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Partly metamorphosed silicates in LL4 chondrites 
Hiroyuki Aoyama, Mineralogical Institute, University of Tokyo, Japan 

Advisor: Arch M. Reid, Lunar and Planetary Institute, Houston, TX 

Introduction 
The ordinary chondrites are the most 

common kind of chondrites. They are classified 
by total iron contents (H, L and LL) and by 
petrologic type (3 to 7). Type3s are the least 
metamorphosed and are called 'unequilibrated' 
chondrites. Within the ordinary chondrites, the 
intensity of metamorphism increases with the 
petrologic type [1,2], progressively destroying 
the chondritic texture and reducing the 
variability in mineral compos1t1ons. The 
precursors of LIA to LL7 chondrites are LL3s 
[3] and the higher petrologic types are 
interpreted as products from the deeper parts of 
the parent body [3]. Type 4 to 7 chondrites are 
'equilibrated' chondrites with silicate minerals 
of near constant compositions. Our detailed 
studies of type4 LL chondrites from the 
Antarctic collection have shown that their major 
silicates are not equilibrated. We have 
identified both pyroxene and olivine grains with 
Mg-rich and Fe-poor cores which we interpret 
as relicts of the pre-metamorphic assemblages. 

The purposes of this study are to study the 
evidence of partial metamorphic transformations 
in the LIA chondrites, and to attempt to 
decipher the nature of 1) the metamorphic 
processes; and 2) the precursor assemblages. 

Samples and Methods 
Six polished thin sections of Antarctic LIA 

chondrites (LEW88701, GRO95552, 
LEW86386, WIS91618, LEW86411, and 
LEW88754) were studied in detail. Cameca 
SX-100 electron microprobe was used to analyze 
silicate minerals, mainly olivine, low Ca and 
high Ca pyroxene and feldspar-rich matrix, and 
to take Back Scattered Electron Images (BSE). 
Analyzed data of orthopyroxene and 
clinopyroxene compos1t1ons were used to 
estimate the equilibrated temperatures by the 
QUILF program [4]. 

Results 
While the LIA chondrites are significantly 

more 'equilibrated' than LL3s, there are many 
grains of olivine and pyroxene in the Antarctic 
samples that show compositional 
heterogeneities. 

• Olivine 
Most of olivine grains in the thin sections 

are highly equilibrated and completely 
homogeneous (e.g. in LEW88701, mean FeO 
content of olivine is 25.52wt% with a standard 
deviation for multiple grain analysis of 0.40). 
However some grains still retain relict features 
that have survived the thermal metamorphism 
and show marked chemical zoning especially 
with respect to FeO contents. There are two 
types of heterogeneous olivines, I) relict olivines 
and; 2) zoned olivines in type II chondrules. 

The relict olivines have been found in four 
LL chondrites. They are large (300-700µm) 
single grains (figure!), with Fe-poor CF~s) 
and Ca-rich (0.2-0.7wt% of CaO) cores. The 
various relict olivines have different core 
compositions, though all are more Mg-rich than 
the homogeneous 'metamorphic olivines' that 
form the dominant olivine in the meteorite. For 
example, relict olivine in LEW88701 contains 
about 5wt% FeO, whereas WIS91618 relict 
olivine contains under 0.5wt%. These variations 
probably reflect original different compositions 
of pre-metamorphic grains. The cores are 
surrounded by Fe-rich, 'metamorphosed' 
margins. Metamorphism has converted the 
precursor olivine from the margin inward, 
forming 70-1 00µm Fe-rich rims. Some relict 
olivines have attained 'metamorphic' 
compositions adjacent to fractures containing 
metal and iron sulfide. In contrast with Fe-poor 
cores, compositions of the 'metamorphic' 
regions are Fe-rich (25-26wt%), identical to the 
homogeneous olivines that occur throughout the 
meteorites. 

A second type of chemical variation in 
olivine (zoned olivine) was found in three 
meteorites (LEW86386, LEW8641 l and 
LEW88754). These olivines are large 
(100-300µm), euhedral, and are included in 
type II chondrules [5,6]. FeO content gradually 
increases from core to margin. Compositions of 
marginal regions are similar to the 
homogeneous olivines. Differences of FeO 
contents between core and margin are 2-5wt%. 
Some of those grains have Ca-rich (-0.3wt%) 
cores. This zoning may be a relict primary 
feature, or may also be metamorphic imprint. 
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All other olivine grains are quite 
homogeneous; a few chondrules contain, 
however, two kinds of homogenized olivines 
that show different FeO compositions. For 
example, in a chondrule in WIS91618, there are 
two kinds of olivine grains with either 25wt% 
FeO contents or 20wt% FeO. The distance 
between these two contrasting olivines is about 
50µm at the nearest point and matrices are filled 
up with orthopyroxene. 
•Low Ca Pyroxene 

Every LIA chondrite examined except 
GRO95552 contains relict orthopyroxenes. 
These are more abundant than relict olivines 
because of the differences of Fe-Mg diffusion 
rate between them. Fe-Mg diffusion rate on 
olivine is higher than that of orthopyroxene [l] 
and olivine thus homogenizes more readily than 
orthopyroxene. 

The relict orthopyroxenes show Fe-poor and 
Mg-rich compositions (figure 2) in the cores as 
do the relict olivines. FeO contents range from 
4-8wt% in the core and about 15-l 7wt% in the 
margins. The more Fe-rich zones in pyroxenes 
occur at the margin and adjacent to fractures. 
Unlike the olivine, there appear to be some 
crystallographic control of Fe diffusion. Also 
some meteorites contain individual 
orthopyroxene grains with different chemical 
compositions in close proximity. This 
association suggests a mixing event during or 
after metamorphism. 
•High Ca pyroxene 

Clinopyroxenes are not common in these 
samples. A few clinopyroxenes were analyzed 
and the compositions of coexisting pyroxenes 
were used for calculate the equilibrium 
temperatures with QUILF program [4]. 

Discussions 
• Calculated temperatures 

The equilibrium temperatures, calculated 
from chemical compositions of coex1stmg 
pyroxenes (orthopyroxene and clinopyroxene), 
are shown in figure4 and tablel. The ranges of 
temperatures are consistent with thermal 
metamorphism in the 800-950°C range. The 
most homogeneous meteorite, GRO95552 
yielded the highest temperature. 
• Variability of olivine and pyroxene 

Chemical variability of olivine and 
pyroxene on each thin section is calculated 
[standard deviation of FeO / mean content of 

FeO] and plotted in figure 3. Because we have 
analyzed selectively relict and zoned olivines, 
these results emphasize the heterogeneous 
olivines in spite of their low abundance. From 
this diagram, GRO95552 is the most 
homogeneous meteorite with its small variation 
in both olivine and orthopyroxene, and others 
have high variation in orthopyroxene. The 
variability of olivine differs for each thin 
section, due to the presence or absence of relict 
olivine grain. 

McCoy et al. [5] determined average Fe 
diffusion distance in olivine as a function of 
peak metamorphic temperature and cooling rate. 
Since metamorphism on the relict olivines had 
progressed in the range of lOOµm from the edge 
and peak metamorphic temperature was 850°C, 
estimated cooling rate is higher than 1 °C/year. 
This cooling rate and the presence of relict 
grains suggest that metamorphism of the LU 
chondrites were of short duration. This feature 
is inconsistent with burial metamorphism on the 
parent body. The idea that high temperature 
short-lived events of this kind were caused by 
near-surface impact-related processes is more 
tenable. 

Conclusions 
I.Antarctic LU chondrites contain incompletely 
metamorphosed silicates although they are 
classified as 'equilibrated' chondrites. 
2.Coexisting pyroxenes composition indicate 
that the range of peak metamorphic temperature 
is 800-950°C. 
3. The presence of relict pyroxenes and olivines 
indicates metamorphism of short duration. 
4. LU chondrites had not been buried to any 
significant depth on the parent body. Rather 
metamorphism of LU chondrites was caused by 
near-surface impact processes. 

References 
[l] Mcsween HY.Jr. et al. (1988) in Meteorites 

and the Early Solar System, 102-113 [2] Heyse 
J.V. (1978) Earth.Planet.Sci. Lett.,40, 365-381 
[3] McSween HY.Jr. and Patchen A.D. (1989) 
Meteoritics,24,219-226 [4] Andersen D.J. et al. 
(1993) Comp.Geosc.Vol.19, No.9,1333-1350 [5] 
McCoy T.J. et al. (1991) Geoch. Cosmoch. 
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Figure l. Back-scattered electron image of the 
relict olivine in LEW88701. Mg-rich core (dark) 
had been turned to Fe-rich (gray) along the edge 
and metal-sulfide fractures (white). Base length 
of the picture is 1.2mm. 

Figure 2. Back-scattered electron image of the 
relict pyroxene in LEW88701. Mg-rich areas are 
darker and Fe-rich areas are brighter. 
Metamorphism had progressed along fine 
fractures. Scale bar = I OOµrn. 
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A Chemical Model of Saturn's Ionosphere 
Stephen F. Bass, University College of Wales, Aberystwyth, U.K. [stephen.bass@physics.org] 

Julianne Moses (advisor), the Lunar and Planetary Institute, Houston, TX 

Photoionization, ion-electron recombination, and ion-neutral charge-exchange reactions are introduced into and coupled with a neutral photo-
chemical model of Saturn's atmosphere. In addition to modeling standard hydrogen and hydrocarbon ion chemistry, we investigate the effects of 
an oxygen (H2O, CO, 0) and metal (Mg) influx from ring or meteoritic sources. The Infrared Space Observatory (ISO) observations of H2O and 
CO2 in Saturn's atmosphere are used to constrain the influx of meteoritic material. As expected, the topside ionosphere of Saturn is dominated 
by W, with Ht becoming dominant just below the electron density peak. We find that metal ions, represented here by Mg+, may dominate over 
hydrocarbon ions in the lower ionosphere. The introduction of sinusoidal winds into the model, to simulate the effect of gravity waves, leads to 
sharp peaks in the electron density profiles. The location and magnitude of the sharp layers observed with the Voyager radio occultation experi-
ments may help constrain wind profiles and physical properties such as size, volatility, and composition of interplanetary debris in the outer solar 
system. Preliminary modeling indicates that micro meteoroids near 10 AU may be smaller and more volatile than particles near I AU. 

Introduction: To date the only infonnation we have 
concerning the ionospheric structure of Saturn comes from 
the radio science (RSS) experiments flown on Pioneer 11 
and the two Voyager spacecraft [l]. The RSS radio occulta-
tion experiments at Saturn were performed as the probes 
were occulted by the planet, as viewed from Earth. The 
phase-shift of selected carrier waves were measured to de-
termine the total number of electrons integrated along the ray 
path (2). 

Early models greatly overpredict the peak in electron 
number density, N. (number cm·3), and can not place this 
peak high enough in the ionosphere in the case of both Jupi-
ter and Saturn [3]. Models presented by Kim & Fox [4] and 
Majeed & McConnell [l] improve the fit to the observations, 
but more importantly increase our understanding of key 
processes in outer planetary ionospheres. Kim and Fox add 
hydrocarbon ion chemistry to better define the lower iono-
sphere, and Majeed & McConnell investigate several proc-
esses that could improve model-data comparisons. Majeed 
& McConnell suggest three major ways in which the model-
data mismatch could be partially resolved - add an influx of 
ring-derived H20 to the Saturn models, introduce winds in 
order to move the N. peak, and include an H+ removal 
mechanism that involves vibrationally excited H2. Neither of 
these investigations can explain the sharp layered structure 
seen by Voyager in the N. profile of the lower ionosphere. 
Lyons [2] reproduces layered N. structure in the ionosphere 
of Neptune by use of a combination of sinusoidally varying 
winds and introducing metal ions. We used a similar ap-
proach for our Saturn model. 

In light of results from recent stellar occultations [5] and 
data from the ISO [6], we now have a much better under-
standing of the neutral structure of Saturn's atmosphere, 
allowing us to start with a more realistic neutral model. For 
example, H20 influx has been constrained; we can now see 
that Majeed & McConnell have too high an influx of H20 in 
their model. We also have a much better understanding of 
the H2 density, hydrocarbon concentrations, and temperature 

as a function of altitude - parameters that are important in 
determining overall atmospheric structure. With the Cassini 
probe en route to Saturn, the construction of a viable iono-
spheric model is of utmost importance. 

The main ionizing radiation responsible for photoioniza-
tion is solar extreme ultraviolet radiation (EUV), with maxi-
mum ionization rates occurring at unit optical depth. At 
these short wavelengths, there is a greater variation of solar 
photon fluxes with solar cycle and activity, and EUV varies 
by a factor of ~2 over a solar cycle [7]. We have neglected 
energetic electron-impact ionization, although this mecha-
nism would be increasingly important at high latitudes where 
auroral electron precipitation occurs. Ions also undergo 
charge exchange with neutrals, and this is the principle ioni-
zation route for some species (e.g. H/, Mg+). The main 
transport process in the upper atmosphere is diffusion. Spe-
cies diffuse upward or downward depending on local sources 
or sinks [8]. 

The model: We develop a one-dimensional steady-state 
model for Saturn's upper atmosphere that started as a com-
prehensive neutral model containing hydrocarbon and oxy-
gen photochemistry, condensation, vertical diffusion and 
radiative transport [8]. We introduce photoionization, dis-
sociative ionization, recombination, and ion-neutral charge 
exchange reactions. Hydrocarbon, oxygen and magnesium 
chemistry is collated for our model from a number of 
sources [1,4,5,9,10,11). 

We solve the coupled one-dimensional continuity equa-
tions as a function of time t and altitude z for the ionospheric 
species, using the Caltech/JPL chemical kinetics and diffu-
sion code [12]. The continuity equation can be expressed: 

~; + a0:i =P;-L; 

where P; and L; are local chemical production and loss rates 
for the i'h species (cm·3 s·1), <I>; is the flux of the i'h species 
(cm·2 s·\ z is the altitude, and n; is the concentration of the 
ith species. We allow for the models to reach steady-state. 

In order to simplify the continuity equation, we assume 



'98 Intern Conference 5 
The Ionosphere of Saturn : Bass, S.F. and Moses, J. 

that H+ is the dominant ion in the topside ionosphere where 
diffusive transport is important; it follows that Ne"" N(H+) in 
this region. Eddy and ambipolar diffusion are considered in 
the transport terms in the expression for <l>;, with ambipolar 
diffusion prevailing higher up, and eddy diffusion only be-
coming important very low down in the ionosphere. Two 
types of interaction between ions and neutrals affect the am-
bjpolar diffusion coefficient - resonance charge exchange, 
and ion-neutral polarization. 

The coupled continuity equations are solved utilizing 
finite-difference techniques, using Newton's method to solve 
nonlinear chemistry. 106 separate atmospheric levels are 
calculated, from 5 bar to lxl0- 11 mb, until successive itera-
tions converge to within a specified accuracy. A total of 857 
reactions with 63 neutral species and 45 ion species are 
evaluated in our final model. Fully coupled models were 
derived that suggest ion chemistry has little or no effect on 
the concentrations of the observable neutral molecules in 
Saturn· s atmosphere. Thus, to save computational time we 
fixed the neutral abundances in the majority of model runs. 

Radiative recombination represents a chemical sink for 
atomic ions, namely H+ and Mg•. The atomic ion and elec-
tron combine, creating an excited neutral and a photon. The 
radiative recombination coefficient, generally aR"" 10·12 

cm3 s·1 is about 105 less than the dissociative recombination 
coefficient a0 (7). Dissociative recombination is a radiation-
less process whereby a molecular ion is neutralized by an 
electron, and the splitting of the ion molecule into two neu-
trals is a sink for excess energy, hence this process occurs 
more rapidly. Thus, the molecular ions have much shorter 
lifetimes than the atomic ions. 

We use diurnally averaged solar flux in our model. The 
atomic ions have long lifetimes against radiative recombina-
tion, but it is expected that the hydrocarbon ions, ultimately 
destroyed by dissociative recombination, have much shorter 
lifetimes (less than an hour (4)). Therefore, diurnally aver-
aged profiles are appropriate for atomic ions such as H+ and 
Mg+, but this may not be the case for the shorter lived mo-
lecular ions that have a maximum concentration near noon, 
and a minimum before dawn. 

Results: We chose to model the ionosphere at 30° lati-
tude, away from the polar auroral regions, with solar flux set 
at solar maximum levels to mimic conditions during the 
Voyager flyby [13). The Voyager RSS ingress data were 
obtained during the evening twilight at 36.5°N, and the 
egress data in the early morning twilight at 31.3°S. 

We find that H+ is predominantly lost through reaction 
with vibrationally excited H2: 

H+ + Hi(v~4) H2+ + H 
This reaction has not been measured in the lab, and this 

rate is an important free parameter since the loss of H+ is a 
rapid sink of ions due to the swift reaction of H2 + with H2 to 
form H3 +, which is quickly lost through recombination. In 
our model we assume a temperature dependent rate for this 
reaction (2.00xl0-9 exp(-4800/D cm3 s-1). Determination of 
the numerical value of 4800 was estimated from the work of 
Majeed et al. (14). It turns out that the main Ne peak in our 
baseline chemical model is too low and too weak compared 
with the Voyager 2 data. We substitute higher values for 
4800 in the above reaction, in order to reduce the reaction 

rate and increase the magnitude of the N, peak. We find that 
varying this rate only affects the topside ionosphere, where 
W is abundant, and that our final value of 5600 brings the 
model into reasonable agreement with the peak Ne values 
observed by Voyager 2. Figure I shows this baseline model 
output against the RSS profiles [ 13] - the model Ne peak is of 
the right magnitude, but too low in the atmosphere at this 
time. The main ion species have been plotted to show the 
predominance of H+ in the upper ionosphere, then the heav-
ier ions further down. 
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FIGURE 1: Baseline model results with and without Mg, 
compared with Voyager RSS profiles (thick lines) 

The introduction of atomic magnesium leads to a lower 
secondary peak in the Ne profile, this can also be seen in 
figure 1. The source of the magnesium is meteroitic ablation. 
As we know the influx of H20 from meteoritic sources, we 
use the cometary Mg/ 0 ratio to estimate the influx of 
Mg (15). Mg is quickly ionized through charge exchange 
reactions with 16 separate ionized species, and lost through 
condensation. We do not include direct solar ionization of 
Mg since, according to Lyons [2], solar ionization of neutral 
metals contributes <10% to the metal ion production rate. 
The only loss mechanism we include for Mg+ is recombina-
tion. We check for exothermicity to determine if Mg+ is 
neutralized via reactions with H2 and the dominant neutral 
hydrocarbons in this region, and find Mg+ to be very unreac-
tive. This is the main reason for introducing Mg rather than 
any other metal species - Mg+ appears to have the longest 
lifetime of the naturally occurring metal ions. Further labo-
ratory experiments are needed to confirm this result. 

The importance of magnesium in the model is that it may 
help explain the layered structure seen in the lower iono-
sphere by the Voyager 2 36°N profile. Since Mg+ has a 
much longer chemical lifetime than the molecular ions in this 
region, it hangs around long enough to be shifted by winds. 
As Lyons (2) states, the compression of ions into layers can 
be explained by a horizontal wind with a vertical shear, in 
the presence of a magnetic field (the planetary field). Wind 
shears like this can be produced by gravity waves and tides, 
both thought to play a role on Saturn. 



6 '98 tntem Conference 
The Ionosphere of Saturn : Bass, S.F. and Moses, J. 

After Lyons [2], we introduce a sinusoidally varying ver-
tical wind, w;, into the code : 

. [ 2,r ] w; = w 0 sm T(z-z0 ) 

here Zo is the lower boundary of the wind, z is altitude, w0 is 
the wave amplitude, and J is the wavelength. 

Initially, we use a 3 cm s·1 wind, with 85 km wavelength, 
around the Mg• maximum between 600-750 km. We find 
that this creates layered structure here. However, in order to 
reproduce the sharp layers seen in the Voyager 2 36°N pro-
file, we move the winds higher to between 900-1200 km. 
However, we fail to obtain significant layers, even with 
45 cm s·1 wind amplitude, since Mg• does not really extend 
this high into the ionosphere, and the other dominant ions 
H3 + and the hydrocarbon ions, are not as affected by winds. ' 

Next, we raise the ablation input levels of Mg from be-
tween 500-800 km to 950-1200 km. This has important 
physical implications, which are discussed later. Now, we 
find that Mg is rapidly ionized at the higher altitudes before 
diffusing down, hence this time Mg• extends significantly 
into the region of layered structure, and the total column 
density is increased. With this higher density of Mg• in the 
region of interest, application of a sinusoidal wind of ampli-

-1 , 
tude 55 cm s and between 900-1200 km as before, yields 
significant layered structure in this height range, comparable 
to the Voyager 2 profile; refer to figure 2. 
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FIGURE 2: Model results with low altitude structure and 
magnesium silicate ablation at higher altitude 

Furthermore, we attempt to reproduce higher altitude 
structural variation, as seen in the Voyager data, by prescrib-
ing a longer wavelength (J""' 300 km) sinusoidally varying 
wind in the upper part of Saturn's ionosphere, to affect the 
atomic H+. The wave amplitude increases from 5 m s·1 to 
60 m s·1 at the top level. Indeed, we can reproduce structure 
similar the that observed by Voyager (especially the 31°S 
profile), but the wind has less effect in the rarefied gas higher 
up, above 2500 km. It appears much stronger winds are 
required to cause structural variation in N0 profiles at these 

heights; it is known that zonal wind speeds exceed 450 m s·1 

in Saturn's upper atmosphere [5], though to model them 
accurately would require a three-dimensional model of ther-
mospheric circulation. Having been sampled around twilight 
terminators, it is likely that the RSS profiles have been al-
tered by such ionospheric flows. 

The choice of wavelength for gravity waves was arbi-
trary; the real situation would involve the superposition of 
many gravity waves propagating at different wavelengths -
with possible predominance of ' resonant' wavelengths. 

These gravity waves grow exponentially with altitude, until 
they break and dump energy into the atmosphere at the wave 
crests (this leads to eddy diffusion). Once breaking starts, 
the amplitude of the wave remains constant. These com-
plexities aside, our model shows that winds of reasonable 
magnitude have the desired effect. From analysis of the ob-
served structure in the Voyager RSS profiles, and of the 
wave-like perturbations in the temperature profile derived 
from stellar occultations [5], we could learn more about the 
properties of gravity waves in Saturn's upper atmosphere. 

Conclusions: Our model results show that metals sup-
plied from the ablation of meteoritic debris can become an 
important component of Saturn's lower ionosphere. Vertical 
wind shear resulting from gravity waves or atmospheric tides 
could cause compression and expansion of the metal-ion 
concentration profile, leading to the observed layered struc-
ture in the lower ionosphere's of the outer planets, similar to 
the generation of sporadic E-layers in Earth's ionosphere. 

For particle sizes typical of interplanetary dust particles 
(IDPs) at I AU, magnesium silicate grains would be ex-
pected to ablate in the 500-800 km altitude range [15]. Al-
though some layers are seen in these altitudes (13], most of 
the sharp layers are observed at altitudes as high as 1100 km. 
Thus, either strong upward vertical winds are shifting these 
layers, or the properties of IDPs at IO AU are different from 
those at I AU. For example, smaller, more volatile, or less 
dense particles would ablate at higher altitudes. A more 
volatile material, such as sodium silicates, sodium sulfides, 
or carbonaceous material might be supplying atoms to these 
high-altitude layers, rather than magnesium silicates, as we 
assumed. Therefore, other ions such as c• or Na+ could be 
important for generating layered structure in the ionosphere 
of the outer planets. Gravitational focusing by Saturn evens 
out incoming velocities of meteoroids, hence it is unlikely 
that the discrepancy in altitude can be resolved by invoking 
higher velocities for incoming material. Further study could 
help characterize cosmic debris in the outer solar system. 
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A Source for the Centaurs 

Laurel Brown, Colgate University, Hamilton, NY 
Joseph M. Hahn, Lunar and Planetary Institute, Houston, TX 

ABSTRACT 
The Kuiper Belt has been assumed to be the source of the Centaurs and Jupiter-family comets. This 
paper shows, however, that there are problems with that assumption. Discrepancies exist which imply 
that the Kuiper Belt may not in fact be this source. A difference between the observed and expected 
Centaur populations, as well as different size distributions between the Centaurs and the Kuiper Belt, 
show that there may be a problem with the Kuiper Belt being the sole source of these objects. It is 
therefore possible that there is another source of the Centaurs and the comets. One such possible source 
is investigated here. Hypothetical Trojan objects in the vicinity of Neptune are integrated over one 
billion years to determine the likelihood of this source. 

INTRODUCTION 
The search for the origin of comets has been 

ongoing in planetary science. Current theories of 
planet formation [I, 2] hold that the major planets 
formed by collisional accretion from a disk of 
planetesimals in the primordial solar nebula. Once 
sufficiently large enough, these newly formed proto-
planets gravitationally scattered and ejected the 
remammg interplanetary planetesimals. Most 
unaccreted planetesimals were ejected by the giant 
planets, although some were retained in the Oort 
Cloud. This cloud, once believed to be the source of 
all comets, is an isotropic sphere of cometary objects 
extending out to - 104 AU from the Sun [3, 4]. 

Not all planetesimals were completely 
ejected from the planetary regions. Some may have 
been captured by the giant planets to become small, 
irregular satellites of those bodies [I]. Some now are 
members of the asteroid belt. Some survived in orbits 
beyond that of Neptune (the Kuiper Belt, from the 
edge of the planetary region out to at least 50 AU) [5]. 
Some were scattered outward by the giant planets into 
orbits of high eccentricity and inclination (the 
"scattered disk") [6]. However, not all of the bodies 
in distant orbits are stable for the entire age of the 
solar system. For example, dynamical models of the 
outer solar system show that Kuiper Belt objects 
(KBOs) beyond 35 AU can be gravitationally 
perturbed by Neptune into the inner solar system to 
appear as short-period (period < 20 years), ecliptic 
comets [3, 7]. Bodies known as Centaurs are often 
regarded as former KBOs that may appear, at a future 
time, as Jupiter-Family comets. 

Centaurs are comet-like bodies orbiting 
mainly between the orbits of Saturn and Neptune (10 
to 30 AU) [5]. Believed to gravitationally evolve into 
short-period comets (unless first ejected from the solar 
system by Jupiter) [8], they have some of the same 
observed physical characteristics as those comets, 
such as color and albedo [5]. To date, seven Centaurs 
have been discovered [9], most recently in sky surveys 
searching for KBOs [IO]. From such surveys, Jewitt 
et al. (1996) have shown that there ought to be NKBo -

7 x I 04 KB Os and Ne - 2600 Centaurs with radii 
greater than 50 km and 40 km, respectively [l OJ. 

KBOs leave the Kuiper Belt on timescales 
of'tKBo - 3 x 1010 years [7, 11]; Centaurs are removed 
on timescales of-re - 4.5 x 107 years [ 6]. If the flux of 
bodies is in a steady state: 

NKBd-rKBo - Ncl-rc Cl) 
This indicates that there should be Ne - 120 Centaurs 
of size R > 50 km if the Kuiper Belt were the sole 
source. Evidently Centaurs are overabundant by a 
factor of - 20. This suggests that there might be an 
alternate source of the Centaurs. 

What could that source be? One possibility, 
explored here, are Trojan-type obj_ects in the vicinity 
of Neptune. The Trojan asteroids of Jupiter, lying at 
Jupiter's LA and L5 points are well-studied [12]. 
However, with the exception of one observed asteroid 
at a Martian Lagrange point, no Trojan-type objects 
have been observed for planets other than Jupiter [10, 
13]. Holman and Wisdom [14] showed, despite the 
lack of observational evidence, that the Trojan points 
of the other gas planets were stable on at least a 20 
million year timescale. Longer numerical integrations 
by Weissman and Levison [5] show that objects at 
Neptune's Trojan points can escape on billion year 
timescales. Could this leakage be a possible source of 
the Centaurs? 

PROCEDURE 
In order to estimate the dynamical life time 

of Neptune's Trojans, 50 massless particles were 
given randomly distributed arguments of perihelion 
and semi-major axes between 0.96 and 1.04 of 
Neptune's semi-major axis; other initial conditions 
(eccentricity, inclination, longitude of ascending 
mode, and mean anomaly) were set to those of 
Neptune [14]. These were used to model Trojans at 
Neptune's LA and L5 sites. The particles, along with 
the giant planets and Pluto, were integrated over I 09 

years. A mixed variable symplectic integrator [14], 
modified to allow for close encounters with the 
planets [15] was used to evolve the system. Figure I 
shows the fractional number of survivors over time, an 
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FIGURE 1 
The normalized number of Trojan point survivors, plotted on 
a log-linear scale. The slope of the curve, an exponential 
decay, was found using a least-squares fitting program. The 
computed Trojan lifetime, •T. is 2.7 x 109 ± 3.1 x 108 years. 

exponential decay from which the dynamical Trojan 
lifetime, tT = 2.7 x 109 years ± 3.1 x 108 years, is 
found. 

Assuming that these hypothetical Neptunian 
Trojans are the only source of the Centaurs, it is 
possible to determine the number of Trojans, .NT, 
needed to populate the Centaur region: 

NT - Nc(tT/tc) (2) 
Note that NT is an approximation since -rT is a crude 
estimate of the true lifetime. This depends on the 
particles' proper eccentricity and on the libration 
amplitudes of their longitudes relative to Neptune. 

In this integration, Centaurs are defined as 
particles which have escaped from both Neptune's 
Trojan points and horseshoe orbits (a < 26 AU and a > 
34 AU) but have not escaped from the solar system 
altogether (a > 0 and a < 3000 AU). The Centaur 
population decayed exponentially over a timescale of 
Tc= 7.4 x 107 years ± 1.1 x 107 years (Figure 2). 

DISCUSSION 
NT is found, from Equation 2, to be 

approximately 105 for objects with a radius of 40 km 
or larger. As no Neptunian Trojans have been 
discovered to date, Weissman and Levison (1997) 
have shown that there are not likely to be more than 
-500 Trojans with radii larger than 25 km [5]. It is 
also noted that having 105 objects at the Trojan points 
implies that there are more Trojan objects of this size 
(R > 37.5 km) than there are KBOs. Since Trojan 
objects are nearer to observers than the KBOs, it 
seems unlikely that such a large population could be 
possible and not yet detected. Observations of 
Neptune's Trojan points, which have failed to detect 

any Trojans, had a magnitude limit of 25, constraining 
the size of any present Trojans to only 25 km [5], 
much smaller than most Centaurs. Making all Trojans 
have radii under this limit does not allow them to be 
the sole source of the Centaurs either; Centaurs tend to 
be much larger, with some, such as Chiron and 
Pholus, already known to have radii greater than this 
limit [5]. 

Still, however, the number problem involved 
in finding a source for the Centaurs persists. Another 
possible source considered in this work was 
circumplanetary debris. Recently, two outer satellites 
of Uranus were discovered [16). These small and 
irregular satellites show many of the characteristics 
seen in Centaurs, having similar color (reddish), size 
(R = 30 and 60 km), and albedo (0.07). To see if 
escapees from a Neptunian circumplanetary disk could 
be a Centaur source, 100 particles were integrated in 
circular orbits between 0.01 and I Neptunian Hill 
Radius (RH = 0.7808 AU). Unfortunately, the short 
timestep necessary for this integration made it 
impossible to integrate for longer than approximately 
106 years. This short integration showed, however, 
that particles exterior to - 0.7 RH were ejected from 
the system within the first few thousand years, while 
the particles interior to this radius were stable over the 
full million years. 

Even if the populations could be made to 
agree, there would still be a problem with the Kuiper 
Belt being the sole source of the Centaurs. The 
Kuiper Belt has been found to have a steep cumulative 
size distribution with N(R) a R"Q, where N(R) is the 
number of objects with radius > Rand Q = 3.8 ± 0.02 

0 z 
'-.. u 

-=-r 
::, 
0 c ., 
u 
0 
., 

.D 
E 
::, 
z 
-0 ., 
0 
E 
5 z 

0.1 L-~~~~--1--~~~--'--,---~~~-
o 5.0x107 1.ox108 1.5x108 

Time (y) 

FIGURE2 
The normalized number of Centaurs (a < 26 AU or a > 34 
AU, a> O AU or a< 3000 AU), plotted on a log-linear scale. 
The population experienced an exponential decay, the slope 
of which was found from a least-squares fitting program. 
The computed lifetime, tc is 7.4 x 107 ± 1.1 x 107 years. 
Data for later times were removed to account for unusually 
long-lived Centaurs. 
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[ 17]. In order for the Centaurs to originate in the 
Kuiper Belt, one might expect them to have a similar 
size distribution. 

In their Kuiper Belt survey, Jewitt et al. 
(1996) [10] found two new Centaurs, 1994TA and 
1995DW2• The two Centaurs had radii of21 and 63.5 
km, heliocentric distances of 15 and 18.9 AU, and R-
band magnitudes of 22.5 and 21.2, respectively. This 
survey can be regarded as complete for objects with 
radii> 21 km out to 18.9 AU; 1994TA would, at that 
distance, have a magnitude of 23.2 -- above the 
survey's limiting magnitude of 24.2. The probability 
of finding an object with a radius R2 = 63.5 km among 
a more extensive population of bodies with radii > R1 

= 21 km is: 
probability= N(R2) / N(R 1) = (R1 / R2)Q = 0.015 (3) 

Since there is only a 1.5% chance of finding an object 
as large as l 995DW2in this survey, two conclusions 
are possible. Either the discovery of l 995DW2 was a 
lucky coincidence, or else the Centaurs have a 
different, much shallower, size distribution. For 
instance, in order for the Jewitt et al. (1996) [10] 
survey to detect 1995DW2, with at least a 10% 
probability, Q < 2.1. It should be noted that Levison 
and Duncan (1997) [6] modeled the orbits of objects 
evolving inward from the Kuiper Belt to become 
short-period comets. Their model agreed with the 
observed surface density of 0.5 ± 0.4 Centaurs per 
square degree reported by Jewitt et al. (1996) [10] . 
However, the shallower size distribution of the 
Centaurs when compared to that of the Kuiper Belt, 
suggests that this may be coincidental. 

The discrepancies between the Kuiper Belt 
and the Centaurs -- the differing size distributions of 
the two populations and the difference between the 
expected and observed numbers of Centaurs -- provide 
for two possible conclusions. One possibility is that 
the Kuiper Belt is not the source of the Centaurs, and 
hence not the source of Jupiter-family comets. In this 
case, the number of KBOs ( - 6 x 109) inferred from 
matching dynamical models (which presume that the 
Kuiper Belt is the source of the Centaurs and comets) 
to comets, is suspect [7]. The second possible 
conclusion is that the Centaurs do, in fact, originate in 
the Kuiper Belt but that there are some processes that 
manage to flatten the Centaur size distribution; Jewitt 
et al. (1996) [ 10] mention that tidal disruptions or 
collisions might play a part in the distribution of the 
Kuiper Belt and the Centaurs. There is also the 
possibility that a scattered disk of objects, with high 
eccentricities and orbits beyond those of the outer 
planets, could be a source for the Centaurs. That 
possibility needs more study. For now, with these 
conclusions based on observations of only two 
Centaurs, there is no way to know for sure which 
conclusion is more likely to be the correct one. More 
evidence for these possibilities could be ascertained 
from a more extensive Centaur survey. Their 
luminosity function could be better mapped, their size 
distribution could be measured, and a more accurate 
population could be estimated. This would test the 
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hypothesis that the Kuiper Belt is the source of the 
Centaurs and the Jupiter-family comets. 
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Introduction 

Optical reflectance spectra between 420 run 
and 2600 run were taken of 25 igneous and 
metamorphic rocks with weathering rinds ranging in 
thickness from a few microns to 5 mm in order to 
understand the effects of weathering on spectral 
properties. The study was limited to igneous and 
metamorphic rock in attempts to spectrally 
characterize terrestrial rock rinds as an analogy to 
possible surface weathering on Mars. Knowledge 
about the effects of weathering rinds on spectral 
properties will be invaluable to the interpretation of 
Mars spectral data because it may resolve the debate 
as to whether or not the spectra contain features of 
the underlying rock. Additional information about 
individual weathering events such as desert varnish 
may also result from this study. 

Experimental Methods 

Optical spectra were taken on an AZ 
Technology spectrometer (Model LPSR 300). The 
LPSR 300 utilizes a 115 mm integrating sphere with 
lead sulfide (2800-11 OOrun range) and silicon 
detectors (1000-420run range). Spectral data were 
obtained by using 4 nm steps. Raw data were 
normalized with an optically black paint and Halon, 
an optically white material [I]. Smoothing was done 
using a Fast Fourier Transform program. Two to 
four spectra were taken for each sample depending 
on the number of rinds that each rock had. Also 
different readings were obtained for samples with a 
smooth surface (usually from cuts for thin section) 
and a freshly broken surface to see how surface 
smoothness affects spectra. Rocks and weathering 
rinds were documented with a Kodak DCI20 digital 
camera. Photoshop was used to manipulate the 
digital images. 

Results and Discussion 

Visible Region 

It is clear from the spectral data obtained 
that visible wavelengths are effected in every case by 
weathering rinds. In most cases the spectral data 

implies that an iron oxide is the primary weathering 
product. Sample RR1498 is a representative sample 
of this class of rinds. RR1498 is a black and green 
fine grained rock that has a brownish red rind <I mm 
thick. 

The spectra of the underlying rock 
(RR1498b) show two major absorption bands at 
approximately I 020 run and 2340 nm (Fig. 1 ). These 
bands are representative of clinopyroxenes with a 
high calcium content [3]. In contrast to the 
underlying rock, the brownish red rind is dominated 
by ferric oxide like features. Ferric oxides typically 
have a band between 850 nm and 1000 nm followed 
by a reflectivity maximum, a shoulder, and an 
absorption edge as a traverse is made from longer to 
shorter wavelengths (4). Although the spectra of 
RR1498 resemble the spectra of an iron oxide, the 
wavelengths at which these features occur are not 
representative of any of the iron oxides save 
lepidocrocite (y-FeOOOH) [4]. This iron oxide only 
occurs in places with an abundance of water [7]. 
However, RRI 498 came from a desert region so 
lepidocrocite formation is unlikely. 

An alternative interpretation is that this rind 
has undergone in situ weathering in which case relic 
pyroxene would be detectable from the spectra of the 
rock rind (5). The 960 run minimum can be 
explained by a combination of the underlying 
pyroxene band minimum near I 000 run and the 
ooethite (a-FeOOH) 900 run band. Additional 
b • • • • • • support for the combmat1on mterpretat1on 1s seen m 
the infrared (see below). Ultimately, Reflectance 
Mossbauer spectroscopy will determine whether or 
not lepidocrocite is responsible for the rind. 

Infrared 

Although weathering products, especially 
the ferric oxide rinds, effect the visible and ultra-
violet regions of the spectra, it is not clear if the 
rind's masking ability carries into the near infra-red. 
Ferric oxides are known to become more transparent 
at longer wavelengths especially in the cases of th~ 
coats [6]. Moreover, if in situ weathering[5] 1s 
adopted, then thick weathering rinds as well as thin 
rinds will show evidence of their past mineralogy. 



Indeed, in many of our samples containing infrared 
inactive iron oxide rinds [2], intense banding was 
seen in the IR of both thin and thick rinds (Figure 2). 
In addition to providing information about past 
mineralogy, changes between infrared spectra of 
parent and weathered surfaces may reveal the 
morphology of the weathering rind. Thus, infrared 
spectra of thin and thick rinds can be used like a 
history book revealing what the rinds came from and 
how the present weathering rind formed. 

In the limited data collected, substrate IR 
bands appear in the spectra of weathering rinds (See 
Figure 1). In our example, RR1498, the 2 micron 
band from the substrate appears almost unaltered in 
the spectra of the weathering rind. This relic band 
suggests that the insitu weathering of the rind is a 
likely mechanism. Unfortunately, relic bands aren't 
alway discemable. The substrate bands are often 
washed out by the intense water bands that occur at 
1400 nm, due to the hydroxyl stretch, 1900 nm due 
to the H-O-H bend, and 2200-2300 nm bands due to 
Al-O-H and Mg-O-H bands repectively [2,8] (Figure 
2). 

Desert Varnish 

Desert varnish is a thin (at most 100 µm) 
black or red coating that forms on the surface of 
virtually every type of rock in the desert [9]. The 
black layer tends to occur on the surface or surfaces 
that are exposed to the air while the red rind always 
occurs on surfaces that are lying in the eolian silt [9]. 
Desert varnish is primarily composed of clays such as 
illite or montmorillonite [1 O]. The black rind comes 
from a manganese bearing microorganism that either 
secretes birnesite, a manganese oxide, or oxidizes a 
manganese that is present in the clays [16]. Little is 
known or understood about the red rind, the 
mechanism involved in the accretion of clays, and the 
reason why black rinds form on top and red rinds 
form on bottom. Very few rocks with this type of 
weathering have been studied thus far, but there is 
evidence that changes in the spectra such as band 
position occur. 

Conclusion 

From the work done so far, it is safe to say 
the optical spectroscopy is limited in determining the 
underlying mineralogy from the spectra of the rock 
rind. It is nearly impossible to determine the 
underlying mineralogy of a rock from the visible 
spectra alone due the overwhelming effect of the iron 
oxides. The infrared region shows some promise for 
determining substrate mineralogy, but swamping by 
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water and destruction by the Fe3+ charge 
transfer band lead to ambiguity. Questions also arise 
as to where these new bands are coming from. 
However, intensive study on the samples including 
complete elemental analysis and Mossbauer 
spectroscopy would narrow down and maybe even 
confirm certain hypothesis. Once confirmation of a 
hypothesis is supported by other analysis, optical 
spectra may be able to be used alone to determine 
certain mineralogy and morphology. 

Studying individual processes such as desert 
varnish spectrally shows extreme promise. The 
possible differences in band position along with other 
trends noticed in different weathering environments 
may help unveil how and why desert varnish forms. 
This type of analysis can extend beyond desert 
varnish and be applied to a variety of chemically 
weathered unknowns once enough processes or 
trends have been deduced. 
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12 Figure I: Reflectance Plot for Rrl498. Relic pyroxene is seen in the rind from the 2 micron band 
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Figure 2: Reflectance plot of RRR91-89. Water bands swamp the substrate spectra bands. 
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Searching for Phyllosilicates in Galileo Lunar Images 

Nadia 0 . Fuller 
Hamilton College, Clinton N.Y. 

I. INTRODUCTION 

The existence of water ice on the 
moon is currently a heavily debated topic 
in the scientific community. This debate 
stems from seemingly conflicting data 
presented in recent studies which use 
different methods to detect the presence 
of water ice on the moon. Results from 
the Clementine bistatic radar experiment 
[I] indicate a weak scattering effect 
concentrated at the lunar south pole 
attributed to the possible existence of 
water ice in the permanently shadowed 
craters located near the south pole . 
Similar conclusions have been drawn from 
initial Lunar Prospector data [2] which 
show an abundance of H concentrated at 
the polar regions of the moon with twice 
the abundance of Hat the lunar north pole 
in comparison to the lunar south pole. In 
contrast, spectral analysis of near infrared 
mapping spectrometer (NIMS) data 
obtained of the lunar north pole by Galileo 
during the second Earth-Moon fly-by 
(EM2) returned negative results for the 
3.0 µm absorption feature attributed to the 
presence of H2O in layered phyllosilicates 
[3] . Additionally, ground based radar 
studies of the lunar south pole region have 
not detected the presence of water ice on 
the moon [4]. 

Spectral analysis of Galileo solid-state 
imaging (SSI) multispectral data from 
Lunmap 14 (Ll4) conducted by Vilas et al. 
[5] suggests the presence of a 0.7 µm 
absorption feature concentrated along the 
permanently shadowed northern rims of 
craters located near the lunar south pole . 
This 0.7 µrn absorption feature has been 
attributed to the Fc2+ Fe3+ charge 
transfer transition in oxidized iron tn 
phyllosilicates resulting from aqueous 
alteration. Vilas et al . [6] point out that 
this detection of hydrously altered 
minerals does not indicate the presence of 

large quantities of water ice at the polar 
regions of the moon . Rather, Vilas et al. 
suggest that small quantities of water 
vapor exist due to the reaction of solar-
wind implanted H with O-bearing minerals 
such as ilmenite, pyroxene, or olivine . 
This water could theoretically exist along 
these crater rims for approximately 100 
years. Aqueous alteration is triggered by 
an energy-producing event, such as a 
micrometeroid impact. Given these 
conditions, water ice does not accumulate 
in large quantities at the polar regions. 
Additionally, the small phyllosilicate 
particle would dehydrate over time, 
removing evidence of the 3.0 µm water of 
hydration absorption feature . However, 
the f e2+ Fe3+ transfer due to iron in 
phyllosilicates would be preserved and 
could therefore be detected as a 0.7 µm 
absorption feature . 

The goals of my research include ( 1) 
replicating the data processing method 
established by Gaddis et al. for additional 
Galileo SSI multispectral data [7] and (2) 
conducting a spectral analysis of Galileo 
SSI data using the algorithm designed by 
Vilas et al. to detect the 0.7 µm absorption 
feature . 

2. MEIBODS 

Original processing and spectral 
analysis were conducted on Ll4, a whole-
moon multispectral image of the lunar 
farside obtained during the first Earth-
Moon fly-by (EMI). Data were collected 
through seven SSI filters with a charge-
coupled detector (CCD) at wavelengths of 
410 (VLn, 560 (GRN}, 660 (RED), 727, 
756, 889, and 990 nm [6] . Replication of 
the data reduction and spectral analysis of 
Ll4 requires three major steps: image 
selection, data reduction, and spectral 
analysis. 
2.1 Image selection 
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Requirements for image selection were 
thus: (l) a whole-moon image to achieve 
the best scattered light correction; (2) 
regions common to both LI 4 and selected 
image for comparison of spectral 
reflectance results; and (3) an image which 
includes the cratered regions near the lunar 
south pole. Initially only one image was 
chosen from the first Earth-Moon fly-by, 
Lunmap 12 (Ll2). Ll2, a whole-moon 
image of the lunar farside centered at 
Orientale, covers the same regions as L 14 . 
The ~5 km/pixel spatial resolution of L 12 
is slightly better than the spatial resolution 
of Ll4 (~8 km/pixel). An additional 
image from the second Earth-Moon fly-by 
(EM2), Lunmos 9, was later chosen due to 
difficulties in processing LI 2. Lunmos 9 
covers the western half of the lunar far-
and near-sides and has a spatial resolution 
of ~6 km/pixel. 

Processing Ll2 deviated from the 
method outlined by Gaddis et al. [7] in a 
few minor ways. Ll4 was processed useing 
PICS data reductions software, a program 
which has since been replaced by ISIS data 
reduction software. The upgrade in data 
reduction software from PJCS to ISIS 
resulted in processing L 12 in 32-bit as 
opposed to 16-bit. Reprocessing L 14 with 
the upgraded ISIS program would be an 
accurate test of the compatibility of the 
two programs. However, the original L 14 
data files no longer exist. The availability 
of PICS is such that it would not be 
feasible to process an EMl or EM2 image 
using PICS today . Therefore, the only 
accurate way to test the consistency of the 
data reduction methods set out by Gaddis 
et al. involves processing an image with 
regions common to both L 14 and the new 
image. 

Ll2 was processed to the point where 
corrections for scattered light were 
required. This step involved using the 
VICAR program, which was not available 
at the time due to computer compatib ility 
problems. In the interest of time, 
processing of L 12 was terminated. Gaddis 
partially processed Lunmos 9 obtained 
from EM2 using the identical methods 
used for the Lunmap I-+ . The completion 
of the photometric correction was the last 
step required in processing Lunmos 9. 

2.2 Data processing 
The data processing method outlined by 

Gaddis et al . [7] provides the most 
accurately reduced form of EM I and EM2 
Galileo data. Data reduction includes 
radiometric corrections, subpixel 
coregistration, geometric processing, 
scattered light correction, geometric 
control, photometric-function 
normalization and calibration to Earth-
based data. Of the seven filters, only the 
410 (VLT), 560 (GRN), 660 (RED), 756, 
889, and 990 nm wavelengths are used in 
their data processing. The 727 nm filter 
was not used due to poor quality data. 
2.3 Spectral analysis 

Six regions from Lunmos 9 were chosen 
to run through the spectral analysis 
algorithm (figure 1) based upon geographic 
location, geologic features, and surficial 
composition. Region A, Mare Humorum, 
was chosen because many of its spectral 
qualities are known, making it a 'standard' 
area. Selection of region B was based upon 
the presence of the young impact crater, 
Tycho, and its bright ejecta rays radiating 
from the center contrasting with the 
surrounding older surficial material. 
Region C includes two craters common to 
both Lunmos 9 and L 14. These two 
craters were analyzed by Vilas et al. and 
were selected for the purpose of 
comparing spectral reflectance results . 
The three craters in region D were also 
present in Ll4 and were choosen for 
comparison purposes. Selection of region 
E was based upon its location in the 
equatorial region where temperatures are 
higher, which should prevent the 
formation of phyllosilicates. Region F 
encompasses both mare and highland 
material and could potentially provide 
interesting results based upon the varying 
mineralogical composition of this area. 
2.3.1 Application of the spectral analysis 
algorithm 

The spectral analysis of Galileo SSI data 
required initial calibration to Earth-based 
reflectance spectra. Gaddis et al . derived 
reflectance values for the secondary 
standard region of Mare Humorum as 
neither of the primary standard regions 
were covered in Ll4. Following 
calibration to Earth-based reflectance 



spectra, the selected regions were 
converted into a data file of pixel values 
using PCIWORKS. Only the data from 
the 560, 660, 756, and 889 filters were 
used. The algorithm performed a 3 x3 
boxcar correction on these data to 
eliminate noise. The program produced an 
output that reports the slopes between the 
560, 660, 756, and 889 filters in terms of 
relative steepness. The 0.7 µm absorption 
feature could be indicated by a slope of 
213, 321, 231, and 312. 

3. STATE OF THE PROJECT 

Due to the discovery of an error in the 
pixel alignment of Lunmos 9, perliminary 
results obtained from the spectral 
reflectance analysis are inaccurate. 
Realignment for each region has been 
obtained by coregistering each region 
individually to assure the best pixel 
alignment. These areas will be reprocessed 
by the spectral reflectance algorithm 
designed to detect the 0.7 µm absorption 
feature. Results will be presented. 

REFERENCES 
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Vilas, F. et al. personal communication 
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Fig. l . Areas selected for photometric 
analysis from Lunmos 9. 
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Chlorine Abundance in Meteorites 
Sarah Hamlin, Earlham College Richmond, IN 

Advisor : Donald D. Bogard, NASA, Johnson Space Center Houston, TX 

Intro/Background 
Chlorine is a volatile anionic species that occurs as a trace element in meteorites. It is incompatible in 

the major mineral phases, usually one of the last elements to be partitioned into minerals. It occurs mainly as 
the mineral chlorapatite, Cas(PO4)3Cl, and possibly as salts such as lawrencite, FeC12, and sylvite, KCl [I]. 
Chlorine can be a monitor of volatile element depletion during early condensation and differentiation of the 
parent body or metamorphic events and may be useful in determining the sequence of mineral formation. It 
may also play a role in mobility of metals during weathering processes, as well as being evidence of weathering 
on the earth's surface. A possible correlation with other halogens, specifically iodine, may make chlorine 
useful as a marker for I/Xe chronology. 

The few determinations of chlorine concentrations reported in the literature have been by wet 
chemistry methods, Neutron Activation Analysis and microprobe [2,3,4,5,6,7,8). However, these bulk methods 
have some disadvantages, including relatively low sensitivities, the possibility for laboratory contamination and 
the inability to distinguish indigenous chlorine from chlorine added during terrestrial weathering. A method for 
calculating chlorine concentrations from argon isotope data taken during 40Ar/39 Ar dating has been described 
herein. The advantages are high sensitivities down to a few ppm and the ability to resolve terrestrial 
contamination. 

Experimental 
The 40Ar/39 Ar dating method is based on the natural decay of 4°K to 40Ar by electron capture with a half 

life of l.3lxl0"9 years and reactor induced neutron capture on 39K resulting in 39Ar and proton emission during 
irradiation with fast neutrons. It is then possible to determine the ratio of 39 Ar to 40 Ar by mass spectroscopy. By 
comparing the measured 40 Ar/39 Ar ratio of a sample to a known standard, it is possible to calculate the age of the 
last resetting event. 

During irradiation of a sample, the fast neutrons other Ar isotopes besides 39 Ar. Of interest in this 
study is the production of 38Arby neutron capture on 37Cl to produce 38Cl which rapidly decays to 38Ar-Cl. The 
abundance of chlorine in a sample can be determined by comparing the 38Ar-Cl with the 38Ar-Cl in an irradiated 
standard with a known concentration of chlorine. Additionally, the isotopic data are obtained in incremental 
temperature steps, resulting in a release profile as a function of temperature. 

In order to determine the 38Ar-Cl it must be resolved from other argon components. 38Ar is also 
produced from cosmic ray nuclear interactions on Ca, K, and Fe during the exposure of the meteoroid in space. 
Two other possible sources of argon in meteorites are a trapped component from the gas phase of the solar 
nebula, later exposure to solar wind, and terrestrial air contamination. 

3 6 Ar 
38Ar 

36Artrap + 36Arcosmo 
38Artrap + 38Arcosmo + 38ArC/ 

The ratio 36 Ar/38 Ar is a useful indication of the chlorine in a sample. The 36 Ar/38 Ar ratio from purely 
cosmogenic sources is 0.67, whereas trapped argon has a ratio of 5.32. Chlorine will pull this ratio below 0.67 
by solely producing 38Ar. The amount of 38Ar-Cl is determined by subtracting the cosmogenic and trapped 
38Ar components from the total 38Ar. First, the minimum 36Ar/37Ar ratio is adapted as the pure cosmogenic ratio 
and is used to correct for cosmogenic 36Ar and 38Ar. used to correct for trapped argon. In a simple 
cosmogenic system without trapped argon, the 36 Ar/37 Ar ratio should be constant because the cosmogenic 36 Ar 
produced from Ca will be proportional to the reactor-produced 37Ar from Ca. After cosmogenic correction, the 
remaining 36Ar is trapped and is related to the trapped 38Ar by a factor of 5.32. [9] 

Chlorine concentrations have been calculated using this technique in 60 meteorites from several 
classes, including enstatites, eucrites, mesosiderites, primitive achondrites and iron silicates. 



Results 

Hamlin 
Chlorine 

Average Concentration 
of Cl per Meteorite Group 

W/oLow 
Type # Total Range Temp Cl Range 
Chondrite (3)* 106 56-132 88 56-111 
Acapulculite (5) 136 13-219 109 13-200 
Winnonite (3) 93 10-222 78 7-206 
Enstatite (13) 142 9-342 112 5-324 
Eucrite (17) 33 -4-150 20 4-150 
Mesosiderite (14) 50 5-271 46 4-251 
Iron Silicate (6) 28~ 3-720 208 3-695 
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Due to the nature of the 39Ar-40Ar 
dating method, the chlorine is detennined as 
per increasing temperature steps. The patterns 
of release vary by sample, but generally follow 
a bimodal release - a low temperature phase 
and a mid-high temperature phase. For 
analysis, various components were detennined 
such as total chlorine, total chlorine without a 
low temperature phase, and temperature of 
largest chlorine release ( excluding low 
temperature) 

Table J: Average concentration Cl per group (ppm) Chlorine concentration was 
•- () is number of analysis averaged detennined by ratio with a hornblende standard 

NL-25-2, which has a chlorine concentration 
of 53 ppm [ 1 0]. For samples with high 38Ar-CI!Total 38Ar the uncertainty is 10%. For samples with low 
38Ar-Cl/Total 38Ar the uncertainty is 200%. 

The averages of each group of meteorites was calculated and is given in Table 1. Averages were 
calculated for the total concentration of chlorine at all temperatures and a total excluding the low temperature 
chlorine possibly due to weathering; additionally, the range of the values was included. The chlorine 
concentrations in most groups covers a broad range from a few ppm to a few hundred ppm. The range is not an 
artifact of weathering as it remains after the low temperature chlorine is removed. 
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The degree of weathering and the effect that it has on meteorites is an important question, especially 
for Antarctic meteorites. Because of the large amount of chlorine at the earth's surface and the ease of 
contamination, chlorine is often considered an indicator of weathering. Though terrestrial chlorine 
contamination could not be exactly detennined, many lines of evidence can be drawn to support an estimate of 
the amount of chlorine due to weathering. 

One indication is bimodal release with a significant portion of the chlorine released at low 
temperatures. Terrestrial chlorine will likely form as an evaporite salt [11,12], akaganeite (13-Fe+3O(OH,Cl) 
[12], or be trapped on grain surfaces and these sources when converted to 38Ar by irradiation are likely to be 
liberated at low temperatures. Support of this can be obtained through weathering designations and 
petrographic descriptions. Falls have much less low temperature release compared to finds, with the exception 
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Hamlin 
Chlorine 

of two cases which are described as highly weathered [4,5). Finds range in the amount released, but in general, 
large low temperature releases of chlorine are associated with fmds and, presumably, with weathering. 

No correlation between chlorine concentration and other elemental abundances are observed. Both 
potassium and calcium are also determined by argon analysis and comparison of chlorine and K/Ca shows no 
relationship. Also, a few bulk analyses of various meteorites were examined for correlations, however, not even 
phosphorus shows any clear dependence. This can be explained by most elements in bulk analysis being far in 
excess of chlorine abundances and likely incorporated into major minerals. Phosphorus also tends to be 
contained in whitlockite. Additionally, if chlorine is not homogeneously distributed through a meteorite, 
comparison of two analysis taken from different samples might be invalid. 

The mid-high temperature release peak indicates there is an indigenous chlorine phase and not all 
chlorine in a meteorite is weathering product. Though the identity of this chlorine phase is not certain, some 
details can be derived. A lack of obvious correlation with calcium and other major elements indicates that 
chlorine is not likely to be a trace element in the major minerals. Also, a potassium - chlorine relationship can 
be ruled out by the absence of any correlation between the two. Chlorapatite has been reported as a trace 
mineral in only a few meteorites, though as an accessory mineral it is possible that it is often overlooked. 

The enstatite group was separated by iron content and metamorphic grade. Chlorine content followed 
a random distribution, an important lack of correlation that has a few possible explanations. If the original 
distribution of chlorine in the parent body was random, and/or the subsequent heating event did not remove 
chlorine in a systematic way, the fmal chlorine content would follow a random pattern. Alternatively, this may 
point to the chlorine residing in a chlorapatite phase. Pure chlorapatite has a high melting temperature, roughly 
I O40°C. If the chlorine resides in this phase, instead of a salt or other low temperature melting mineral or on 
interstitial grain boundaries, any original randomness in the distribution will be preserved. A third possibility is 
that the result may be an artifact of the sample suite. 

Summary 
Chlorine abundance is a question of great importance in meteoritics. If chlorine is to be used as a 

marker for weathering or other processes, it is necessary to have a basic knowledge of the levels of indigenous 
chlorine. By discerning a low temperature chlorine phase, the 38Ar-Cl method has a marked advantage over the 
other methods which have been applied to this problem. Over 60 meteorites from various classes and with 
varying degrees of metamorphic grade and weathering were analyzed in this study. Overall, the groups show a 
large degree of random distnbution of chlorine. Within the groups, there is also a random distribution over 
metamorphic grade. A trend of chlorine enrichment in fmds is evidenced by a large release of chlorine at low 
temperatures. However, neither the weathering phase, nor the total chlorine concentration is correlated with 
any other element or mineral phase, indicating that chlorine likely is not contained in major minerals. This 
suggests that the chlorine resides in a minor phase such as chlorapatite. Further work in this area will require a 
new chlorine standard, perhaps a sample of synthetic chlorapatite to also determine the temperature release 
profile of that mineral. A release profile would possibly aid in the determination of chlorapatite as the source of 
chlorine. 

An important issue is the contribution of chlorine from weathering phases. In order to accurately 
determine the indigenous concentration of chlorine in a meteorite, it is necessary to correct for this added 
component. Though most falls are likely unaffected by weathering, it is possible and must be taken into 
consideration. As observed, weathering on falls can have a large impact on the chlorine concentration. As the 
Antarctic meteorites become the majority of material available for research, the question of weathering effects 
will become even more important. Further work will be necessary to determine the effectiveness of leaching 
experiments, as well as other possible elemental enrichment or depletion due to weathering. 

Acknowledgments : Thanks to Dan Garrison for all his patience, time, help and, especially, the answers. 
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[3] Jarosewich and Mason (1969) GCA 33, 411-416. [4]Kallemeyn and Wasson (1986) GCA 50, 2153-5164. [5] Bhandari 
and Shah (1980) Meteoritics, 15 no 3, 225-233. [6]0lsen et al. (1977) Meteoritics, 12 no 2, 109-123. [7]Jarosewich (1990) 
Meteoritics 25, 323-337. [8] Tarter (1981) PhD Ths, Arizona State University. [9] Bogard and Garrison, personal 
communication, 1998. [I0]Husain (1974) J Geophysical Reseach. [11] Velbel (1988) Meteoritics 23, 151-159. 
[12)Gooding (1981) Proc. Lunar Planet Sci. 12B, 1105-1122. 
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MORPHOLOGY AND DISTRIBUTION OF MOUNTAINS OF IO 
Henrik Hargitai, Eotvos Lorand Tudomanyegyetem, Budapest, Hungary 

Advisor: Dr. Paul M. Schenk, Lunar and Planetary Institute, Houston, TX 77058 

Introduction 
Io is the most geologically active body in our 

Solar System. In 1979 Voyager discovered that Io's 
surface is dominated by recent volcanism [ 1]. 
Volcanism on Io is driven by tidal heating, which 
melts large parts of the interior. Volcanic features 
include dark spots, calderas, lava flows, lava fields 
and shield volcanos, and at least 8 active volcanic 
plumes. The lack of impact craters suggests a high 
resurfacing rate (-1 km/myr). Voyager also 
observed mountains up to 10 km high ( Fig. 1 ). The 
crust must be strong enough to support such heights 
which suggests that it may consist of silicate 
materials, while the surface is covered by different 
sulfur allotropes which give the yellowish color of 
Io. It is important to understand the processes that 
formed the mountains because their formation is 
related to the volcanic resurfacing and the internal 
processes which drive volcanism and tectonics on 
Io. 

Numerous conceptual models have been 
suggested to explain the origin of the mountains of 
Io. These models include asyrnrnetric crustal 
subsidence [2], uplift due to crustal delamination, 
deformation of crust due to volcanic intrusion [3], 
thrust faulting due to crustal subsidence [4], and 
volcanic extrusion. In order to evaluate these 
concepts we have begun a detailed investigation of 
mountains on Io, in particular the morphologic 
characteristics of each individual mountains and the 
global distribution of mountains. 

Method 
The first step was to survey all available images 

to identify all mountains on Io. Voyager-I and 
Voyager-2 imaged Io in 1979, but only 45% of the 
surface was covered at high resolution (275°-360° 
longitude). Galileo, in orbit around Jupiter, has now 
viewed the remaining areas and will photograph 
selected areas at 50m/px resolution in late 1999. 
Together, these data provide coverage of >90% of 

the surface of lo at an average resolution of 2.8 
km/px (ranging from 0.3 to 10 km/px). 

It was necessary to process these images to make 
them useful for mapping. The images taken by 
Galileo and Voyager required different calibration. 
In the Voyager images it was needed to remove the 
resaux that blemished the images, while in the 
Galileo images radiation induced noise needed 
removal. In the case of some compressed Galileo 
images the artifacts caused by the compression 
needed correction as well. To properly map Io from 
the Voyager and Galileo images it was necessary to 
update the control net: this was done by selecting 
501 match points used to register all the images 
simultaneously. The ISIS JIGSAW program was 
then used to update the pointing vectors for each 
image. We used these corrected images to map Io's 
mountains. 

Orthographic images (tiles) at a common 
resolution of 1 km and width of 15° were made for 
each mountain in order to measure and compare 
Io's mountains at uniform map scale and free of 
viewing angle distortion. We used all available 
images of the same area taken at different viewing 
angles and lighting conditions. These different 
views allowed us to characterize mountain 
morphology with much greater confidence than 
using one image. These tiles were used for each 
measurement of length, width, area and height. 

Several techniques were used to measure heights 
of mountains. We measured the length of the 
shadow cast by a mountain's highest peak to 
estimate the height of the mountain; 70% of the 
mountains were measured by shadow height 
measurement. Similarly we were able to place lower 
limits of the heights of those mountains tall enough 
to project into sunlight even though their base was 
in shadow. Using an automated stereo correlation 
program [5], heights were estimated for those 
mountains viewed in stereo images. In many cases it 
was possible to use multiple techniques to estimate 
mountain heights. 
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Results 
We mapped a total of nearly 100 individual 

mountainous structures on Io. These fall into 
several distinct morphologic types. Most of the 
mountains can be classified as one of 4 major types. 
Plateaus (Fig. Jc), the most common type, have 
broad, uneven surfaces while mesas (Fig. Id) have 
smooth, flat surfaces. Both of these types 
frequently feature a basal scarp. Ridges are 
characterized by linear or curvilinear ridge crests. 
Several mountains are characterized by two parallel 
ridges (Fig. lb). Among the highest mountains are 
the massifs which generally have steep slopes 
several kilometers high and rugged peaks ( Fig. 1 a). 
Though almost the entire surface is covered by 
volcanic material, only few of the mountainous 
features have an obvious volcanic morphology or 
heights exceeding 2 km. The highest mountain on 
lo, the southern massif of Boosaule Montes, has an 
estimated height of 14-16 km. Up to 30 % of the 
mountains show evidence for erosion or mass 
wasting, 20% for formation of bright deposits. At 
least 10 % of the mountains studies are pervasively 
striated, which may be evidence of layering or 
fracturing. 

Roughly 3 percent of the surface of Io is covered 
by mountains. The distribution of the mountains is 
not uniform across the surface (Fig. 2). Although 
the distribution might be random, at least two 
concentrations of mountains appear to occur: these 
are observed at 20°, 45° and at -20°, 225°, which 
are roughly antipodal to each other ( Fig. 2b ). One 
of these concentrations is centered near the large 
volcanic plume Pele. The region with the lowest 
concentration of mountains is associated with 
Colchis Regio, a region of smooth bright plains. 

The greatest concentrations of mountains are also 
roughly 90° offset from the current sub- and anti-
Jovian hemispheres (Fig. 3). They may also be 90° 
offset from the regions of greatest concentration of 
volcanic centers on Io ( Fig. 3a, b ). Although more 
work remains to be done, these results suggest that 
volcanic activity and mountain formation may be 
anticorrelated. 

Our morphologic study suggests that there may 
several mechanisms responsible for the formation 
of mountains. The apparent anti-correlation of 
mountain distribution with volcanic centers places 
important constraints on possible mountain 
formation mechanisms. Although generally anti-
correlated, the style of volcanism and the 
distribution of each morphologic type of mountain 
is not uniform across the surface of Io, and we have 
not yet taken this into account. Much work remains 
to be done in analyzing this extensive data set, 
which we anticipate will be useful in developing 
and evaluating tests for models proposed to explain 
mountain formation on Io. 
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MORPHOLOGY AND DISTRIBUTION OF MOUNTAINS OF IO, H. HARGIT AI 

Figure 1. Typical mountains on Io. From upper left to 
lower right: (a) Massif, Egypt Mons at -40°, 257° (length 
151 km), Picno 1639124; (b) Double Ridge, Ionian 
Mons at 9°, 236° (length 172 km), Picno 368641300; (c) 
Plateau, Iopolis Planum at -34°, 332° (length 245 km), 
Picno 1639142; (d) Mesa, Danube Planum at-21°, 257° 
(length 180 km), Picno 1639130. 
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Figure 2a. Number of mountains on lo as a function of 
latitude. Gray area represents I cr limit. These data 
suggest there is no statistical variation in the number of 
mountains with latitude. 
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Figure 2b. Number of mountains on Io as a function of 
longitude. Gray area represents 1 cr limit. These data 
suggest there may be significant variation in the number 
of mountains with longitude. The greatest concentration 
of mountains appears to occur near 45° and 225° 
longitude. 
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Figure 3a. Distribution of mountains on lo. Each dot is a 
mountain. Squares represent relative density of 
mountains per unit area, measured over 15° wide areas. 

Figure 3b. Distribution of calderas and volcanic vents on 
Io. Each dot is a caldera. Squares represent relative 
density of vents per unit area, measured over 15° wide 
areas. 
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Crystallization Experiments on New Shergotty Melt Compositions: 
Effects of Oxygen Fugacity 

Mai Hashimoto(Dept. of Earth and Planetary Sciences, Kyushu Univ., Japan) 
Advisor: Gordon McKay(SN4, NASA Johnson Space Center, Houston, TX) 

Co-Advisors: Craig Schwandt and Loan Le(Lockheed-Martin, Houston, TX) 

INTRODUCOON 

The composition of melts from which 
Martian meteorites aystallized can provide 
clues to the nature of the Martian mantle 
where these melts originated and the 
processes by which they formed (1). 
Shergotty and Zagami are the first Martian 
meteorites for which melt compositions 
were estimated (2). These Shergottites are 
both pyroxene cumulates, consisting 
primarily of clinopyroxenes (pigeonite and 
augite) and rnaskelynite (shocked 
plagioclase glass). The pyroxene aystals 
are generally compositionally zoned, with 
homogeneous magnesian cores and Fe-rich 
rims. The homogeneous cores have been 
interpreted as primoaysts, and the zoned 
rims and plagioclase as aystallization 
products of the intercumulus melt. Recent 
petrographic studies of Shergotty and 
Zagami using backscattered electron 
imaging and x-ray elemental mapping 
techniques (3,4) allowed accurate modal 
estimates of the proportions of cumulus 
pyroxene and the compositions of the 
shergottite intercumulus melt. These 
results are inconsistent with Shergottite 
ci:ystallization experiments (2) on which 
earlier estimates are based. These recent 
results indicated that the earlier 
experiments have not recreated the 
ci:ystallization conditions of Shergottites. 
In this project, we proposed to perform 
ci:ystallization experiments using the recent 
estimate of the Shergoti;y intercumulus 
melt composition as starting material. We 
will determine the proportions and 
compositions of liquid and pyroxenes over a 
range of temperatures and oxygen 
fugac:i.ties, and in particular to test the 
proposition that Shergotty ci:ystallized 
under more reducing conditions than has 
been formerly believed. 

EXPERIMENTAL AND ANALY[ICAL 
TECHNIQUES 

Experimental starting material (CSH) is a 
synthetic glass of the revised Shergoti;y 
melt composition (4). In all experiments, 
125mg pellets of CSH were suspended on 8 
mil pure Pt wire loops in CO-C(h gas 
mixing furnaces. Charges were run at an 
oxygen fugacity near QFM for 48 hours at 
130QoC to homogenize and equilibrate 
them with the experimental oxygen fugacity 
and then air quenched to room 
temperature. Homogenized charges were 
put back in the furnaces and held for 48 
hours at a fixed temperature slightly below 
the liquidus to grow aystals, and then 
quenched. Oxygen fugacities were 
measured with a solid state electrolytic 
zirconia cell in an external reference 
fumace[S) (6) and temperatures were 
measured with a Pt.t;Rh-PtaoRh 
thermocouple calibrated against the 
melting point of gold. Experimental run 
conditions and thermal histories are given 
in Table 1. 

Quantitative analyses of pyroxenes 
and glasses in polished thin sections were 
performed on a Cameca SX-100 electron 
microprobe at an accelerating potential of 
15 keV using an absorbed beam current of 
20 nA. The pyroxene analyses were then 
compared with those of natural Shergoti;y. 

RESULTS 

The experimental conditions and results of 
each experiment are listed in Table 1, and a 
summacy of analyzed synthetic pyroxene 
compositions are presented in Table 2. 
Pyroxene aystals are found in charges run 
at ~1198<>C (QFM) and - 1202°C (QFM-1). 
Therefore, the liquidus temperature is 
estimated to be approximately 1200°C. Fe 



and Ca contents of the pyroxenes are 
higher and Mg contents are lower at lower 
temperatures and more reducing (below 
QFM) conditions. Shergotty and synthetic 
pyroxene compositions are compared in 
Fig. 1-4. Natural Shergotty has two types 
of pyroxene, high-Ca and low-Ca pyroxenes. 
Fig. 1 shows, however, that the 
compositions of all experimentally produced 
pyroxenes plot in the range of low-Ca 
pyroxene. The pyroxenes produced in the 
temperature range of 1120-115Q<>C strictly 
1117-1131C at QFM (CSH-11 and CSH-30), 
1131-1150<>C at QFM-1 (13, 25 and 14) 
,and l 13Q<>C at QFM-2 (31), have similar 
compositions to those of Shergotty low-Ca 
pyroxenes. Comparisons of synthetic and 
Shergotty pyroxenes for minor elements 
such as Al and Ti are shown in Fig. 2-4. 1n 
these figures, some plots of synthetic 
pyroxenes are distributed over a wide range 
and their trends are steep and close to that 
of Shergotty high-Ca pyroxenes (in Fig. 4, 
TiO2/.Al2Oa=0.19) rather than low-Ca 
(TiO2/AhOa=0.03). Interestingly, most of 
these pyroxenes are produced at QFM-1 
while at QFM and QFM-2, the pyroxenes 
are clustered closely together at high-Mg 
and low-Al and Ti. The trends are generally 
similar to low-Ca pyroxene. There is no 
significant effect of temperature. 

DISCUSSION 

High-Ca pyroxenes similar to those found 
in natural Shergotty were not produced in 
the experiments. Instead we found olivine 
crystals in CSH-12 (l 141C, QFM) as well as 
pyroxene with two distinct compositions, 
low Fe and high Fe, in CSH-19 
(l 195C,QFM-l). We believe that the olivine 
crystals formed during quenching. For the 
two compositions of pyroxene, Ca content 
in the low Fe pyroxene is much higher than 
in the high Fe pyroxene. This suggests how 
high Ca pyroxene is form. Although AhOa-
TiO2 plot of pyroxenes shows some effect of 
oxygen fugacity, there is no significant 
difference among our experiments at QFM, 
QFM-1 and QFM-2 with respect to the 
pyroxene compositions. We used two 
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furnaces to perform our experiments, and 
the experimental conditions were not 
exactly the same in each furn.ace. Also, we 
did not perform all experiments at the same 
temperature at each different oxygen 
fugacity. 

CONCLUSIONS 

There is no strong evidence that Shergotty 
crystallized under more reducing conditions 
than formerly believed. However, we found 
that the compositions of pyroxenes 
produced at 1117-113l<>C at QFM, 1131-
115Q<>C at QFM-1, and at 1130<>C at QFM-2 
are similar to those of low-Ca pyroxenes in 
Shergotty. Also, the AhOa- TiO2 plot of our 
experimental pyroxenes shows different 
trends between QFM-2 and other two 
oxygen fugacity. 
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Table 1. Expeiimental run conditions and thermal histoiies 

£xp. MeltT(C) HeldT(C) Log 
(f02/atm) 

csh-26 1305 1100 -9.99 
csh-11 1292 1117 -9.87 
csh-30 1300 1131 -9.52 
csh-12 1292 1141 -9.47 
csh-15 1297 1167 -8.45 
csh-18 1303 1184 -8.69 
csh-20 1305 1196 -8.57 
csh-23 1305 1198 -8.63 
csh-21 1278 1203 -8.50 
csh-29 1307 1103 -10.99 
csh-13 1299 1131 -10.55 
csh-25 1298 1131 -10.53 
csh-14 1299 1150 -10.25 
csh-16 1301 1168 -9.82 
csh-17 1301 1178 -9.87 
csh-19 1297 1195 -9.64 
csh-24 1298 1202 -9.53 
csh-22 1300 1214 -9.33 
csh-31 1300 1130 -11.64 

Duration Results {hr) 

49 pig, gl 
72 pig, gl 
48 pig, gl 
48 pig, gl,ol 
70 pig, gl 
47 pig, gl 
47 pig, gl 
42 pig, gl 
42 gl 
51 pig, gl 
48 pig, gl 
53 pig,gl 
48 pig, gl 
48 pig, gl 
47 pig,gl 
47 pig,gl 
49 pig, gl 
42 al 
48 pi~· ~' 

En(MgSiO3) 

Fig 1. Pyroxene quadrilateral OShergotty 
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Table 2. Summary of compositions of the synthetic pyroxenes 
csh 26 
Na20 0.07 
SiO2 50.30 
TiO2 0.33 
Al2O3 1.73 
P2O5 0.12 
FeO 22.43 
MnO 0.63 
MgO 16.62 
cao 7.30 
K2O 0.00 
Total 99.53 
csh 16 
Na2O 0.03 
SiO2 52.96 
Ti02 0.14 
Al2O3 0.49 
P2O5 0.01 
FeO 20.77 
MnO 0.60 
MgO 21 .11 
cao 3.60 
K2O 0.00 
Total 99.71 

'Z csh-26 

C!csh-12 

Xcsh-20 

11 30 
0.04 0.05 

52.44 51.81 
0.16 0.17 
0.72 0.76 
0.02 0.01 

21.78 22.02 
0.64 0.62 

19.11 18.22 
5.35 6.17 
0.00 0.00 

100.26 99.83 
17 19 

0.03 0.03 
53.11 52.30 
0.13 0.21 
0.48 0.96 
0.02 0.06 

20.03 19.79 
0.58 0.59 

21 .91 21 .65 
3.10 3.43 
0.00 0.00 

99.39 99.02 

Ocsh-11 

:Xcsh-15 

• csh-23 

-c- csh-25 

+csh-17 

12 15 
0.03 0.03 

53.03 53.25 
0.14 0.10 
0.60 0.36 
0.01 0.01 

20.36 19.47 
0.62 0.58 

21 .39 22.65 
3.94 2.95 
0.00 0.01 

100.12 99.41 
24 31 

0.01 0.03 
53.65 52.43 

0.10 0.16 
0.35 0.46 
0.00 0.01 

19.24 21.80 
0.58 0.64 

23.74 19.08 
2.42 5.36 
0.00 0.00 

100.09 99.97 

-csh-30 

•csh-18 

~ csh-29 

Xcsh-14 

-csh-19 

18 
0.03 

53.49 
0.11 
0.75 
0.01 

19.02 
0.57 

23.08 
2.75 
0.00 

99.81 
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~ . 00 
M 
0 

:i.oo 
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0.12 0.12 0.38 0.32 0.28 0.18 
0.59 0.63 1.73 1.49 1.23 0.75 
0.00 0.02 0.13 0.10 0.07 0.04 

18.81 18.80 22.64 22.50 22.44 21.79 
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23.41 23.75 16.19 17.07 17.86 19.60 
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Fig 2. Mg0-Al203 plots of pyroxenes 
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BIOMARKERS IN JEMEZ, NEW MEXICO, THERMAL SPRINGS 

Steven J. Kivett. University of Houston - Downtown. One Main Street, Houston, TX 77002. 
Advisor: Carlton C. Allen. Lockheed Martin, Houston, TX 77258 

Thermal springs are being considered as 
probable sites for the Mars sample return missions [I]. 
To characterize terrestrial equivalents, thermal springs 
near Valles caldera, a 1.1 Mya volcanic crater in the 
Jemez Mountains in New Mexico, were chosen to 
examine for biomarkers. These springs are generated 
by heating and upwelling of groundwater within the 
caldera and then lateral flow through a system of faults 
to the surface [2]. 

Three localities were sampled near Valles 
caldera. The first locality is Bath House Spring, a 
carbonate-precipitating thermal spring. The spring 
produces an out flow of neutral water, pH = 7.5, at a 
temperature of 72° C and has formed a 1 m tall mound 
of mixed calcite and amorphous silica deposits. Three 
samples were taken at this site. The first sample, 
collected directly adjacent to the vent, includes the top 
1 cm of the carbonate mound. Sample I has three 
layers, a lowermost pink filamentous layer, a middle 
green filamentous layer, and an uppermost mineralized 
layer. Sample 2 was collected directly from the water 
IO cm downstream from the vent. No minerals were 
collected, but organic filaments were growing in the 
water. The third sample, sample 3, consisted of 2 cm 
to 4 cm "pancakes" of calcite deposited directly in the 
stream 3 cm downstream of the filaments collected in 
sample 2. 

The next locality sampled was an extinct 
travertine deposit 500 m downstream of Soda Dam on 
the Jemez River. Sample 5, consists of calcite taken 
from the side of the deposit. The sample contains two 
thin massive layers of calcite with a thin porous green 
bacterial layer between them. 

The last locality is a sulfur dominated acidic 
hot spring where the water pH = I and the temperature 
is 85°C. Sample 8 was taken from green sinter 2 cm 
from, and being splashed by, the spring. The sinter 
consists of gypsum and siliceous grains. The green 
color is produced by diatoms living within the sinter. 

All samples were collected in sterile I 00 ml 
centrifuge tubes for transport to JSC and kept at 
approximately 25°C during transport. On arrival, the 
samples were stored in a refrigerator at l 0°C for 60 
days until the study could be started. All samples were 
refrigerated during the duration of the study. Only 
small portions were removed for each examination. 

Samples 1, 2, and 3 were aseptically split for 
biological culturing. The samples were cultured in 
three media: nutrient agar, nitrate broth, and 
Castenholz Medium D, an inorganic micronutrient 
medium used to culture a variety of thermophilic 

cyanobacteria [3]. Once the cultures established 
themselves in the nitrate broth, they were transferred to 
a solid nitrate agar for isolation. The samples were 
cultured at 37°C under fluorescent light, 55°C in the 
dark, and 70°C in the dark to provide as wide a range 
of growth temperatures as possible. Solid media 
cultured at 55°C and 70°C were placed in plastic bags 
to reduce the rate of evaporation. 

Sample 8 was split, after contamination, for 
culturing of diatoms. The diatoms were cultured in 
Grundgloeodinium II solution, pH = 6.0, a medium for 
freshwater diatoms in acid oligotrophic habitats [4]. 
The medium was also modified by the addition of 
sulfuric acid until the pH reached 1.5. The cultures 
were grown in modified and unmodified 
Grundgloeodinium II solution at 37°C in the light. 

All samples, both geological and biological, 
were examined with a Phillips XL-40 FEG scanning 
electron microscope (SEM) with an attached Oxford 
Isis energy dispersive spectrometer (EDS). The 
samples were dried m air and coated with 
approximately 10 nm of gold-palladium for 
conductivity. Of the biological samples, those from 
successful high temperature and Medium D cultures 
were imaged. Both diatom Cl!ltures were imaged. 
Etched and unetched specimens of the mineralized 
layer in Sample 1 were prepared. Etched specimens 
were placed in I% hydrochloric acid for 120 seconds to 
remove carbonate salts. Uncoated specimens of the 
etched sample 1 mineralized layer were embedded in 
epoxy and ultramicrotome thin-sectioned for 
examination with a JEOL-2000FX transmission 
electron microscope (TEM). Calcium phosphate 
spheroids produced by the Medium D cultures were 
dehydrated in alcohol, placed on a copper grid, and 
stained with uranyl acetate to allow imaging of 
organics with the TEM. Mineralogy of samples 1, 3, 5, 
and 8 was determined using a Scintag x-ray 
diffractometer. 

Morphology is a poor criterion to use to 
discriminate between species of bacteria. However, it 
can be used to distinguish between the basic bacterial 
forms: coccus or spherical forms, rods, and spiral 
forms. Some bacterial colonies also produce large 
amounts of extracellular polymeric substance (EPS). 
EPS is a mixture of long biogenic polymers and water 
secreted by some bacteria. It provides the bacteria with 
a buffer between the cells and the environment and a 
method of adhering to the substrate. The EPS, together 
with the cells secreting the EPS constitute a biofilm. 
Biofilms are significant biomarkers as they are larger, 
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thus easier to detect, than individual cells and are 
readily preserved in the fossil record. SEM imaging of 
some cultures was used to attempt to tie the biological 
study of the samples to the geological study. Cultures 
grown at 55°C and 70°C from samples 1, 2, and 3 were 
selected for imaging, as contaminating organisms 

Bath House Spring culture results. 
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introdueed during collection or in the laboratory are 
least likely to grow under high temperature conditions. 
The 37°C control plate produced a contaminant colony 
while the 55°C and the 70°C ones did not. The results 
of the culture experiment are tabulated below. 

Nitrate A oar Castenholz Medium D 

Sample 1: >20 µm filamentous 
green bacteria 

0.05 µm - 0.1 µm calcium 
phosphate spheroids 

55•c Sample I: I µm cocci 
filamentous colonies of 0.5 µm 

cocci 
2 µm x 0.5 µm rods 

Sample 3: 3 µm x 0.5 µm rods 
10 µm x I µm rods 

Sample I: 2 µm x 0.5 µm rods 
Sample 2: 3 µm x 0.5 µm rods 

0.2 µm - 0.5 µm cocci 
Sample 3: 3 µm x 0.5 µm rods 

Sample I: 0.05 µm - 0.1 µm calcium 
Phosphate spheroids 

7fY'C Sample I : 3 µm x I µm rods Sample I: 3 µm filamentous 
colonies of 0.5 µm cocci 

Sample 2: 3 µm x 0.5 µm rods 
Sample 3: >10 µm filamentous 

colonies of 0.5 µm cocci 

Sample I: 0.05 µm - 0.1 µm calcium 
Phosphate spheroids· 

Sample 3: 0.05 µm - 0.1 µm calcium 
Phosphate spheroids 

The culture experiment produced large 
numbers of rods while very few were found in the 
geological samples. A similar result was noted in 
samples from carbonate-precipitating hot springs in 
Yellowstone National Park [5]. Nutrient Agar and 
Nitrate Agar are environments that are very different 
from that of Bath House Spring. Thus, preferential 
culture of organisms that are rare in the hot spring 
environment is not surprising. More EPS was seen in 
the colonies at 55°C than at 70°C. Since the bacteria 
were grown subaerialy and evaporation is faster at 
70°C than at 50°C, the volume of EPS would be 
reduced at higher temperatures. 

The calcium phosphate spheroids precipitated 
only in samples 1 and 3. Some of the spheroids are 
hollow and all are accretions of 10 nm spheroids 
composed of calcium phosphate. Low amounts of 
carbon were also detected by EDS. The spheroids 
indicate biologically induced precipitation, as the only 
difference between samples with the precipitate and 
those without was the inoculum. 

Both diatom cultures were successful. The 
diatoms from sample 8 are very tolerant of culture 
conditions. The culture grown at pH 6.0 is larger and 
greener than that grown in pH 1.5 medium. There is 
more EPS in the pH 6 culture and there are more 
coccoid bacteria. However, the same diatoms are 
growing in both cultures. 

Only those samples with a high degree of 
mineralization, samples 1, 3, 5, and 8, were examined 
for morphological evidence of biomarkers. In these 

samples, biomarkers occurred in three forms: as living 
cells and biofilms within the mineralized matrix, as 
bioerosion and interference in the crystalline growth 
structure of carbonate grains, and as amorphous silica 
preservation of fossils by replacement and the 
formation of molds. 

Biofilms were especially common in sample 
1. The sample is a bacterial mat overlain by a 
mineralized crust. The bacterial cells are all embedded 
in EPS as is the underside of the mineralized layer 
(Figure 1). When EPS dries, it shrinks from a 
continuous sheet into a web-like network of strands 
draped on and around the material originally 
surrounded by it. EPS also assumes a blobby texture as 
it deforms, leaving knobby irregular coating in places 
where it has not separated into strands. The mat itself 
consists of two layers of interwoven filamentous 
bacteria that measure more than 20 µm long by 1 µm 
wide. The upper layer is green while the lower layer is 
pink, reflecting the different photosynthetic pigments 
used by the organisms. 

The extinct travertine deposit shows 
bioerosion by bacteria. The porous green band in the 
travertine consists of irregularly eroded depressions 
with smaller pits within them. The pits have a very 
rough, irregular border which contrasts with the 
smooth calcite surrounding it (Figure 2). In many 
cases, the pits were lined with bacterial colonies. EDS 
showed that the bacteria are enriched in carbon, so they 
have not been replaced by calcite. The green color of 
the porous band combined with the abundance of the 
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bacteria suggests that the bacteria are actively eroding 
the travertine. 

Sample 3 also displays evidence of 
bioerosion. The sample consists of pancakes of calcite 
crystals deposited within the stream flowing out of 
Bath House Spring. Many of the crystals in the 
pancakes are euhedral or subhedral with visible lattice 
planes. Others, however, are not euhedral. The crystals 
are rounded and the lattice planes are no longer visible. 
The rounded crystals have biofilms associated with 
them, while the euhedral ones do not. Both types of 
crystals have defects leading to voids within them. 
Filaments were noted living in voids in the rounded 
crystals. 

The most prevalent biomarkers in the hot 
spring deposits are the amorphous silica deposits. 
Silica is being deposited in three ways in the thermal 
springs: as diatom frustules, as siliceous mineralization 
of biological membranes, and as 50 nm to 300 nm 
spherules associated with biofilms. Siliceous 
association with biofilms is well documented. The 
silica is precipitated either through changes in pH, or 
through nucleation by or polymerization with organic 
molecules in the biofilm [6]. Diatoms are present in 
most samples, and they are especially abundant in the 
sulfur spring tufa and the extinct travertine deposit. The 
diatoms present in the tufa are alive and actively fixing 
silica in their cell walls. As they die and degrade, they 
create a mixed gypsum-silica deposit that also supplies 
silica for fossilization of other organisms. In the 
extinct travertine deposit, diatoms were the only body 

Figure I . Mineral Grains in EPS Figure 2. Bioerosion 

Thermal springs produce many biomarkers. 
Some, however, are longer lasting and more prevalent 
than others. From this study, the following conclusions 
can be reached: 

• Organisms cultured from environmental samples 
will be the most tolerant ones, not necessarily the 
most abundant ones in the original environment. 

• EPS is more abundant in neutral pH thermal 
springs than in acidic ones. 

• In this environment, carbonate biomarkers are 
preserved as bioerosion rather than body fossils . 

• Silica preservation is more abundant and has 
higher fidelity than carbonate preservation. 

fossils found. Since silica is much less soluble than 
calcite, it is much less likely to be reworked. The 
presence of diatom frustules in a deposit is an obvious 
and persistent biomarker. 

The sulfur spring tufa also contains 
mineralized grains that have been replaced by 
amorphous silica. Cell walls of bacteria have been 
mineralized producing hollow silica spheres within 
cavities in the grains. The organic coating of diatoms 
has been replaced with a coating of hollow silica 
spherules that mimic dried EPS, which may have 
served as a nucleation site. 

In the Bath House Spring samples, biofilms 
are replaced with amorphous silica spherules (Figure 
3). This form of silicification is similar to that 
described in silica dominated hot springs by Cady et al. 
[7] although the spherules are much smaller. Etching 
of the mineralized layer from sample I removed all 
calcite from the layer, leaving only silica. In the layer, 
the spherules form molds of the filamentous bacteria. 
They also have replaced EPS with sheets of spherules 
that coat surfaces and are held together by secondary 
deposition of silica cement. The spherules also have 
replaced colonies of 2µm cocci, in some cases with the 
colonial membranes still present. In many cases, the 
clusters are encased in EPS and have strands of EPS 
between individual spherules. The spherules were 
found only associated with biofilms. They were never 
found trapped in crevices in minerals, as they would be 
if they had been inorganically precipitated. 

Figure 3. Silica Spherule Replacement 

• Organically mediated precipitation is a valid 
biomarker. 

• In the Jemez springs, amorphous silica spherules 
are precipitated preferentially within biofilms. 

-----·-···-··-········•········-··· 
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Chondrules are the product of solar nebula processes that include aggregation of early formed 
condensate minerals, followed by melting and partial melting of these crystalline aggregates [I]. 
Fragmentation of early formed chondrules and further aggregation and melting attests to the complexity of 
this process. Though the petrogenetic history of purely igneous (melt droplet) chondrules-which contain 
barred olivine, radial pyroxene, microgranular and microporphyritic textures, and interstitial glass [2)-is 
reasonably well understood [3], more complicated chondrules, those that experienced between I 0-50% 
partial melting and contain relict crystals, have not previously been studied. When a region of the nebula is 
heated to near l 700°C, high enough to form melt droplet chondrules [4], a temperature gradient must exist 
in the surrounding regions, and the chondrule precursors in these surrounding regions would be exposed to 
lower temperatures, and may be partially melted. I have examined the unequilibrated ordinary chondrite 
(UOC) WSG95300 and have identified aggregates that show evidence of partial melting (PM). To further 
test this hypothesis, I have conducted partial melting experiments in an attempt to reproduce these textures 
experimentally. A portion of WSG95300 was ground, and experimental charges were melted at a variety 
of temperatures and cooled at different rates. The results showed distinct similarities with naturally 
produced PM aggregates. Understanding the rate of crystal destruction in pre-existing chondrules can help 
put constraints on the nature of melting temperatures, heating event durations and cooling rates in the solar 
nebula. Furthermore, if chondrules can form porphyritic textures with limited degrees of partial melting, 
then the retention of volatile elements can be more easily explained. Compositional analyses show early 
melts to be rich in alkalis, out of equilibrium with the crystals they enclose as evidenced by transition 
metals which have abnormally high partition coefficients. 

EXPERIMENTAL TECHNIQUES: 
Approximately I g of WSG95300 was crushed 

and a fraction of0.5-1 mm pieces was separated. 
The remainder was crushed to a fine powder A 
combination of 65 milligrams of the fine powder, 
with 5-6 of the mm-sized pieces were pressed into a 
pellet. The run procedure is as described in [5] and 
the changes made are noted here: The pellets were 
then placed, not sintered, onto a Pt-loop and then 
lowered down into the hot zone of the furnace. 
The furnace conditions are as in [6] except that the 
CO-CO2 mixture was set to run at iron wustite -1.5 
log units(+/- 0.2 log units) and a gas of known 
composition was used for calibration. All samples 
were melted for 5 minutes and quenched in air by 
rapid removal from the furnace. The charges were 
potted in epoxy, sliced, and polished sections were 
prepared. Fe loss in this experiment was minimal 
because the short run times combined with the 
reuse (Experiments 4,5,6,3b shared a Pt-loop and 
Experiments 7,8 shared a different loop) of the Pt-
loop (meaning the loop is pre-saturated in Fe and 
the Fe loss of each individual charge is reduced 
with each successive loop reuse). Because the 

temperatures in the this experiment are sufficiently 
low, the rapid thermocouple degradation described 
in [7] is not a problem. The sub-liquidus 
temperatures, along with the short run times of 
these experiments combine to minimize Na 
volatilization. Electron microprobe analyses were 
performed on a Cameca SXI00 electron 
microprobe using an accelerating potential of 15kV 
and a beam current of20nA. Natural minerals 
were used as standards [7]. A raster beam of 
between 4-12 microns was used on the glass 
portions of samples to minimize alkali 
volatilization. 

PETROGRAPHY: 
WSG95300 was examined in thin section and 

representative particles showing evidence of partial 
melting and aggregation are described below. 
WSG95300-21, P-4 is 1.14 mm in diameter, sub-
rounded with a 0.6 mm skeletal olivine crystal 
centrally located in the particle. The remainder of 
the particle is composed of pyroxene with 
occasional, tiny, subhedral olivine crystals. This 
aggregate contains metal-sulfide inclusions and has 
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a very thin, nearly continuous metal-sulfide nebular 
rim. 
WSG95300-21, P-6 is 0.69 mm in diameter, sub-
angular in shape with a large, slightly broken 
barred olivine (BO) crystal, 0.25 mm diameter, in 
center. The BO is surrounded by olivine fragments 
with a wide range of sizes. Contains very little 
metal-sulfide, no evidence of a nebular rim. 
WSG95300-21, P-9 is 0.62 mm in diameter, 
roughly pear shaped. Grain size highly variable, 
ranging from <5µm to -0.22 mm in size, 
mesostasis 10-15% of particle. Few, rounded metal-
sulfide blebs are found within the chondrule. The 
particle has a nearly complete metal-sulfide nebular 
rim, that ranges in thickness from 0.02 to 0.29 mm. 
The thickest part of the rim encloses the narrower 
end of the particle. 
WSG95300-21, P-10 is angular, 0.57 mm in 
diameter. Grain size highly variable, from a few 
µm to 250 µm. A larger olivine fragment has 
skeletal interior. This aggregate contains <15% 
mesostasis, a relatively coarse matrix and 
essentially no metal. There is no rim per se, but 
two metal-sulfide accumulations along edges, the 
largest of which measures 0.2 mm in diameter, are 
present. 

EXPERIMENT AL RESULTS: 
EXPERIMENT 1 (1400°C, cooled at 1000°C/hr): 
Small vesicles, many relict olivine crystals and 
large number of melt pockets, generally <60 µm in 
diameter. Mg-rich olivines show Fe-rims. New 
growth olivines mostly < 30 µm in size and tend to 
surround relict olivines crystals and vesicles. 
EXPERIMENT 3B (1400°C, cooled at 100°C/hr): 
Sub-rounded charge with large vesicles. Olivine 
shows better developed crystals than Expt. 1, with 
grains >40 µm in diameter. No pyroxene, minimal 
rounded metal-sulfide congregates near 
charge/vesicle edges. Centers of Mg-rich olivine 
grains have mottled appearance. Melt pockets are 
smaller and fewer than in Expt. 1. 
EXPERIMENT2 (1300°C, cooled at 1000°C/hr): 
Charge nearly spherical, with one large centrally 
located vesicle surrounded by multiple irregular 
surrounding vesicles. Very little metal-sulfide, 
found in rounded clusters along vesicle and grain 
edges. Little glass, melt pockets generally <50 µm 
in diameter except for 300X200 µm pocket. 
Excellent crystal development, olivines >40 µm in 
diameter. 
EXPERIMENT 5 (1300°C, cooled at 100°C/hr): 
Charge shows slight rounding, vesicles are tiny, 
abundant and irregularly shaped. Plentiful metal-

sulfide, evenly dispersed in >90 µm clusters. 
Newly grown olivines are very small, generally 
< 15 µm in diameter. Relatively little melt, in 
pockets 50-100 µm in diameter. More large, relict 
olivines than Expt. 2. 
EXPERIMENT 8 (1250°C, cooled at 1000°C/hr): 
Charge shape virtually unchanged, moderately 
vesicular. Little glass, in < 15 µm diameter 
pockets. Metal-sulfide found in rounded clusters, 
10-50 µmin diameter. Mg-rich olivine cores 
significantly less mottled than in Expt. 1. 
EXPERIMENT 7 (1250°C, cooled at 100°C/hr): 
Charge shape virtually unchanged, minimal 
vesicles (less than Expt. 8). Very little glass 
overall, when present, congregates in pockets up to 
100 µm in diameter. Some pyroxene present, 
newly grown olivine crystals small-5-15 µmin 
diameter. Metal-sulfide in elongate clusters along 
charge edges, > 100 µm in length. Mg-rich cores 
much less mottled than Expt. 1. 
EXPERIMENT 4 (1200°C, cooled at 1000°C/hr): 
Charge shape unchanged, more vesicular than Expt. 
6. Metal-sulfide evenly distributed in small, round 
accumulations. 
EXPERIMENT 6 (1200°C, cooled at 100°C/hr): 
Charge shape unchanged, minimal melt found in 
<20 µm pockets. Large relict olivines and 
meteorite fragments remain. Mg-rich olivine rims 
show minimal/no Fe-enrichment. New growth 
olivine crystals generally <20 µm in diameter. 

Several trends emerged from examination of 
the experimental thin section: 

The shape of the charges varied with melt 
temperature and cooling rate. At higher 
temperatures and slower cooling rates, the charges 
tend to be more rounded, while at lower melt 
temperatures the charges retained their original 
shape. 

Different cooling rates produced different 
trends in metal distribution. At l 000°C/hr cooling 
rates, metal sulfide tends to be evenly distributed 
throughout the charge in small clusters, which 
occasionally gather along charge edges. At 
100°C/hr cooling rates, metal is less abundant but 
when apparent is in large clusters which tend to 
accumulate along charge edges. Melt temperature 
was also a factor. The higher the melt temperature, 
the less metal that tended to remain, especially 
when the high temperature was combined with the 
low cooling rate. 

MICROPROBE TRENDS: 
Table 1 shows the partition coefficients of the 

rims of olivine crystals for Ca, Mn, Cr and Kd 
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Fe/Mg. At 1000°C/hr cooling rate, Kd Fe/Mg 
approaches equilibrium, 0.3 [8] as melt temperature 
decreases. At the same cooling rate, this trend also 
applies to Ca, which most closely approaches its 
equilibrium level of0.03 [9] at the lowest melt 
temperature. 

Kd Fe/Mg again nears equilibrium 
composition levels at the lowest temperature at the 
100°C/hr cooling rate. At 100°C/hr, Ca is closest to 
equilibrium at l 400°C, before rising above its 
equilibrium level of 0.03 [8] at 1300°C and 
1250°C, and finally approaching equilibrium again, 
though not quite as closely, at 1200°C. 

Mn and Cr partition coefficients are both 
remain significantly above their equilibrium values 
of0.51-0.90 [IO] and 1.1-3.l [9] in all experiments. 
TABLE 1 
Average rim Composition at I 000°C/hr cooling rate 
T(OC) Kd Ca Mn Cr 

Fe/Mg 
1400 0.0919 0.737 3.2048 4.4868 
1300 0.0752 0.0408 2.2330 3.1161 
1250 0.2526 0.0321 2.1007 2.4811 

Average rim Composition at !00°C/hr cooling rate 
T(OC) Kd Ca Mn Cr 

Fe/Mg 
1400 0.2319 0.0325 2.2868 2.6844 
1300 0.2686 0.0345 2.8086 3.1446 
1250 0.2864 0.0410 2.5329 1.9348 
1200 0.3101 0.0354 3.4026 2.8383 

CONCLUSIONS: 
Aggregate textures were successfully 

reproduced experimentally (Fig. 2) implying that 
lower temperature partial melting is responsible for 
aggregate formation. Since aggregate textures 
occur within metal-sulfide nebular rims, this 
suggests low temperature partial melting and 
recycling of chondrule precursors takes place 
within the solar nebula and plays an important role 
in chondrule formation. 

Kd Fe/Mg and Ca values approached 
equilibrium as temperature decreased. Mn and Cr 
partition coefficient values decreased with 
decreased temperature as well, but remained 
significantly above their known equilibrium values. 
These results suggest that during low temperature, 
short duration heating events, melt does not have 
adequate time to equilibrate. 

The mottled appearance of olivine cores in 
experimental charges is likely a function of the low 
oxygen fugacity furnace conditions of these 
experiments. Further study is required to determine 
the nature of this relationship. Some 1000°C/hr 
cooling rate charges show better crystal 

development than I 00°C/hr rate charges,and more 
work is needed to determine why this unusual 
phenomenon takes place. 

FIGURE I WSG95300, P-6: Field of view 1.1 mm. Fragmental 
aggregate comprised of BO, olivine fragments and glassy 
matrix. 

i'I ,,:::.., :, 
FIGURE 2 Expt 3b: Field of view 150 µm. Experimentally 
reproduced barred olivine inclusion. 
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Introduction 

Mars today has a very thin atmosphere. In the 
past, however, the Martian atmosphere may 
have been much denser. Liquid water may have 
been stable on (or near) the surface of ancient 
Mars, and liquid water may currently be stable 
at depth. Estimates of liquid water volume 
equivalent to a global ocean depth up to 400 
meters have been proposed [1]. Where did all 
the water go? 

Four main mechanisms for the fate of both the 
Martian atmosphere and water have been 
proposed: loss of Hi to space (by 
photochemistry and solar winds) [l], impact 
erosion of the atmosphere and volatiles [l], 
water frozen as ground ice [2], and the trapping 
of HiO and CO2 in mineral lattices [1,3,4,5]. 
This study focuses on the last mechanism, the 
storage of water and carbon dioxide within 
Martian rocks. Low · temperature weathering of 
basalt has the capability to store large quantities 
of water and carbon dioxide. 

Methods 

A computer-based geochemical model for low 
temperature alteration of Mars rocks was used 
for this study. Geochemist's Workbench®, a 
modeling program, uses thermodynamic data 
from a compilation of sources to evaluate 
mineral stability under changing conditions 
[6,7]. An equilibrium model was used to 
model the near surface weathering of Martian 
basalt. The equilibrium model adds a small 
amount of reactant rock to a specified amount 
of solvent, then allows the system to 
equilibriate before the next increment of 
reactant is added [6]. Parameters set by the 

researcher are the composition and mass of the 
reactant, the composition of the solvent, the 
temperature, and the fugacities (partial 
pressures) of gas species. The parameters 
chosen for this study are a reactant with the 
composition of Shergotty martian meteorite 
[8], pure water as the solvent, temperatures of 
o, 25, 60 and 100°c, ambient gas of 0.006 bars 
CO2 fugacity and 9E-6 bars 02 fugacity like the 
current Mars atmosphere [1], and water-to-
rock ratios (determined by mass of reactant) of 
1000/1, 100/1, 10/1, 1, 1/5 and 1/10. The 
Shergotty reactant is, in effect, modeled as 
glass because the thermodynamic data drives 
the rock to react very quickly. 

Two scenarios for weathering are presented. 
The first scenario consists of a fixed CO2 and 02 
fugacity, to simulate buffering by the Martian 
atmosphere as alteration might occur today in 
groundwater beneath the present Martian 
surface. The second scenario considers a fixed 
total abundance of CO2 and 02, simulating 
alteration isolated from the Martian atmosphere, 
such as might occur in confined regions 
underneath ground ice in the presence of sealed 
regolith gases, as in Clifford's model [2]. The 
temperature range for this model were select:d 
to correlate with temperatures encountered m 
distal portions of hydrothermal areas and impact 
sites [9]. 

Results 

Different assemblages were formed under the 
fixed fugacity (buffered) and the fixed gas 
abundance (unbuffered) scenarios. The fixed 
fugacity model (Martian surface) is dominated by 
a carbonate-clay assemblage while the fixed 
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abundance model (subsurface) is dominated by 
talc-serpentine minerals. Hydrous minerals are 
ubiquitous in both scenarios. 

A large quantity of carbonates and clays were 
produced by weathering the basaltic Shergotty 
meteorite in the fixed fugacity model (Figs. 1, 2). 
Carbonates are present at all temperatures, 
comprising approximately 10% of the mass 
assemblage at 100°C increasing to 25% the mass 
assemblage at 25°C. Calcium, sodium and 
magnesium nontronite are the dominant clays at 
100, 60 and 25 °C respectively. 

In the fixed gas abundance model, smectite clay 
(Reykjanes), minnesotiate (a serpentine) and 
diopside were the dominant alteration products. 
Diopside is prevalent in the lower water to rock 
ratios, those less than 10/1 (Figs. 3, 4). 

Temperature had a strong effect on the mineral 
assemblagess porduced in the in the open 
(buffered) system (Figs. 1-4). 

No zeolites formed if crystalline silica is allowed 
in the model, as shown by the figures. If the 
formation of crystalline silica minerals are 
suppressed, then the zeolites mordenite and 
clinoptilolite form from the availible silica m 
place of quartz. 

Gas production varied between the two 
scenarios. Methane in the fixed abundance 
scenario formed as CO2 was consumed. 
Methane gas pressure reached several times that 
of the Martian surface pressure. Methane was 
insignificant in the fixed fugacity (buffered) 
scenario. 

Conclusions/Implications 

A cautionary note on this model - the results are 
only as accurate as the thermodynamic data on 
which it is based. Most thermodynamic data is 
reliable in the upper ranges of alteration, 100 -
300°C. However, the appearance of andradite 
garnet in some of the low temperature 
assemblages hints at potential inconsistencies 

thermodynamic database. Much of 
thermodynamic data is extrapolated from 
experiments conducted at temperatures much 
higher than 25°C. Another potential problem is 
that Geochemist's Workbench also does not 
allow for solid solution of any minerals, not 
even for clays. Zeolite themodynamic data may 
also be inconsistent, as noted by zeolite absence 
in this model where at similar terrestrial 
conditions zeolites have been reported [7,8]. 

Thus, we find that low temperature weathering 
has the capability to store large quantites of CO2 
and HiO. However, further work is needed to 
calculate the potential quantity of HiO and CO2. 

The appearance of carbonates in the fixed gas 
assemblages remains puzzling when compared to 
known Mars mineralogy. The results of the 
Pathfinder mission to Ares V allis reported no 
carbonates at the landing site despite promising 
predictions for widespread carbonate deposits on 
Mars [1, 10, 11]. 
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Figure 1. Fixed Fugacity model for Shergotty at Figure 2. Fixed Fugacity model for Shergotty 
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For above figures, minerals for fixed fugacity model under 5% mass assemblage that were not 
included are muscovite, hydroxyapatite and pyrolusite. Fixed abundance model minerals 
under 5% mass assemblage that are not included on graph are alabandite, annite, calcite, 
FeCr204, hydroxyapatite, pyrite, rhodocrosite and tephroite. 
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