phobos A - Sky

Sky - Phobos B

Phobos A - Sky

Sky = Phobos B

Original and processed IRTF NSFCAM/CoCo images of Phobos. (a) “A beam” image at 1.65 ;wm, taken when Phobos was 8.1 arcsec from the limb

of Mars. (b) Difference image between the A beam and the B beam, which was taken after offsetting the telescope by 5 arcsec north. The A — B subtraction
removes contributions from the sky and dark counts and also yields a second (negative) image of Phobos for data analysis. These frames show evidence for
residual scattered Mars light fairly close to Phobos. (c) Similar to (a) except obtained when Phobos was 12.2 arcsec from the limb of Mars. (d) Corresponding
A — B difference image for (c). There is little or no scattered light contribution from Mars evident in these images. The NSFCAM focal plane mask hole (“puka”)
is 10 arcsec across, and the plate scale of the images of 0.055 arcsec per pixel. North is up and east is to the right.
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suppression of off-axis or scattered light from the bright primary
before it enters CoCo (Fig. 1). The observations reported here
all used the 10” puka.

Pairs of images were taken at each wavelength to perform a
sky and dark correction. The pairs of images were taken within
2 min (commonly less) of each other, so the corrections are near-
simultaneous. The filter sequence was repeated several times
using relatively short exposures (between 20 and 120 s total
integration per image for Phobos and between 30 and 200 s
for Deimos) to characterize and correct for lightcurve effects.
We used a small throw (5 arcsec between the two beams in
each pair) to remain within the puka and double the amount of
data obtained. Because the data are images, scattered light from
Mars was easily characterized, and images containing exces-
sive amounts of scattered light were rejected. Typically, martian
scattered light was a greater problem at the shortest wavelengths
(A < 2.7 um) where we obtained data, because Mars itself has
a strong 3-um hydrated mineral band. The Phobos spectra re-
ported in this paper were all taken near elongations (11-14 arcsec
from Mars’ limb), where scattered light contributed very little
(see Fig. 1). Given the strong 2-um absorption feature found in
martian spectra (due to CO; in its atmosphere) and the lack of
such a feature in our Phobos spectra, significant scattered light
from Mars is unlikely to be present in these data. The same con-
clusion can be derived from the difference between Mars’ flat
spectral slope in the 1.5-2.5 um region compared to the steeply
sloped satellite spectra. Deimos was between 35 and 40 arcsec
from the limb of Mars during observations. Synthetic aperture
photometry was performed using the IRAF apphot packages
(Tody 1986).

We also observed SAO 158412, a star within a degree of the
satellites’ position, with airmasses bracketing the satellite obser-
vations. This star’s spectral type is G1V (Houk and Swift 1999)
and was used to correct the martian satellite data for solar colors.

3. THERMAL CORRECTIONS

Phobos and Deimos, at a distance of 1.59 AU from the Sun
at the time of these observations and with relatively low albe-
dos, have significant thermal fluxes longward of 3 um which
must be modeled and removed to get the true reflectance spec-
tra. Previous studies of the martian satellites have resulted in
well-constrained quantities for albedo, size, and thermal iner-
tia. We used a thermophysical model described in Lebofsky and
Spencer (1989) to calculate and remove the thermal flux from
Phobos and Deimos. We note that while most quantities input to
the thermal models are well constrained, there remains one, the
“beaming parameter” (8), which is not. The beaming parame-
ter represents the suite of effects not explicitly included in the
standard thermal model (STM), such as nonspherical shapes and
thermal inertia. While B cannot be derived for a given asteroid
from first principles, it can be fit from data, with a value usually
between 0.7 and 1.2. Using radiometry of Deimos performed by
Veeder et al. (1987), B can be estimated. Although Veeder et al.

Reflected Flux/Total Flux

Wavelength (1m)

FIG. 2. The effect of the beaming parameter on Phobos thermal models.
The beaming parameter (f) is included in asteroid thermal models to account for
surface roughness and other factors not easily modeled. A value of 0.756 for B
was recommended by Lebofsky and Spencer (1989) for use with asteroid thermal
models. Radiometric observations of Deimos by Veeder et al. (1987) are better
fit by values of 8 between 0.8 and 0.85. The models shown all are for a Phobos-
sized body 1.59 AU from the Sun with an albedo of 0.071. Values of 8 between
0.9 and 0.756 result in a spread of thermal corrections that differ by less than
10% near 3 um, and the Deimos-derived constraint on 8 makes the uncertainties
in the thermal correction smaller than the observational uncertainties.

were unable to find a satisfactory thermal model for Deimos, re-
vised values for Deimos’ geometric albedo, phase integral, and
absolute magnitude are all now available (Thomas et al. 1996)
and were used in this work. We find that a value for 8 between
0.8 and 0.85 provides the best fit for the data of Veeder et al.,
although their value for Deimos’ N magnitude in 1986 cannot
be fit within the quoted uncertainties.

We thus used a value of 0.83 for 8. This value is close to 0.756,
the value found for the asteroids Ceres and Pallas and suggested
by Lebofsky and Spencer (1989) for use with most asteroids.
The effect of increasing S is to decrease the thermal correction.
However, given the constraints from Veeder et al. (1987), we did
not explore large areas of parameter space for 8. As a guide to the
effect of different values of 8 upon the thermal correction, Fig. 2
shows thermophysical models (described in more detail in the
following) calculated for Phobos at a distance of 1.59 AU from
the Sun, with the nominal thermal inertia from Ksanfomality
et al. (1991), an albedo of 0.071 (Simonelli et al. 1998), and
values of B ranging from 0.756 to 1.0. The reflectance at 2.5 um
is also used in the model to account for large continuum slopes.
As can be seen, the effect can be large at the longest wavelengths
available in our data but is only about 10% of the correction near
3 um, the area of greatest interest. It can also be seen that a false
detection of a 3-um hydration feature due to incorrect thermal
subtraction would be accompanied by a steep downward slope
longward of 3 ;um, which is not present in our data. Furthermore,
it is obviously impossible to remove a feature which is present
by performing an incorrect thermal subtraction.

The thermal parameter (®), described in Lebofsky and
Spencer (1989) and Spencer (1990), provides a means for de-
termining whether a body can be fit with the STM or whether
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FIG. 3. Comparison of thermal corrections for the leading hemipshere of
Phobos. Illustrated here are the effects of various thermal corrections on the
data. The quoted value for Phobos’ thermal inertia is 0.002 % 0.001 cal/(cm?
deg s!/?). These models are for the nominal value and 1-o values of thermal
inertia. The two 1-0 models differ from the nominal model by less than 4% at
2.95 pum, the region of greatest interest. The nominal value of thermal inertia is
used for models in this paper. Error bars for the thermally corrected points are
the same as for the uncorrected data and are omitted for clarity.

a more sophisticated thermophysical model is necessary, based
on thermal inertia (known or estimated), distance from the Sun,
size, and rotation period. If ® < 0.1, the STM can be used, while
0.1 < ® < 10indicates that thermophysical models are more ap-
propriate. While the STM is sufficient for correcting the Deimos
data (® ~0.06), it will not work for Phobos (® ~ 0.44). This
difference in thermal parameters between Phobos and Deimos
is due almost entirely to the difference in orbital periods and to
Phobos’ somewhat higher thermal inertia (Lunine et al. 1982).

We have therefore run separate thermophysical models for the
blue and red unit of Phobos using the nominal value of Phobos’
thermal inertia given in Ksanfomality et al. (1991) of 0.002 £
0.001 cal/(cm? deg s'/?) and albedo values estimated using Fig. 5
in Simonelli et al. (1998) of 0.062 and 0.075 for the PBU and
PRU, respectively. Uncertainties in thermal inertia can result in
up to a 35% spread in flux correction at longest wavelengths
but only a 10% spread at 2.95 um (see Fig. 3). In subsequent
figures, the spectra shown have been thermally corrected using
this thermophysical model with the nominal thermal inertia for
Phobos and the STM for Deimos.

4. SHAPE AND PHOTOMETRY CORRECTIONS

Because the IRTF data are spectrophotometric, we can de-
termine the relative fluxes of the two sides of Phobos for each

wavelength and therefore correctly scale the leading side
spectrum to the trailing side spectrum, as further detailed be-
low. To do this, of course, we must account for differences in
shape between the two sides. Using the Simonelli et al. (1993)
shape model, we calculated the expected relative fluxes based
on shape alone, knowing that the residual differences must be
due to albedo. The cross-sectional area varies only by 2-3%
during the time of our observations, and, as this correction is
smaller than our typical uncertainty, it is neglected. Similarly,
given the known shapes and sizes of Phobos and Deimos we
can determine the relative reflectances of Phobos and Deimos
at any wavelength in our data. We do not include the effect
of shadows, but because the phase angle of the observations
was only 1.6°, the effect will be negligible. Similarly, phase
reddening is not important this close to opposition. The Phobos
2 ISM observations of the PRU were at higher phase angles (28°—
31.5°). However, the photometric work of Cantor et al. (1999)
suggests that the phase coefficients are not strongly wavelength-
dependent (within 10%) in the visible and near IR. Furthermore,
because reflectance is changing slowly with wavelength beyond
1.6 um for Phobos and Deimos, their phase coefficients will
be nearly constant at those wavelengths (Gradie and Veverka
1986).

5. RESULTS

5.1. Phobos

Figure 4 shows the relative reflectances from 1.65 to 3.5 um
for the leading and trailing sides of Phobos and for 1.65 to
3.12 pum for Deimos. These reflectances are normalized to the
1.65-pum flux of the trailing hemisphere of Phobos. The leading
hemisphere of Phobos is fainter than the trailing side, due to the
different spectral units dominating each hemisphere. Deimos is
fainter due to its smaller size, although as shown below its spec-
tral slope is comparable to that of the Phobos trailing unit. The
relative magnitudes at 1.65 pum of the leading and trailing sides
of Phobos and Deimos are shown in Table 1.

Figure 4 also shows that the spectra of the trailing and lead-
ing sides of Phobos look similar when they are normalized to
1.65 um. The spectral slopes are the same within observational
uncertainties, and neither side shows evidence of a 3-um hydra-
tion feature within 5-8%. For comparison, CI chondrites have
10-20% water, and CM chondrites have 5-10% water (Lewis
et al. 1993), which results in 3-um band depths upward of 50%.
It is clear that the surface of Phobos has much fewer hydrated
minerals than the aqueously altered carbonaceous chondrites,
and it may have none at all.

There also is no evidence for a 2-um pyroxene feature on
Deimos or on either side of Phobos within 4-5%, as also noted
by Murchie and Erard (1996). Again, this cannot be directly
used to determine a limit on the surface fraction of pyroxene
due to the aforementioned factors, including the fact that the
iron-free endmember of pyroxene shows no 2-um absorption
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FIG. 4.

(Top) The trailing and leading hemispheres of Phobos, along with Deimos, normalized to equal 1 at 1.65 pm. These have the same colors in the

1.65-3.5 pm region within observational uncertainties. (Bottom) The relative reflectances of the trailing and leading hemispheres of Phobos, scaled so that the
trailing hemisphere reflectance equals 1 at 1.65 um. The leading side of Phobos is nearly 20% fainter at 1.65 pwm than the trailing side, although their cross-sectional
areas are nearly the same. This is because the albedo of the PBU, which dominates the leading side, is lower than that of the PRU at this wavelength. Deimos, on
the other hand, is fainter than Phobos because of the difference in size, rather than albedo. This and all following figures have been thermally corrected.

feature. However, the ordinary chondrite meteorites have a 2-
um band depth around 10% (Gaffey 1976), and S asteroids a
band depth of 5-10% (Bell et al. 1988) as a means of compa-
rison.

To compare our data to previously obtained data, we used the
value of R 65,m/Ro.55,m found by scaling our Phobos trailing
hemisphere data to the Phobos red unit spectrum of Murchie
and Erard (1996) from 1.65 to 2.40 um and then determined
R1.65 um/ Ro.55 um for the Phobos leading hemisphere and Deimos
using the relative fluxes shown in Fig. 4. We also determined
the value of R 65 ,m/Ro.55 ,m for our measurements of the PRU
(with longitude bounds as described below) by scaling to the
PRU spectrum of Murchie and Erard (1996). Although tech-
nically the trailing side spectrum and PRU spectrum are not
identical because the trailing side spectrum contains a small
contribution from the PBU, the errors introduced are only on
the order of 2-3%.

5.1.1. Determining the PRU. The subset of trailing side data
near central longitudes 218° to 279° is almost entirely cov-
ered by the red unit (S. Murchie, personal communication),
so these data were defined as the Phobos red unit for these
calculations. This subset of the CoCo data and the Phobos 2
ISM data are in excellent agreement (see Fig. 5) after normal-
ization. For comparison, data in the 0.4-1.1 um region were

obtained by Phobos 2 for the longitude range 30°-250°, while
data longward of this were only available for a region of the
trailing hemisphere solely containing the PRU and centered far-
ther south than our observations. Although the phase angle of
the Phobos 2 observations was also much higher than that of
our observations, the excellent agreement between the Phobos
2 and IRTF data after normalization shows that the phase co-
efficient of Phobos does not change much with wavelength in
the area of overlap between the data sets (between 1.65 and
2.95 um). This is consistent with asteroidal data (Veeder et al.
1978).

5.1.2. Calculating the PBU spectrum. Although the Phobos
2 data did not cover this set of latitudes, the fractional coverage
of the red unit can be estimated for the leading side at sub-Earth
latitude of ~30°N (~33-50%: S. Murchie, personal communi-
cation).

The reflectance of the leading hemisphere of Phobos is a
weighted average of the contributions of the Phobos red and
Phobos blue units,

Rleading,A = f X Rred,A + (1 - f) X Rblll(’,)u (1)

where f is the fraction of Phobos’ leading hemisphere covered
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FIG. 5.

The 0.3-3.6 pm spectra of Phobos and Deimos, integrating data from Murchie and Erard (1996), Murchie et al. (1999), and this work. In this and

following figures, the data obtained in this work have been normalized so that the PRU spectrum matches the Phobos 2 ISM data from Murchie and Erard (1996)

in the 1.65-2.40 pm region.

with the PRU. Because Rjeqding,» and R, 5 have been measured
(in this work and Murchie and Erard (1996), respectively), Rpje.
is calculable using the estimates for f.

Figure 6 shows the results of this unmixing. A model assum-
ing a 1:2 mixture of the red and blue units on the leading side
of Phobos is used in following figures, except where noted. The
1:2 model is chosen because its slope extrapolated to shorter
wavelengths comes quite close to the PBU data from Murchie
and Erard (1996), especially compared with the other mixing
models. A 1:2 model is also consistent with previous estimates
of the relative PBU/PRU coverage of this area (S. Murchie, per-
sonal communication). This is obviously not a unique solution,
and further observations at other aspects will help refine the PBU
spectrum. Our conclusions do not depend upon the exact choice
of model.

Because the PBU has never been observed in the infrared
prior to this work, the possible phase reddening behavior of this
unit is unknown. However, given the lack of appreciable phase
reddening of the PRU and the lack of phase reddening in this
wavelength region found on asteroids by Veeder et al. (1978),
combined with the relatively small difference in phase angle
between our observations of the PBU and those of Phobos 2, we
can safely neglect this effect.

5.2. Deimos

Because of our intention to concentrate on obtaining data for
Phobos, Deimos was only observed during times when Phobos
was too close to Mars for usable data to be obtained. As a result,
Deimos was observed in a restricted wavelength range compared
to Phobos. Although our coverage of Deimos only extends to
3.12 um, it also looks similar to the two hemispheres of Phobos
when normalized to 1.65 um, in agreement with previous ob-
servations (Bell et al. 1989b). Grundy and Fink (1992) observed
Deimos in 1988, when Deimos was at nearly the same sub-Earth
longitude as in our observations. The Grundy and Fink spectrum
is nearly identical to the PRU spectrum of Murchie and Erard in
the area of overlap (0.3—1 pm), as are the Deimos data obtained
by Murchie et al. (1999).

Because there is no data set available for Deimos with which
our data set overlaps, and because we lacked an independent
measure of the visible flux of Deimos at the time of our ob-
servations, it was necessary to bootstrap from the Phobos data
to obtain a full visible and near-IR spectrum of Deimos. We
determined R 65 ,,m/Ro.55 um for Deimos in the following man-
ner: Given the known sizes and shapes of Phobos and Deimos
(Simonelli ez al. 1993), we were able to determine the magnitude
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FIG. 6. Derived spectra for the PBU. Because the PRU and PBU exhibit
areal mixing on the scale visible from Earth, the PBU can be derived from
subtracting the appropriate fraction of Phobos red from the trailing or leading
hemisphere data. Here, a subset of the trailing hemisphere data was known to
be covered entirely with the PRU. This was defined as the PRU and was sub-
tracted from the rest of the leading hemisphere data. The model assuming a 1 :2
PRU : PBU mixture for the leading side results in a spectral slope which when ex-
trapolated to shorter wavelengths matches the PBU spectral slope from Murchie
and Erard (1996). This ratio is therefore preferred, although it is nonunique. A
1:2 ratio of PRU: PBU for the leading hemisphere is in agreement with prior
estimates.

difference that was due to cross-sectional area alone at the time
of our observations. This was subtracted from the measured
magnitude difference at 1.65 um, leaving the difference due to
albedo differences at that wavelength. This is easily converted to
Rl.65 ;/.m,Deimos/R].GS pm,Phobos - Given the known Spherical albe-
dos of Phobos and Deimos (Thomas et al. 1996, Simonelli et al.
1998), we were able to obtain R 65,:m/Ro.55 .m for Deimos rel-
ative to Phobos. The calculated value for Ry ¢5,:m/Ro.55 um for
Deimos is 2.21, similar to that of the red unit of Phobos, or
perhaps even redder still. The resulting spectrum for Deimos,
along with those for the red and blue units of Phobos, is shown
in Fig. 5. We note that the uncertainties in R 65 ;;m/Ro.55 um have
not been included in the error bars for Deimos on this figure, but
these are dominated by the errors already present in the Deimos
spectrum.

6. DISCUSSION

6.1. Comparisons with Meteorites

Searching for analogs for the composition of the martian satel-
lites, we look to meteorites present on the Earth. No meteorites
have published spectra similar to the red unit of Phobos or

Deimos, both of which are much redder than the meteorites.
Therefore, in searching for a good analog for the martian satel-
lites, we must look for good matches to the Phobos blue unit,
although because its spectrum was derived rather than directly
measured, the uncertainties may be greater. A discussion of pos-
sible meteorite analogs to the Phobos red unit was included in
Murchie and Erard (1996).

Carbonaceous chondrites were considered good analogs for
the martian satellites by earlier workers (Pang et al. 1978,
Pollack et al. 1978). However, the work done by Grundy and
Fink (1992) and Murchie and Erard (1996), among others,
showed that the continuum slopes of the satellites were in gen-
eral much too high to match these meteorites, as mentioned
above. The lack of a 3-um feature on the PBU seems to pre-
clude identification with the CM and CI meteorites, which are
rich in phyllosilicates and other products of aqueous alteration.
Thermally metamorphosed CI/CM meteorites, studied by Hiroi
et al. (1996), can be close in spectral shape, but they also have
3-pm features, although these are weaker than those of CI/CM
meteorites (Fig. 7). The best match to the PBU seems to come
from strongly heated carbonaceous chondrites, also studied by
Hiroi et al. (1996). Figure 7 shows the PBU compared to a sam-
ple of the CM chondrite Murchison heated to 700°C. At this
temperature, the hydrated minerals abundant in Murchison have
been almost completely destroyed, and the spectrum reflects an
anhydrous appearance. When the meteorite is heated to higher
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FIG. 7. Comparison of PBU to possible meteorite analogs. The best me-
teoritic spectral analogs to the PBU appear to be thermally metamorphosed
CI/CM meteorites, although these still have a much stronger 3-um feature than
is indicated on Phobos. Murchison, a CM chondrite, provides a good spectral
match after it has been heated to 700°C. The spectrum of an unheated speci-
men of Murchison is also shown. The meteorite spectra are from Hiroi et al.
(1996).
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temperatures, the spectral slope decreases, and its similarity to
Phobos becomes less obvious.

6.2. Comparison with Other Bodies

6.2.1. Asteroids. Ithas been noted that the D-class asteroids,
which also have very red continua and in general lack a 3-um
feature (Jones et al. 1990), are close spectral matches to Deimos
and Phobos (Grundy and Fink 1992). This leads to the suppo-
sition that Deimos and Phobos are captured bodies originally
from the outer asteroid belt, which is dominated by D-class as-
teroids (Gradie et al. 1989). However, the stability of the orbits of
Phobos and Deimos is inconsistent with a capture origin (Burns
1992). Outer-belt asteroids are thought to be mixtures of anhy-
drous silicates and interior ice which never got warm enough
to melt and react to form hydrated minerals (Jones et al. 1990;
Bell et al. 1989a). If Phobos and Deimos were of that composi-
tion, they could have been warm enough at a semi-major axis of
1.5 AU to melt internal ice, experience aqueous alteration, and
show spectral features of hydrous minerals. Maturation effects
could plausibly devolatilize the surfaces of Phobos and Deimos.
Although data on impact dehydration of phyllosilicates are lim-
ited (Boslough et al. 1980, Thibault et al. 1997), they suggest
that much (though not all) of the water in phyllosiclicates will
remain after impact. While it is naive to assume that the spec-
trum of the optical surface of a body is inevitably representative
of a body as a whole, neither should we assume that the lack of
a 3-pum feature on both the more- and less-weathered spectral
units of Phobos is irrelevant to the water budget of the martian
satellites. The lack of a 3-um absorption feature on Phobos and
Deimos is unlikely to have the same explanation as the lack
of these absorption features on the typical outer-belt D-class
asteroids.

D-class asteroids typically have albedos lower than that of
Phobos (3-5% versus 7% for the PBU; Tedesco et al. 1992).
Diagnostic absorption features are not present for D-class aster-
oids. A comparison of the D-class asteroids 336 Lacadiera and
1867 Deiphobus to Phobos and Deimos is made in Fig. 8. The
asteroid 336 Lacadiera compares reasonably well with the PBU
and is one of the least red of the D asteroids. Interestingly, it
has a semi-major axis of 2.25 AU (considered to be the inner
belt), while 26 of the 32 D asteroids are in the outer belt Cybele
(~3.4 AU) and Hilda (~4 AU) regions or the Trojan clouds of
Jupiter (~5.2 AU). Also, 336 Lacadiera seems to show some ev-
idence of variation in the 3-pm region, with one set of observa-
tions showing a hydration feature (Howell 1995). Because it has
a 3-um feature, Lacadiera is unrepresentative of D-class aster-
oids in general. It is uncertain whether the presence of hydrated
minerals on this body is evidence of a composition different
from outer-belt D-class asteroids or whether Lacadiera merely
has a different thermal history resulting from its placement in the
inner belt. Figure 8 shows observations of 336 Lacadiera with-
out the 3-um absorption feature. The asteroid spectra in this
and the following figure are compilations of data from the Eight
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FIG. 8. Comparison of Phobos and Deimos to possible Asteroid analogs.
The D-class asteroids dominate the Trojan clouds of Jupiter and the outer asteroid
belt. They are thought to be organic-rich bodies with unreacted interior water ice.
Most D asteroids, including the Trojan asteroid 1867 Deiphobus, have anhydrous
surfaces, but 336 Lacadiera, the D asteroid with the smallest semi-major axis,
shows evidence of hydrated minerals on some faces. The observation shown is
anhydrous. Although the D asteroids are qualitatively consistent with the PRU,
PBU, and Deimos longward of 0.55 p«m, the match shortward of that wavelength
ispoor atbest. The T class is a spectral type with no agreed-upon composition, but
possibilities include heavily thermally metamorphosed carbonaceous chondrites
or troilite. The PBU is matched well by T-class asteroids, here represented by
233 Asterope. The martian satellite spectra are the combined data of Murchie
and Erard (1996) and this work for Phobos and Murchie et al. (1991) and this
work for Deimos. The asteroid spectra in this figure are compilations of data
from the Eight Color Asteroid Survey (Zellner et al. 1985), the 52-Color Survey
(Bell et al. 1988), and 3-pum data from Jones et al. (1990), Lebofsky et al. (1990),
and Howell (1995) as resampled by Merényi et al. (1997).

Color Asteroid Survey (Zellner et al. 1985), the 52-Color Sur-
vey (Bell et al. 1988), and 3-pum data from Jones et al. (1990),
Lebofsky et al. (1990), and Howell (1995) as resampled into
14 channels by Merényi et al. (1997). The fact that D-class as-
teroids span the range of spectra from the PBU to the PRU is
interesting and worth exploring, but the only true connection
between the red unit of Phobos and the Trojan asteroids may be
that they both have spectra that are featureless in similar ways.
Alternately, the common interpretation of outer-belt asteroids
containing ice-rich interiors may be incorrect.

The lack of asteroids in the outer belt and Trojan clouds with
spectra like the blue unit of Phobos (Gradie et al. 1989) is cir-
cumstantial evidence against Phobos and Deimos originating
in the outer asteroid belt. Given the presence of both the PBU
and PRU on a single body, spectra similar to both spectral units
would be expected among the source population of Phobos and
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Deimos. The apparent lack of such a population in the outer belt
could also plausibly be due to incomplete sampling of the outer
belt.

The PBU is well matched by T-class asteroids, which con-
stitute a rare mid-belt spectral class. The T-class asteroids have
been proposed to be troilite (Britt et al. 1992), or highly meta-
morphosed carbonaceous chondrite material (Bell ef al. 1989a),
but no consensus has been reached, and indeed the T class may
contain a number of unrelated mineralogies. Figure 8 shows the
Deimos, PRU, and PBU data compared to the T asteroid 233
Asterope.

There have been at least two Mars Trojan asteroids discovered,
with two others pending confirmation (Tabachnik and Evans
1999). The spectrum for one of them, 5261 Eureka, places it in
the S class of asteroids, which is quite dissimilar to Phobos and
Deimos (Howell et al. 1995). We must conclude that at least
5261 Eureka and the martian satellites have different origins.

6.2.2. The moon. Lunar spectra can be found which match
both the PRU/Deimos and PBU spectra reasonably well, as
shown in Fig. 9 (although the match becomes poorer longward
of about 2.4 um). This was first shown by Murchie and Erard
(1996). The PBU can be matched about as well. Both lunar
spectra in Fig. 9 are derived from highland soils collected by
Apollo 16. This suggests that the spectral alteration process on
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FIG. 9. Comparison of Phobos spectral units to lunar spectra. The lunar
soil 62231, from Pieters (1999), was collected during the Apollo 16 mission.
The spectrum of the North Ray breccia chip, also collected during the Apollo 16
mission, is from the PDS spectroscopy subnode. The martian satellite spectra
are the combined data of Murchie and Erard (1996) and this work for Phobos
and Murchie et al. (1991) and this work for Deimos.

the two bodies (and presumably Deimos as well) may be sim-
ilar. However, lunar soil spectra taken by Pieters (1999) and
telescopic data from McCord ef al. (1981) both show deviation
from the Phobos data, with the PRU spectrum leveling off near
2.4 pum compared to the trend of the lunar spectra. Although
uncorrected thermal flux in the lunar spectra could cause these
differences, this was accounted for in McCord et al. (1981) and
is not a problem in the laboratory spectra of Pieters (1999). It
should also be noted that the albedos of the lunar samples can
be significantly higher than that of Phobos. While the match is
as good as or better than the D/T asteroid match, it cannot be
concluded at this point that the martian satellites have a lunar-
soil-like composition. We also note that the minerals found in
the lunar highlands are thought to be the result of a magma
ocean stage, which would not be expected on bodies as small
as Phobos and Deimos. Mare soils which match the PRU can
be found but mare rocks with spectral slopes close to the PBU
all have olivine and pyroxene absorption features many times
deeper than the upper limits found on Phobos and Deimos.

7. CONCLUSIONS

We make the following conclusions from our data and
analysis:

e We confirm the existence of large-scale (hemispheric) spec-
tral heterogeneity on Phobos and have obtained the first infrared
(1.65-3.5 um) spectrophotometry of the bluer spectral unit first
reported by Murchie and Erard (1996).

e We confirm the anhydrous nature of at least the surfaces
of Phobos and Deimos, placing limits on 3-um band depth of
roughly 5% for both the trailing and leading hemispheres of
Phobos, 5-10% for the PRU and PBU, and 10-20% for Deimos.

e We find no evidence of a 2-um pyroxene absorption fea-
ture on Phobos to within 4-5%, in agreement with the findings
of Murchie and Erard (1996). The upper limit for the amount of
pyroxene present depends upon the pyroxene composition as-
sumed but is certainly less than is found in the ordinary chondrite
meteorites.

® Spectral analogs for the martian satellites are difficult to
find in the asteroid belt. The outer-belt D asteroids have spectra
which bracket both spectral units on Phobos and Deimos, while
for the PBU the T-class asteroids also provide a good match. The
unusual, thermally metamorphosed CI/CM chondrites and lab-
heated carbonaceous chondrites measured by Hiroi et al. (1996)
are the best meteorite analogs for the PBU, but there are no good
meteorite analogs for either the PRU or Deimos. Lunar high-
land spectra can match both the PBU and the PRU shortward of
2.4 pm, but the lunar behavior longward of that wavelength
is not well known, and the albedo match is poor. Lunar mare
rocks have 1- and 2-um features much deeper than those seen
on the martian satellites, while mare soils are too red to match
the PBU.
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e Spectral analogs for the martian satellites can be identi-
fied, but arguments can be made against most of the best ones.
Hydrated minerals can be expected to form if an ice-rich outer-
belt asteroid (like a D-class asteroid) were captured into orbit
around Mars, although models of the internal structure of outer-
belt asteroids are necessarily uncertain. Lunar highland materi-
als are derived from igneous processes not expected on a body
as small as Phobos or Deimos. No such objections exist for
heated/metamorphosed carbonaceous chondrites.

® The lack of detectable amounts of hydrated minerals argues
against large amounts of internal ice, which would be expected
with the model of Fanale and Salvail (1989) and thus favors
macroporosity effects being responsible for the low density of
the martian satellites.

e The lack of detectable amounts of hydrated minerals is
inconsistent with an origin for the martian satellites in the outer
asteroid belt, given current understanding of the interior of outer-
belt asteroids. Alternatively, outer-belt asteroids may have much
less internal ice than is currently believed. If Phobos and Deimos
originated in the outer asteroid belt, bodies with spectra similar
to the Phobos blue unit should be found there as well, presumably
at smaller sizes.
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