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Bidirectional reflectances, calibrated to within 10

% uncertainties, for blue (0.40-0.52 um), green (0.50-

0.59 pm), and red (0.60-0.74 pm) channels were determined for 31 block and soil exposures imaged
by the Viking Lander Cameras. Reflectances were corrected for atmospheric attenuation by using optical
depth measurements obtained by the Lander Cameras and for skylight illumination by subtracting the
brightness values of adjacent shadowed areas. Reflectances for two facets on each of two large blocks
were computed for a common geometry by determining facet orientations from high resolution Lander
stereo images and by fitting the Hapke-Irvine photometric function to reflectances estimated for several
geometries. Results indicate that individual facets on the same block have different optical properties.
The darkest, grayest block facets have properties similar to laboratory reflectance spectra of mafic rocks
that are thinly coated with ferric iron-rich palagonite. Most block surfaces have reflectances consistent
with thin to optically thick covers of palagonitic material. Limited exposures of soil have spectra that
are also similar to palagonitic material. The majority of the soils sampled and a few block surfaces have
spectra with steeper slopes and greater spectral curvatures than the palagonite analog, consistent with
greater degree of ferric iron crystallinity. The soils could be an intimate mixture of palagonitic material
and other materials not seen in end member form, but, if so, these other materials would need an even
greater slope and curvature than observed soils. The differences in reflectance properties for common

block surfaces compared to common soils imply
significantly to the soil exposed at the landing sites.

INTRODUCTION

Two identical imaging systems were included on each of the
Viking Landers that touched down on Mars in 1976, The cameras
produced monochrome, high resolution (0.04° angular
resolution) images of the surface, where features as small as
a few centimeters across could be distinguished in the near field
[Binder et al., 1977, Mutch et al, 1977]. Multispectral data
were also acquired in six broad wavelength bands covering the
0.4 to 1.I um region with an angular resolution of 0.12° [Huck
et al, 1977]. In a number of research efforts the six-channcl
data were used to constrain the varicty and types of soils and
blocks exposed at the landing sites [ Huck et al., 1977; Strickland,
1979; Evans and Adams, 1979, 1980; Guinness, 1981; Singer
and Strickland, 1981; Arvidson et al., 1983]. These studies
indicated that there are variations in soil and block colors,
although it was not known whether the variations were due
to mineralogical differences, to lighting and viewing geometry
differences, or to particle size effects [Huck et al., 1977; Guinness,
1981]. Some blocks at each site are less red than the soil, which
suggests that they are less weathered, whereas other blocks
appear to be brighter and redder than soils [Strickiand, 1979].
In addition, previous comparisons of Lander multispectral data
with laboratory spectral reflectance data suggest similarities to
samples of weathered basaltic tephra [ Evans and Adams, 1979,
1980].

Despite past efforts, there has yet to be a comprehensive

examination of the multispectral data that combines testing of

the camera radiometric calibrations, explicitly removing the
effects of atmospheric attenuation and skylight, correcting soil
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that local weathering of blocks has not contributed

and block reflectance estimates to values of common lighting
and viewing geometries, and quantitatively comparing the
corrected data to reflectance estimates from analog materials.
This paper and the recent work of Adams et al. [1986] report
such comprehensive efforts. The goal of this paper is to
characterize the types of soils and blocks exposed, and to search
for evidence of relatively unaltered igneous materials.

RADIOMETRIC CALIBRATION OF THE VIKING LANDER CAMERAS

Crucial to analyses of reflectance estimates from Lander
Camera data is a rigorous consideration of radiometric
calibrations, so that uncertainties in the derived reflectance
estimates will be known. A description of the Viking Lander
Cameras and their performance during the early portion of the
mission is given by Patterson et al. [1977]. The components
of the imaging system and the integrated system were initially
calibrated through a series of preflight experiments where targets
of known radiometric properties were illuminated by a calibrated
light source [ Huck et al., 1975].

During flight to Mars and during the time the Landers were
operational on the surface, relative calibrations were acquired
by imaging an internal light source. Sterilization of the Landers
to meet Mars quarantine requirements, together with neutron
radiation from radioisotope thermoelectric generators on the
Landers, could have caused changes in calibrations relative to
preflight conditions. More importantly, both the heat and the
neutrons could have affected the wavelength dependence of the
channel responsivities, although direct evidence for these changes
is lacking. These cffects should be greatest for the three infrared
channels [ Patterson et al., 1977]. Thus it is important to carefully
consider the calibration of each of the six multispectral channels,
preferably using a method that independently provides
corrections to preflight values.
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Fig. 1. Viking Lander red channel image 21A099 (Lander 2,
Voltage data derived from this image are plotted in Figure 2.

Huck et al. [1977] calibrated the Lander imaging data by
normalizing preamplifier voltage values received from soils and
blocks to voltage values from a series of gray patches [known
as Reference Test Charts (RTC)] mounted on the Landers.
However, the RTCs are located on top of the Lander decks,
where differences in illumination between the deck and the
surface may introduce complications. Thus we chose to evaluate
the preflight calibrations directly using Lander images of RTCs
in an experiment where we explicitly remove indirect illumination
effects and compensate for atmospheric attenuation. The voltage
(V}) received from the jth (j = 1 to 6) multispectral channel
for one of the RTC gray patches can be modeled as [Huck
et al., 1977; Guinness, 1981]

Vi = Kyp cosi [ 1) exp [-7/m] RO dh + K pu JEQ) R A (1)

The first term on the right is due to the direct solar beam:
K; is the preflight calibration constant of the jth channel, p
is the bidirectional reflectance of a gray patch, i is the local
solar incidence angle of the RTC, I,(A) is the solar spectral
irradiance, 7 the atmospheric optical depth, g, the cosine of
the solar incidence angle relative to the zenith, and Ry(A) is
the jth channel spectral responsivity. The second term is due
to skylight and any light reflected from the Lander: The spectral
irradiance due to the combination of these sources is E(\) and
the hemispherical reflectance of a gray patch is py. Preflight
estimates of K; and R;(A) can be found in Huck et al. [1975]
for each of the four camera systems (two per Lander).
Atmospheric optical depths (v) were determined frequently
during the beginning of the Lander missions by imaging the
sun at two elevation angles with a broad-band photodiode
specially configured for that purpose [ Pollack et al., 1977]. Beer’s
Law was then used to compute optical depth without the need
for absolute calibrations. Optical depth measurements are
accurate to about +£0.1 and, to a good approximation, are
independent of wavelength for the region of 0.4 to 1.0 um
[Poilack et al., 1977]. Optical depths varied from approximately
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Camera 1, frame A099) showing a partially shadowed RTC.

0.3 during the beginning of the mission to values in excess ol
8.0 during dust storms [ Pollack et al., 1979]. Even with an optical
depth of 0.3, skylight is an important illumination source. For
example, with an incidence angle as low as 10 degrees, the solar
irradiance will be about 74% of its extra-atmospheric value.
The remaining 26% is absorbed or scattered, with some fraction
of the scattered light diffusely illuminating the scene as skylight.
Thus the skylight term must be dealt with in testing calibration
of Lander data or in quantitative analyses of the soil or block
data.

As a means of directly evaluating skylight, we examined color
images of partially shadowed RTCs for both cameras on each
Lander (Figure 1). We chose RTCs that were mounted above
the Lander deck and that were free from dust coatings [ Guinness
et al, 1979]. An RTC contains 11 gray patches, each with a
different absolute reflectance, and each being a Lambertian
scatterer [ Wall et al., 1975). Figure 2 is a plot of preamplifier
voltage for the red channel versus gray patch bidirectional
reflectance for gray patches seen by Camera 1 on Lander 2.
The two lines correspond to linear least-squares fits to data
for shadowed and sunlit patches. The voltage received from
the shadowed patches is equal to the second term on the right
side of (1) (i.e., the skylight component). The slope of the fit
to the shadowed patch data is therefore equal to the integral
of the indirect illumination term multiplied by the calibration
constant. Thus the obscrved voltage of a sunlit patch can be
corrected for indirect illumination by subtracting a voltage
computed by multiplying the reflectance of the sunlit patch by
the slope of the fit to the shadowed patch data.

The voltage corrected in this manner for a given multispectral
channel is equal to

Ve = exp [=7/u,] p cosi K [1,(0) R(A) dA ©)
where V_ is the corrected voltage of a sunlit patch. For a given
RTC image, (2) has the form of voltage equal to a constant
times the patch reflectance, where the constant (M) is the
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Fig. 2. This is a plot of voltage versus RTC patch reflectances for
sunlit and shadowed gray patches from the RTC seen in Figure 1.
Data for the red channel are shown. The relative error in voltage is
3% [Huck et al., 1975] and the error in gray patch reflectance is 6%
[Wall et al., 1975]. The solid lines are for linear least-squares fits to
the data.
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following
M = exp [-7/ u,] cosi K [T,(A) R(A) dA 3)

M can be estimated from a least-squares fit to the corrected
voltage data of sunlit patches. A value for the term on the
right side of (3) can also be computed using preflight values
for K and R, values of u, and i determined from the lighting
geometry, and an estimate for 7. The values of 7 are uncertain,
partially because optical depth measurements were not made
at the same time as the RTC images were acquired. An optical
depth value, which was measured close in time (within a few
Mars days) to a given RTC image, was used to compute values
of M. For the color images, observed M values differed from
computed values by about 6% for Camera 1 on Lander 1, 35%
for Camera 2 on Lander 1, 11% for Camera 1 on Lander 2,
and 14% for Camera 2 on Lander 2, Except for Camera 2
on Lander 1, these results are consistent with the combined
8% uncertainty for the radiometric calibrations measured in the
preflight tests [Patterson et al., 1977], 3% uncertainty in the
analog-to-digital conversion [Huck et al, 1975], and the
uncertainty in the optical depth value. Thus we conclude that
the preflight calibrations for the color channels are still valid
(with the possible exception of Camera 2 on Lander 1) and
that reflectances can be computed with an uncertainty of about
+10% due to radiometric calibration and analog-to-digital
conversion uncertainties.

Partially shadowed RTC images acquired with the three
infrared channels are only available for Camera 1 on Lander
1. Computed gray patch voltages for the three infrared channels
(0.81-1.07 pm) are a factor of 2 to 3 higher than measured
values. This result suggests that there have been changes in the
calibration constants of the infrared channels or wavelength
dependent changes in the spectral responsivity functions. Both
types of changes are predicted from modeling of neutron induced
degradation of the infrared channels [Patterson et al., 1977].
Thus the infrared channels are poor prospects for extraction
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of absolute reflectance. More importantly, it is difficult to make
comparisons with laboratory samples since we can not determine
the nature of the wavelength dependent changes to the
responsivity functions. As a result, we limit our analysis of
absolute reflectances to data from the blue (0.40-0.52 pm), green
(0.50-0.59 um), and red (0.60-0.74 pm) channels from the three
cameras where the preflight calibration data are still valid.
Although not shown, it is clear from the RTC data that voltage
versus RTC gray patch reflectance is still linear for the infrared
channels. This suggests that the IR channel detector sensitivities
are still linear, although absolute values and IR spectral
properties are questionable. Thus the infrared channels were
used to explore relative brightness variations with wavelength,
albeit in more qualitative ways than with the blue, green, and
red channels.

EXTRACTION OF SOIL AND BLOCK SPECTRAL REFLECTANCE
VALUES

In this section we discuss the method for computing
reflectances from Lander images. The shapes of the Lander
Camera spectral responsivity functions are sufficiently irregular
that assigning center wavelengths to the channels can be
misleading [ Huck er al., 1977]. Thus the analyses are restricted
to quoting bidirectional reflectance estimates for the blue, green,
and red channels. The approach we used is derived from Guinness
[1981]. As in the analysis of RTC images, we treat the total
illumination as the sum of direct and skylight components. The
skylight contribution to the voltage received from a given sunlit
sample of soil or block was estimated by subtracting the voltage
received from a nearby shadow on the same soil or plock
exposure. Such an estimate of the skylight component is
reasonable, even if the sunlit and shadowed samples have slightly
different spectral properties, because the brightness of shadows
varies very little throughout an image. An atmospheric optical
depth value, measured closest in time to when the surface data
were acquired, was then used, along with the solar irradiance
[1o(M\)] at the Mars-Sun distance (which was 1.65 AU and 1.61
AU for the images used in our analysis), preflight calibration
constants [K;], and spectral responsivity data [R,(\)], to compute
the bidirectional reflectance relative to a Lambertian surface
of unit reflectance

[V j.SUN _Vj,SH ADOW]

exp [~/ o] K; [T(A) R (A) dA

I

(4)

where j refers to the jth channel. The quantity, p;, represents
the weighted average bidirectional reflectance over the
wavelength range of the jth channel. Bidirectional spectral
reflectance estimates were computed for 31 samples of soils and
blocks. For reference, the locations of these samples are shown
in Figure 3. Blue, green, and red reflectance values for the soils
and blocks samples are summarized in Table 1. Table 1 also
lists the phase angles that pertain to each reflectance
measurement.

PHOTOMETRIC PROPERTIES OF SELECTED BLOCKS

A number of authors [Strickland, 1979; Evans and Adams,
1979; Sharp and Malin, 1984, Adams et al., 1986] have noted
variations in color and albedo between different portions of
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Fig. 3b

Fig. 3. Images acquired by the red channel covering a portion each Viking Lander site. Arrows point to soils and blocks
for which reflectance estimates were obtained, The sample numbers are referred to in Table 1. Boxes outline blocks investigated
in detail and shown in Figures 4 and 5. (@) VL1 image [1A147. (b) VL2 image 21A187. (¢) VL2 image 22A190.

Lander blocks. The variations can be interpreted in terms of
a variable extent of coating of blocks by fine-grained ferric iron-
rich weathering materials or in terms of variable mixtures of
weathered soil and relatively unweathered rock components

[Adams et al., 1986]. On the other hand, the differences mighi
be apparent and only due to variations in local incidence anc
emission angles. To test for homogeneity in spectral propertiet
of given blocks, we considered in detail the local geometry anc
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Fig. 3. (continued)

reflectance properties of two relatively large, angular blocks,
hereby named VL1 and VL2 blocks. They are shown in the
areas enclosed by boxes in Figure 3 and in high resolution images
in Figures 4 and 5. Blue, green, and red bidirectional reflectances
for selected facets on these blocks determined at a variety of
incidence, emission, and phase angles were fit to the Hapke-
Irvine photometric function. This function has the following
form

p=2B [_L] exp [a g] (5)
L potp

where: By, @ are independent variables influenced by material
properties; ug, p are the cosines of the incidence and emission
angles, respectively, and g is the phase angle. A more complicated
photometric function by Hapke [1981], which accounts for the
opposition effect at small phases, has been shown to fit
photometric data for soil at the Viking 1 site [Guinness, 1981].
We choose to use the simpler Hapke-Irvine function because
of its applicability to a wide range of materials [see Gradie
et al., 1980] and because the data available for the blocks were
acquired at relatively large phase angles, where the opposition
effect is insignificant. Equation 5 can be rewritten as

log [

P (i)

2 ]:logBoJrag (6)

Values of By and « were estimated from linear least-squares
fit to the data with the term on the left side of (6) as the dependent
variable and phase angle as the independent variable. The
estimated values of B, and o were used in (5) to compute
reflectances for all facets at a common geometry.

Reflectance data for two facets on VL1 block were obtained
at various incidence and phase angles from a seres of four
images acquired on a single Mars day. Stereo ranging from
high spatial resolution images from the two Lander Cameras
[see Liebes and Schwartz, 1977] was used to measure the
orientation of the facets on VL1 block from which the lighting
and viewing angies were computed. Unit vectors for the normal
poles to the two facets and for the incident solar rays, along
with emission ray direction for VLI block are shown projected
onto a horizontal plane in Figure 6a. Facet 1 on VLI block
is tilted about 24° from the horizontal, whereas facet 2 is tilted
about 58°. At the second landing site reflectance data for two
facets of VL2 block were obtained from images acquired over
a period of 45 Mars days. Again, stereo ranging was used to
measure the orientation of the facets. The vector orientations
for facets on VL2 block and the incident solar rays are shown
in Figure 6b. Facet 1 on VL2 block is tilted about 32° from
the horizontal, whereas facet 2 is tilted about 71°.

If the blocks had surfaces with homogeneous spectral
properties, when seen at similar lighting and viewing geometries
the reflectances should converge to similar values. In addition,
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TABLE 1. Bidirectional Reflectance Estimates for Viking Lander Blocks and Soils
Location Phase Reflectance R/B Ratio Curvature Comments
Angle Blue Green Red
Frame 11A147 (Lander |, Camera 1)
Al 90 0.13 0.18 0.29 2.23 1.16 VLI block facet 1
A2 90 0.06 0.09 0.17 2.83 1.26 VLI block facet 2
A3 87 0.07 0.12 0.20 2.86 0.97  block side
Ad 81 0.10 0.16 0.32 3.20 1.25  block top
A5 75 0.12 0.19 0.39 325 1.30  block top
Ab 87 0.08 0.12 0.18 2:25 1.00  block side
Al 76 0.07 0.11 0.27 3.86 1.56  soil
A8 71 0.08 0.13 0.30 3.75 142  soil
A9 65 0.07 0.11 0.22 3.14 1.27  soil
Al0 77 0.07 0.12 0.22 3.14 1.07  block side
Frame 21A187 (Lander 2, Camera 1)
Bl 38 0.06 0.09 0.13 2.17 0.96  block side
B2 39 0.09 0.14 0.27 3.00 1.24  block side (on B1)
B3 58 0.06 0.09 0.17 2.83 1.26  block side
B4 62 0.05 0.09 0.20 4.00 1.23  block (same as Cl)
BS 36 0.07 0.09 0.21 3.00 1.81  soil
B6 31 0.07 0.10 0.21 3.00 147 soil
B7 36 0.07 0.11 0.22 3.14 1.27  soil
B8 53 0.07 0.11 0.20 2.86 1.16  block side
B9 60 0.08 0.12 0.21 2.63 1.17  block side
Frame 22A190 (Lander 2, Camera 2)
Cl 56 0.05 0.10 0.21 4.20 1.05  block (same as B4)
C2 59 0.10 0.16 0.37 3.70 1.45 VL2 block facet 1
C3 62 0.09 0.12 0.19 2.11 1.19 VL2 block facet 2
C4 38 0.09 0.14 0.28 3.11 1.29  block top
G5 68 0.08 0.13 0.29 3.63 1.37  soil from drift
Co 64 0.06 0.10 0.22 3.67 132 soil
C7 73 0.06 0.09 0.20 3.33 1.48  soil
Cc8 54 0.07 0.11 0.20 2.86 1.16  soil
co 49 0.07 0.11 0.24 3.43 1.39  soail
Cl10 67 0.07 0.12 0.27 3.86 1.31  possible duricrust
Cl1 73 0.06 0.09 0.21 3.50 1.55  soail
Cl2 73 0.07 0.11 0.22 3.14 1.27  block side

Reflectances have uncertainties of 10%. Locations are denoted in Figure 3.

the reflectances could be explained with similar values of B,
and «. Plots of the reflectance data for the two blocks are shown
in Figures 7a and 7b. The ordinate in Figure 7 is the term
on the left side of (6) (referred to as the reflectance factor),
while the abscissa is phase angle. Bidirectional reflectance
estimates for the block facets, computed for incidence and phase
angles of 20° and an emission angle of 0° using (5), are given
in Table 2. This particular geometry was chosen because it is
similar to the geometry used to measure the reflectance of
laboratory samples discussed in the next section. VL1 block
clearly has two spectrally distinct facets, since two distinctly
different sets of B, and a are needed to explain the reflectances
for the two facets. Facet 1 of VLI block appears to be generally
darker and less red than facet 2 when both facets are observed
at similar geometries. For the VL2 block, a greater degree of
scatter exists in the data, but two distinct trends are still evident.
When the reflectance data for each facet of VL2 block are
corrected to the same geometry, facet 2 is darker and less red
thanfacet 1. In fact, facet 2 on VL2 block has among the lowest
reflectances in the blue, green, and red channels for material
at the landing sites.

The uncertainty in the data plotted in Figure 7 is related
to uncertainties in calibrations, atmospheric opacity, orientation
of the facets, and random noise in the data. The uncertainty

in calibration is a constant factor for all data of a given facet
since the data were obtained from a single camera. The data
were also acquired over a relatively short period of time so
that changes in calibration are negligible. Uncertainty due to
random noise was minimized by averaging the response from
several picture elements. On the other hand, uncertainty due
to atmospheric opacity and orientation of the facets can vary
between data points for a given facet because the data were
acquired at different times and with different lighting conditions.
The atmospheric opacity uncertainty is a function of the error
in the measurement and of the solar incidence angle. For the
data presented in Figure 7, this error averaged about 7%. We
have empirically estimated how well the orientation of the facets
are known by measuring the orientations of the facets on VL2
block several times using two separate sets of stereo images.
The maximum differences between the measured poles to the
facets was 65° in azimuth and 20° in elevation for facet 1 and
45° in azimuth and 5° in elevation for facet 2. These differences
in pole orientations give rise to a variation in the cosine term
of the reflectance factor that is a function of the lighting
geometry. The average change of the cosine term for the lighting
geometries used in this analysis was about 21%. The root-mean-
square error from all sources of error is about 22%. Thus erroz
bars in Figure 7 are £22% of the reflectance factor value.
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Fig 4. Two high resolution frames for the VLI block (shown within the box in Figure 3a). These images were acquired
with different lighting conditions. (a) VL1 image 11A097. Solar azimuth from north is 73° and elevation above the horizon
is 27°, (b) VL1 image 11A127. Solar azimuth is 281° and elevation is 51°,

COMPARISON OF LANDER DATA WITH 1LABORATORY
REFLECTANCE DATA

In this section mineralogical interpretations derived from the
Lander blue, green, and red reflectance estimates are discussed.
As previously stated, the blue, green, and red channels cover
the wavelength range of about 0.4 to 0.74 um. This wavelength
range is particularly sensitive to the abundance, mineralogy,
oxidation state, and degree of crystallinity of iron-bearing
minerals. Crystalline ferric oxide minerals (e.g., hematite and
geothite) exhibit strong absorptions in UV to visible wavelengths.
For example, Figure 8a shows the spectrum of hematitically
altered volcanic cinder that has significant spectral curvature
between 0.5 and 0.6 pum. The absorptions are due to a charge
transfer transition centered in the UV and to crystal field
absorptions at about 0.45-0.53 and 0.62-0.64 um [Singer, 1982,
Morris et al., 1985]. As a result, the reflectance of particulate

ferric oxides is low (about 3%) from the UV to about 0.55
pm and then rises rapidly to a peak reflectance at about 0.75
pm, leading to a reflectance spectrum that is strongly curved
in the visible [ Singer, 1982; Morris et al., 1985]. This spectral
reflectance pattern is in contrast to the pattern observed for
ferric iron-rich, amorphous materials such as some palagonites
(Figure 8a). The spectrum of this palagonite is characterized
by a straighter, relatively featureless rise in reflectance from
the UV to about 0.8 um that is caused by a lack of crystal
field absorptions due to the absence of a well-defined crystalline
structure [Singer, 1982]. The spectral reflectance of mafic rocks
containing ferrous iron-bearing silicates is generally lower and
less steeply sloped in the visible than ferric-iron phases (Figure
8a) [Hunt et al., 1974; Adams, 1975]. Mafic rocks also tend
to have low reflectances in the near-infrared region because of
absorptions by optically opaque phases and by electronic
absorptions due to ferrous bearing silicates [Hunt et al., 1974].



E382

GUINNESS ET AL: MATERIALS AT THE VIKING LANDING SITES

Fig. 5. Two high resolution frames for the VL2 block (shown within the box in Figure 3¢). These images were acquired
with different lighting conditions. (@) VL2 image 22A137. Solar azimuth is 117° and elevation is 47°. (b) VL2 image

22A252. Solar azimuth is 176° and elevation is 60°.

With this general background of relevant spectral properties,
we now address the Lander reflectance data. The Lander data
listed in Table I were compared to laboratory spectra of selected
materials and earth-based telescopic spectra of Mars. First, both
the laboratory and telescopic data were resampled to the Lander
color bandpasses (Figure 8b). As previously discussed, this step
is essential because of the broad widths and irregular shapes
of the Lander channels. Laboratory analogs used for this analysis
were chosen primarily for their compositional and spectral
relevance to Mars, based on the interpretation of, for example,
Viking Lander chemical measurements and earth-based
telescopic reflectance spectra. Samples included the ferric oxides
hematite, goethite, and limonite, two Hawaiian palagonitic soils,
hematitically altered volcanic cinders, and seven mafic igneous
rocks (fresh and weathered surfaces of each). Four telescopic
spectra were chosen as representative data in the spectral region
of interest, including a bright region and a dark region
observation from both the 1969 [McCord and Westphal, 1971]
and 1973 [McCord et al, 1977] oppositions. Because these
telescopic spectra are relative rather than absolute reflectance,
they required scaling by a multiplicative constant to allow
comparisons to Lander data. This scaling does not affect color
and slope information, only overall reflectance.

The comparisons of the Lander reflectance data to laboratory
spectral data was primarily based on spectral shape. The blue,
green, and red reflectances can be used to characterize spectral
shape in terms of slope and spectral curvature. A simple measure
of the curvature in Lander rellectance spectra can be defined

as follows

(p: py)
C= —— (7
o

where C is the measure of curvature and p,, p,, and p, ar
the reflectances determined for the blue, green, and red channels
respectively. The curvature measure can be thought of as a rati
of red/ green and green/ blue ratios, We found that this curvatur
parameter is related to ferric oxide mineral type as well as degre
of crystallinity in laboratory samples. Larger values of C woulc
for example, be consistent with greater degrees of ferric iro
crystallinity because the green channel is sensitive to the dept
of the ferric iron absorption near 0.45-0.54 um. This measur
is also very sensitive to the spectral difference between miner:
phases such as hematite and goethite. In addition, we use th
ratio of the red and blue reflectances as a measure of slop
of the spectra. The red/blue ratio will generally increase as th

TABLE 2. Bidirectional Reflectance Estimates for Blocks
Locati Reflectance
Rty Blue Green Red
VL1 block facet 1 0.09 0.13 0.23
VLI block facet 2 0.13 0.21 0.43
VL2 block facet 1 0.09 0.16 0.36
V1.2 block facet 2 0.06 0.09 0.15

Corrected to 20° incidence and phase angles, and 0° emission angle
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Fig. 6. These plots are horizontal planes showing the orientation of
the facets of VL1 and VL2 blocks and the lighting and viewing geometry
for images used to study the photometry of the facets, The vertical
axis of the diagram is aligned in a north-south direction. Each facet
orientatiori is shown as the projection of the unit vector normal to
the plane of the facet. Sun direction and facet orientations are also
represented as projections of unit vectors onto the horizontal plane.
The longer the facet vector, the more vertical the facet is oriented.
Longer sun direction vectors mean smaller solar elevation angles. Sun
vectors are numbered according to increasing phase angle (see Figure
7) for each block. (@) VLI block. (b) VL2 block,

degree of oxidation of iron bearing materials increases [Evans
et al., 1981; McCord et al., 1982]. Values of curvature and slope
for the 31 samples of soil and blocks at the landing sites are
given in Table 1.

The block surface with the lowest overall reflectance and slope

is facet 2 of VL2 block (sample C3 from Table 1). The reflectance
of C3is a good match to unoxidized Mauna Kea basaltic andesite
(Mugearite) naturally coated with about 30 pm of exogenetically
derived palagonite, and also to the telescopic dark regions (Figure
9a) [Singer, 1980]. This inference is corroborated by an
examination of images from the three Lander Camera infrared
channels. The brightness of the dark facet on VL2 block (C3)
in infrared images is lower than surrounding soil by a factor
of 2, consistent with greater optical influence from underlying
mafic materials on the dark facet [ Dale- Bannister et al., 1985].
Soil sample C8 (Table 1) is a good match in slope and amount
of spectral curvature to both the telescopic bright regions and
a Mauna Kea palagonite [VOLO2A, Singer, 1982; and H-34,
Evans and Adams, 1979] (Figure 9b). This soil sample has the
lowest slope and least curved spectra for all of the soils sampled.
Most block surfaces have slopés intermediate between those
for samples C3 and C8, although they vary significantly in overall
reflectance. The shapes of the spectra for these blocks are similar
to the spectra of telescopic bright regions and the palagonite
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Fig. 7. Hapke-Irvine plots for VL1 and VL2 blocks. The reflectance
factor is the term on the left side of (6). The solid lines are the least-
square fits to the data. The relative error in the data points is 22%
as discussed in the text. Data for the red channel are shown. (a) VLI
block. (b) VL2 block.
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Fig. 8. Laboratory reflectance data for a palagonite sample, a thinly

coated mafic rock, and a sample of hematitically altered volcanic cinder
are shown for the wavelengths covered by the Viking Lander color
channels. (@) Original laboratory data. (0) Resampled three point spectra.
Channel 1 refers to the Lander Camera blue channel, 2 to the green
channel, and 3 to the red channel.
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discussed above (VOLO2A). Thus the spectral signatures of these
blocks are consistent with coatings of palagonite material,
varying from being thin, semitransparent to being optically thick,
over dark unoxidized rock.

There is a limited exposure of relatively dark, red soil at
the Lander 2 site (B5) that has a significantly larger spectral
curvature than the other block and soil samples. Reflectance
data for this soil are consistent with the degraded spectrum
of red, hematitically altered volcanic cinder from Mauna Kea
(Figure 10), but not for pure hematite or other iron oxides.
This small exposure may be a hematitically altered soil, grading
into the more common soil that surrounds it. This is an important
cbservation because hematite forms under distinctly different
conditions than thought for the more common martian soils
and dust [Soderblom et al., 1978; McCord et al., 1982; Singer,
1982; Morris and Lauer, 1986].

The vast majority of soils sampled at both landing sites as
well as a few block exposures are not consistent with any of
the laboratory or telescopic spectra used in this study.
Unfortunately, no telescopic spectra over the landing sites are
available. Soil samples for which no laboratory analog was found
tend to have higher values of spectral slope and have curvatures
that are intermediate between C8 and B5. A few blocks, such
as C2, also have reflectance properties similar to these soil
samples and are interpreted to have optically thick coatings
of this soil type. As discussed, spectral curvature in laboratory
samples is related to ferric oxide mineral type as well as degree
of crystallinity. The larger curvature values would be consistent
with greater degrees of ferric iron crystallinity. The differences
in spectral shape (slope and curvature) seen for soils and blocks
at the landing sites could be due to variations in the degree
of oxidation and crystallinity of iron-bearing materials, to
variations in incidence, emission, and phase angles, or to
variations in particular size. Calibration uncertainties do not
appear to account for the variations in spectral shape because
there is no correlation between the camera that acquired the
data and spectral shape. Changes in slope with phase angle
for small soil patches at Viking Lander 1 [Guinness, 1981] are
nearly an order of magnitude smaller than observed for soils
sampled here. This result, combined with the result that spectrally
distinct facets exist on individual blocks, suggests that variations
in lighting and viewing geometry do not explain all of the
observed variations in spectral shape.

The effects of varying particle size on reflectance should be
considered in two ways: (1) soils with one lithology that have
different reflectance properties, depending on grain size, and
(2) soils that may compositionally fractionate as a function of
particle size. The particle size effects that are usually studied
in the laboratory and applied to remote-sensing analyses concern
the spectral behavior of a single lithology. For most
monolithologic materials, with low to moderate absorption
coefficients, decreasing the particle size increases overall
reflectance and slightly increases the spectral slope. Significant
spectral shape changes are not observed [Adams and Filice,
1967]. Evans et al. [1981] and McCord et al. [1982] demonstrated
that these effects are not large enough to account {for most of
the reflectance variations seen in Viking Orbiter multispectral
data. The same conclusion would appear to be true for Viking
Lander reflectance data. For soils on earth where the lithologies
change with grain size, the coarse-grained fractions of soils tend
to be relatively enriched in unaltered material, while the fine-
grained fractions are enriched in weathered materials. Because
these two size {ractions are mineralogically different and usually
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Fig. 9. Reflectance versus channegl r?imber for the dark block sample

C3 and soil sample C8. Channel 1 refers to the blue channel, 2 to
green, and 3 to red. The error bars represent 10% uncertainty in
reflectance for the Lander data. The best matches to these examples
from resampled laboratory and telescopic reflectance data are also
plotted. The laboratory and telescapic spectra were scaled by a constant
to overlie the Lander data. The rescaling, however, does not affect
spectral shape, only overall reflectance. (@) Lander sample C3 with
unoxidized basalt and telescopic dark region spectra. (b) Lander sample
C8 with palagonite and telescopic bright region spectra.
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Fig. 10. Reflectance versus channel number for Lander soil (B5) with
the largest curvature value. Channel 1 refers to the blue channel, 2
to green, and 3 to red. The error bars represent 10% uncertainty in
reflectance for the Lander data. The resampled reflectance spectrum
of red, hematitically altered volcanic cinder is also plotted. The laboratory
spectrum was scaled by a constant to overlie the Lander data. The
rescaling, however, does not affect the spectral shape, only overall
reflectance.

have different spectral properties, sorting mechanisms on earth
typically do produce significant changes in observed reflectance.

We conclude, based on comparison to laboratory spectra and
on the above discussion, that composition (ic., degree of
oxidation, mineralogy, and crystallinity) varies among the
different soil samples. From the blue, green, and red reflectance
data alone, we cannot test whether these variations are due
to compositions that vary with particle size. However, other
Mars data indicate that composition is correlated with particle
size. For example, the fine-grained dust deposited after the 1977
global dust storm was similar in color to the brightest, reddest
soil at the landing sites [Guinness et al., 1979]. On a regional
scale high thermal inertia regions (i.e., coarser material) have
lower albedos than low thermal inertia (i.e., finer material)
regions [Kieffer et al., 1977]. In addition, as noted by several
researchers, sand-sized dune material on Mars tends to be darker
and grayer than surrounding finer material [Singer et al., 1984;
Thomas, 1984].

Discussion

Reflectances derived for the soils and blocks at the two Viking
Landing sites are consistent with the conclusion that blocks
seen at both sites are mafic rocks coated to varying thicknesses
with somewhat amorphous, oxidized material. More rigorous
determination of substrate rock composition (e.g., ultramafic,
basalt, or basaltic andesite) requires complete spectral data in
the near-infrared region. Palagonites, or more properly, ferric
iron-rich, somewhat amorphous weathering products, are



Es86

reasonable analogs for limited exposures of soils and block
coatings. Major questions still remain as to how weathering
has occurred on Mars. Baird and Clark [1981] make compelling
arguments that soils are derived from mafic to ultramafic source
blocks in some isochemical process. Palagonitization of basaltic
magmas and basaltic glass has also been proposed as an
important mechanism [Soderblom and Wenner, 1978; Allen et
al., 1981]. Palagonite is a broad term, encompassing a variety
of related materials with different origins and spectral properties,
and only specific palagonites are reasonable spectral analogs
to Mars [Singer, 1982]. However, all palagonites are relatively
low-temperature alteration products of mafic volcanic glass.

The spectral shape of most observed soils as opposed to blocks
implies that soils at the landing sites have not been produced
by local weathering of blocks, since the soil reflectance signatures
are distinctly different from most blocks. It is possible that
material weathered from blocks is intimately mixed with a soil
end member not exposed at the landing site that has greater
slope and curvature than palagonite-like coatings on blocks.
Even if such mixing occurs, it implies that soils at the landing
sites are not predominantly derived from local weathering of
blocks. A more plausible scenario is one where soils are created
globally by a number of processes that operated at higher rates
earlier in geologic time. The materials would then be transported
and would accumulate at a variety of locations. Once deposited,
further erosion would sort the material and evaporation of fluids
would lead to generation of duricrust. At least at the landing
sites, blocks would have been steadily added to the site by impact
events and exposed to slow, perhaps steady state weathering
generating only a small amount of soil. This scenario implies
that the bulk of the soil at the sites carry little information
about the local geology.

SUMMARY

Bidirectional reflectances for the blue, green, and red channels
were determined for 31 soil and block exposures imaged by
the Viking Lander Cameras on Mars. The reflectances were
calibrated to within 10% uncertainties. Preflight calibrations
were tested by analyses of the brightness values obtained from
sunlit and shadowed gray patches mounted on the Landers,
which have well-defined Lambertian scattering characteristics.
Reflectances of soils and blocks were corrected for atmospheric
attenuation by using optical depth measurements obtained by
the Lander Cameras and for skylight illumination by subtracting
the brightness values for adjacent shadowed areas. Reflectances
of two facets on each of two large blocks were computed for
acommon geometry by determining facet orientations from high
resolution Lander stereo images and by fitting the Hapke-Irvine
photometric function to reflectance data acquired at several
different geometries. Results indicate that individual facets on
the same block have different spectral reflectance properties.

The variations in bidirectional reflectance in the visible and
relative brightness in the infrared can best be explained by
varying degrees of oxidation and ferric iron crystallinity. The
darkest, grayest block surfaces are consistent with laboratory
reflectance spectra of mafic rocks, thinly coated with ferric iron-
rich palagonite. Such a result is consistent with the low relative
reflectance for the dark facets determined from images acquired
with the Lander Camera infrared channels. Most block surfaces
are consistent with thin to optically thick covers of palagonitic
material. Limited exposures of soil have blue, green, and red
reflectances that are similar to palagonitic material. One soil
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exposure has a spectral shape that is similar to a sample of
hematitically altered volcanic cinder. The bulk of the soils
sampled and a few block surfaces have spectra with steeper
slopes and larger curvatures than the palagonite analog. In
particular, one reasonable interpretation is that the most
commonly sampled soil exposed at the landing sites may have
a greater degree of ferric iron crystallinity than the palagonite
analog. These soils could also be an intimate mixture of
palagonite material and other materials not seen in end-member
form. If intimate mixing occurs, however, these other materials
would need an even greater slope and curvature than the observed
soils, and presumably be even more different from material seen
on block surfaces in terms of the degree of ferric iron crystallinity.
Finally, it seems improbable that the bulk of soils could have
been derived from weathering of local blocks since most soils
have distinctly different blue, green, and red reflectances from
most block surfaces.
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