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ABSTRACT

Presented are the results of a laboratory study concerning the
effects of temperature on characteristic mafic mineral reflectance
spectra. This study presents the first reflectance spectra obtained at
sample temperatures well below room temperature and at elevated tem-—
peratures with thermal contamination removed. Thus for the first time,
characteristic absorption band intensities, widths, and positions are
presented as a systematic function of sample temperature. The 1lum
absorption band minimum remains unchanged over the temperature range of
this study for all samples. However, the spectra of the pyroxenes show
that the 2um absorption band is temperature dependent. The orthopyrox-—
ene 2um band minimum shifts to longer wavelengths, 1lower energies,
while the clinopyroxene 2um band minimum shifts to shorter wavelengths,
higher energies, as temperature increases. The spectra of a basaltic-—
like assemblage show two distinct absorptions located near 2um, due to
the presence of both ortho— and clinopyroxenme in the sample, at 1low
temperatures and one asymmetric band near and above room temperature.

A Gaussian analysis is applied to the 1lum absorption feature in
three common rock-forming minerals, orthopyroxene, clinopyroxene, and
olivine, in an attempt to characterize the spectral features as a func-
tion of temperature. The results of this analysis show consistent
trends of all Gaussian parameters (band centers, widths and intensi-
ties) as a function of temperature. The trends of these parameters are
discussed in terms of potential physical mechanisms which can result in
distinct absorptions within the wavelength region studied. In most
cases there is no direct relationship between the Gaussian trends and

any specific physical mechanism.

- iv -



Orbital and physical parameters cited in the literature are used
to theoretically model asteroid-like surfaces. Individual 1laboratory
spectra are used to calculate a resultant spectrum for a given tempera-
ture distribution. The resulting calculated spectra show that there is
little spectral difference between aphelion and perihelion spectral
signatures for low eccentricity, main—-belt, asteroid-like bodies. How-
ever, for higher eccentricity, earth-crossers spectral variations due
to orbital position can affect resultant interpretations of pyroxene

composition.
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CHAPTER I: INTRODUCTION AND BACKGROUND



INTRODUCTION

Spectral reflectance measurements obtained from spacecraft and
earth-based telescopic observations will remain the dominant means of
collecting mineralogical information concerning surfaces of objects
throughout the solar system for many years to come. Our ability to
interpret this data, in terms of the identity and abundance of minerals
present on a surface, is important for addressing more general ques—
tions concerning the origin and evolution of the solar system. A wide
range of carefully planned laboratory studies conducted in recent years
has resulted in our increased understanding of the interaction of 1light
with a particulate surface to the point of investigating the importance
of second order effects.

It is important to consider that planetary surface temperature
varies from the frigid regions of the outer solar system to the inferno
of Mercury's surface, and yet, only a limited number of studies have
addressed the effect temperature variation would have on characteristic
spectral signatures and consequently mineralogical and petrological
interpretations. Presented here is a laboratory experiment designed to
directly address temperature effects on reflectace spectra of mafic
minerals over a range relevant for many parts of the solar system (x80K
to =450K) and as such should be a significant addition to current
interpretative capabilities.

An enviromment chamber was used which allowed spectral reflectance
data to be obtained while both samples and standard were at the same
temperature and under vacuum. As a result, this paper will present the
first reflectance spectra of mafic minerals obtained well below room
temperature and at elevated temperatures with thermal emission elim—

inated. A Gaussian analysis is applied to Fe2+ absorption features in



an attempt to characterize their variation as a function of tempera-
ture. The results of this analysis are related to potential physical
processes which can result in absorption within the wavelength region
studied. The trends observed for these measurements are discussed in
relation to remote sensing of planetary bodies whose surfaces are not
at ambient temperature, and an example is presented relating the
results of the study to remote sensing of asteroid surfaces.
BACEGROUND

The understanding and interpretation of spectral reflectance data
is based on classical transmission spectroscopy and it is important to
be reminded of how the two techniques are related. Classical transmis—

sion spectroscopy is based on the Beer—Lambert Law:
I=1 e_kd. (eqn 1)

(Wendlandt and Hecht, 1966; Kortum, 1969) where I is the intensity of
light measured, Io is the intensity of the incident light, k is the
absorption coefficient characteristic of the material being measured,
and d is the thickness of the material the light i§ passing through.
Transmission spectroscopic techniques applied to minerals have
been interpreted by Burans (1970) in terms of crystal field theory.
Elements of the first transition series and especially their petrologi-
cally significant cations, Fb2+ and Ti3+. have an outer unfilled d-
shell in their electron distribution. The electron distribution of the
five possible d-shell orbitals are shown in Figure la. When such a
cation is located in a crystal site (shown schematically in Figure 1la),
certain orbitals experience strong electronic repulsions and greater

energy is required for an electron to reside in such an orbital. The
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dz2 dy2_y2 dyy:dxz:dyz

Figure la. Distribution of electron probability for d-orbitals
within an octahedral crystal lattice site (after Gaffey and
McCord, 1979).
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Figure 1b. Relative energy levels of the d-orbitals of a
transition metal cation as a free ion, an unperturbed ion in a
crystal field, and the crystal field splitting in an octahedral

site (reproduced from Burns, 1970)



orbitals undergoing the least electronic repulsion become the ground
state orbitals in which the electrons tend to reside (Figure 1b). The
energy difference between the ground state and any excited state is
termed the crystal field splitting emnergy (CFSE) and is a direct func-—
tion of a particular cation and the crystal site in which it is
located. A photon whose energy corresponds to the splitting energy of
a cation located within a crystal site can be absorbed. These elec—
tronic transitions of the first transition element series, result in
absorptions in the visible and near—infrared region of the electromag-
netic spectrum (Buras, 1970), and are due to ions located within
specific crystallographic sites so that from the spectra direct infor—
mation is obtained concerning the chemistry and crystal structure of
the material, White and Keester (1966) have outlined the mineralogical
parameters which can influence the spectrum arising from a given tran—
sition ion in order of importance as follows: 1)the coordination
number and valence state are, by far, the most important factors as
they determine the main features of the spectra; 2)the nature of the
ligand; 3)the distortion of the transition metal ion site; and 4)the
metal-oxygen distances.

Reflection spectroscopy is the technique of measuring 1light
reflected from a surface and comparing it to the light incident on it.

The reflectance of a surface can be expressed as:

r=1, +e p . (eqn 2)

where r is the measured reflectance, T, represents the light which has
not undergone absorption and as such represents the single and multiple

Fresnel reflection (light which has never actually entered the

- 5 -



material), the expomential term represents the light which has entered
the particle and has scattered out of the surface, k is the absorption
coefficient of the material, and 1 is the mean optical path length of
light in the material (MOPL, Clark and Roush, 1984). Equation 2 is a
simplification of a more complex situation and is used only to show the
relationship between reflectance and transmission spectroscopy which is
contained in the second term on the right side of equation 2 (for a
more rigorous discussion of reflectance spectroscopy the reader is
referred to Clark and Roush, 1984 and references contained within).
Hence, absorptions identified in transmission measurements are also
present in reflectance. The applicability of reflectance spectroscopy
is the ability to detect chemical and mineralogical information about a
surface without having to be in contact with it and as such, has been
used to investigate the surface composition for most bodies throughout
the solar system. In fact, a wide variety of room temperature,
laboratory—based spectral measurements exist for transition metal-
bearing silicates (Adams, 1974, 1975; Burns et al., 1972; Hunt and
Salisbury, 1970; Hunt et al., 1972, 1974; Nash and Conel, 1974; Singer,
1981, 1980) and form the basis for interpretation of earth-based
telescopic spectral reflectace data (Adams and McCord, 1970; Charette
et al., 1972; McCord et al., 1977; Gaffey and McCord, 1979; Singer,
1980; and references within all).

There are parameters which affect reflectance spectra (eg. viewing
geometry, grain size, etc.) which are unrelated to chemical composition
and crystallography. Burns (1970) briefly discusses the influence
varying temperature would have on absorption spectra as being two—fold.
For a given crystallographic site the width of an absorption feature is

related to the amplitude of atomic vibrations about the center position
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of the site (Burns, 1970). Assuming parallel, or near parallel energy
levels, one would expect that increased thermal vibrations would result
in a broadening of an absorption feature while decreased thermal vibra—
tion would result in a narrowing of the same feature. Also, the inten—
sity of of the crystal field, and thus the CFSE, is a function of the
metal—-oxygen distance. Therefore, any expansion or contraction of a
crystallographic site due to temperature variations would result in
increasing or decreasing the CFSE and be expressed in reflectace spec—
tra as a shifting of the absorption band minimum to longer or shorter
wavelengths, respectively. Differential thermal expansion could act to
drastically alter the symmetry of a crystallographic site thus changing
the relative intensities of crystal field bands. For example, consider
an exactly centrosymmetric crystal site at a given temperature, in this
case any crystal field transitions are forbidden by the Laporte selec—
tion rule. At a different temperature, due to differential expansion
the site would become non-centrosymmetric and the Laporte selection
rule is relaxed allowing crystal field transitions to occur. Thus,
although surface temperature is independent of chemical composition it
can affect crystallographic site symmetry and metal-oxygen distances,
thus spectra obtained by transmission and reflectance techniques can be
affected.

Low temperature transmission spectral studies for enstatite (Run—
ciman et al., 1973a), olivine (Runciman et al., 1973b, 1974), and a
variety of minerals (Smith, 1977) have been reported. All of these
papers deal with assignment of absorption features in the minerals to
specific electronic transitions. None of these studies include reflec-
tance measurements and the authors’ do not address shifts in band

centers. Runciman et al., (1974), show the three polarized components



of the =1uym olivine absorption band at both 19K and 297K (Figure 2).
Seen clearly in each orientation is the narrowing of the absorption
feature with decreased temperature. Subtle, but most outstanding in
the B spectrum, is the shift of the peak of the absorption band to
shorter wavelengths (higher energies) at the lower temperature.

The most comprehensive study to date involving increased tempera—
ture effects on crystal field spectra and implications for remote sens—
ing is presented by Sung et al., (1977). The authors present a series
of polarized and unpolarized absorption spectra, as well as, diffuse
reflectance spectra of olivine, clinopyroxene, and orthopyroxene from
room temperature to =<675K. Their results confirm the broadening of
absorption bands and shifting of band minima discussed above. However,
as they point out, the higher temperature spectra are dominated by
thermal emmision of the sample at wavelengths greater than about 1.4um,
thus eliminating information for the "2um” pyroxene absorption band.
The study presented here has successfully made specific measurements
designed to remove the thermal component from the reflectance spectra,
thus allowing spectral changes of the 2um region to be examined for the
first time at elevated temperatures.

Several high temperature X-ray crystallographic studies of olivine
(Smyth and Hazen, 1973; Brown and Prewitt, 1973; Smyth, 1975), orthopy-
roxene (Smyth, 1973; Sueno et al., 1976), and clinopyroxene (Cameron et
al., 1973; Brown et al., 1972; Smyth, 1974) confirm the distortion of
crystallographic sites as a function of increasing temperature. The
data exhibit two gemeral treands: (1)coordination polyhedra show dif-
ferential thermal expansions; silicate tetrahedra remain essentially
constant, while metal octahedra show positive, somewhat linear expan-—

sion and (2)individual metal-oxygen distances in various sites have
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individual variations, thus affecting relative site symmetry and coor-
dination. There are few low temperature (liquid nitrogen) X-ray stu-—
dies of mafic minerals but a couple do exist for olivine (Hazen 1976,
1977), both of which exhibit the same general trends of the high tem-
perature studies. High temperature X-ray studies on oriented single
crystals are recently reviewed by Hazen and Finger (1983).

Thus, there is great potential for the reflectance spectra of
mafic minerals to be effected by varying temperature. The remainder of
this thesis will present the results of a laboratory study designed to
directly address this question. Chapter 2 will describe the laboratory
methods, devices, and samples used in this study to obtain the reflec-
tance spectra presented in Chapter 3. Chapter 4 will present various
quantitative analysis techniques used to characterize variation in the
measured reflectance of the samples as a function of temperature.
Application of the laboratory measurements to planetary surfaces is
presented in Chapter 5 for the specific case of asteroid—like surfaces.
Finally, Chapter 6 attempts to summarize the results of both the

laboratory measurements and subsequent analysis.
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METHODOLOGY

Instrumentation

Spectra were obtained using the University of Hawaii Planetary
Geosciences Division spectrogoniometer. This device is highly versa-
tile and can be used for bidirectional reflectance measurements of vir-
tually any material. The specific details of this instrument are
describe by Singer (1981). It should be noted that this device uses
state—of-the—art astronomical instrumentation for wavelength discrimi-
nation, light detection, and data handling. This provides a very high
signal-to-noise and a direct means of comparison with earth-based
telescopic observations. Spectral coverage extends from 0.4 to 2.6um
with a spectral resolution (AA/A) of approximately 1.5%. Because of
the single—beam nature of this instrument it was easy to make direct
measurements of thermal emission from the sample at each temperature.
This thermal component was then subtracted out during data processing,
resulting in true reflectance values. The procedure used, for each

wavelength channel, is:

[sgmp,;u, —ssmp,dk,?

Sample Reflectance = S =S (NBS Halon), (eqn 1)
L ®std.i11. ~°std.dk. J

where: Ssump.ill. is the signal measured from the illuminated sample,

ssamp.dk. is the signal measured from the sample with the light source

blocked (thermal emission and scattered light), sstd 411, is the signal

measured from the illuminated reflectance standard, Sstd dk is the

signal measured from the reflectance standard with the 1light source
blocked (thermal emission and scattered light), and NBS Halon is the

National Bureau of Standards determined reflectance for Halon.
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For this study an enviromment chamber designed by R. Hamilton
Brown for low temperature spectral measurements was modified, by addi-
tion of a small sample oven, for use at elevated temperatures as well.
The chamber consists of a liquid nitrogen reservoir with an inner eva-—
cuable chamber which has two sapphire windows situated such that only a
phase angle of about 12° is possible. For these measurements the angle
of incidence (i) and emission (e) were equal (e=i=6°), All measure—
ments were taken with the sample and reflectance standard in vacuum to
preclude any chance of frost growth at low temperatures or oxidation at
high temperatures and no sample alteration was observed. The time
required for the sample to reach and stabilize at a given temperature
was typically one hour. Sample temperature is maintained during obser—
vations to within +1K by servo—electronics controlling the power to the
sample oven. The servo—electronics are directly linked to a flat pla-
tinum resistance element buried =<3mm in the particulate sample, and
temperatures are displayed using a commercial digital temperature
read-out. A schematic cross section of the enviromment chamber is
presented in Figure 3.

Reflectance Standard

Halon powder, a fluorocarbon manufactured by Allied Chemical
Corp., was used as a diffuse reflectance standard. Documentation of
the absolute reflectance properties of Halon and preparation techniques
were obtained from Weidner and Hsia (1981)., Because of the potential
mineralogical significance of subtle features in the 2um region,
laboratory spectra presented here were corrected for the slightly
imperfect reflectance of Halon. The final results are believed to be
within one to two percent of absolute level of bidirectional reflec-—

tance, depending on the signal-to—noise ratio of the detector.
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Figure 3. Schematic diagram of enviromment chamber. 1)Outer can with
polyurethane foam insulation, 2)Inner evacuable can, 3)Liquid nitrogen
reservoir, 4)Reflection standard holder, 5)Sample holder with tempera—
ture probe, 6)Heating element, 7)Electrical connections, 8)Electrical
connections leading to temperature indicator and heater power supply,
9)Vacuum pump valve, 10)Sapphire windows.
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Sample Preparation

Individual samples were chosen to represent characteristic spec—
tral properties of mineral classes prominent of mafic to ultramafic
assemblages., All samples are prepared by crushing with a hardened
steel mortar and pestle, followed by grinding in an alumina mortar and
pestle. A 45-90um grain size fraction was seperated by wet sieving
with methanol and used for all subsequent measurements with the excep—
tion of the plagioclase which has a grain size of 45-108um.
Data Analysis

Each spectrum presented here consists of a number of individual
observations of the sample which were averaged to improve signal-to—
noise and then divided by an average of reflectance standard observa-
tions taken nearly contemporaneously. All data processing was carried
out in digital form using an interactive computer program (Clark, 1980)
and formal errors were calculated for each operation. Where data are
presented with error bars they represent +1 standard deviation of the
mean,
Sample Descriptions
Olivines(OLVOl and OLVO3)

OLVO1

This sample has been characterized in detail by Singer (1981) and
is a Forsterite (Chrysolite variety, F°39) from South Point, Hawaii. A
chemical analysis is presented in Table 1.

OLV03

This sample was provided on request by the National Museum of
Natural History (NMNH) of the Smithsonian Institution and is a
Fayalite(Foo) from Rockport, Massachusetts, NMNH catalog number R3517.

A detailed chemical analysis is presented in Burns and Huggins (1972)
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and is included in Table 1. Optical examination of the sample, using a
binocular dissecting microscope, revealed that the sample contained an
abundant opaque contaminant, probably magnetite. An attempt to remove
this opaque component magnetically after the grinding procedure,
appears to have been unsuccessful as evidenced by the overall low
reflectance of the sample in the near—infrared (see Figure 5).
Orthopyroxenes(PYX02 and PYX08)

PYX02

This sample has been characterized in detail by Singer (1981) and
is an Enstatite (bronzite variety, En86) from Bamble, Norway. A chemi-
cal analysis is included in Table 1. It appears the tremolite contam—
inant discussed by Singer (1981) has been successfully removed as evi-
denced by the lack of the absorption feature located at 2.3 m

PYX08

This sample, the enstatite component of a websterite (enstatite
variety, Enss). from Webster, North Carolina (provided by Trude King)
and was discussed by King et al., (1981). A chemical analysis is
included in Table 1. Since this sample is quite similar in composition
to the previous sample it is not surprising that it exhibits the same
manner of spectral behavior.
Clinopyroxene (PYX07)

This sample has been characterized in detail by Singer (1981) and
is a Diopsidic—-Augite (Wo,.En Fs7). Its chemical analysis can be

427751
found in Table 1.

Plagioclase (PLAGO1)

This sample is a plagioclase feldspar (labradorite variety) from

Lake County, Oregon (provided by Trude King) and is discussed by King

t al., (1981). Due to limited quantity, a grain size seperate of 45-
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108ym was used for spectral measurements of this sample. Data was col-
lected for this sample at 81K and a room temperature spectra of a dif-
ferent grain size (<45um), and different viewing geometry (i=e=15°),
was provided by Trude King.

Basaltic Assemblage (PYX09)

This sample was provided by John Adams and was labelled as pigeon—
ite however, after the 45-90um grain size fraction was seperated from
the bulk sample and spectral data collected it became apparent this
sample was not a pure pigeonite. Subsequent examination using a petro—
graphic microscope has identified plagioclase, olivine, clinopyroxene,
orthopyroxene, and a true pigeonite showing the characteristic exsolu-

tion lamellae.
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Table 1.

Chemical Analysis of Samples Used

2

3

} l oLvo14 } 0LV03 { PYX024 { PYX08 } PLAGO1 ! pYx074 } PYXO9=
| sio. | 38.90 | 29.70 ! 5s5.301 s57.281 wa | 50,10 1 wna |
it g | } J } L. L |
| Ti0, |l 0.03 1 o0.00l o0.051 o0.001 NA | o0.66 1 wNA |
2| i . 4 - : = |
| AL,0, | 0.46 | 0.00] o©0.a2] 1.08] NA | 271 ] N |
P 1 } P = t 1 + o |
| Fe,05 | t | mdo |+ |+ | NA | 111 | MNA |
{ FeO I 10.70 { 68.60 } 9.38 {7 7.91 { NA fﬁ 4.00 { NA I
i MnO 4} 0.22 } 2.00 { 0.15 { 0.21 { NA { 0.24 } NA }
l MgO } 47.20 { 0.10 } 32.80 { 33.96 I NA ! 17.60 I NA I
lcao | o041 ! o0.01! | | | | |
1Cs0 | 0.4 1 .01 ] 0.45 ! 0.23 | NA lﬁzo.oofﬁI NA |
I Nae.o | o0.00 | A | o.00! o0.08! wNa | o0.19 1 nNa |
2| e s L z 4 el
| K,0 | o0.02 | M | o0.021 o0.011 Na | o0.010 ] NA |
2 4 : : : : o
szos | o.02 | NA | 0.01] NA | NA | 0,01 | M|
1 1 1 1 1 il | 1 b
|LOI | 0.77 | NA | 2.00 | NA | NA | 0.69 | NA |
I | t t
| Total | 98.73 | 100.41 | 100.28 | 100.77 NA 97.33 | NA

4 from Singer (1981)
2 from Burns and Huggins (1972)
3 average of 6 microprobe analysis provided by Trude King

# Lost on ignition (indicative of volatiles)

n.d. not determined

NA not available

% as FeO
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CHAPTER III: PRESENTATION OF MEASUREMENTS



OLIVINES

OLVO1

At all temperatures, the spectra of this sample display the cry—
stal field absorptions, due to Fez+, at slightly 1longer than 1um
(*1.05um) which is typical and diagnostic of olivine (Adams, 1974),
which has no broad absorptions located at longer wavelengths such as
the pyroxenes discussed below. The major effect of increasing tempera-
ture is to broaden this absorption feature, mainly on the low energy,
longer wavelength, side, as seen in Figure 4. Also, the weak absorp-—
tion located at =.63pm, is well pronounced at low temperatures but
becomes a mere inflection at the higher temperatures.

OLVO3

The same general trends described above also hold frue for this
olivine (see Figure 5) except that the apparent reflectance minima are
located at shorter wavelengths (21.03um), which is in conflict with
previous measurements of Fe-rich olivines (Burns, 1970; Hunt and Salis-
bury, 1970; Adams, 1975). However, as noted in the previous chapter,

there is some question concerning the purity of this sample.

ORTHOPYROXENES
PYX02
The spectra of this sample exhibit absorptions slightly short of
1- and 2pm, Figure 6, which are typically associated with low calcium
orthopyroxenes (Adams, 1974, 1975). The shorter wavelength feature
apparent reflectance minimum remains fairly constant while the lomger

wavelength apparent reflectance minimum shifts to longer
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wavelengths as temperature increases, Figure 6. Both features broaden,
mainly on the lower energy (longer wavelength) side as temperature
increases. Also, the region from =.4 to .7um decreases in slope as
temperature increases.

PYX08

Since this sample is quite similar in composition to the previous

sample, it is not surprising that it exhibits the same manner of spec-

tral behavior as PYX02 (Figure 7).

CLINOPYROXENES

PYX07

The spectra of this sample exhibit the characteristic absorption
bands, at slightly longer than 1- and 2pm, of the more Ca-rich clinopy-
roxenes (Adams, 1974, 1975), see Figure 8. As with the orthopyroxenes,
the =1pm apparent reflectance minimum remains fairly constant as a
function of temperature. However, invcontrast to the orthopyroxenes,
the *2um apparent reflectance minimum shifts to shorter wavelengths,

higher energies, as temperature increases.

PLAGIOCLASE
PLAGO1
The spectra of this sample at liquid nitrogen and room temperature
show little differences (Figure 9). The grain size differences between
the two samples can result in differing band widths and overall reflec-
tance levels. The finer grain size spectrum would have higher reflec-

tance values and greater band widths.
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BASALTIC ASSEMBLAGE
PYX09
Figure 10 shows the results of spectral measurements on this sam—
ple. At the lower temperatures, the orthopyroxene and clinopyroxene
apparent reflectance minima, =1.9ym and 2.3um respectivly, are
seperately resolved, thus allowing immediate identification of these
two minerals in the sample. Near room temperature (273K), and above,

the seperate minima appear as one asymmetric band.

—_ .



0.8 r— [ rrr 1T rrrrrr 1 111
9 o6 "
= -
o - -
-
U et
u foam
= i
é p
0.4 — —
-
« L -l
=
(o] _ -
05
Q - -
o
E 0.2
= = S
0.0 L N IS URN YUY W TN NN TN NOUN TN T AN TOUNE WO T W N W NN NN M

0.5 1.0 1.9 2.0 2.5
Wavelength (zm)
Figure 7. Overlay of PYX08 at all temperatures. Filled squares are
measurements at =80K. Pluses are measurements at 173K. Diamonds are

measurements at 273K. Crosses are measurements at 373K. Open squares
are measurements at 448K,

- 30 =



®
o
0.6 1 l 1 1 T I L T l 1 1 1 1 [ 1 1 I i ‘ 1
*
[
Q
=]
«
-
Q
o g
Q
o
s
«
=]
o
® -
3}
5}
ot
o puy
~
opf
/|
" i d
001|||||||||||||||||||||||
0.5 1.0 1.5 2.0 2.9
Wavelength (pm)
®
Figure 8. Overlay of PYX07 at all temperatures. Filled squares are
measurements at <80K. Pluses are measurements at 173K. Diamonds are
measurements at 273K. Crosses are measurements at 373K. Open squares
are measurements at 448K,
&
@

- 3] -



l T l 1 1 1 1 l 1 1 1 1 l I 1 1 1 I 1 1 1 T I l_
0.8 — —
Q - -
Q
8 -1
> u
e
Q - =
Lo ki
E n
0.7 — -
ch 1 v
<
o B .
:
Q
) ™ -
-
= " 4
R 0.6+ -
n J
T | l 1 1 | | I 1 1 1 1 1 1 1 1 il l L1 1 1 I I—
0.5 1.0 1.5 2.0 2.5

Wavelength (pzm)

Figure 9. Overlay of plagioclase data at liquid nitrogen =80K
(squares) and room temperature (pluses). Differences in overall
reflectance levels are due to differing grain sizes.

e



0.35

1
& pro—
z "
= -
-] =
-
Q -
= 0.30
ag B
_ )
5] L
g 0.25F
opy -
sl
o -
o n
-
= )
5 0.20F

L

0.5 1.0 1.5 2.0 2.9
Wavelength (pm)

Figure 10. Overlay of basaltic assemblage at all temperatures. Filled
squares are measurements at =80K. Pluses are measurements at 173K.
Diamonds are measurements at 273K. Crosses are measurements at 273K.
Open squares are measurements at 448K,

- 39



Adams, J.B. (1974), Visible and Near—-Infrared Diffuse Reflectance Spec—
tra of Pyroxemes as Applied to Remote sensing of Solid Objects in
the Solar System., JGR, 79, 4829-4863.

Adams, J.B. (1975), Uniqueness of Visible and Near-Infrared Reflectance
Spectra of Pyroxenes and Other Rock-Forming Minerals. In Infrared

and Raman Spectroscopy of Lunar and Terrestrial Minerals (C. Karr,
Ed.), p91-116, Academic Press, New York,NY.

Burns, R.G., (1970), Mineralogical Applications of Crystal Field
Theory, Cambridge Univ. Press, London., 224p.

Hunt, G.R. and Salisbury, J.W., (1970), Visible and Near—Infrared Spec-
tra of Minerals and Rocks: I. Silicate Minerals., Mod. Geol., 1,
283-300.

- G



CHAPTER IV: ANALYSIS OF MEASUREMENTS



ANALYSIS

In order to analyze the variation of characteristic spectral sig-
natures as a function of temperature it is necessary to remove absorp—
tions caused by other processes such as preferential scattering of
light away from the detector or absorptions due to some contaminant or
component not of interest. A continuum estimating the absorptions from
other processes can be defined by using a suitable function such as a
straight line segment, a polynomial, a Gaussian, et cetra. Once it is
removed from the measured reflectance residual absorptions due to the
process or mineral of interest are isolated. Examples of continua use
are presented in Clark (1981, 1983), McCord et al. (1981), and Singer
(1981) and a theoretical discussion concerning continua is given by
Clark and Roush (1984),.

This study will focus on absorptions due to octahedrally coordi-
nated F32+ ions, 1located within various crystallographic sites.
Reflectance spectra of olivines exhibit a compound absorption feature

2+ located

located around 1lpm which is composed of absorptions due to Fe
in both the olivine M(1) and M(2) crystallographic sites (Burms, 1974).
Reflectance spectra of the pyroxenes exhibit two seperate absorptions
located near 1- and 2um which are both due to F92+ located in the
pyroxene M(2) crystallographic site (Buras, 1970). Thus, for this
study characterizations of the reflectance spectra will be limited to
the 1ym region for olivine and the 1- and 2uym regions of the pyroxenes.
For analysis, a subset of the spectrum is extracted which is bounded by
points of maximum reflectance and are believed to lie outside the
wavelength region of the absorption of interest. A straight line con—

tinuum is estimated by using the two end points of this data subset and

is removed by dividing the reflectance values by the continuum values
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at each wavelength. The clinopyroxene (PYX07) 2pm absorption band is
difficult to characterize since the long wavelength side of the band
can not be measured by our instrumentation. In this case, straight
line continua were estimated using the reflectance maximum between the
1- and 2pm absorption bands and the last data point (usually a sloping
line) and compared with a continuum estimated by setting the last data
point equal to the reflectance maximum between the 1- and 2pm absorp—
tion bands (a horizontal line). After continuum removal, the values of
results obtained by these two methods were compared and they were the
same. A more complex polynomial was not used because it was felt that
direct comparisons between various minerals, and the same mineral at
various temperatures, would be facilitated by the consistent use of
straight 1line continua. After continuum removal, the true band
minimum (TBM), defined as the wavelength at which the reflectance rela-
tive to the continuum is a minimum, is determined. The TBM for all
minerals are plotted as a function of temperature for the 1- and 2um
regions in Figures 11 and 12 respectively. Since the variation in TBM
seen in Figure 11 corresponds to a single wavelength channel difference
of the detector, well within the error of data collection, the TBM
remain constant over the temperature range of this study. However, as
seen in Figure 12 the 2um TBM of pyroxenes vary as a function of tem-
perature. The orthopyroxenes (PYX02 and PYX08) 2um TBM shift to longer
wavelengths while the clinopyroxene (PYX07) 2pm TBM shifts to shorter
wavelengths as temperature increases. The spectra of the basaltic
assemblage (PYX09) show two distinct bands at low temperatures which
become one asymmetric band at higher temperatures.

Hazen et al., (1978) discuss the information gained about the cry-

stal structure by the separation of the 1- and 2pm bands in pyroxenes.
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Table 2. Splitting Energy of 1 and 2um Bands in Pyroxenes

' PYX02 '
| |
I T(K) ! 1 micron(cm-l) ! 2 micton(cm—l).! splitting(cm-1)4{
[ Ll L] L '
| 82 } 10822 IL 5531 l 5291 |
e | i
| 173 } 10822 : 5397 : 5425 |
k i
| 273 ' 10822 l 5330 I 5492 |
L L ] L] [ ]
) 1
! 373 | 10822 { 5266 j| 5556 !
: 458 10822 I 5266 I 5556 JI
{ PYX08 ]|
= 78. { 10822 IL 5596 I 5226 :
: 173 |L 10822 l 5531 } 5291 }
| B
| 273 | 10822 } 5461 | 5361 |
I |
| 373 10822 { 5330 5492 |
I i
| 458 10822 I 5330 5492 |
L 1
1 1
| PYX07 |
1 ]
L 1
I 83 lL 9671 ! 4336 ! 5335 !
|l173 } 9671 { 4296 l 5375 Jl
} 273 { 9671 l 4336 : 5335 =
{ 373 { 9671 : 4374 : 5297 :
| | [} | |
| 458 | 9671 | 4417 l 5254 |

4 errors are limited by the channmel-to—channel differences in the 1lum

region and are 1120cm—1.
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In an octahedral enviromment ferrous iron, (d6) configuration, has
three lower energy (t2g) and two higher energy (eg) levels. In pyrox-
enes the 1lpym band is a result of the transition from the lowest tZg
level to the higher eg level, whereas thev2pm band is due to the tranm
sition from the lowest t28 level to the lower e8 level (Goldman and
Rossman, 1977). The energy difference between the 1 and 2um bands is
therefore, equal to the splitting energy of the two eg levels of F02+
in the distorted M(2) site. The greater the splitting energy the
greater the distortion of the M(2) site. Table 2 lists the splitting
energy as a function of temperature for PYX02, PYX08, and PYX07. Thus,
as temperature increases the splitting energy of the orthopyroxenes
increases, implying the M(2) site is becoming more distorted. However,
the clinopyroxene splitting energy decreases with increasing tempera-
ture, implying the M(2) site is becoming less distorted. An interest—
ing effect of the site becoming more symmetric is that the crystal
field bands should become less intense due to the Laporte selection
rule. Close inspection of Figure 8 (Chapter 3) shows that the 2um band
of PYX07 becomes less intense with increasing temperature in agreement
with these considerations. These differing trends in the 2pum band of
the pyroxenes also agree with the conclusions reached by Smyth (1973)
based on high temperature X-ray studies which show that with increasing
temperature, the clinopyroxene primitive monoclinic structure gains
symmetry by straightening the silicate chains so that they become crys—
tallographically equivalent. However, in the orthopyroxeme no such
displacement to gain symmetry is possible, and straightening of the

silicate chains proceeds much more slowly than in clinopyroxene (Smyth,

1973).
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Table 3. Slopes, Intercepts, and Statistical Error Data
for Pyroxene 2pum TBM

I PYX02 :
I corr. | std dev. | | uncertainty | | uncertaintyl
I } J | | | 1
| coeff. l residuals } slope I (95% level) } intercept } (95% 1level) |
I E - 5 | 2 |
| 0.948 l 7.5x10 3 I 1.29x10 4 l 4.92x10 . | 0.589 I 1.49x10 4 |
I i
I PYX08 I
L /]
I 1
| 0.977 | 5.3x1073 | 1.40x107% | 3.44x107° | o0.569 | 1.04x1072 |
! |
| PYX07 I
! ]
io.sz9 I 6.8x1073 | -5.80x10—5| 4.42x107° ] .848 | 1.34x1072 }




A linear, least squares routine presented by Mortimer (1981) has
been adapted in an attempt to quantify the pyroxene 2um TBM position,
as a function of temperature. The discrete values of PYX02, PYX07, and
PYX08 TBM were used as input. All samples are best described by the

equation:

1n(2pm TBM) = mT + b (eqn 1)

where T is the temperature in Kelvin, m is the slope, and b is the
intercept when T=0K. Table 3 1lists values of slope and intercepts for
these minerals, as well as, statistical parameters. It is reassuring
that both orthopyroxenes result in similar values which are signifi-
cantly different than those for clinopyroxene. Caution is urged in
applying these results to wide ranges of pyroxene composition since
they are based on a very limited data set.

At a second level of analysis, a non—linear, least squares, Gaus-
sian fitting analysis, based on an algorithm presented by Kaper et.
al., (1966) and discussed by Farr et al., (1980) (the program has since
been rewritten to simultaneously fit up to twenty Gaussian functions),
was performed on a limited subset (OLVOl, PYX02, and PYX07) of the
minerals over a limited wavelength region (the lum region). It was
hoped this analysis would uniquely characterize both positions and sym-
metries of absorption bands as a function of temperature. The specific
approach was to remove a straight line continuum for each temperature
and then fit Gaussians using the natural logarithm of the reflectance
relative to the continuum and inverse wavelengths, thus making the

analysis of the data proportional to the absorption coefficient of the

mineral as a function of energy (Clark and Roush, 1984).
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The PYX02 82K data was first to be analyzed and the absorption
appeared to be saturated when plotted as 1n(r) versus 1/A, which could
lead to spurious Gaussians needed to describe the feature. For-
tunately, a data set for the same pyroxene, at the same temperature,
but of a finer grain size (<45um) existed, and when plotted as
described above it did not appear saturated. One, two, and three Gaus-
sians were used to analyze this finer grain size data and since only
the two Gaussian analysis converged to a solution, it was felt that two
Gaussians uniquely described the data. Subsequently, no additional
Gaussians were needed to fit the larger grain size data, and resultant
fits and residuals are shown in Figures 13a through 13e. Figure 14 is
a plot of individual Gaussian parameters (centers, heights, and widths)
as a function of temperature. Individual Gaussian centers move to
longer wavelengths and widths increase as temperature increases. The
depth of the shorter wavelength Gaussian (band 2) increases while the
longer wavelength Gaussian (band 1) depth decreases as temperature
increases. However, all these variations in individual parameters do
not effect the combined Gaussian envelope TBM as seen in Figure 15.

It is important td assess what physical processes these individual
Gaussians may represent. There are five distinct processes which could
result in resolution of two individual absorption bands in the 1lum of
the orthopyroxene spectra: 1)both bands represent electronic transi-
tions due to F92+ located in the orthopyroxene M(2) crystallographic
site; 2)the individual bands represent electronic transitions due to
Fez+ located in both the orthopyroxeme M(1) and M(2) crystallographic
sites; 3)vibronic coupling results in allowing a second, otherwise for—
bidden, electronic transition due to Fe2+ in the orthopyroxene M(2)

crystallographic site; 4)the individual bands represent two discrete
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mineral phases; and 5) the nature of these absorptions are intrinsi-
cally asymmetric but can be characterized by two Gaussians. I will
address each of these possibilities and discuss how individual Gaussian
parameters would be expected to vary as a function of temperature for
each process.

The high temperature X-ray studies of orthopyroxene (Smyth, 1973;
Sueno et al., 1972) show that increasing temperature would result in
differential expansion of the M(2) crystallographic site and an
increase in individual metal-oxygen distances. The crystal field
splitting energy is approximately inversely proportional to the fifth
power of the metal-oxygen distances (Burns, 1970), and if X-ray dif-
fraction data existed for this mineral at the same temperature it might
be possible to put even greater constraints on this relationship. In
any case, increasing temperature would reduce the energy required for a
given electronic transition and result in band centers shifting to
longer wavelengths. This is indeed the trend seen in Figure 14. Ther
mal vibrations of the metal ion about the center of the crystallo—
graphic site would increase with increasing temperature and result in
broadening an absorption band (Burms, 1970). A trend also seen in Fig-
ure 14, The intensity of an absorption band is directly related to the
probability that a given transition will occur, as such increasing tem—
perature could act to increase or decrease the probability so it is not
straight forward to predict how the intensity of a specific transition
will be effected by temperature. Goldman and Rossman (1977) identified
three crystal field transitions due to Fez+ i# the orthopyroxene M(2)
site and their schematic energy level diagram is shown in Figure 16,
Applying their analysis to the individual Gaussians of this study, the

highest energy transition (5A1—>5A1) would correspond to Gaussian 2 in
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Figure 14, however, this band does not occur at the proper wavelength
to correspond directly to the 5A1->5A1 transition. The only other pos—
sible band in this wavelength region to correspond to Gaussian 1 of
Figure 14 would be the 5Az—)sA1 transition. Since this is not the
ground state it should have a band intensity much less than the
5A1—>5A1 transition, however this is not the case as seen in Figure 14
since both bands have similar intensity. In fact, the Gaussian inten—
sity variation as a function of temperature would require the probabil-
ity of Gaussian 1 to decrease while Gaussian 2 increased. In light of
these considerations, it is inconsistent to attribute the two indivi-
dual Gaussian bands to electronic transitions due to F02+ located
solely in the M(2) crystallographic site of orthopyroxene.

If the individual Gaussians represent electronic transitions due
to F02+ located in both the M(1) and M(2) crystallographic sites of
orthopyroxene there are three bands, located at =.89 (M(1)), =.91
(M(2)), and 1.15 (M(1))um, which could potentially be resolved (Ross—
man, 1980). The Gaussians are located at .86—.885um and .94-.98um
Assuming Gaussian 2 corresponds to the .89um M(1) band and Gaussian 1
corresponds to a mixture of the .91uym M(2) and 1.15pm M(1) bands, both
should shift to longer wavelengths and increase in width as temperature
increases based on the information presented in the high temperature
X-ray structural studies.

In this case, the intensity of Gaussian 2 could increase while the
intensity of Gaussian 1 decrease because of an order—-disorder mechanism
which prefentially fills the M(1) sites with Fe>' relative to the M(2)
site at higher temperatures (Smyth, 1973). This intensity trend is

1., (1967) show

seen in the Gaussian analysis, however, Bancroft et

that 1little, if any, Fe2+ occupies the M(1) site in the Bamble
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bronzite. Also, the order-disorder mechanism invoked above does not
occur until temperatures exceed 500°C and the time scale of these meas—
urements is much too short for this mechanism to be active (Smyth,
1973). These two considerations imply that an interpretation relating
the two resolved Gaussians to electronic transitions due to F02+ in
both the M(1) and M(2) crystallographic sites of orthopyroxene is
premature and inconclusive.

Vibronic coupling is a mechanism by which an electronic transition
becomes allowed, or is more probable, due to the simultaneous excita-
tion of a vibrational mode (Cotton, 1963). The fundamental vibrational
modes for pyroxenes occur between =9 and <1luym (Lyon and Green, 1975)
so any contributions near lpm will be due to overtones and combinations
of the normal modes. In fact, in this region higher order overtones
(8th, 9th or 10th) and combinations would have to be invoked for the
vibronic coupling mechanism and thus would have small intensities (a
decrease in intensity of =30% for each overtome (Clark, pers. comm.,
1984). No indication is seen in the spectra of absorptions due to
lower order overtones (3rd or 4th) and combinations out to 2.5um.
Infrared spectroscopy of two enstatites (Launer, 1952) in the 2 to 15pm
region show no sharp features from 2 to =6um. As temperature
increased, ome would expect the intensity of the vibronically activated
absorption to increase, but still remain much less that of the elec—
tronically allowed transition. Since individual Gaussian intensities
are similar, and the intensity of the smaller Gaussian (band 1) actu-
ally decreases with increasing temperature, it is difficult to invoke
vibronic coupling as a viable mechanism resulting in two individual

absorption bands. However, this conclusion is based on the limited

wavelength region of this study and to properly address this question,
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a study concerning the variation of the fundamental vibrational modes
as a function of temperature, utilizing mid-infrared or Raman spectros—
copic techniques, would be necessary.

This study assumes a homogeneous composition for all of the
minerals., If this is not the case, then resolution of two discrete
absorptions due to two mineral phases may be possible. Several studies
(Mori and Takeda, 1980; Takeda, 1979; and Nord, 1978) have identified
localized regions of compositional hetrogeneity om the scale of a few
to hundreds of angstroms in chemically homogeneous orthopyroxenes.
Nord (1980) has identified high calcium zomnes (up to 25 mole%) in
orthopyroxenes from both Bamble, Norway and Jackson County, North Caro—
lina which make up =~6% of the entire sample volume. These localized
Ca-rich zones have a crystal structure characteristic of pigeonite.
Thus, potentially two individual Gaussians may represent these discrete
components. The short wavelength band would correspond to the (ortho—
pyroxene) component while the long wavelength band to a (pigeonite)
component. From crystal field considerations omne would expect both
bands to behave similarly with increasing temperature. However, the
individual Gaussian intensities have opposing trends which would
require a solid state migration of Fe2+ from the pigeonite to orthopy—
roxene component which is unlikely for the temperature range of this
study. Also, the intensity of Gaussian 1 is much greater than would be
expected for this Gaussian being due to only 6% of the entire sample
volume since pigeonite has an absorption coefficient which is about a
factor of two less than that for orthopyroxeme (Burns et al., 1975).

Polarized transmission spectra of orthopyroxene (Buras, 1970;
Goldman and Rossman, 1977) aiso appear asymmetric in each orientation

and it may be that these absorptions are intrinsically so. The
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Gaussian fitting routine here does not have the capability to evaluate
skewed Gaussians and may tend to resolve these as two bands. I believe
it would be premature to conclude anything concerning the intrinsic
nature of these absorptions without conducting a broader approach with
Gaussian analysis.

From these considerations, it is apparently difficult to assign
the two individual Gaussians to specific chemical, electronic, or
vibrational mechanisms. Whatever mechanism to be invoked for changes
in the spectral properties of orthopyroxene as a function of tempera-
ture must address two facts: 1)the overall absorption band minimum
does not change, and 2)the long wavelength side of this band shows an
increase in absorption with increasing temperature. However, the Gaus-
sian analysis presented does provide a unique method for characterizing
the 1lpm absorption feature of orthopyroxene for a wide range of band
symmetries and as such, may be useful for deconvolution of mineral mix-
tures which contain orthopyroxene as a component.

A similar approach was taken with the PYX07 data, except that no
finer grain size measurements were available. Again, analyses with
one, two, and three Gaussians were performed. In this case, both two
and three Gaussian fits converged for all temperatures except for the
highest, where three Gaussians failed to converge. A comparison of
Figures 17 and 18 show that the two Gaussian analysis of this data
yields a more consistent trend of individual parameters than a three
Gaussian analysis, for this reason, and the fact that three Gaussian
analysis does not converge at the highest temperature, a two Gaussian
analysis is preferred for characterizing the reflectance spectra of the
lum region of PYX07 as a function of temperature. Figures 19a through

19e¢ shows the resultant Gaussian fits and residuals for the two
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Gaussian analysis. Figure 17 shows that individual Gaussian centers
move to longer wavelengths and widths increase with increasing tempera-
ture. Both Gaussian heights decrease with increasing temperature.
However, these variations in individual parameters do not effect the
combined Gaussian TBM as seen in Figure 15, where the difference at the
lowest temperature again corresponds to a single wavelength channel and
is believed insignificant, as discussed previously. The mechanisms
discussed previously for orthopyroxene which could result in two indi-
vidual absorptions will be discussed for the clinopyroxene.

High temperature X-ray studies for clinopyroxene (Cameron et al.,

1973; Brown et al., 1972; Smyth, 1974) show that individual metal-

oxygen distances of the M(1) and M(2) crystallographic sites increase
at higher temperatures. If these Gaussians represent transitions due
to Fe2+ located solely in the M(2) crystallographic site, this expan-
sion of the metal-oxygen distances would result in band centers and
widths increasing as discussed previously, and is illustrated in Figure
17. Unfortunately, there is no schematic energy level diagram as was
presented for orthopyroxene. However, consideration of a generalized
energy level diagram, similar to the orthopyroxene and with the energy
levels held constant with respect to each other, is useful. Using this
scheme, Gaussian 1 corresponds to the 5A1—>5A1 transition and Gaussian
2 would correspond to the 5A2->5A1 transition. In this case, the rela-
tive intensities of the Gaussians are as one would expect. The decrease
in intensity of these bands with increasing temperature would imply
that the site is becoming more symmetric, which is in agreement with
the previous discussion concerning the shifting of the 2um TBM. The

difference in the band positions would require that the seperation of

the two lowest energy levels be about 2OOOcm-1 which is about one or
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two orders of magnitude greater than would be expected (Buras, 1970).
This argues against the two individual Gaussians resulting from Fe2+
solely in the M(2) crystallographic site in clinopyroxene.

If the individual Gaussians represent electronic transitions due
to Fe2+ located in both the M(1) and M(2) crystallographic site in cli-
nopyroxene there are three bands located at =.97((M1)), =1.03(M(2)),
and =1.20(M(1))um, which could potentially be resolved (Rossman, 1980).
Assuming the 1.02-1.04um Gaussian (band 1) corresponds to the =1.03um
M(2) band, and the =1.26-=1.34pm Gaussian (band 2) corresponds to the
1.20um M(1) band, both would be expected to behave similarly as a func-
tion of temperature. This is the case for all three parameters of both
Gaussians plotted in Figure 17. Thus, it appears that absorptions due
to electronic transitions of F02+ located in both the M(1) and M(2)
crystallographic site in clinopyroxene is a viable mechanism for
resolving two individual Gaussians.

As with the orthopyroxene, vibronic coupling is a potential
mechanism which would allow resolution of two seperate bands. The
relative intensities of the two Gaussians are approximately as would be
predicted assuming band 2 represents the vibronically activated transi-
tion (Cotton, 1963). Vibrational motion of the crystal structure is
favored by increasing temperature, hence, the intensity of band 2
should increase with temperature, but Figure 17 shows the opposite
trend. Again, it is difficult to envision the higher order overtones
or combinations of fundamental vibrations resulting in even the 1low
intensity of Gaussian band 2., Hunt et al., (1950) present the spectra
of an augite from 2 to 16pm which has little indication of sharp over—
tones or combinations short of =4.4um. However, until the temperature

dependence of the fundamental modes is studied, this vibronic coupling
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mechanism can not be totally discounted.

If two discrete components result in the individual Gaussians
resolved, band 1 would correspond to a clinopyroxene absorption while
band 2 would probably represent absorption due to plagioclase or
olivine. However, optical examination of the sample revealed no pla-
gioclase and little (1 to 2 weight% at most) olivine (Singer, pers.
comm.,, 1983). Therefore, it is unlikely the individual Gaussians
represent two distinct mineral phases.

From considerations outlined above, there is a single mechanism
resulting in two resolvable absorption bands while remaining consistent
with interpretation of Gaussian parameters. It is likely that the two
resolved bands represent electronic transitions due to F92+ located in
both the M(1) and M(2) crystallographic site in clinopyroxene. Gaus-
sian analysis applied to a wide compositional range of clinopyroxenes
would be capable of directly addressing this current interpretation.

The broad absorption seen in olivine slightly longer than 1lpum is
composed of three overlapping Fe2+ crystal field absorptions located at
%,85-.90, =1.05-1.07, and = 1.1-1.24pm (Burns, 1970). These absorp—

5

tions correspond to the E%—)sBlg

5Eg—)sA1g (M(1)) electronic transitions respectively, and are due to

M(1)), 5A1—>5E (upper) (M(2)), and

Fez+ located in the M(1) and M(2) crystallographic sites (Burans, 1974).
The Gaussian analysis of OLVOl was performed in hopes of distinguishing
these three bands. However, the absorption band centered at =.65um
overlaps the region of interest so one additional Gaussian was included
to account for this feature, resulting in a four Gaussian analysis of
OLVOl. This band at =.65um has been attributed to F02+-)F03+ charge
transfer (Mao and Bell, 1972), a spin—-forbidden Fe2+ transition (Buras,

1970; Runciman et al., 1973), and Cr3+ crystal field transition (Buras
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et al., 1973; Adams, 1975). The current analysis, including this
feature, might help distingunish the correct mechanism responsible. The
resultant fits and residuals are shown in Figure 20a through 20e. Fig-
ure 21 shows that Gaussians 1, 3, and 4 move to longer wavelengths as
temperature incredses while Gaussian 2 moves to shorter wavelengths.
Also, Gaussians 1, 3, and 4 increase in width while Gaussian 2
decreases in width as temperature increases. Gaussians 2, 3, and 4
show an overall increase in intensity while Gaussian 1 decreases inten—
sity as temperature increases. Again the combined Gaussian envelope
TBM remains uneffected by variations of individual Gaussian parameters
as seen in Figure 15, with the variations insignificant, as discussed
previously.

Since Gaussians 2, 3, and 4 correspond well to the crystal field
transitions discussed by Buras (1974), the analysis of these features
will be discussed first. The parameters of Gaussians 3 and 4 exhibit
trends which are consistent with crystal field predictions of how these
bands would react to increased temperature. Gaussian 2 exhibits
anomalous behavior in center and width values compared to Gaussians 3
and 4, and since it arises from a transition due to F02+ in the M(1)
site as Gaussian 4 does, it is important to consider what causes this
deviation. Both liquid nitrogen and high temperature X-ray studies of
Forsterite (Smyth and Hazen, 1973; Hazen, 1976) and Fayalite (Smyth,
1975; Hazen, 1977) indicate an overall expansion of the M(1) and M(2)
crystal sites. However, each site undergoes differing distortion as
temperature is increased. All M(1)-0O distances expand with increasing
temperature but the bonds located within the x-y plane show greater
rates of expansion than the bonds along the z—axis., Thus, the overall

symmetry of the site is compressed along the z—axis as temperature
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increases leading to a lower symmetry enviromment. This lowering of
symmetry should result in greater splitting of the upper energy levels
with transitions to both moving to lower energies since the entire site
is expanding. Another possible mechanism effecting the trends of Gaus—
sian 2 parameters is interaction with Gaussian 1 within the Gaussian
fitting routine itself. This could effect both Gaussian centers but
since the intensity of Gaussian 1 is so small, the trend of Gaussian 2
band width is probably real. It is difficult to assign a specific
mechanism which can explain the parameter trends of Gaussian 2.

If Gaussian 1 is due to the F92+->Fe3+ charge transfer (Mao and
Bell, 1972), as temperature increases the distances between adjacent
cations also increases so that it requires more energy to accomplish
the same transition., This would be expressed as a shifting of the band
center to shorter wavelengths and a decrease in band intensity. The
Gaussian results are conflicting as band centers do not exhibit the
proper trend while the band intensity does. If Gaussian 1 is due to a
F02+ spin—-forbidden band the band intensity should increase as more
energy is put into the system (temperature increased). This is the
exact opposite of the trend seen in Figure 21, If Gaussian 1 is due to
a Cr3+ crystal field transition it should show similar trends as the
F02+ bands, again the band intensity shows anomalous behavior compared
to the other three bands. Thus, this analysis has not resolved the
physical mechanism resulting in this absorption feature. If the
interaction of Gaussians 1 and 2 within the fitting routine itself is
occurring and it was possible to eliminate, this question could poten-—

tially be resolved.
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APPLICATIONS TO REMOTE SENSING

In order to investigate the effects of surface temperature varia-
tions on reflectance spectra of planetary bodies, a theoretical surface
must be constructed. A standard thermal model will be used as a basis
for constructing the surface, and the assumptions of that model are
presented in Morrison and Lebofsky (1979) but will be reviewed here for
clarity. The standard model assumes: 1)the surface is exactly spheri-
cal; 2)it is composed of a rough dielectric material with low thermal
conductivity to a depth of at least a few centimeters implying it is in
instantaneous thermal equilibrium with the insolation; 3)the pho-
tometric properties are those of a dark, dusty surface; 4)in the
infrared the emissivity is near unity and less than a few percent of
the absorbed insolation is radiated from the unlit hemisphere; and
5)the body is airless and slowly rotating. If these criteria are met
then the surface temperature distribution can be expressed by the equa-

tion of Brown et al. (1982) as:

1/4
1 (.6p_)
T(u) = 1.523 x 109!———R2—"-.|’ w14, (eqn 1)
L "%

where 1 is the geometric or visual albedo (.6pv= bond albedo), R is
the heliocenteric distance of the body in centimeters (R>>r, the radius
of the body), €&, is the bolometric emissivity, and p is the cosine of
the angle between the surface normal and the incoming radiation.

It is important to consider how the variables of equation 1 can
effect resultant calculated temperatures. This was accomplished by
calculating aphelion and perihelion average surface temperature (where

p¥;=2/ﬂ) using the orbital parameters of 4 Vesta. The average aphelion
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and perihelion surface temperature, as a function of geometric albedo,
are shown in the first seven rows of Table 4. As seen, surface tem—
peratures differ by about 20+K from aphelion to perihelion for a given
albedo, and only by approximately 50K over a wide range of albedo.
Rows eight through twelve represent variations of surface temperature
as a function of bolometric emmisivity. Differences between calculated
aphelion and perihelion surface temperatures are about 30K for a single
value and slightly more than approximately 100K over a wide range of
values. The heliocentric distance, R, is related to the distance at

aphelion, Ra' and perihelion, Rp. by the following equations:

R = (a + ¢) (eqn 2)

Rp = (a - ¢) (eqn 3)
where,

c = J az - b7 (eqn 4)
and

b = J 1- 02 (eqn 5)

where a is the semi-major axis of the ellipse, b is the semi-minor
axis, ¢ is the distance from the center of the ellipse to the focus,
and e is the eccentricity. Thus, Ra and Rp can be expressed as a func-
tion of the semi-major axis and the eccentricity. Rows thirteen thru

twentyfive of Table 4 list the aphelion and perihelion surface
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Table 4. Effects of Physical and Orbital Parameter Variation on
Average Aphelion and Perihelion Average Calculated Surface Temperature.

| visual emmis— eccen— aphelion | perihelion |
| row | albedo a ivity tricitiy temp. (K) | temp. (K) |
1 1 001 2,361 .9 | 0935 | 225.6 | 247.8 |
F g 1 1 2,36 | 9 0935 I 2222 244,1 |
t 3 7 .2 72,3 ; .9 i .0935 | 218.6 240.1 |
1 4 y .4 12,36, .9 4 .0935 , 210.7 231.4
| 5 | .6 12.36)] .9 | .0935 | 201.9 | 221.7 |
L 6 .8 1 2.36 | 9 | .0935 | 191.6 | 210.5 |
| 7 999 | 2.36 ] .9 | .0935 | 179.5 | 197.2 |
[ 8 229 12361 .2 | ,0935 |  316.8 | 347.9 |
9 I 229 12,361 .4 | ,0935 | 266.4 | 292.6 |
v10 I 229 12,361 6 1 ,0935 | 240.7 !  264.4 !
11 ; .229 }2.96F .8 | .0935 1 224.0 | 246.0
112 ; .229 ;, 2.36; 1.0 ; .0935 ; 211.8 232.7 |
[ 13 | .229 | 1.0 | 9 | .0935 | 3341 367.0 |
|14 | .229 | 2.0 | .9 | .0935 | 236.4 |  259.5 |
|15 | .229 | 3.0 | .9 | .0935 | 192.9 | 211.9 |
16 | .229 1 4.0 | .9 | .0935 | 167.1 | 183.5 |
17 I 229 I's5.0 I .9 1 0935 | 149.4 | 164.1 |
Fag I 229 1T'2.36! .9 1 o1 " 226.3 ! 228.6 !
119 | .229 ;2.36; .9 ,; .05 P 2219 7 233.3
120 | .229 | 2.36 8 1 3 | 216.8 239.7 |
[ 21 | .229 1 2.36}] .9 | .2 |  207.6 |  254.3 |
[ 22 | .229 | 2.36 .9 .4 192.2 293.6

| 23 | .229 | 2.36 .9 .6 179.8 359.6

24 | .229 | 2.36 .9 .8 169.5 508.5

[ 25 | .229 | 2.36 .9 .999 160.9 7192.0

+ semi-major axis
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temperature as a function of these two parameters. Varying the semi-
major axis results in a difference of about 15-30K between aphelion and
perihelion surface temperature while extremes of this variable show a
difference of approximately 185-200K. Eccentricity has a dramatic
effect on aphelion and perihelion surface temperature extremes with
small eccentricity resulting in temperature differences of about 2-12K
while large eccentricity yields temperature differences of approxi-
mately 340 to several thousand K, and 85 to several thousand K over
wide ranges of eccentricity In subsequent discussions, it appears that
the orbital parameters of a given surface‘will influence extremes of
temperature at aphelion and perihelion to a greater extent than physi-
cal parameters of surface materials., This is not surprising since the
orbital parameters determine how near the sun a body is located at any
point during its orbit.

In order to investigate the effect of a temperature distribution
on a monomineralic surface it is necessary to determine the reflected
flux from a series of annuluses, each of which represent a different
temperature on the surface. The derivation relating the flux contribu-
tion to the illumination and viewing geometry of an annulus is
presented in Appendix 1. A computer program was designed to use this
relationship and given input parameters and the number of temperature
increments would calculate the average temperature and spectral contri-
bution from each interval. Input parameters and resultant flux contri-
bution from four temperature intervals are listed for two main-belt
asteroids, 4 Vesta and 8 Flora, and two earth—-crossing asteroids, 433
Eros and 877 Alinda, are listed in Table 5. Bolometric emissivity was
kept constant at .9 and the total number of temperature intervals was

45 in each case. Due to the limited nature of the laboratory data,
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Table 5. Resultant Flux Contributions from Various Temperature

Intervals for Several Asteroid Bodies.

433 Eros, semi-major axis 1.46, eccentricity .221, P, 174

p——————
PRI SIS

position } contribution from temperature interval
| ¢ 1258 | 125-2258k | 225-325k | > 325K

, | ! | | -
| aphelion I 0.0% { 4.00% { 95.8% ! 2% |
I ¥
| perihelion l 0.0% I .3% | 20.0% I 79.7 |
1 ]
L L
! 877 Alinda, semi-major axis 2.52, eccentricity .554, pv.166J
| aphelion | 5% | 99.sm | 0.0 | o.0% |
L | 1 | | |
} perihelion | 0.0% | 3% | 200w | 79.7% }
: 4 Vesta, semi—major axis 2.36, eccentricity .0935, P, 229 {
I aphelion | 0.0% | 41.0% | 59.0% | 0.0% }
| perihelion | 0.0% | 12.5% | s7.sm | o.om
™ |
8 Flora, semi-major axis 2.01, eccentricity .148§5, P, .144 |
i
|

aphelion | 0.0% | 17.5% |
. | |
perihelion 0.0% 3.0% 96 .8% 2%

82.5% ! 0.0%

 —

D e T e

semi-major axis and visual albedos from Morrison (1977) and eccentrici-

ties average of values by Bender (1979) and Williams (1979).
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discrete temperature intervals were defined as follows:
Tmodel< 125K represented by “80K laboratory data

125K < Tmodel { 225K represented by 173K laboratory data
225K < Tmodel { 325K represented by 273K laboratory data
325K < Tmodel { 425K represented by 373K laboratory data

Iﬁodel > 425K represented by 448K laboratory data

The last temperature increment was not needed for surfaces modelled.
In the current model the flux contribution of each mineral, located
within a specific temperature interval, can be calculated and the
resulting spectrum of the entire surface can be expressed mathemati-

cally as:

n

R rota1(a)= ig xiRi(k.Ti)’ (eqn 6)

1

where RTotal(l) is the total reflectance, x; is the spectral contribu-

tion (ie. flux) due to the ith temperature interval, and Ri(k T.) is
'

the reflectance of the mineral at each wavelength A, and temperature,
i. The contribution due to temperatures <125K are insignificant in
most cases, and were only used for calculating spectra of 877 Alinda at
aphelion. Examples of resultant temperature distributions at aphelion
and perihelion, for 4 Vesta and 433 Eros are presented in Figures 22

and 23, respectively.
MONOMINERALIC SURFACES

The measured reflectance of OLVO1l, PYX02, and PYX07 was used and
the resultant monomineralic calculated spectra are presented in Figures
24, 25, 26, and 27. The spectra of the two main—-belt asteroids, 4

Vesta (Figure 24) and 8 Flora (Figure 25), show minor differences when
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4 Vesta aphelion

125-225K

4 Vesta perihelion

125-225K

Figure 22, Projected temperature

(a)aphelion, (b)perihelion, t(1)

and t(2)

distribution for 4 Vesta,

correspond to where the

center of the spot is located for bimineralic surfaces.
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433 Eros aphefllon

125-225K

225-325K

+
t(2)

433 Eros perihelion

125-225K

Figure 23. Projected temperature distribution for 433 Eros,
(a)aphelion, (b)perihelion, t(1), t(2), and t(3) correspond to
where the center of the spot is located for bimineralic surfaces.
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Figure 24, Calculated spectra for a monomineralic surface using the
orbital and physical parameters of 4 Vesta, (a)olivine,
(b)orthopyroxene, and (c)clinopyroxene.
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Figure 25. Calculated spectra for monomineralic surface using

the orbital and physical parameters of 8 Flora, (a)olivine,
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aphelion and perihelion data are compared and it is unlikely that one
would interpret any difference in chemical or mineralogical composition
at the two orbital extremes. However, the spectra of the earth
crossers, 433 Eros (Figure 26) and 877 Alinda (Figure 27), show signi-
ficant differences in absorption band width and apparent minimum posi-
tion when aphelion and perihelion data are compared which could lead to
errors in mineral chemical composition. The aphelion and perihelion
calculated spectra of 433 Eros are best matched by the 273K and 373K
laboratory data, respectively. The aphelion and perihelion calculated
spectra of 877 Alinda are best matched by the 173K and 373K laboratory
data, respectively. I will use apparent band minima (ABM), defined as
the minimum reflectance valuwe within the region of an absorption band,
since Adams (1974) has related the position of the 1 and 2um absorp—
tions in pyroxenes to iron and calcium concentration within the pyrox-
enes. In order to directly compare the data presented here with Adams’
diagrams (1974, Figures 3 and 5), .025um needs to be subtracted from
data measured on our instruments (Gaffey, pers. comm., 1984).

As an example of the potential errors involved due to differences
in the ABM of pyroxemes on a surface of an earth crossing asteroid at
aphelion and perihelion consider the spectra of 433 Eros and 877
Alinda. If the surface of 433 Eros is composed of orthopyroxeme, at
aphelion the 1lum ABM is located at .899um and the 2pm ABM is 1.851pm.
Using the diagrams from Adams (1974) these positions womwld correspond
to a 0-2% Calcium content and a 18% Iron content. At perihelion the
1uym ABM is at .899um and the 2um ABM is at 1.874um corresponding to a
0-2% Calciwm and 24.5% Iron content; Thus, while the Calciwm content
remains unchanged, the Iron content, and therefore the Magnesium con—

tent, changes by 6%. A more dramatic difference is illuwstrated by
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Figure 26, Calculated spectra for monomineralic surface using the
orbital and physical parameters of 433 Eros, (a)olivine,
(b)orthopyroxene, and (c)clinopyroxene.
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considering the same effects for an orthopyroxene surface of 877
Alinda. At aphelion, the band positions would be interpreted as 0%
Calcium and 11.5% Iron, while at perihelion wouwld yield 0-2% Calcium
and 24.5% Iron. Thus, both of these surfaces would be interpreted by
petrologists as being composed of the bromzite variety of orthopyroxene
at aphelion and perihelion. However, meteoricists would interpert both
surfaces as being composed of bronzite at aphelion and hypersthene at
perihelion.

The same analysis of these surfaces composed of clinopyroxene is
more difficult to assess due to the nature of the relationship of the
2um ABM to Iron content. However, the assignment of 3% Calcium, based
on the ABM of the lum band, would remain wnchanged for both surfaces at
perihelion and aphelion.

TWO COMPONENT MIXTURES

The orbital and physical parameters for two surfaces, 4 Vesta and
433 Eros, and the laboratory data of OLVO1l, PYX02, and PYX07 were used
to model a more complex situation. The surface is designed swch that
it is composed of a major mineral component which has a spot of defined
areal extent that rotates aeross the field of view. This model assumes
that the viewing geometry is at zero phase, the center of the spot is
located along the equator, and ignores any opposition effect. The spot
is defined to have an areal coverage equal to 20% of the projected disk
when it is centered at the sub-solar/observer point. Time intervals
between loeations of the spot on the disk are defined to correspond to
the maximlm spectral contribution of the spot to each temperature
interval on the entire disk and are labelled in Figures 22 and 23. The
spectral contribution at each time increment, due to each temperature

interval, and the total contribution of the spot is listed in Table 6.
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Table 6. Spectral Contribution of Each Component for a Two Component

Surface. Based on Actual Orbital and Physical Data for Each Surface.
| 4 Vesta |
| | posi- ; 125-225 (K) ; 225-325 (K) 325 (K) L total |
! timei tioni comp a § spot i comp a ; spot i comp a | spot i comp a ; spot |
Fte(1) | ap. | .83 | .17] .9 | .1 0.0 | 0.0 | .871 | .129 !
1 t(2) ap. 1.0 0.0 .645 527 0.0 0.0 .689 .311 |
1 t(1) | per. .81 a9 1 .87 .13 0.0 0.0 .8625 | .1375
Lt(2) | per. 1.0 | 0.0 | .645 .355 1 0.0 0.0 .689 311
L 433 Eros

t(1) ; ap. .88 .12, .88 , .12 , 1.0 , 0.0 ; .878 ; .122

t(2) | ap. | 1.0 1 0.0 | .75 | .25 | 1.0 | 0.0 | .76 | .24
I £(3) ap. 1.0 0.0 .678 .322 | 0.0 1.0 | .689 .311 |

t(1) | per. .84 .16 .84 .16 1.0 0.0 .896 .104

t(2) | per. | .85 1 151 .82 | ,18 | .88 | .12 1 .868 | .132

t(3) | per. | 1.0 J 0.0 ] 1.0 Jo.0 | .61 | .39 .689 | .311
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mixture spectra for two time increments at aphelion and perihelion using
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mixture spectra for two time increments at aphelion and perihelion
using the orbital and physical data of 4 Vesta.
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The resultant, calculated spectra for 4 Vesta are shown, for vari-
ous combinations of orthopyroxene, clinopyroxene, and olivine, in Fig-
ures 28 to 33. One conclusion drawn from these figures is that for a
given time increment there are minor, insignificant, differences
between calculated spectra at aphelion and perihelion. However, there
are obvious differences between calculated spectra of sequential time
increments at both aphelion and perihelion. These spectral differences
include shifting of the ABM for both the 1 and 2um absorptions for most
examples as well as, significant changes in the visible region.

Table 7 and 8 are lists of all spectral mixtures at aphelion and
perihelion and the ABM of the 1 and 2um for each time increment for 4
Vesta and 433 Eros, respectively. The values for mixtures with olivine
(olv) as the main e¢omponent (comp a) show that the 2um ABM remain
unchanged, not swurprising since olivine has no absorption feature in
this region so that any absorption present is due to the other com-—
ponent present. The values for the lum ABM do not change with clinopy—
roxene (cpx) as the "spot”, but shift to shorter wavelengths between
time increments with the presence of orthopyroxene (opx). If the
pyroxene is the major component and olivine is the minor component,
again the 2pm ABM is uneffected. However, in this case the 1lum ABM
remain relatively uneffected. A spectral mixture with clinopyroxene as
the major component and orthopyroxene as the " spot” results in both the
1 and 2pm ABM shifting to shorter wavelengths between successive time
increments while a mixture with amounts of the two components reversed
results in a shifting of the 1um ABM to longer wavelengths and the 2um
ABM remaining uneffected.

A similar analysis was performed wusing the orbital and physical

parameters of 433 Eros. The resultant calculated spectra are shown in
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Table 7.

1 and 2pm Apparent Band Minimum for 4 Vesta.

| comp a | spot | time | position | 1 micron | 2 micron |
I olv | cpx | t(1) | aphelion | 1.060 | 2.306 |
[ olv ! cpx | t(2) | aphelion | 1.054 | 2.306 |
' olv ! cpx ! t(1) ! perihelion! 1.060 ! 2,306 !
1 olv ., cpx , t(2) ; perihelion, 1.060 , 2.306 ,
| olv | opx | t(1) | aphelion ; 1.022 ; 1.876
| olv | opx | t(2) | aphelion | .998 |  .1876 |
| olv | opx | t(1) | perihelion | 1,022 | 1.876 |
| olv | opx | t(2) | perihelion | .998 | 1.876 |
I cpx | opx | t(1) | aphelion | 998 | 2,306 |
I cpx | opx | t(2) | aphelion | 986 | 2,150 |
' cepx ! opx ! t(1) | perihelionm ! .998 I 2,306 !
i cpx , opx , t(2) ; perihelion, .98 , 2.150
| cpx | olv ; t(1) ;, aphelion ; 1.047 , 2.306 ,
| cpx | olv | t(2) | aphelion | 1.047 | 2.306 |
|l epx | olv | t(1) | perihelion| 1.047 | 2.306 |
| cecpx | olv | t(2) | perihelion | 1.047 | 2.306 |
| opx | epx | t(1) | aphelion | 924 | 1.876 |
I opx | cpx | t(2) | aphelion | 936 | 1.899 |
I opx ! cpx ! t(1) | perihelion ! .924 | 1,899 |
i opx , cpx ; t(2) ; perihelion, .936 , 1.899
I opx | olv j t(1) ; aphelion .924 | 1.876
| opx | olv | t(2) | aphelion | .936 | 1.876 |
opx olv t(1) | perihelion .924 1.876
opx olv t(2) | perihelion .924 1.876
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Table 8. 1 and 2um Apparent Band Minima for 433 Eros.
| comp a | spot | time | position | 1 micron | 2 micron|
| otv | cpx | t(1) | aphelion | 1.060 | 2.306 |
I otv | cpx | ¢t(3) | aphelion | 1.060 | 2,306 |
I olv ! cpx ! t(1) | perihelion! 1.060 | 2.286 !
\ olv , cpx ; t(3) , perihelion, 1.060 , 2.286
{ olv | opx | t(1)  aphelion ;, 1.034 , 1.876
| olv | opx | t(3) | aphelion | .998 | 1.876 |
|l olv | opx | t(1) | perihelion | 1.034 | 1.899 |
| olv | opx | t(3) | perihelion | .998 | 1,899 |
| cpx | opx | t(1) | aphelion | 1.011 | 2.306 |
I cpx | opx | t(3) | aphelion | .98 | 2,150 |
I'cpx ! opx ! t(1) ! perihelion ! 1.011 ! 2,28 !
{ cpx , opx , t(3) ; perihelion, .992 ; 2.150
{ cpx  olv ; t(1) ; aphelion ;, 1.040 , 2.306
| cpx | olv | t(3) | aphelion | 1.047 | 2.306 |
| cpx | olv | t(1) | perihelion | 1.034 | 2.328 |
| epx | olv | t(3) | perihelion | 1.047 | 2.286 |
| opx | epx | t(1) | aphelion | .924 | 1.899 |
I opx | cpx | t(3) | aphelion | 936 | 1.899 |
I opx ! cpx ! t(1) ! perihelion ! 924 ! 1,899 |
! opx , cpx , t(3) ; perihelion , .948 |  1.945 |
i opx  olv ; t(1) ; aphelion , .924 ; 1.899 ,
opx | olv | t(3) | aphelion | .924 | 1.876 |
opx olv t(1) perihelion .924 1.899
opx olv t(3) perihelion .948 1.899
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Figure 36. ‘Calculated clinopyroxene surface with orthopyroxene spot
mixture spectra of three time increments at aphelion and perihelion
using the orbital and physical parameters of 433 Eros.
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Figure 37. Calculated clinopyroxene surface with olivine spot
mixture spectra of three time increments at aphelion and perihelion
using the orbital and physical parameters of 433 Eros.
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Figure 38. Calculated orthopyroxene surface with clinopyroxene spot
mixture spectra of three time increments at aphelion and perihelion using
the orbital and physical parameters of 433 Eros.
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Figures 34 to 39. These figures illustrate that there are spectral
differences between successive time intervals and orbital extremes.
Both the 1 and 2um ABM appear to shift and again the visible region is
effected.

Referring to Table 8, the values of mixtures with olivine as the
main component and clinopyroxene as the "spot” show the 1lum ABM is
uneffected by orbital position or where the "spot” is located on the
surface but the 2um ABM shifts to shorter wavelengths at perihelion.
If orthopyroxene is present as a "spot” on an olivine surface, the 1um
ABM is a function of where the spot is loeated on the surface at both
orbital extremes while the 2um ABM is dependent on orbital position but
independent of surface location for a given orbital position. These
same trends are trwe if orthopyroxene and olivine are reversed as com—
ponents. On a surface composed of clinopyroxene with an olivine
"spot”, the 1ym ABM is dependent on surface location while the 2um ABM
is independent of surface location and dependent on orbital position.
On surfaces composed of pyroxemes, the 1- and 2um ABM are a function of
both location of the "spot” on the surface and orbital position.

Using this more complex model, it is difficult to determine if
changes in ABM are due solely to temperature effects (a mixture of two
minerals at various temperatures) or areal effects (a mixture of two
minerals at the same temperature, in varying amounts). However,
seperation of these two processes is possible. Using the flux from
each temperature interval (Table 5) and the relative contributions from
each component listed iﬁ Table 6, the total contributions from each
component can be calculated and is listed in the last two columns of
Table 6. Thus, for a 4 Vesta—like surface the total contribution of

each component at t(1) and t(2) are essentially equal at aphelion and
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perihelion. This is also true for a 433 Eros—like surface at t(l) and
t(3). Comparision of the calculated spectra at aphelion and perihelion
for each time increment will illustrate differences due solely to tem—
perature. The comparisons are shown in Figures 40 to 45 for 4 Vesta
and 46 to 51 for 433 Eros. Obviouwsly illustrated is the conclusion
that spectral differences between successive time increments on a 4
Vesta—1like surface are due to the areal increase of the "spot”. How-
ever, minor temperature effects are seen for mixtures which have ortho—
pyroxene as the main component. These differences are mainly related
to broadening of the 1lum absorption band. A 433 Eros—like surface
exhibits more pronounced temperature effects exemplified by band
broadening, ABM shifting, and changes in overall reflectance thoughout

most of the spectral range for many samples.
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are compared for a calculated orthopyroxene surface with clinopyroxene
spot using the orbital and physical parameters of 433 Eros.
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CHAPTER VI: SUMMARY



The results in chapter 3 show that characteristic reflectance
spectra of mafic minerals are a function of surface temperature. The
effects of temperature include broadening of all absorptions with
increasing temperature and shifting of the 2um absorption feature of
the pyroxenes. The implication of these changes is that the optical
constants, absorption coefficient and/or refractive index are also a
function of temperature. Thus, the interpretation of remotely obtained
data based on room temperature, laboratory measurements must be made
with caution.

Chapter 4 characterizes the shifting of the pyroxenes 2—-um absorp—
tion. Spectra of the orthopyroxenes show positive wavelength shifts
while the clinopyroxene exhibits negative wavelength shifts as tempera-
ture increases. The characterization of the pyroxemes lum absorption
features by Gaussian analysis yields consistent trends of the indivi-
dual Gaussian parameters which may be wseful in gquantitative determina-
tion of these minerals in mixtures. However, using the data presented
here, the trends of the resolved Gaussians cannot be directly related
to expected trends due to physical processes which could potentially
result in two absorptions within the region analyzed. Several physical
mechanisms are plausible to explain the Gawssian trends of the clinopy-
roxene but require further analysis uwsing a larger sample popuwlation or
other experimental techniques. The Gawssian analysis of the olivine
does not resolve the mechanism which results in an absorption at

2+ crystal field absorption raises some

=.,65um. The analysis of the Fe
interesting questions conecerning the importance of site symmetry in
relation to over all expansion of a erystal site.

In chapter 5 it was shown that in a given solar system orbital

parameters are the most important factors in determining surface
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temperature, and thus speetral variations on asteroid-like surfaces.
Main-belt asteroid bodies are spectrally equivalent at aphelion and
perihelion for both mono— and bimineralic surfaces. As such, these
types of bodies will not be subject to possible misintrepretation of
mineralogy at any point in their orbits. However, earth crossers, and
probably main—belt bodies, with higher eccentricity exhibit spectral
differences in the position of 2um band positions for both mono— and
bimineralic surfaces at aphelion and perihelion. This could lead to
differences in mineralogical interpretation of Fe content of 5-10% sim—
ply due to orbital position of the body.

This study assumes that any thermal flux from a planetary surface
can be accurately removed. However, in practice this is difficult to
achieve and errors in thermal removal could also lead to errors in
determined band positions. The thermal modelling of chapter 5 could
also be carried owt for "hot” planetary surfaces provided the thermal
flux could be aceuwrately removed. Also, it is important to comsider
that the thermal modelling was assuming an integrated disk. If instead
of being an earth bound observer, as presented in chapter 5, the detee-
tor was located on a spacecraft orbiting the body, the resolution of
spectra at many of the temperatures presented in this study would be
possible. This could lead to the erroneous conclusion that many
minerals of varying composition were present on the surface. An exam—
ple of this is presented by the spectral data of PYX09 where near the
limb the presence of two pyroxenes is easily discernable, whereas near
the sub—soinr point one may conclude only pigeonite is present even

though the mineralogy remains unchanged across the surface.
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APPENDIX 1: DERIVATION OF FLUX CONTRIBUTIONS FROM AN
ASTEROID-LIKE SURFACE

at large distances: Ty = 73 and v, = v,

73

sun/observer

The following derivation refers to the diagram above. Its purpose
is to relate the flux contribution from an annulus on a hemisphere to
the total flux contribution from the entire hemisphere. The area of an
annulus can be expressed as:

A= 1zxw, (egqn 1)
where A is the area, 1 is the length of the anulus and w is the width
of the annulus. If the annulus on the sphere is projected onto an
equivalent disk, as seen at the sub—solar/observer point, then the area
of the projected ring can be expressed as:

dA = 2nr dr, (eqn 2)
where

r=Rsiny and dr = R cosy dy, (eqn 3)
where R is the radius of the sphere, r is the projected radius on the
disk, and y is the angle between the sub—solar/observer point and the
annulus. Thus, equation 2 becomes:

dA = 2nR231n7cosydy. (eqn 4)

The flux reflected from the ring (Fr)' assuming a lambert sphere, is
given by:
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F_ = F,cosydA, (eqn 5)
where F, is the incident flux.

Subsitituting equation 4 into equation
five yields,

_ 2
Fr = Fi 2nsinycos” yvdy.

(eqn 6)
and Fr can be expressed as:
72
F 2 . 2
. Fi 27R° [ sinycos ydy. (eqn 7)
Ty
If p= cosy, them dp = —sinydy and equation 7 becomes
T
2 2 2
Fr = —F12nR [ n“dp. (eqn 8)
By
After integration, and substituting back for p, this becomes
-2 2 - 3,1
Fr = 3FinR [cos 103 cos™y, | (eqn 9)
or alternativly,
Fr = gFiﬂRZ[OOSSYl - cossvz]. (eqn 10)
The total flux reflected from the hemisphere is
_ 2 o2[ 3, _ . .31] _ 2 .2
Fr = 3FirrR [cos 0 cos 2] = 3nR ” (eqn 11)
and the contribution of a given annulus is
anZF.[cossy = cos37 ]
3 i 1 2
' (eqn 12)
2 2
SnR7F,
3 i
which reduces to
3 3
cos'y, ~ cos 7,.
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