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METAL AND SILICATE MELT MOBILITY IN GARNET-RICH SOLID MATRICES: 
IMPLICATIONS FOR MARTIAN DIFFERENTIATION. L. Gilpin1, D. Draper2, N. Chabot2, C. 
Agee2, 1University of Cincinnati, Department of Geology, Cincinnati OH 45221, 2NASA Johnson Space 
Center, Houston TX 77058. 

Background 
Melt mobility in a solid matrix is fundamental to many planetary magmatic processes. It is controlled by the ability 
of a melt to form along faces or interstices of grains, and to then connect with other melt pockets within a solid 
matrix. Mobility is possible, at low melt fraction, only when melt is present as an interconnected network. 
Understanding how melts are able to form and segregate from within a given matrix is essential for predicting or 
describing both core formation as well as magma generation. 

The same processes govern mobility of both silicate and metal melts within a solid matrix. In a homogeneously 
accreting planet, core formation requires a mechanism for the separation and mobilization of the metal alloys. Two 
differing theories [1] describe either a "rainfall" of metals within a magma ocean to form the core, or a "percolation" 
model in which molten metal forms an interconnected network of pathways within a solid silicate matrix, otherwise 
known as wetting. Once this network is established, the metal could then just drain away from the silicate to form 
the core. Silicate wetting is equally important for its control of magma generation. In order for silicate partial melts 
to aggregate and ultimately erupt, they must first separate from their source rocks. 

Previous studies in this area have been done using primarily olivine matrices, as olivine is the most abundant mineral 
in the Earth's upper mantle. Martian meteorites show characteristic depletions in aluminum relative to chondrites 
suggesting that there is a complementary aluminum-rich reservoir within Mars. It is thought that garnet and its 
higher-pressure form, majorite, could have played a role in the production of these features, which appear to be 
characteristic for the planet. In contrast, garnet plays a more subordinate role in terrestrial mantle magmatism. This 
is the first wetting study to focus on garnet and is intended to help constrain processes of Martian planetary 
evolution. 

Accordingly, we have begun this study in an attempt to understand how both metal and silicate melts behave within a 
garnet matrix. In order to assess the effect of pressure and composition on the wetting abilities of iron and silicates, 
we have performed experiments over the range of 5 to 9 GP a on two natural garnet compositions and a range of melt 
compositions. Although monomineralic garnet matrices likely do not occur in natural planetary mantles, it is useful 
to begin this assessment with the comparatively experimentally simple monomineralic approach before moving to 
more realistic, and more complicated, assemblages. 

Experimental Method 
Starting Materials and Experimental Apparatus: All experiments were done in a Walker-style multi-anvil device 
using castable MgO octahedra, crushable alumina inner parts, and rhenium heaters. Full details of the experimental 
setup can be found in Agee, et al. [3]. All sample material was ground under ethanol in an agate mortar to an 
average grain size of 5-1 0µm and packed into either graphite or alumina capsules. 

Several starting compositions were mixed with either Py63Alm24Gro13 or Py46~ 1Gro13 (abbreviated as Py63 and 
Py46) and are summarized in Table 1. Py63 has more MgO and less FeO than Py 46. 

For the silicate experiments, all at 5 GPa, we used two melt compositions: Homestead, and LS ordinary chondrite 
composition synthesized from reagent-grade oxides and carbonates; and NB219, a powdered natural primitive basalt 

T bl 1 E a e xpenmenta un a IR T bl e 
Matrix 

#Angles Dihedral Run# (Starting Melt Capsule Pressure RunT Duration 
Compositlo (Starting Composition) (GPa) (OC) Measured Angle 

n) 

189 Py-46 25% Homestead graphite 5 1700 8 hours 190 60 
199 Py-63 50% Homestead graphite 5 1700 8 hours 191 49 
204 Py-63 25% NB219 basalt graphite 5 1700 8 hours 131 53 
214 Py-63 15% Fe graphite 5 1700 45min 152 93 
217 Py-63 15% Fe(ll)S alumina 5 1700 45 min 62 100 
219 Py-63 15% Fe alumina 5 1700 45 min 57 99 
221 Py-63 15% Fe graphite 7 1700 45 min 62 99 
222 Pv-63 15% Fe graphite 9 1700 45 min 76 97 
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from southeastern Oregon [4]. For the iron experiments, Py63 was mixed with Fe or FeS. Metallic compositions run 
in graphite capsules incorporated several weight percent carbon during the experiments (inferred from low 
microprobe totals compared to those runs done in alumina capsules) allowing a limited assessment of the effect of C 
on wetting of Fe melts. 

Experiments were run at pressures from 5 to 9 GPa and 1700°C. All experiments were gradually heated and 
pressurized simultaneously. Silicate runs were kept at 5 GPa and l 700°C for 7-8 hours, while metal runs were kept 
at pressure and 1700°C for 45 minutes. Metals experiments were run for a shorter duration because long duration 
runs produced a single sintered garnet grain, and chemical interaction between the garnet and metal was found to be 
minimal. 
Imaging the Run Products: In a monomineralic matrix, the grain boundaries can be difficult to see in thin section, 
especially if the mineral is isotropic. This is the case with garnet. Few grain boundaries can be seen unequivocally 
either in backscattered electron imaging, or in thin section. It is essential to see the grain boundaries because 
dihedral angle measurements (described in next section) must be taken at the 
triple point between two grains and melt. However, since there is slight 
zoning between the cores and rims of garnet grains (largely formed during 
quenching), it is possible to produce chemical maps of these features using 
an electron microprobe. Another problem is that the zoning is so slight in 
most cases that it is difficult to see a distinctive change in just one element. 
Using the IDL algorithm in the Noesys imaging and data program, it is 
possible to bring out the individual grains by using mathematical 
combinations of elemental abundances as measured by the x-ray maps, such 
as Fe/Mg ratios. These data, although not quantitative, are quite sensitive to 
small compositional differences and are at least internally consistent. Thus 
the identification of mineral grain boundaries is considered to be fairly 
robust. 

At the same time though, it is very important to be able to distinguish the Figure 1 Chemical ratio map of 
melt clearly from any solid phase. To do this, an element that is more Run 221 showing Mg/Ca+(I0*Fe) 
abundant in the melts than the solid (i.e. Fe for the metal melts or Na for 
the silicate melts) is amplified and then added to the ratio map. 
In imaging all of the metal experiments, for example, we used the following expression: 

(Mg + Ca) + {10 * Fe) 
The resulting chemical map is shown in figure 1. 

One issue resulting from using chemical maps to measure angles is that the images tend to be more pixellated than 
the backscattered electron images. This is still a factor even when using a 1 µm resolution while mapping. However, 
we feel that our error is still near the accepted 10-degree range. 
Dihedral Angle: Statistical analysis of dihedral angles was used to determine whether melts would be able to wet. 
The dihedral angle of a solid matrix is the measure of the ratio of grain boundary energies to interfacial energies 
between solid and melt. The critical angle of 60° determines the mobility of a low-degree melt; a dihedral angle over 
this value indicates that melt will remain in isolated pockets within the matrix, whereas a value below 60° indicates 
that the melt will be able to separate itself from the matrix by means ofan interconnected pathway. 

The dihedral angle is obtained by measuring apparent angles through a polished surface of the final run product. 
Since the plane cut through the sample is arbitrary and the melt pools are randomly oriented, most of the angles 
measured are either greater or lesser in value than the true angle [ 6]. Therefore many apparent angles are measured 
and compiled into a histogram. The measured angles form a distribution about the true dihedral angle. Generally, 
the true dihedral angle is very close to the median value of the histogram. In this study, angles were measured using 
the protractor function in the Scion Image program. 

Results and Discussion 
A chemical ratio map was produced for each experiment listed in the run table. The dihedral angles were measured 
and compiled into individual histograms. The histograms produced from the silicate experiments are systematically 
different than those produced from the metal experiments. An example of each is show in figure 2. Pressure seems 
to have little or no effect within the 5 to 9 GPa range. Figure 3 shows the carbon-bearing metal experiments from 5 
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to 9 GPa as well as results from a previous study of liquid Fe-Ni-Sin a solid silicate matrix (Homestead composition 
crystallizing into olivine and two pyroxenes) [5]. Both data sets show very little variance with pressure, however it 
appears that the garnet matrix experiments overall have a lower angle than the olivine matrix experiments. 

All of the silicate experiments produced wetting textures, though the values are close to the critical 60° cut-off. The 
compositional effect of the melt appears to be minimal over the compositional range investigated, as all three 
experiments with varying compositions and ratios appear to be able to form an interconnected network of melt. 
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Figure 2 Dihedral angle versus pressure for this study as well as 
Figure 3 Dihedral angle histograms for a metal and Shannon [5] data. Pressure shows very little effect on the angle, 
silicate run. Metal experiments show a broader however it appears a garnet matrix produces a slightly lower value. 
distribution than silicates. 

Conversely, all of the metal experiments produced non-wetting textures. However, compos1t1on may be more 
influential in the metal runs. The carbon-bearing iron melt appears to have a slightly lower dihedral angle as 
compared to a carbon-free iron melt at the same pressure. The difference is still within our range of error and so this 
cannot be said definitively until our range of error is reduced. Yet, there seems to be no difference in dihedral angle 
between the carbon-free and sulfur-bearing iron melts. Thus, we find that incorporation of the light elements C and 
S into Fe does not lower dihedral angles sufficiently to form an interconnected network. 

All of our results are within an estimated range of error of ±15°. We plan to narrow down the range of error by using 
different imaging techniques, perhaps in combination with etching of the run product surfaces, in the future. 

Conclusions 
Experiments performed over the pressure range 5 to 9 GPa on liquid iron in a garnet matrix have an average dihedral 
angle of 96°. Moreover, there seems to be no measurable depth effect on the dihedral angle. This result suggests that 
at these pressures, core formation by percolation is not feasible within a solid non-deforming garnet matrix. At the 
same time, percolation at higher pressures is not ruled out as garnet undergoes the majorite transition. 

Similarly, silicate melt composition appears to have little effect on wetting in our experiments performed at 5 GPa on 
silicate melts within a garnet matrix. The average dihedral angle of 54° for the silicate melts indicates that magma 
generation and percolation at this pressure is feasible in a garnet matrix. 

This initial study on the contribution of garnet to the wetting properties of mantle lithologies can form the basis for 
additional experimentation with multiphase solid matrices (e.g. garnet plus olivine) that are more realistic. But our 
preliminary work suggests that the presence of substantial amounts of garnet does make melt connectivity more 
feasible, at least for metallic melts. The values obtained for silicate melts are close to the critical angle of 60°, so 
further work on garnet-silicate wetting may yet show that such contribution is more important for silicate melt 
mobility. 
Aclmowledgements 
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PETROLOGY OF THE CUMULATE EUCRITE SERRA DE MAGE. 
Kevin Goldman1 

1Arizona State University, 
Advisor: Dr. Allan Treiman, Lunar and Planetary Institute, Houston TX 77058, USA 

Introduction 

Serra de Mage is a cumulate eucrite meteorite that 
was found in Brazil in 1923. It belongs to the HED 
suite of meteorites, which are rocks that come are 
produced from basaltic magmas. The source of these 
rocks is generally believed to be the asteroid 4-Vesta. 
Spectroscopic studies of the asteroid surface 
performed by the Hubble Space Telescope in 1994 
revealed a reflectance spectrum belonging to the 
mineral pyroxene (9) that greatly resembled the 
reflectance spectrum of the HED meteorites. In fact, 
all members of the HED family were identified as 
large, geologic features on the surface of 4-Vesta (5). 

Workers have done experimental petrology 
to try and duplicate what they see in Serra de Mage 
(15), studied the REE distribution in the meteorite (3, 
7), and done comprehensive works of several 
eucrites, including Serra de Mage (6). No published 
work has focused on the petrology and petrography 
of thin sections of Serra de Mage for one study (6) 
did produce an excellent base for continued work, 
though. 

In this work, electron microprobe analysis 
and petrographic microscope techniques were used 
on three thin sections of Serra de Mage to understand 
the petrography and petrology of this cumulate 
eucrite. Several features have been documented, 
including the texture seen in the sections, silica 
veinlets of uncertain origin, rounded pyroxene grains, 
and complex exsolution patterns. The EMP analyses 
reveal the mineral chemistry and agree with bulk 
analyses already completed on Serra de Mage. All 
work has increased the available data critical to 
understanding the history of this meteorite, revealing 
something about the magma that produced Serra de 
Mage. 

Methods and Samples 

Three thin sections of Serra de Mage were obtained 
for this work. They are from the Smithsonian (USNM 
839-2), the American Museum of Natural History 
(AMNH 3786-5) and the University of New Mexico 
(UNM-218). 

A Cameca SXlO0 scanning electron 
microprobe was used for all of the mineral analyses 
collected from all three sections. It was also used to 
produce two Ca maps of the pyroxenes in the UNM 
section. A petrographic microscope was used to 

examine the sections and showed the unusual 
petrology of Serra de Mage, including its texture, 
veinlets, rounded pyroxene grains and complex 
exsolutions. 

Results 

The mineralogy of Serra de Mage is typical 
of eucrites and basalts. Clinopyroxene, 
orthopyroxene, and plagioclase clearly dominate the 
sections (Table 1). Accessory minerals include 
chromite, a silica polymorph, iron sulfide, ilmenite, 
iron metal, and 

pyroxene plagioclase silica opaques total counts 

USNM 26 
AMNH 47.38 
UNM 45.72 

AMNH* 32.1 

72.5 
51.19 
53.28 
64.7 

0.5 1 
0.42 1 
0.31 0.69 
0.8 tr 

Table 1. Modal analysis of Serra de Mage. 
* from (4) 

1906 
4063 
3198 
1000 

possibly potassium feldspar. Some workers indicate 
the presence of phosphates (10, 11) and rare zircon 
(11). (6) reported the presence of cristobalite, 
tridymite, and quartz among the silica polymorphs in 
eucrites, but did not specify which occurred in Serra 
de Mage. Troilite is often seen as an iron sulfide in 
eucrites (10) and is seen in Serra de Mage (11). 

Serra de Mage shows poikilitic or 
poikilophitic (8) textures instead of the classic 
settling cumulate texture seen in (19). 

Cm-sized pyroxene grains dominate the 
sections. As some minerals go to extinction, it 
appears that several crystals of pyroxene have the 
same crystallographic orientation. This suggests that 
the pyroxene grains (seen at extinction) were all part 
of a single three-dimensional mineral that swallowed 
mm-sized plagioclase crystals. The texture appears 
very spongy in thin section and resembles the texture 
seen in (18) and in Fig. 1. 

Pyroxene grains show sub-solidus 
exsolutions that range in size and shape. Shapes are 
generally either parallel-line exsolutions or blebby, 
worm-like textures (12). Lengths range between less 
than 0.01mm and at least as long as 2mm. Widths of 
the parallel-line exsolutions range from a few 
hundredths of a millimeter to 0.025mm. Many 
opaques are found near the exsolutions. 
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The plagioclase crystals are relatively 
equant grains between 0.1mm and 5mm in diameter 
and are scattered within and around the pyroxenes. 
Some grains are rounded to sub-rounded and most 
show 

Figure 1. Poikilitic texture. Rounded to sub-rounded plagioclase 
grains locked up in pyroxene oikocryst with complex exsolution 
patterns (UNM). Scale x-polars 

polysynthetic twinning. 
Rounded pyroxene grains are poikiolitically 

enclosed by plagioclase oikocrysts. These grains are 
about 0.02mm in diameter. Some show exsolution 
lamellae. 

A silica veinlet 1.5mm in length was 
observed on section AMNH (Fig. 2). It appears to 
have been deposited along a crack traceable (with 
some difficulty) throughout the section. The other 
sections were examined more carefully for similar 
features. In all sections, traceable cracks (again, with 
some difficulty) exhibit regions of silica deposition. 
However, no other regions on any sections display 
silica with similar looking structure. The silica 
appears to have grown radially inward from the 
"walls" of the surrounding pyroxene. Adjacent to a 
plagioclase grain about 0.4mm at its widest point, 
other minerals are found in the center of the silica 
veinlet including iron sulfide, clinopyroxene, 
orthopyroxene, and plagioclase. 

In addition to the silica veinlet, patchy blobs 
of silica were seen in the sections. These patches 
were also seen to contain orthopyroxene, 
clinopyroxene, iron sulfide, and chromite. Chromite 
and ilmenite are seen in juxtaposition with the veinlet 
and the blobs. 

Minerals are chemically homogeneous. 
There appears to be no chemical zoning in any of the 
plagioclase or pyroxene. From one place to another, 
there doesn't seem to be much variation within 
individual grains, but there is variability in mineral 
composition on individual grains at different parts o 
the sections. The minerals also show a slight 

compositional variation from one thin section to and 
was also analyzed. 

Discussion 

Figure 2. Portion of the silica veinlet in thin section, crossed 
polars; light and dark banding show silica grains are elongate 
perpendicular to veinlet edges. Field of view -0.03rnm. 

The cumulate eucrites include Serra de 
Mage, and other meteorites (e.g., Binda, Moama, 
Moore County). The parent magmas of the cumulate 
eucrites are not known. It was initially thought that 
they were unusual, not seen among basaltic eucrites, 
in being highly enriched in REEs to satisfy 
mineral/magma partition coefficients (7, 12, 15). 
However, the mineral/magma partition coefficients 
may have been applied incorrectly (17). Using mass 
balance, (18) showed that the cumulate eucrites could 
have formed from magmas like the known eucrite 
magmas. 

Detailed information regarding mineralogy 
and petrology of Serra de Mage can be found in 
many of the works referenced here (i.e., 3, 6, 7, 10, 
12). However little has been said about the texture of 
this meteorite. 
It is not clear that cumulate eucrites formed by 
typical "cumulate processes", like crystal settling or 
loss of late-stage magmas (2a), although their 
chemical compositions are characteristic of 
cumulates (excess pyroxene or plagioclase 
components compared to those of a eucrite basalt). 
The textures of Serra de Mage do not appear like 
those of typical terrestrial cumulates in that they 
show no obvious signs of crystal accumulation (like 
by settling or flotation ( 14)). Rather, the pyroxenes in 
Serra de Mage are spongy and poikilitic, and enclose 
rounded inclusions of plagioclase, opaques, and 
silica. Similarly, the plagioclases of Serra de Mage 
contain rounded inclusions of pyroxene. The 
process(es) that could have produced the textures 
seen is uncertain. 
When trying to obtain quantitative analyses, data 
should be taken from several samples or large enough 
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Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Cr2O3 MnO FeO Total 

USNM 0.00 19.07 0.39 51.72 0.00 1.07 0.18 0.17 0.89 25.21 98.70 
0.01 19.72 0.46 50.99 0.01 0.91 0.16 0.18 0.89 25.13 98.46 

OPX AMNH 0.01 18.38 0.42 50.64 0.00 0.92 0.21 0.16 0.92 26.54 98.19 

UNM 0.00 19.91 0.41 51.82 0.00 0.94 0.16 0.20 0.87 25.14 99.46 
0.00 20.11 0.39 51.94 0.00 0.91 0.14 0.18 0.88 25.00 99.55 

USNM 0.04 13.72 0.61 52.13 0.00 22.07 0.24 0.27 0.40 9.65 99.15 

CPX AMNH 0.04 13.16 0.65 51.15 0.01 21.99 0.32 0.26 0.44 10.53 98.54 
0.04 13.35 0.66 50.96 0.01 22.11 0.32 0.26 0.43 10.32 98.46 

UNM 0.03 14.08 0.38 52.86 0.00 22.58 0.13 0.17 0.36 8.63 99.22 

USNM 0.58 0.01 36.05 44.31 0.01 
PLAG AMNH 0.45 0.00 35.89 42.90 0.01 

UNM 0.50 0.00 36.28 43.93 0.01 

Ilmenite USNM 0.00 2.12 0.04 0.05 
Table 2. Microprobe data. 

samples to lessen the possibility of gammg non-
representative information. Table 1 makes it clear 
that three thin sections of the same rock can be very 
different. Also, the minerals are chemically 
homogenous·on a small scale, but there are chemical 
differences from one mineral to the next, and in fact 

from one thin section to the next (Table 2). 
As (13) found, too small a sample of rocks can be 
inadequate for use in chemical studies. In fact, to use 
bigger samples, " ... would allow much better 
consideration of the chemical relationships among 
and within suites of rocks ... " The same type of 
consideration should be given when studying rocks in 
thin section. It is clear from this study that one thin 
section is not adequate to acquiring a more complete 
understanding of a rock. Three thin sections might 
still be too few, depending on the complexities of the 
rock involved. 

Although the authors think that the silica in 
the veinlet involved could be agate based on the 
inward radiating structure in Fig 2, there are also 
many uncertainties regarding the silica veinlet that do 
not seem to be easily answered by an igneous 
process. What formed the apparent crack that the 
veinlet is found in? Why isn't it more uniform in the 
thin section? How did the minerals in the center of 
the vein form there? How does a silica-rich vein 
appear in a supposed cumulate system? These 
questions might best be answered with a continued 
analysis of thin sections of Serra de Mage. 
Although Serra de Mage has the chemical 
composition of a cumulate, its formation, texture, and 
features contradict typical "cumulate processes". A 

0.00 

19.31 0.01 0.00 0.01 0.09 100.39 
19.55 0.01 0.00 0.01 0.16 98.98 
19.70 0.01 0.01 0.01 0.15 100.60 

0.08 50.61 1.18 0.99 41.41 96.48 

continued study of its petrography is necessary to 
better understand it its origin and relation to 
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STRATIGRAPHY OF GANGES MENSA, MARS. 
HIGBIE, Meredith A., HERRICK, Robert R., and TREIMAN, Allan H. 

INTRODUCTION: STRATIGRAPHY: 
Interior layered deposits are mesa 
structures scattered throughout Valles 
Marineris, Mars. The origin of these 
deposits is still ambiguous, even after 
preliminary study of Mars Global 
Surveyor data. Many theories have been 
proposed for their origin, the most likely 
being volcanism (subaqueous or 
subglacial) and lacustrine deposition. 
Ganges Mensa, located at -7.5 N, -49.0 W 
Ganges Chasma in eastern Valles 
Marineris, Mars, is approximately 100 km 
long, 50 km wide, and, in parts, stands 4 
km high. Investigating the layers and their 
contacts via a stratigraphic column will 
hopefully help in the understanding of 
their origin. 
METHOD: 
Coregistering the Viking Mars Digital 
Image Map (MDIM, 233m/pixel 
resolution), 13 Mars Orbiter Camera 
(MOC) narrow-angle swaths of the 
Mensa, and Mars Orbiter Laser Altimeter 
(MOLA) data allowed examination of the 
stratigraphy of the deposits. The MOC 
images have 1 - 10 m resolutions and are 
up to 25.2-km along track and 2.8 km 
cross track. MOLA footprint spacing is 
~ 300 m along track, cross track spacing is 
~ 2 km in the study area, and vertical 
accuracy is ~1 m. Because the Mars 
Global Surveyor coordinate system is 
different from the Viking MDIMs, some 
of the data alignment relied on manual 
shifting within a Geographical 
Information System (GIS). The MOLA 
points were projected in a sinusoidal grid 
and the Viking MDIM (also in sinusoidal 
projection) was manually shifted over the 
MOLA data. The MOC swaths were 
aligned by matching the camera's starting 
and ending times with the corresponding 
MOLA points, then slightly shifting them 
manually for best match in comparison 
with the MDIM. 

The west south-facing side (Figure 1) of 
the Mensa is the primary focus for 
determining stratigraphic/ geomorphic 
units. The eastern plains and massif 
appear to have different geomorphology 
and will be studied later. Analysis focused 
on two MOC swaths of the south-facing 
slope (m0400323 and m0702620) which 
are used as type sections for the units 
described below. Differences in albedo, 
slope angle, and erosion style mark the 
individual layers and therefore are more 
accurately referred to as geomorphic units 
instead of lithologic. We have tentatively 
assigned unit names as tributaries of the 
Ganges river. 
Desm'ption: 
The floor of Ganges Chasma adjacent to 
the south face of the Mensa is extremely 
dark and is relatively horizontal. The fine-
grained, probably sand sized material 
abuts the Mensa and overlies its deposits. 
in places knobs of bedrock protrude 
through the sand. 
At the base of the Mensa, the medium 
albedo Gandak Formation is overlain by 
the sand. The Gandak is composed of 
thin layers, each of which is exposed over 
tens of meters. Its almost horizontal 
topography has mesas and ridges that are 
separated by medium gray sand that forms 
longitudinal dunes that are also abundant 
at its upper contact. 
Moving north up the Mensa, The 
Brahmaputra Formation has high albedo 
and is characterized by kilometer long, 
thin, widely spaced yardangs trending NE-
SW. Between the yardangs are rounded 
troughs that often have sand dunes. The 
overall topographic slope of the 
Brahmaputra is roughly 10 degrees. 
Within the Brahmaputra itself, there are 
subtle layers that appear to be horizontal. 
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FIGURE 1: Ganges Mensa approximately 100km long: A) Eastern high plains B) Eastern massifs 
C)West face D)Layered south face E) Layered north face 

The Brahmaputra underlies the deposits 
of the Gandak because the latter embays 
the former. 
Above the Brahmaputra, the Tista has 
shorter (1 00s of meters) yardangs in 
greater abundance and are more closely 
spaced than the Brahmaputra's. Near the 
top of the unit is a horizon with 
prominent knobs. The overall topographic 
slope of the Tista is roughly 20 degrees. 
The contact between the Tista and the 
underlying Brahmaputra has subtle layers 
appears conformable. 
The top of the Tista is marked by an 
abrupt break in slope and has a few small 
(tens of meters) yardangs widely spaced 
with sand build up in between that forms 
E-W longitudinal dunes. 
The Y amuna overlies the Tis ta with 
smaller, shorter yardangs with sand filled 
troughs. Moving upward, the yardangs 
become shorter and sparse as the amount 
of sand increases. Some sections show 
E/W trending ridges that are similar to 
the Gnadek's. 
The next unit is the Gomti, which is 
characterized by long, thin, widely spaced 

yardangs trending NE-SW, and sand 
dunes are still abundant in troughs. 
The Mensa top has large spans of 
longitudinal sand dunes with linear and 
circular depressions. 
The distinctly steeper north face has 
subtle slope breaks that, unlike the south 
face, do not correlate with layers. The 
layers of the north face are marked by 
contrasting albedo changes. The dark 
sands, seen on the Mensa top and 
southern floor, are more abundant on the 
north face despite its steeper slope. Highly 
reflective, fine, subparallel layers seen in 
~ 1 00m packages form waves and rough 
semicircles but have no apparent large-
scale pattern. The layers of the north face 
is not exposed enough to correlate with 
any of the layers on the south side. 
DISCUSSION: 
The dissimilar layers and erosion styles of 
the interior layered deposits and the Valles 
Marineris canyon walls show they are 
composed of different materials[l]. The 
two most popular theories of the layered 
deposit's ongm are subaqueous or 
subglacial volcanism and lacustrine 
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deposition. The mesa's appearance 1s 
similar to Icelandic table mountains 
deposited by vents under glaciers. The 
Mensa's composition of horizontally 
bedded, laterally continuous, alternating 
dark and light bands is reminiscent of 
deep lake deposits and the difference in 
elevations between the north floor and 
south floor is minimal. 
Stratigraphy has shown the Chasma floor 
and the Gandak layer are older than the 
Mensa, and therefore the Mensa has 
experienced at least two periods of 
erosion separated by deposition. At this 
time during our study we see no evidence 
for tilting or unconformities in Ganges 
Mensa. 
Further analysis includes correlating the 
units to the remaining sections of the 
Mensa and further analysis of unit 
contacts. This impending, more detailed, 
investigation of the data will hopefully 
shed more light on the depositional 
environment of these deposits. 
References: [1] Lucchitta, B.K. et al. 
(1994) JGR 99, 3783-3798. [2] Lucchitta, 
B.K. (2001) Lunar and Planetary XXI 
Abstract. 
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MODELING THE SOLIDIFICATION OF MAGMATIC IRON METEORITES USING EXPERIMENTAL 
CU PARTITIONING. 
S. Hongsresawat1, N. L. Chabot2, J. H. Jones2, 1The Department of the Geophysical Sciences, The University of 
Chicago, 5734 S. Ellis Ave., Chicago, IL 60637. (shongsre@midway.uchicago.edu) now at Department of 
Geosciences, Princeton University, Princeton, NJ 08544., 2Johnson Space Center, NASA, Mail Code SR, Houston, 
TX, 77058. (nchabot@ems.jsc.nasa.gov) and (jjones2@ems.jsc.nasa.gov). 

Introduction: The purpose of this study is to try 
to understand the crystallization process of magmatic 
iron meteorites. The parent bodies of magmatic iron 
meteorites are believed to be objects in space of 
asteroid size. Each magmatic iron meteorite group is 
thought to be the result of fractional crystallization of 
a once completely molten metallic core [I]. 

This fractional crystallization is responsible for 
variations of elements within a given group of iron 
meteorites. The;:se elemental variations are observed 
after performing chemical analysis of iron meteorites 
to obtain concentrations of elements and commonly 
constructing graphs of their values versus Ni 
concentrations [1]. Meteorites that fall in the same 
trend with others belong to the same group. Groups 
IIIAB and IV A represent over 43% of all iron 
meteorites that have been analyzed 

The key to study this crystallization process is to 
determine solid metal/liquid metal partition 
coefficients (D) from experiments. D is defined as 

D(E) = wt%( in solid ma.al) 
wt%(in liquid ma.al) 

(1) 

where D(E) is partition coefficient of element E. 
D of several siderophile (metal loving) elements 

found in iron meteorite, such as Ni, Ga, Ge, Ir and 
Pd, have been experimentally determined and used to 
model crystallization processes inferred to occur 
within asteroidal cores [2,3]. 1n this study we have 
chosen to obtain D(Cu) to model the formation of 
iron meteorite groups IIIAB and IV A. Cu is 
chalcophile element (sulfur loving) and this study is 
the first modeling of a chalcophile element in iron 
meteorites. 

Experimental and Analytical Methods: 
Experimental charges are prepared by mixing Fe, 
FeS, Ni, and Cr20 3, which total almost 100 wt%. We 
add trace of Cu metal (~0.5 wt%) to insure that we 
can measure D(Cu) when electron microprobe 
analysis (EMP A) is done. S concentration is varied 
from sample to sample because we want to obtain 
D(Cu) as a function of S concentration of the 
metallic liquid These mixtures are placed in alumina 
crucibles and sealed in evacuated silica tubes. The 
silica tubes are put in a Deltech vertical tube furnace 
at temperatures of 1015-1420 °C. The duration of 
experiments is decided using experimental conditions 
of previous studies [2,4]. 

Three phases are observed from all experiments: 
a solid Fe-Ni phase, a S-rich metallic liquid and a 
chromite shown in Figure 1. 1n the S-rich metallic 
liquid region, even though the liquid was one 
homogeneous phase at run conditions, quenching 
causes a dendritic te>..iure. Experiments of this study 
are also different from the previous studies [2,4] 
because they are saturated with chromite (FeCr204). 
Chromite is an oxide mineral present in iron 
meteorites. Thus chromite saturated experiments are 
perhaps closer to natural conditions than previous 
studies that were not chromite saturated 

Figure 1. A back scattered electron image of a typical sample. 
There are three phases recovered after quenching. Solid ma.al, 
liquid ma.al and chromite. 

The concentrations of all elements are 
determined by EMP A with two different conditions. 
For solid metal and chromite analysis, a 1 µm 
electron beam with current of 20 nA was used for 20 
s to obtain the concentrations of elements. Liquid 
metal analysis is more complicated. A defocused 50 
µm beam with 20 nA is used to get the average value 
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of S concentration present in the dendritic features. 
The trace amount of Cr in the liquid metal and the 
solid metal analysis are measured with a counting 
time of 60 s and 100 nA or higher current to increase 
the accuracy of the electron microprobe 
measurements. Errors were determined by the 
standard deviations of several microprobe 
measurements. 

Results: Nine experiments were conducted and 
they yielded results as shown in Table 1 and Figure 2. 

Table 1. Experimental conditions and results. 
T" TimeP sr D(Cu) 
1420 3.90 0.53 ± 0.09 

1385 6.91 0.46± 0.06 

1385 5.,0 0.51 ± 0.05 

1350 1432 0.20± 0.04 

1340 13.44 0.32± 0.05 

1325 18.55 0.2ll ± 0.024 

1250 26.13 0.25±0.04 

1150 26.67 0.28 ± 0.07 

1015 29.50 0.17 ± 0.07 

"Temperature of experiments (°C) 
"Time or duration is in units of days. 
'in wt% in metallic liquid. 

D(Cr) 
0.85 ± 0.1 

1.22 ± 0.09 

Nodaa 

0.77±0.1 

0.63 ± 0.08 

0.32 ± 0.026 

0.33 ±0.04 

0.41 ±0.l 

0.07 ± 0.08 
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D(Ni) 
0.924 ±0.01 

0.941 ±0.013 

0.964 ±0.02 

1.069 ± 0.026 

1.039±0.012 

1.162 ±0.026 

1.41 ±0.04 

1.45 ± 0.06 

l.95 ± 0.09 

Figure 2. Partition coefficients of (a) Cu, (b) Cr and (c) Ni. 
Black dots are calculated from data from this study and 
triangles are from previous studies [5, 6). The error bars are± 
lcr, 

Figure 2(a) and 2(c) show that D(Cu) and D(Ni) 
measured from our experiments follow the same 
trends as the previous results. This implies that Cu 

and Ni are good candidates to model the 
solidification of iron meteorites because e;:,,,,JX!riments 
performed in two different conditions, chromite 
saturated and non-chromite saturated, are consistent. 
Unlike D of Cu and Ni, D(Cr) measured from this 
study does not have the same trend as found in 
previous studies. Hence, we will not model Cr for 
this study. 

We further make a polynomial fit to all data on 
Figure 2(a) to obtain an equation for D(Cu) as a 
function of S concentration. This equation will be 
used to model the crystallization of iron meteorites. 
We find that the equation has a form of 

D(Cu)=6.04x10-4(wt%S)2-3.387x10-2 (wt%S)+0.6389. 
(2) 

Because values of D(Ni) in our e;:,,,,JX!riments compare 
very well with numerous data from previous studies, 
we use the same D(Ni) parameterization as in the 
work of [3]. 

Modeling the solidification of iron meteorites: 
The principle of this fractional crystallization model 
is a mass balance equation. The crystallization 
process is broken down into about 10,000 steps. For 
each step, a fraction of molten liquid material gets 
crystallized, growing a solid core of an asteroid-size 
object. The equation is shown in [3] with the form; 

L 5 (E) 
L(E)-~--'--~ - (1- f + JD(E)) 

S(E) = D(E)xL5 (E) 
(1- f + JD(E)) 

(3) 

where L(E) and S(E) are concentrations of an 
element E that we are calculating in liquid and solid 
cores respectively. L,(E) is the starting liquid 
concentration of each step; f is the mass fraction that 
solidifies; and D(E) is the solid metal/ liquid metal 
partition coefficient of the element of interest. L(E) 
that is calculated in one crystallization step is the 
starting L,(E) of the ne;:,,,,1 consecutive step. This 
calculation ends when the liquid core reaches the Fe-
FeS eutectic composition. 

We run the model using the starting 
compositions in Table 2. With these concentrations 
of three elements, we hoped to obtain Cu vs Ni trends 
of a completely solid core of an iron meteorite parent 
body that look similar to Cu trends of natural iron 
meteorite groups IIIAB and IV A 

Table 2. Starting model compositions 
Group Cu Ni 

(ppm) (wt%) 
IIIAB 500 7.6 
IVA 250 8 

s 
(wt%) 

12 
4 
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Discussion: Results of our crystallization model 
are shown in Figure 3. Both trends of Cu vs Ni that 
we produce differ from those trends in both the IIIAB 
and IV A groups of iron meteorites. In Figure 3 (a), 
the calculated Cu vs Ni trend has a wide-angle U-
shape, but when compared to a quite scattered IIIAB 
data, the calculated trend fit poorly in the higher than 
9 wt% Ni. However, only the last 10 crystalization 
steps of our calculation yield these points in this 
region. Hence the first half of the trend line is more 
important because it represents over 80% of the total 
crystallization process. In this region of less than 9 
wt% Ni, the calculated trend fits the IIIAB data 
better. 

Because of the unusual, but interesting S-shape 
Cu vs Ni trend of the IV A iron meteorites, it is hard 
to produce this trend from our calculation. As shown 
in Figure 3 (b), this S-shape trend is increasing in two 
regions of 7-8 and 9-10 wt% Ni and is decreasing in 
the region from 8 to 9 wt% Ni. The calculated Cu vs 
Ni trend only produced one increasing region and one 
decreasing region. The maximum of this model trend 
also differs from the S-shape IV A trend by 0.5 wt% 
Ni. Unlike the calculated trend for IIIAB iron 
meteorites, only about 50% of the calculated points 
are in the region of 7.2 to 8 wt% Ni where our 
calculated trend fits well the IV A iron meteorites 
best. 

Summary: Solid metal/ liquid metal partition 
coefficients of Cu were measured from chromite 
saturated experiments. The experimental results 
show that D(Cu) measured from our experiments 
agree well with previous non-chromite saturated 
experiments. The polynomial equation of D(Cu) as a 
function of S-concentration is obtained using ours 
and previous results. This D(Cu) equation is further 
used to model the fractional crystallization process of 
Cu for IIIAB and IV A iron meteorites. The equation 
for D(Ni) as a function of S-concentration is from the 
previous study [3]. Some portions of the model 
trends do agree with the iron meteorite trends. 
However, the result from modeling does not agree 
well with Cu vs Ni trends for both IIIAB and IV A 
iron meteorites over the whole range of Ni 
concentrations. 

Acknowledgements: I would like to thank V. 
Lauer, L. Le and C. Schwandt for assistance on 
experiments and electron microprobe analysis. I also 
thank fellow 200 I LPI interns for discussions and 
numerous assistance about many things. 
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Figure 3. Crystallization trends of Cu vs Ni for group IIIAB (a), 
and IVA (b). Triangle points on graph (a) are group IlIAB iron 
meteorite data obtained from [7-10]. Similarly, triangle points on 
graph (b) are data of group IV A from [11]. 
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CRYSTALLIZATION OF MARTIAN BASALT QUE94201 
Eisuke Koizumi (Dep. of Earth and Planetary Science, Fae. of Sci. Univ. of Tokyo, Tokyo 113-0033, 
Japan); Advisor: Gordon Mckay ( SN2, NASA JSC, Houston, TX 77058) Co-Advisor: Craig Schwandt and 
Loan Le (Lockheed-Martin, Houston, TX 77058) 

INTRODUCTION 
There are currently twenty one meteorites that 

are believed to have come from the Mars. Nine of them 
are basaltic rocks and called basaltic shergottites. 
Although most basaltic shergottites are pyroxene-
dominated cumulate rocks, QUE94201 (found in the 
Queen Alexandra Range, Antarctica in 1994: 12 g total 
mass) is believed to be the first Martian meteorite that 
represents the parent melt composition because it 
contains subequal amount of pyroxene and maskelynite, 
suggesting no cumulus pyroxene [1-3]. Fe Ti Oxide 
compositions suggest that the meteorite crystallized 
under more reducing condition (fO2 = about IW+l) 
than those of other shergottites (crystallized near the 
QFM buffer) and of terrestrial basalts [1]. 

Pyroxenes in QUE94201 are extensively 
zoned and consist of magnesian pigeonite cores 
mantled by magnesian augite bands, followed by Fe-
rich pigeonite rims (sometimes, pyroxferroite). This 
zoning pattern is not seen in other basaltic shergottites, 
but is similar to those in some lunar basalts (e.g., [4]). 
Mantling pigeonite by augite reflects enhanced Ca 
concentration in residual melt due to suppression of 
plagioclase, and Fe-rich pigeonite is due to onset of 
plagioclase [l]. This suppression and sudden onset of 
plagioclase was due to rapid metastable crystallization 
from an undercooled magma [1,2,5]. For this extreme 
zoning, cooling rate of >0.5°C/day is necessary [2]. 

Thus, QUE94201 is a unique Martian basalt, 
and is an important sample for understanding Martian 
magma compos1t1ons. In this study, I performed 
crystallization experiments by using synthetic glass that 
has the same composition as QUE94201 in order to 
improve our understanding of the crystallization history 
of this meteorite and to verify whether QUE94201 
represents its parent melt composition. 

EXPERIMENT 
A synthetic glass having the bulk composition 

of QUE94201 [6] was used as starting material. (Table 
1). Pellets were made by pressing from ~125mg of 
powder starting material, and sintered onto the Pt wire 
loops. Afterward, they were suspended in a vertical 
gas-mixing furnace at NASA Johnson Space Center for 
48 hours to homogenize at 1300°C, later quenched to 
room temperature. Then, they were put back into the 
furnace at the target temperature for minerals to 
crystallize for 48 hours (isothermal experiments) or 
cooled at several cooling rates to various temperature, 

then quenched to room temperature. Experimental 
temperatures were measured with thermocouples 
calibrated by using the melting point of gold (1064.4°C 
). We used CO-CO2 gas mixture to control the oxygen 
fugacity. 

Isothermal (equilibrium) experiments were 
done under various conditions (e.g. fO2, temperature, 
thermal sequence), and all cooling experiments at 
several cooling rates (5, 1, 0.7, 0.5°C/hr) were done 
under log fO2 = IW+l. 
The chemical composition of minerals and glasses in 
the charges were obtained by electron probe 
microanalysis with the Cameca SXlO0 (NASNJohnson 
Space Center), and some charges were also analyzed 
with the chemical map analysis (CMA) technique for 
Mg, Fe, Ca, Al and Ti. 

Table 1. Bulk compositions of QUE94201 and synthetic 
glass starting material 

Bulk composition of Synthetic glass 
QUE94201 composition 

Si02 47.66 49.04 
TiO2 1.92 1.99 
A/2O3 10.14 10.99 
FeO 19.60 17.78 
MnO 0.49 0.51 
MgO 6.33 6.67 
CaO 11.18 11.77 
Na2O 1.46 0.71 
K2O 0.05 0.03 
Cr2O3 0.15 0.09 
P2Os I.OJ 0.42 
Total 99.99 100.00 

RESULTS 
Table 2 shows the phase assemblages at 

1150°C over a range of oxygen fugacities. From QFM 
to QFM-1.5, there are only olivine and spine!. At QFM-
2.0 pyroxene begins to crystallize, and under more 
reduced condition olivine and spine! disappear (Table 
2). Table 3 shows the phase assemblages for a series of 
temperatures at fO2 = I. W + l. Pyroxene appears as the 
liquidus phase at just under l 170°C. At lower 
temperature, pyroxene become more Fe-rich, then at 
1 l 30°C trace of plagioclase began to crystallize. At 
l 100°C and 1050°C, pyroxenes have wide 
compositional range in Ca and opaque mineral 
appeared (at 1050°C). 



14 '01 Intern Conference 

CRYSTALLIZATION OF MARTIAN BASALT QUE94201: E. Koizumi, G. Mckay, C. Schwandt and L. Le. 

Table 2. Phase assemblages under various fO2 at 
1050°C. 
log f 0 2 Phase present 
QFM Glass, Olivine, Spine[ 
QFM-0.5 Glass, Olivine, Spine[ 
QFM-1.0 Glass, Olivine, Spine/ 
QFM-1.5 Glass, Olivine, Spine/ 
QFM-2.0 Glass, Olivine Pyroxene, Spine/ 
IW+J.0 (QFM-2.5) Glass, Pyroxene 
Table 3. Phase assemblages at various temperatures 
at IW+J.0(QFM-2.5). 
Temperature (°C) 
1180 
1176 
1170 
1165 
1160 
1150 
1140 
1137 
1130 
1125 
1100 
1050 

DISCUSSION 

Phase present 
Glass 
Glass 
Glass 
Glass, Pig 
Glass, Pig 
Glass, Pig 
Glass, Pig 
Glass, Pig 
Glass, Pig, Plagioclase 
Glass, Pig, Aug, Plagioclase 
Glass, Pig, Aug, Plagioclase 
Glass, Pig, Aug, Plagioclase, 
Opaque 

As Fig. 1 shows, compositions of pyroxenes 
from isothermal experiments produced a similar 
sequence as QUE94201. Especially pyroxene from 
1150°C run has very close compositions to Mg-rich 
cores of QUE. This supports the idea that the starting 
analog of these experiments has same composition as 
the parent melt of QUE and, therefore, QUE represents 
its parent magma composition. 

The Fe/Mg partition coefficient between 
olivine and melt is shown in Fig. 2 for different oxygen 
fugacities. 

Mg 

CaMg CaFe 
• QUE94201 

----l(----clf--------lf--------lH A 1165C 
o 1156C 

k-~r-~~~---nrl<-~)(----, o 11 SOC 
o 1125C 

k----Jl(--~:----"l!~f!c&-,:-'J(-n::Ji~-~ CD 11 00 C 
D 1050C 

Fe 
Fig. 1. Summary of pyroxene composition from isothermal 
experiments 
Under more reducing conditions, olivine become more 
Fe-rich although this coefficient is commonly believed 
to be fairly constant. The probable reason for this 

' 

change is changing of iron valence from Fe3+ to Fe2+. 

This makes it easier for iron to enter olivine, and this 
might be the major reason that pyroxene replaces 
olivine and spine! under reduced conditions. Therefore, 
oxygen fugacity is very important for this 
meteorite. 
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Fig. 2. Fe and Mg olivine/glass coefficient al various oxygen 
fugacities 

i·, . 

Fig. 3. (A) Photomicrograph 
of pyroxenes of QUE94201. 
(Px = pyroxene, Pl = 
plagioclase) (B) BSE image 
of 5 °C /hr cooling run 
product. (C) BSE image of0.5 
°C /hr cooling run product. 

'<'~--... .. 

Fig. 3 is texture comparison between cooling 
experiment charges from different cooling rate and 
between those and natural QUE. Slower cooling 
produces textures that more closely resemble the natural 
sample (e.g .. shape of minerals, zoning pattern of 
pyroxene). These experiments also demonstrate that 
simple single-stage cooling can produce the same 
texture, phase assemblages and chemical zoning as 
pyroxenes in the natural meteorite (Fig. 4). 

The other cooling experiments that were 
quenched at various temperatures during cooling at 
0.5°C/hr give more detailed understanding of the 
crystallization sequence of this meteorite. In these 
experiments plagioclase starts to crystallize between 
1090°C and 1080°C, considerably below the 
temperature of plagioclase appearance in the isothermal 
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experiments. Fig.4 supports the hypothesis that 
mantling pigeonite by augite reflects Ca concentration 
in residual melt due to suppression of plagioclase, and 
Fe-rich pigeonite is due to onset of plagioclase [l]. 
The Alffi ratio also changes at the onset of plagioclase 
(Fig. 5). After appearance of plagioclase, Al/Ti ratio 
drops under the 4/1 line while all pyroxenes that 
crystallized in experiments without plagioclase have 
Al/Ti > 4/1. Furthermore, the maximum Al and Ti 
contents are in pyroxenes from the most rapidly cooled 
experiments. The fact that the maximum Al and Ti in 
QUE94201 pyroxenes is lower than that in our most 
slowly cooled experiments (0.5°C/Hr) suggests that 
QUE94201 cooled at a rate less than this, in agreement 
with estimates based on diffusivity arguments [2]. 

Mg 

CaMg CaFe 

• OUE94201 ___ _,,_____,.. __ __,._. 1::,. 900C 

I-__:¥-~~~;;;._~~~ o 1050C o 1070C 
o 1080C 

J--~--¥-i;gcJJ?rF,~~~~ t:,. 1090C 

Fe 
Fig. 4. Summary of pyroxene composition of cooling experiments 
(0.5 "C 1hr). 
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Fig. 5. AI-Cr+Na vs Ti in pyroxene of cooling experiments (0.5 "C 
1hr). All elements are normalized 6 oxygen 

CONCLUSIONS 
In summary, these experiments lead us to the 

following conclusions: 
1. The presence of olivine as a liquidus phase at 

higher oxygen fugacities and its absence in the 
meteorite supports the idea that QUE94201 
crystallized at oxygen fugacities lower than 

those estimated for other martian meteorites 
and terrestrial rocks. 

2. The similarity of experimental pyroxene cores 
to those in the natural sample supports the idea 
that QUE94201 represents a melt composition. 

3. Simple linear cooling experiments yield 
textures and zoning patterns similar to those in 
QUE94201 supporting the idea that this 
sample had single-stage cooling history. 

4. Delayed nucleation of plagioclase and augite 
in cooling experiments result in crystallization 
from oversaturated melts, yielding the 
pigeonite-augite-pigeonite zoning patterns, as 
proposed by [2]. 

5. The abrupt decrease in Al/Ti in pyroxene 
serves as a strategraphic marker for the 
appearance of plagioclase. 
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Introduction 
Features reminiscent of rain-carved valley 

networks are visible from orbit images over much of 
the ancient (Noachian) terrain on Mars [1] (Fig. 1). 
While on today's Mars liquid water cannot exist on the 
surface, valley networks may imply that liquid water 
flowed freely for extended periods of time, and a 
hydrological cycle was present which re-supplied the 
landscape through rain. Various theories to produce the 
fluvial features under a cold and wet Mars conditions 
have been proposed [2, 3). One proposal is that of 
ground water sapping, the water being recharged by 
impacts rather than by rain as on the Earth, producing 
isolated sources of water which proceed to erode and 
carve channels. Determining whether it rained on Mars 
has important implications for its climate history, and 
the possibility of life arising on early Mars. 

The uncertainty in determining the formation 
process of the valley networks is largely due to the lack 
of an objective method to determine the formational 
cause of the systems, rather than relying on visual 
observations and subjective comparisons to Eruth fluvial 
systems. We suggest that an objective way of 
determining whether rain was present on Mars, and 
therefore may have influenced the formation of the 
valley networks, may be through the analysis of the 

Figure 1. A classic example of a valley network which 
strongly resembles rain-formed river networks on the Earth. 
The image is centered on about 45 .5°S, 267 .5°E and is about 
180 km across. 

fractal patterns apparent in the way the landscape would 
drain (Fig. 2). 

Fractal Patterns in River Basins 
Terrestrial landscapes have consistently shown 

to drain in a fractal pattern, with very similar fractal 
characteristics [ 4 ]. Probability distributions describing 
the drainage network, represented by power laws, are 
thought to uniquely describe the geomorphology of the 
landscape. 

The distributions are the exceedance 
probabilities of drainage area, of tributary length (a 
tributary being defined from a link to the boundary of 
the basin), and of energy expenditure per unit length of 
link (which is proportional to Q Vz(A), flow times slope). 

The exceedence probability of drainage areas 
represents the distribution of area of nested sub-basins. 

The exceedence probability of the tributary 
length is the distribution of longest lengths from a given 
point on a network to the basin boundary (Fig. 3). 

The exceedence probability of the energy 
expenditure is the distribution of potential energies, flow 
times slope, throughout the network. A large potential 

Figure 2. A DEM of the same regions as Fig. 1. The 
extracted drainage network is superimposed. Note that 
the extracted network closely follows the fluvial features 
seen in the photograph. 



energy can be the result of a small flow through a steep 
slope or a large flow through a small slope. River 
networks have been found to be least energy structures, 
which evolved to such a state through the process of 
self-organization. Therefore, rain is expected to erode 
the terrain in such a pattern as to minimize the slopes 
where large flows are present, thereby producing a 
minimum energy landscape [5]. 

Rain formed drainage networks are expected to 
have all of these characteristics and reasonably fall 
within the established values. The observed 
characteristics are consistent with the theory of self-
organized criticalities and minimum energy landscapes 
[6]. 

This study is based on the extension that any 
landscape under a uniform and constant load - in this 
case rain - will exhibit a fractal pattern in its drainage 
network, characterized by indices of the power-law 
probability distributions in the same range as found in 
terrestrial basins. The use of fractal analysis is very 
compelling, since fractals are independent of the 
material they must cut through (given sufficient time), 
the gravity field, or any other physical parameters. The 
only requirement is a constant and uniform loading for 
an extended period of time. 

On the Earth, nearly all landscapes have been 
influenced by rain, including landscapes which 
encompass sapping networks (e.g. Betatakin, Arizona). 
Therefore, the only conclusion that the drainage network 
statistics of the martian networks are likely to be able 
to point to is as to whether rain was present at some 
point in martian history, or if no such hydrological cycle 
occurred. No conclusion can be drawn as to the main 
process which formed the valley networks. 

Probability Distribution of Tributary Lengths .. , ~-----------------.. 
... , 

.,. 

log Length 

Figure 3. Fitting of the power law section of tributary length 
data. The curve is not a power law at small and large lengths, 
because rivers are not infinite fractals and analyzed area is 
of limited size. 
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Figure 4. Locations of Mars sites analyzed in this study 
super-imposed on a Mars MOLA topography map. 
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Method 
The Tardem software was used for the analysis 

of the landscapes [7]. As a first step, any 'pits' apparent 
in the topography are filled in order to create a terrain 
that will drain. On the Earth pits are usually data 
anomalies. Once the filled terrain is available, the 
direction of draining of each pixel is determined, which 
is then used to calculate the drainage area for each pixel. 
Once the drainage areas are constructed, the network 
is identified by defining beyond what threshold drainage 
area a river channel is expected to form. All such pixels 
are considered part of the network. Therefore, the 
analysis does not look at the actual channels that a river 
may carve, but rather at the landscape and terrain that 
are produced as a result of the weathering, or lack 
thereof, in the area. 

Data 
The data used are Digital Elevation Models. The 

maps for the Earth were acquired from the US 
Geological Survey and are of varying resolutions; nine 
sites were analyzed. The South Pole Moon data was 
obtained from Anthony Cook (Smithsonian Institution). 
Mars data was extracted from the current MOLA (Mars 
Orbiter Laser Altimeter) data set and is set to a 500m 
resolution which allows for about 36% filling of the 
Cartesian matrix with data points, while the remainder 
is interpolated. Some anomalies are apparent in the Mars 
elevation maps due to the incomplete coverage, 
however, this usually does not seem to affect the 
drainage network extracted. Distribution of Mars sites 
studied is shown in Figure 4; nine sites were analyzed. 

Results 
All data was analyzed using the Tardem program 

described above. For each landscape we calculated the 
exceedence probabilities of tributary length, drainage 
area, and energy expenditure. The results are shown in 
Figure 5. The outlined rectangle on each graph is the 
expected range of values for Earth rivers [4]. 
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Figure 5. Results of the study: the tributary length, drainage area, and energy expenditure statistics. All Earth networks 
and any extraterrestrial networks formed by rain should fall in the outlined rectangle on each graph, which are the 
expected range of values for Earth rivers. The larger symbols are the averages for that planetary body. 
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Through the analysis for nine Earth drainage 
networks, we aimed to both ascertain that the method 
we are using is consistent with the method used in 
previous publications, as well as establish if our analysis 
showed any deviation from the expected results. 
Through the analysis of landscapes for which all the 
statistics were already published, we can conclude that 
our method is very similar, if not identical to that used 
by Rodriguez-Iturbe and Rinaldo (1997). The points 
inconsistent with the expected values can likely be 
explained by the fact that they are unrepresentative 
landscapes. 

Looking at the planar (2D) properties of the 
network, the distribution of tributary lengths and 
drainage areas, some of the martian landscapes fall in 
the "rain" range (Fig. 5a). 

However, looking at the three dimensional 
properties of the landscape, the distribution of energy 
expenditure per unit length of a link, the martian 
landscapes are clustered significantly away from the 
group of Earth landscapes. Since rain-affected 
landscapes are expected, and observed, to be in 
minimum energy configurations, the lack of agreement 
of the energy statistics of the martian landscapes 
suggests that rain was not a factor on Mars, despite the 
agreement of the planar statistics. 

The significance of the lack of correlation 
between planar and three dimensional statistics is yet 
not fully understood and further analysis is needed to 
determine whether rain was a factor in the formation of 
the martian landscapes. 

The two Moon landscapes analyzed, Hadley 
Rille and the South Pole, were used to determine the 
characteristics of a landscape which is known never to 
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have been exposed to rain. The results show very large 
scatter, which we consider to be consistent with the 
formation of the landscape by a random process - mostly 
the bombarding of meteorites. The scatter of the Moon 
drainage networks data versus the close clustering of 
the Earth data, seems to show that the uniform loading 
(rain) imposed on the Earth landscape has altered the 
terrain in a pointed fashion. 

These results are preliminary, and further 
analysis of the data is needed to determine the 
significance of using fractal statistics to determine the 
evolution and to interpret the geomorphology of a 
landscape. 
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A growing number of Antarctic carbonaceous chondrites experienced both aqueous alteration and thermal 
metamorphism in an asteroidal setting [e.g. 1, 2]. We have examined two new carbonaceous chondrites Y-82054 
_and EET 960 IO for petrographic evidence of these events. Radiochemical trace element data show that they were 
exposed to a late-stage heating event in their parent bodies at mild (400-500 °C) and high temperatures (>900 °C) 
respectively. 
We have also tried to locate fluid inclusions in selected carbonaceous chondrites e.g. Ivuna, Mighei, Murray, 
Sayama and Nogoya in order to determine the precise nature of aqueous alteration fluids. These studies are 
important because they provide insights into post-accretionary processes in asteroidal environments. 

Methods 
Thin sections of both samples were examined by optical microscope, SEM BSE and electron microprobe for 
morphology, texture and mineral chemistry. The analysis of the mineral grains and matrix for major elements has 
been achieved using CAMECA SXl 00 microprobe operated at 15 kV and 30 nA. Backscattered electron images 
(BSE) have been obtained using a JEOL 35C SEM equipped with EDS and operated at 15kV. RNAA 
(Radiochemical Neutron Activation Analysis) data has been obtained using procedures developed by [3]. This is 
based on loss of 15 thermally mobile elements i.e. U, Co, Au, Sb, Ga, Rb, Cs, Se, Ag, Te, Zn, In, Bi, Tl and Cd. 

Mineralogy and Petrology 
Y-82054 is a CM2 chondrite; it contains a variety of clasts, chondrules, silicate-aggregates, sulfides, matrix and Fe-
Ni metal. These chondrules are mainly porphyritic olivine types (Fo85_98), less than 1 mm in size (100 - 600 µm) 
and consist of thin rims (5-40 µm) of Fe-rich phyllosilicates (Fig. 4). Granular and radiating chondrules are also 
present. Zoned olivine-rich silicate aggregates (Fo11-100) are also present within the matrix. Fe-Ni metal grains are 
present within the chondrules and matrix as small ( <20 µm), spherical to sub-rounded grains. Pervasive alteration of 
the chondrules is evident as shown by presence of clusters of Fe-rich phyllosilicates and tochilinite, the latter mainly 
produced by alteration of Fe-Ni metal (Fig. 3). Sulfides are also present as small grains (10-40 µm) of pyrrhotite 
and rarely pentlandite mainly associated with the Fe-Ni metal grains in the matrix. These sulfides are highly porous 
and embayed as a result of extensive aqueous alteration. Phyllosilicates are abundant in Y-82054 and occur as 
partial replacement of chondrules, rims and matrix. Ternary plots (Fig. I) suggest that they are near serpentine 
compositions (some matrix phyllosilicates consist of mixtures of serpentine and smectite) with analytical totals of 
between 83.3-95.4% indicative of mild thermal metamorphism. Apatite and ilmenite are also present within Y-
82054 as minor phases. 
EET96010 is a highly brecciated CV3 chondrite. It mainly consists of relict chondrules, anhydrous silicates, CAi's, 
sulfides and matrix. Chondrules, aggregates and their fragments range in size from l 00 µm to l mm. These relict 
chondrules maintain their initial porphyritic shapes, are olivine rich (Fo74_95) and consist of discrete, phyllosilicates 
globules (Fig. 5). Barred olivine rich relict chondrules of similar composition are also present. Fe-Ni metal grains 
are sparse. Some of these chondrules have discontinuous phyllosilicate rims; however most have been abraded by 
post accretionary brecciation. Anhydrous silicate aggregates (50-300 µm) are also abundant with compositions 
ranging from Fo60_85• Isolated olivine grains ( <20 µm) of similar composition are also present. CAI's (Table l) are 
abundant in EET 960 l 0. We have observed one large aggregate (150 µm in diameter) consisting of diopside 
(Cao 8Mg10Si 19O6), fassaite (Ca0_9Mg07 (Si,Al)i 1O6), spine) (MgA)zO4) and perovskite (Ca09Ti 1 oO3). They occur as 
spherical to sub-rounded aggregates of unaltered spine) coreenlcosing minute perovskite grains and an outer 
diopside layer (Fig. 6). The interstitial spaces within these aggregates consist of diopside and fassaite. Similar large 
(500 µm-1 mm) spherical aggregates consisting of an outer diopside layer and spine) cores are also present 

within the matrix. These aggregates have altered to a high Al-rich phyllosilicate (Table 1). Sulfides (mostly 
pyrrhotite and some troilite) are abundant within EET96010 either as small matrix clusters or enclosing anhydrous 
mineral grains. Phyllosilicates are present as coarse-grained clasts and fine-grained matrix. Ternary plots suggest 



20 '01 Intern Conference Petrology of new carbonaceous chondrites: Okudaira et al., 2001. 

they are mixtures of serpentine and smectite (Fig. 2) with high analytical totals (87.6-100%) indicative of severe 
thermal metamorphism. 

Trace element data shows loss of Cd in Y82054 and Cd, Tl, Bi, In and Zn in EET 96010 suggesting heating 
at mild (400-500 °C) and very high (>900 °C) temperatures respectively. This is consistent with petrographic 
observations. 

Discussion 
Y82054 and EET960 l O experienced extensive aqueous alteration as shown by the variable compos1t10ns of 
phyllosilicates. Alteration of chondrules and rims in Y-82054 resulted in Fe-rich phyllosilicates of near serpentine 
compositions. The major product of alteration of Fe-Ni metal is tochilinite, which appears to be less abundant in Y-
82054 as in typical CM2's probably as a result of thermal metamorphism. Fe-rich phyllosilicate rims typical of CM 
chondrites are also present in Y-82054. There is considerable debate as to the origin of phyllosilicate rims in CM 
chondrites [4,5]. The distribution and compositions of phyllosilicates in Y-82054 appears to be due to aqueous 
alteration and brecciation on the meteorite parent body [5]. Phyllosilicate veins typical of CM and CI chondrites are 
also present in Y-82054 suggesting that aqueous alteration occurred after brecciation. Thermal metamorphism was 
mild as evidenced by the phyllosilicate totals and presence of tochilinite and most certainly proceeded aqueous 
alteration. 
EET 96010 experienced varying degrees of aqueous alteration. The matrix was completely altered to phyllosilicate 
mixtures of serpentine and smectite. Within the chondrules, the mesostasis and phenocrysts were replaced by 
phyllosilicates, but olivine grains remain little altered. These phyllosilicates are present as spherical globules 
probably as products of late-stage aqueous alteration. There is also evidence of a late-stage sulfidization event as 
shown by the presence of relatively fresh sulfide aggregates filling pore spaces within the various clasts. It appears 
that this sulfidization occurred after aqueous alteration and thermal metamorphism. The level of heating in EET 
96010 was very high as shown by the consistently high phyllosilicate totals, which are now close to olivine 
compositions. 

Conclusions 
Y82054 underwent extensive aqueous alteration, which occurred after brecciation in the parent bodies. Mild 
thermal metamorphism occurred after aqueous alteration as evidenced by the trace element chemistry, compositions 
of the phyllosilicates and presence of tochilinite. EET96010 underwent severe heating after aqueous alteration 
resulting in dehydration of the phyllosilicates, which are now near olivine compositions. This level of heating is one 
of the highest so far encountered in carbonaceous chondrites. There appears to have been a late stage sulfidization 
and aqueous alteration event in EET 96010, which did not significantly alter the initially formed components. 
Based on these observations, the thermal histories of these meteorites compared to those of other heated Antarctic 
meteorites [ I ,2] can be ordered as: 

Y-793321 <Y-82054<A-88 l 655<B-7904=Y-86029<Y-82162<Y-86720=EET 96010 

There are possible fluid inclusions in the meteorites that we have studied although more work is required to discard 
the possible effects of water contamination during sample preparation. This work will reveal more about the nature 
of aqueous fluids in their parent bodies. 

Table 1: Selected compositions of CAi's from EET96010 

Species Diopside Fassaite Perovskite Phyllosilicate 
SiO2 52.99 42 .01 0.31 19.13 
TiO2 1.04 7.72 55.30 0.10 
AJiO3 2.87 12.43 1.22 26.92 
FeO 1.14 0.55 0.73 18.85 
MgO 19.07 13.16 0.62 25.88 
CaO 23 .09 23 .75 39.30 0.31 
s 0.01 0.00 0 3.28 

Total 101.23 JOO.I I 97.91 98.98 
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Fig.3. Altered porphyritic chondrule showing 
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Fig.2. EET 960 IO phyllosilicates 

Fig. 4. Chondrule with rim of Fe-rich phyllosilicate 
and Fe-Ni metal (Fe-Ni) in Y-82054 

Fig.6. CAI aggregate showing perovskite (Pv) enclosed 
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Saturn's rings are arguably one of the most stunning 
features of our solar system. Since their discovery by 
Galileo in 1610, two major theories as to their origin 
have been advanced. The first is the idea of 
incomplete accretion, which states that the rings are 
the leftover swirling protoplanetary cloud that did 
not accrete into satellites. However, the incomplete 
accretion theory requires that the rings be, like 
Saturn, 4.6 Ga. Many studies have estimated that the 
rings are no more than a few hundred million years 
old [1]. The second major theory of the origin of 
Saturn's rings, satellite breakup, provides an 
explanation for their apparent youth. 

In the breakup theory, an object (such as a comet) 
impacts a satellite, which forms a ring of debris. The 
problem for Saturn's rings: the rings are interior to 
the Roche limit R,, yet the target satellite must orbit 
exterior to R,. This study will examine the satellite 
breakup scenario to see if collisions and/ or 
gravitational torques can cause this debris ring to 
spread radially into the Roche limit. Since such an 
event could occur at any point in the planet's history, 
it supports observations of the rings' young age. 

The ill-fated satellite used in this simulation was 
modeled on the Saturnian Mimas. With an initial 
mass of 2·Mmimas or 7.6xl022 g, it orbits at about 2.6 
Saturn radii, or halfway between Mimas and the 
Roche limit. These dimensions were chosen with 
the idea that half the ring would move inside R, and 
form a ring, while the other half would remain 
outside and re-accrete to form Mimas. 

An object, most likely an ecliptic comet, impacts the 
satellite strongly enough to spread the material 
outside the satellite's Hill sphere. The minimal 
energy required of this impact can be used to obtain 
some dimensions of the comet itself. If the 
impactor is a comet in a sun-orbiting, approximately 
parabolic orbit, its gravitational potential can be used 
to find a specific energy at infinity of about 5 km/ s. 
Additionally, an impactor falling into Saturn's 
gravitational well from infinity will acquire a velocity 
of approximately 22.0 km/ s. A third factor is the 
satellite's velocity as it orbits Saturn, which is 15.6 
km/ s at 2.6 R,aturn• By adding these velocities in 
quadrature, the relative velocity of the comet at 

impact must be at least 30 km/ s. Since the energy 
from the comet must be sufficient to overcome the 
binding energy that holds the satellite together, this 
velocity can be used to determine the necessary 
comet mass. The binding energy (0.6·G·Mp2/Rp) is 
5.5x1023 J; thus, to move satellite material outside the 
Hill sphere, the comet's mass must be greater than 
l.5x101s g. Taking the comet to be a sphere with 
water density, this mass translates to a radius of ~7 
km. 

The impact must be energetic enough to tum the 
satellite into a collection of icy particles. Once the 
satellite has been impacted, it breaks up into a 
particulate cloud approximately the size of the Hill 
sphere. Within a hundred orbits or so, Keplerian 
shear will spread the particles into a ring with width 
of twice the Hill radius. It is this thin, dense ring 
with which these simulations are concerned. 

The evolution of the ring was governed by 
gravitational interactions, and by collisional damping. 
The particle velocities, originally about 55 m/ s, 
dampen with every interaction. The collisions that 
occur on a time scale of about 0.005·R1/3 orbits (R in 
meters) break the particles apart continuously until 
the random velocity is on the order of the particles' 
escape velocities. The eccentricities of the particle 
orbits are also damped by collisions until the ring is 
only marginally gravitationally stable, i.e., until 
Toomre's parameter Q [2] is about one or two. This 
could take anywhere from 10 to 100 collisions (a few 
orbits), depending on the collisional coefficient of 
restitution, but it certainly happens quickly. 

The parameter Q is given by 

.Q-c Q=--, 
n•G•a 

(1) 

where Q is the angular rotational velocity, cr is the 
surface density, and c is the random velocity of the 
particles. G is the gravitational constant. A disk 
characterized by Q < 1 will be unstable, while disks 
with Q on the order of one are borderline. The n-
body simulations of Saturn's rings run by Heikki 
Salo [3] found the ring to evolve to Q of one or two. 
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Our simulations were thus engineered to have an 
initial Q ~ 1, and they evolved into a Q of 1.5. 

The simulations of this study begin when the ex-
satellite has sheared into a ring, and when the 
velocity damping has pushed Q to ~ 1. The 
maximum number of particles simulated with 
available computing resources was 106• These one 
million particles composed only a subset of the 
hypothetical ring, a step that was necessary to 
resolve the gravitational instability structure. The 
sub-ring modeled was one twentieth of the full ring 
outlined above. For n = 106, the average particle 
(assuming a sphere with density similar to that of 
Mimas) has a radius of about 1 km. Since the 
average particle size ( once the icy collisions have 
done their work) is a few meters, each simulation 
particle can be thought to represent about 106 ring 
particles. To have the proper surface density, given 
by O' = 2nalla·Mang-1, the simulated ring had a width, 
in terms of semi-major axis, of 5.2 km. Initial 
eccentricities and inclinations were on the order of 
10-4. 

In order to advance the narrow, marginally stable 
ring, a second-order \v'isdom-Holman type n-body 
integrator was employed [4]. The mass and width of 
the simulated ring were each one twentieth if the 
total proposed ring. By using such a sub-ring, it was 
possible to resolve the particle wakes that result 
from the gravitational interactions. Since the surface 
density of the simulation is the same, the results 
observed can be taken to represent the full ring. 

A recent simulation of the Moon formation by 
impact [5] reveals some of the density waves to be 
nearly radial. These radial features may allow angular 
momentum transfer within the disk, a factor that will 
require future study. The Moon simulation 
demonstrated that a cloud of debris inside of R, will 
spread outward until a satellite can accrete. This 
scenario of satellite impact, by contrast, advances the 
idea that debris outside R, can spread inward and 
form a ring. And both show similar patterns. 

The results of the 106-body simulation appear as 
Figure 1. Orbit O represents the initially random 
distribution of particles, while the other plot shows 
the ring after 10 orbits. The gravitational wakes are 
striking. 
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Figure 1. Simulation Results. The initial ring 
above shows the initially random distribution of 
particles. Ten orbits later, the interactions have 
grouped particles together by their mutual 
attraction. Strand separation in orbit 10 is on the 
order of 0.001 R,acum• The particle wakes are 
especially pronounced because the distance 
included along the x-axis is much greater than that 
along the y-axis, making the ring structure easier to 
see. A more realistically scaled version appears as 
Figure 2. 
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Within a few orbits, that ring reduces in width by a 
factor of two or so, and then slowly spreads back out 
to its original dimension. (Similarly, the Q of the 
ring system initially drops to 0.6, but after five orbits, 
levels off at ~1.5.) It is not clear whether this 
spreading will continue or whether some kind of 
equilibrium has been reached. Further study is 
necessary. 
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Figure 2. A view of the ring features. Properly 
proportioned, this closer look reveals that the 
wakes are approximately radial and consist of 
many particles. 

In short, the limited simulation results are promising, 
but require more work. Other points requiring 
examination include the probability of impact. The 
likelihood of impact by ecliptic comet has been 
examined for the Galilean satellites [6,7], but such a 
study has not been performed for Saturnian moons. 
Future plans include a reworking of Opik's 
equations [8], similar to that done by Shoemaker [9] 
for Jupiter, to obtain such in impact probability. 
Once it has been determined that catastrophic 
satellite impacts occur frequently enough that they 
could be responsible for Saturn's rings, the 
gravitational instability spreading carries more 
weight. In addition, it is necessary to assess the time 
scale over which the ring is expected to spread. 

While tl1e probability of such an event is yet to be 
determined, a comet impact that would break a 
satellite into a dense ring of debris is not 
inconceivable. The collisions among particles in 

such a ring will damp their random velocities until 
the ring achieves Q on the order of one or two. 
This marginally gravitationally stable ring is 
susceptible to particle wakes. If tl1ese wakes are 
non-axis-symmetric, the gravitational torque 
associated with them may lead to radial spreading of 
the ring material interior to Saturn's Roche limit, 
thereby producing a broad ring. Material that spread 
radially outward from the Roche limit might re-
accrete to form Mimas. Further study is required to 
determine the time scale of such spreading, as it has 
not manifested in these 10-orbit runs. With more 
work and faster computers, we hope to be able to 
better model these instabilities and contribute to the 
question of the origin of Saturn's rings. 
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Introduction 
Desert varnish is a microbially-mediated 

rind that accumulates on exposed rock surfaces in 
semi-arid to hyper-arid enviromnents. Varnish is 
generally Fe-rich (optically red) or Mn- rich (opti-
cally black) and occurs in layers ranging from ~ 1 
µm - 0.5 mm thick (1, 2]. This coating is so hard 
in most cases that it can only be removed by ex-
tensive chipping or sandblasting. Theories in the 
past about the origins of desert varnish have in-
cluded Fe- and Mn-salt deposition, rock sweating, 
groundwater capillary action, and airborne organic 
debris [1], but we now know that varnish forma-
tion is mediated by microbial activity [ 1-4]. 

The large hematite site in Sinus Meridiani, 
near the Martian equator, could be explained as a 
surface coating phenomenon similar to terrestrial 
desert varnish. It is currently being evaluated as a 
Mars sample return site because it may once have 
been favorable for the preservation of evidence of 
prebiotic or biotic processes. Here we are investi-
gating whether terrestrial varnishes can preserve a 
fossil record of the organisms that created them. 
Methods 

Chips of granite with black varnish coat-
ings from the Sonoran Desert, Arizona were ex-
amined with a JEOL 6340F field emission scan-
ning electron microscope (FESEM) equipped with 
an IXRF light element detector. Exterior surfaces 
and interior regions of varnish were mounted on 
FESEM stubs and were coated with~ 5-10 nm of 
conductive Pt. Several varnish chips, ~ 20 µm in 
size, were embedded in epoxy, ultrarnicrotomed, 
and examined with a JEOL 2000 FX transmission 
electron microscope (TEM). Varnish coatings and 
granite substrate were also analyzed with x-ray 
diffraction (XRD). Molecular probe analysis was 
used on exterior varnish coatings to detect chemi-
cal evidence of organisms (primary amines) using 
fluorescamine derivatization and epifluorescent 
microscopy. 
Results 

The varnish appears as a "biofabric" 
composed predominantly of clay minerals ( ~80% 
by volume) in which are embedded single and 
colonial microorganisms in various stages of de-
cay and fossilization. 
Inorganic: The predominant clay mineral in our 
varnish samples is K-bearing illite (~ 1.0 nm basal 
spacing) and a sheet:.like manganese oxide phase 
containing trace concentrations of Ba, likely bir-
nessite (~0.6 - 0.7 nm basal spacing). We suggest 
that the phyllomanganate mineral phase is birnes-
site because it displays characteristic basal spacing 
and the appropriate chemical composition (spectra 
not shown). It is well known that birnessite can 
accommodate water and readily undergo cation 
exchange reactions to house a variety of large ca-
tions such as K\ Na+, Ca+2 and Ba+2 [5]. llite 
occurs as large regions of well-crystallized sheets 
(Fig. I) and as individual packets mixed with the 
fine-grained, poorly-crystalline, birnessite-like 
phase (Fig.2). 

Discrete anhydrous mineral grains ( ~ 1-
2% by volume) are embedded in the clay minerals 
(Fig.3). These grains are likely hematite, ilmenite, 
quartz, and rutile (based on chemical composi-
tion). 

The powder X-ray diffraction pattern 
from one varnish sample includes a sharp peak at 
0.98 nm (illite) and a broader peak at 0.66 run 
(birnessite ). 
Biogenic: Features that appear to be both single 
and colonial organisms are embedded throughout 
and upon the varnish surfaces. Most common are 
toroidal-shaped cells (~0.5-2 µmin the longest 
dimension) located within the coating and in vari-
ous states of degradation as indicated by C and S 
abundances (Figs. 4, 5). Microbes with higher C 
and S abundances are likely less degraded than 
those with lower concentrations of these two ele-
ments. Although regions rich in microbes are pre-
sent, other regions display smooth Mn-rich min-
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eral fabrics with microbe-sized voids but no obvi-
ous cells (Fig. 6). 

On exterior surfaces colonial organisms 
including those in chains, each cell up to ~ 10 µm 
in length (Fig. 7), and large honeycomb-textured 
features (Fig. 8), mean size ~100 µmin diameter, 
composed of individual ~3 µm holes or units are 
observed. Flattened, pancake-like features with 
hyphae-like structures are found on exterior var-
nish surfaces (Fig. 9). 

The distribution of organic nitrogen (pri-
mary amines) was found to be in discrete clusters 
10-100 µmin size (Fig. 10). These correspond in 
size and shape to the honeycomb-textured spheres 
(Fig. 8). 
Discussion 

These results confirm previous reports 
that the desert varnish is a mixture of clays and 
biogenic components. The individual toroidal-
shaped cells (Figs. 3,4) are embedded throughout 
the varnish and may be the organisms responsible 
for precipitation of the birnessite-like phase. The 
other types of organisms are likely lichens (Figs. 
6, 8) and fungi (Figs.7, 9); these features were 
commonly found only on the exterior surfaces of 
the varnish. 

Previous culturing experiments have 
shown that Mn +2 oxidizing bacteria such as Metal-
logenium [1], Pedomicrobium [1], andArthrobac-
ter [3] have been isolated and grown from specific 
types of desert varnish. Not limited to a few 
strains, Mn +2 oxidizing bacteria appear to be 
widespread; microbial Mn +2 oxidation appears to 
be either an intracellular or an extracellular proc-
ess in which Mn oxides precipitate around cells 
that can become completely encrusted with Mn 
deposits [6]. Such a process may have produced 
the Mn-rich biofabric shown in Fig. 6. 

The source of the Mn in the Sonoran var-
nish remains an enigma. The granite substrate 
contains only trace Mn and no discrete Mn-rich 
anhydrous grains were found in the clays. lliite 
packets without obvious birnessite-like inter-
growths (Fig. 1) contain up to ~0.5 wt.% Mn; it 
may be that aerosols or rainwater contain minor 
Mn which is incorporated into the illite and then 
extracted by the microbes [7]. 

We suggest that terrestrial desert varnishes 
may form a suitable medium for the preservation 
of microbial fossils. However, it is not clear that 

morphological fossils can be preserved in desert 
varnish over geologic time scales. The degree of 
microbial preservation may depend on several 
environmental factors including the speed of fos-
silization and presence or absence of water and/or 
humidity. Microbial fossils may be better pre-
served on Mars than in some of the driest envi-
ronments where desert varnish forms on Earth. 
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Figure 1. Packets of well-crystalline illite with 
1.0 nm basal spacings [TEM micrograph] 

Figure 2. Poorly-crystalline birnessite-like 
mineral with -0.6-0. 7 nm basal spacings [TEM 
micrograph] 
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Figure 3. Anhydrous (bright) grains in clay 
[TEM micrograph] 

Figure 4. Toroidal-Shaped cells in varnish in-
terior [SEM micrograph] 

Figure 5. Toroidal-Shaped cells in varnish in-
terior [SEM micrograph] 

Figure 6. Mn-rich "biofabric" void of cells 
[SEM micrograph] 
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Figure 7. Colonial chain-like organisms (note 
size compared with Figures 4 and 5) [SEM mi-
crograph] 

Figure 8. Closeup of a honeycomb-textured 
sphere, possibly a lichen [SEM micrograph) 

Figure 9. Fungal-like feature with hyphae 
[SEM micrograph] 

Figure 10. Bright clusters rich in amines high-
light probable lichens (average cluster size 
~100 µm) [optical image: fluorescent signal 
from bound probe) 
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Introduction 
Many types of microbes have been 

identified in water and basalts from hundreds of 
meters below the surface of the Columbia River 
Plateau [1]. The Columbia River Basalts (CRB) 
also contain secondary carbonates, which 
formed in fractures and voids; i.e., where the 
microbes can grow. Our goal is to understand 
the mode of CRB carbonate formation (i.e., 
whether inorganic or biogenic). Since the CRB 
carbonates are formed in basalts, examination 
of their textures and chemical compositions may 
reveal clues to the formation of other secondary 
carbonates. Understanding them may help us 
interpret carbonates in other terrestrial igneous 
rocks such as Spitzbergen xenoliths and in 
Martian meteorite ALH84001. 

Materials and Methods 
We analyzed small chips (a few mm in 

size) and a polished thin section of CRB. The 
samples had been collected near Spokane, 
Washington. We used JEOL 6340F and Philips 
40XL field emission gun scanning electron 
microscopes (FE-SEM) in combination with light 
element energy-dispersive X-ray spectroscopy 
(EDS) systems. The thin section was also 
analyzed with a petrographic microscope using 
transmitted, reflected and polarized light. The 
Cameca 1 00SX electron microprobe was used 
for wavelength-dispersive X-ray element 
mapping of the thin section. 

Results 
Texture and chemistry of CRB carbonates 
In thin section, the carbonates are round or 
irregular, ranging between 0.275-1.65 mm 
across (Fig. 1 a). In transmitted light, they have 
a pale yellowish-white color. CRB carbonates 
are surrounded by a characteristic reddish rind, 
~10-25 µm thick (Fig. 1 a). Two smaller rings of 
similar reddish material are included in the Fig. 
1 a carbonate (see .1 and .2). Both of them are 

enclosed within the rind. The inner ring near the 
center of the globule is 550 µm across (.1 ), and 
the smaller ring (near the left edge of the 
globule, .2) is 200 µm across. A small cluster of 
reddish-brown grains was detected just inside 
the inner ring (.1; also see Fig. 1b). EDS (not 
shown) suggests that these small grains may be 
an iron oxide. 

EDS analysis (Fig. 1 c) showed that the 
CRB carbonates are composed of fairly pure 
siderite FeCO with minor Mn and Ca. 

,i: . 
Fi . la: TransmJ~.!2 !i;~t image of carbonate 

. 0 

Fig lb: Transmitted 
light image of reddish 
looking feature inside 
the inner silica-ring, 
possibly Iron-oxide, 
image width is 97,5 µm 

C 
Fe 

ca 
Mn 

Fig. le: EDS of (.3) in 
transmitted light image 
(Fig. la). 

X-ray element maps of the globule in 
Fig. 1 a are shown in Fig. 2. Iron in the core is 
slightly zoned, but outside the 550 µm inner ring 
Fe is homogeneously distributed. Ca (not 
shown in Fig. 2) is homogeneous throughout the 
carbonate, while Mg is not detectable. Mn (Fig. 
2) is zoned, especially in the carbonate within 
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the Si-rich rings (also see Fig.1 a, .1 and .2). P 
is enriched in the same regions as Mn, but the 
Mn and P zoning patterns are somewhat 
different. 

Fe Mn 

p Si 
1111 l$~11~j?~) 

low amount high amount 
Fig 2: Colored microprobe X-ray maps of thin 
section carbonate; blue color represents low 
element abundance, going through green to yellow 
to red, which represents high element abundance; 
note: for these maps in black and white, lighter 
means higher abundance (maps rotated ~120° 
from image in Fig. la). 

Several large carbonate globules were 
found in the bulk chips of CRB. We focused 
primarily on the spherical carbonate shown in 
Fig. 3. It was originally ~ 700 µm in diameter; the 
image in Fig. 3 shows only a fraction of the outer 
surface of the ca " . 

;,, 

Fig. 3: SEM image of part of ~700 µm carbonate 
globule in CRB chip. 
Texture and chemistry of Si-rich rind 

By using the SEM at 3 kV we were able 
to determine three different layers in the rind 
surrounding the carbonate. These layers vary in 
thickness, composition and texture, as shown in 
Fig. 4. We observed 4 different types of lamina: 

Type 1 is the stepped carbonate beneath the 
rind (texture shown in Fig. 3); Type 2 layer is 
smooth, ~10 µm thick and orange in optical 
microscope; Type 3 layer is very dense, non-
porous and dark, only 1 µm thick; Type 4 layer is 
grain and ~5 m thick. 

Fig 4: SEM image of 3 layers in rind; description 
in text (note: stepped carbonate, e.g., Fig 3, 
constitutes Type 1 layer). 

EDS analysis of the rind indicates that 
Layers 2-4 are all Si-rich with minor Al (Fig. 5). 
The Si X-ray map (Fig. 2) confirms that the 
reddish inner rings and outer rind are Si-rich, 
with some Fe resent. 

Si 

C Mll Pt Ca Fe 

Fig 5: SEM image (~20 EDS of Point 1 in SEM 
µm wide) of rind image 
Biogenic Features in the CRB 

In the search for microbes in the 
carbonate-bearing CRB samples, we found 
some likely biogenic features similar to biofilm or 
mucilage (Fig. 6). EDS analysis confirmed the 
presence of carbon, consistent with a biological 

Fe 

Fig 6: SEM image of EDS of Point 1 in SEM 
natural biofilm in CRB image 

Discussion 
The CRB carbonates were examined 

because they were known to contain both 
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carbonates and microbes. CRB microorganisms 
and biofilms were described by Thomas-Keprta 
et al. [3]. We found no fossilized cells but the 
biofilm in Fig. 6 was in close proximity to the 
carbonate of Fig. 3. 

Results for the thin section globule (Fig. 
1 a) indicate that the secondary mineral 
deposition occurred in multiple steps. This 
globule shows a depositional sequence 
consisting of carbonate, thin Si-rich layer (the 
inner rings), more carbonate, and then another 
silica-rich rind. Although the compositions of the 
Si-rich inner rings and outer rind are quite similar 
to each other but it seems unlikely that they 
formed at the same time. 

The relationship between the Si-rich rind 
and the carbonate indicate that some, if not all, 
of the rind was formed after the carbonate was 
crystallized. The carbonate formed euhedral 
crystal faces (Fig 7), which means that it was 
able to row in o en s ace. 

Fig 7: SEM image of euhedral crystal faces on 
CRB carbonate surface 
If the rind had already been present, the 
carbonate would not have been able to 
crystallize in that way. The rind conforms to the 
shapes of the carbonate crystals, indicating that 
the were alread there (Fig 8). 

' Fig. 8: SEM image of 
contact between Si-rich 
rind (smooth phase at 
left of image) and 
crystalline carbonate 
structure (at right of 
image). 

The Si-rich rind was probably emplaced at fairly 
low temperatures because the carbonates show 
no detectable alteration at contacts. Siderite 
begins to decompose at ~500 °C [4]. If the Si-
rich rind had formed at high temperatures, the 
siderite would have lost, or least changed, its 
siderite chemistry and euhedral morphology. 

The carbonate formation temperature may also 
have been low. 

Conclusion 
Secondary carbonates from the CRB 

probably formed at temperatures low enough to 
preserve siderite ( decomposition temperature 
~500 °C). The layered Si-rich rind surrounding 
the carbonates could be, a glass or a gel. If it is 
a gel, the temperature of carbonate formation 
may be much lower than the upper limit 
suggested by the siderite decomposition 
temperature. Low-T (<100°C) terrestrial 
carbonates are often microbially mediated [3]. 
However, the only likely biogenic features we 
found in our samples were traces of biofilm not 
obviously related to the carbonates. 

The textural, morphological, and 
chemical analyses are helping define the mode 
of CRB carbonate formation, which can be 
applied to understanding carbonates on Mars. 

Future work 
The Si-rich layers and the cluster of fine-

grained Fe-oxide grains should be studied in 
more detail (Fig. 1 ). The presence of Mn and P 
in terrestrial rocks may indicate microbial 
activity. Thus, the Mn- and P-rich regions of the 
CRB carbonates should be studied in greater 
detail. Transmission electron microscopy (TEM) 
and electron X-ray diffraction. In addition, 
molecular probe analysis will be done to detect 
chemical evidence of organisms (primary 
amines) using fluorescamine derivatization and 
epi-fluorescent microscopy. 

Acknowledgements 
Thank you David S. McKay and Susan 

Wentworth for being such great advisors, Kathie 
Thomas-Keprta for handling my samples, and all 
together for all the hard work. I also thank Craig 
Schwandt and Susan Wentworth for all your 
help and advice and technical support at the 
FESEM, Tommy Moore for the electron 
microprobe work and Allen Treiman for providing 
the CRB samples. 

References: 
[1] Stevens T.O. and McKinley, J.P. (1995), 
Science 270, 450-454 
[2] Thomas-Keprta K., et al. (1998), Geology 
26, 1031-1034. 
[3] Coleman M. (1993) Marine Geology 113, 
127-140. 
[4] Jones, J.H. and Schwandt, C.S.; Lunar and 
Planetary Science XXIX, 1425.pdf 



'01 Intern Conference 3l 

MARS' "WHITE ROCK": SPECULATIONS ON COMPOSITION. 
Suza?ne Thompson, Youngstown State University, Youngstown Ohio 
Advisor Laurel Kirkland, Lunar and Planetary Institute, Houston, TX 

Introduction 
Astrobiological landing site selection is one 

major goal of the current studies of the Martian 
surface. The Thermal Emission Spectrometer 
~TES) on- board the 1996 Global Surveyor uses 
mfrared remote sensing in the search for surface 
mineralogy by the careful extrapolation of 
characteristic mineral spectra. To better 
u~derstan~ the Martian surface, TES is equipped 
with a visual to short wave infrared channel 
capable of producing calibrated albedo 
measurements and a Fourier-transform 
spectrometer for detailed spectral emissivity 
determinations. [Christensen et al, 1992.] These 
two instruments combined provide data used to 
investigate surface composition . 

. The data returned from TES is presently 
bemg used to search for specific mineral deposits 
that best capture and preserve fossils. Some 
examples are carbonates, sulfates, and chlorides. 
The exopaleontology of Mars is structured 
around locating areas on Mars that have the 
greatest potential for capturing and preserving a 
fossil record. 

One of the most intriguing features on the 
Martian surface is an enigmatic deposit known as 
"White Rock." White Rock is a leaf shaped 
light-colored plateau on the floor of Pollack 
Crater, approximately -12 x 15 km in size 
located -8° S, 335°W[Williams and Zimbelman 
1994] [figure 1]. What makes this feature of 
particular interest is the suggested compositions 
of White Rock, which may harbor the existence 
of ancient life locked within its minerals. 
[Russell et al., 1999] White Rock was selected 
because of its perplexing origin and its potential 
connection to specific terrestrial lacrustrine 
basins, which leads to the supposition that it was 
formed from water lain sediments that may 
harbor the existence for ancient life. [Farmer et 
al., 1999] Finely grained and characteristically 
poorly indurated sediments make up these 
lacrustrine lakebeds and may resemble an 
evaporite basin composed of salts and carbonates 
[Williams et al., 1994]. Some speculate that the 
deposit is of aeolian nature that was constricted 
and or cemented together. [Ruff et al., 2000] 
However, the albedo measurements of White 

Rock will test the assertions stated above. The 
main focus of this discussion is whether 
carbonate can be detected using calibrated 
albedo and whether it may be a major evaporite 
that is found within White Rock. 

Background 
Albedo is the fraction of electromagnetic 

radiance that is reflected by a body or surface 
relative to the incoming radiance. The normal 
albedo, or normal reflectance, measures the 
surface's relative brightness when illuminated 
and observed vertically. Albedo ranges from I to 
0, 1 being the brightest and O the darkest. The 
broadband visible to short infrared-channel 
onboard TES (0.3-2.7 µm) is used to calibrate 
albedo measurements taken of the Martian 
surface. The instrument covers the wavelength 
range from 6 to 50µm (-1600-200cm-1) with a 
nominal spectral sampling of 5 to 10 cm- I. 
[Christensen et al., 1992] TES derived albedo 
measurements were taken of White Rock and 
observed to obtain the relative brightness of the 
feature. The TES measured albedo of White 
Rock, with a spectral resolution of -3 x 5 km, is 
0.18, with the darker material having an albedo 
of approximately 0.11. From figure 2, White 
Rock is riddled with troughs and reentrants that 
host this darker material on the floor, which 
alters the overall albedo measurements of the 
area. The troughs of White Rock give it a 
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streamlined, flame-like appearance. These 
troughs are mainly low-albedo, which may be an 
aeolian mantle. The streamlined erosional 
patterns, or yardangs, are commonly thought to 
be eroded from indurated sediments 
[Ward, 1979]. These features resemble an 
evaporite basin or lacrustrine lakebeds, which 
suggests its formation to be from water-lain 
sediment [Williams et al., 1994]. 

Ruff et al. combined the measured 0.18 
overall albedo and the 0.11 dark material albedo 
with an estimated percent exposure of White 
Rock (60%) to estimate its albedo as 0.23. 
According to Ruff et al., the calculated albedo of 
White Rock is not consistent with the measured 
albedo of carbonates. Carbonates have an albedo 
of about 0.70, integrated over 0.4-3µm while 
Ruff et al. calculated brightness for White Rock 
is 0.23. 

There are some problems that occur when 
estimating the albedo. There may be possible 
mixtures of the carbonate bright material and a 
certain percent of dark material to obtain the 
measured 0.18 albedo of White Rock. The cavity 
effect, photometric effects [Hapke, 1993 ], 
mixtures of substances, and atmospheric 
considerations affect the measured albedo of a 
material. One such problem is the layer of 
atmospheric particles (aerosol). The instrument 
may also alter the spectrum from White Rock. 
These effects complicate a determination of true 
albedo from the measurements of a surface as the 
White Rock yardangs [Figure 2]. The true 
albedo may constrain White Rocks correct 
mineral classification. 

Figure 2: Bright and dark material in White 
Rock. MOC Image FHA 00875. The arrow 
indicates the sampled region of White Rock. 

Procedure 
Images were taken of White Rock using the 

Mars Orbiter Camera (MOC). These images 
were used to study and test further the previously 
calculated albedo of White Rock to test its 
accuracy and to add additional constraints such 
as the error involved. From the MOC images of 
White Rock, smaller images were sampled and 
histograms were made to study its relative 
brightness. The histograms represent a frequency 
graph in which the data range is divided into 
specific bins, or a series of equal intervals. Each 
sample of data represents a pixel. The digital 
number, DN, is the value that is assigned to each 
pixel that ranges from 0-255DN. Each digital 
number corresponds to a specific brightness of a 
given region and can represent a series of pixels. 
Counts of the pixels per DN were taken of 
specific regions within White Rock. 

The first method for albedo determination 
averages the pixel counts taken of random 
brighter regions of White Rock with the help of 
histograms. These average values were used to 
determine the overall percentage of bright 
material found within White Rock. 

From the MOC image FHA 00875[figure 2], 
a sample region, shown in figure 2 with an 
arrow, was chosen incorporating the region 
thought to be composed entirely of White Rock. 
A histogram was formed over this region and the 
counts per DN were observed. Three regions of 
contrast were determined from a blown up 
section of the given region. The darkest material 
within White Rock corresponded to a DN 
ranging from 0-49, the in-between material 
ranged from 50-125, leaving the relatively bright 
to brightest material with a DN range of 126-
225. [Figure 3] These three areas correspond to 
the randomly selected areas for brightness 
determinations. Within each area, the counts per 
DN were taken and divided by the total number 
of counts within the entire sampled selection. 
The percent brightest material was calculated to 
be 15% and the bright and intermediate material 
had an overall percent of 53%. The 15 % is the 
estimated value for the "true" White Rock while 
40 % would be a mixture of materials. The 
photometric effect may have caused variations in 
the percent determinations because of the 
roughness of the materials in question. 

The second technique for albedo 
determinations involves a clearer method for 
converting DN to albedo. Using the MOC 
images, we converted MOC DN values to 
albedo values by graphing TES albedo verses the 
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DN values for specific regions. The known 
albedo value for the dark material, 0.11, 
corresponds to a DN count of 25. The overall 
White Rock albedo of 0.18 corresponds to a DN 
count of 65. Figure 4 shows the relationship 
between TES albedo and the digital number. 
This graph attempts to devise a way to easily 
convert from albedo to DN or vice versa. A fit 
of the line suggests the TES albedo = 0.06625 + 
0.00175MOCDN. If we pick two arbitrary 
points, 150DN = 0.32 albedo and 200DN = 0.41 
albedo. With this method comes a wide range of 
complications. 
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Figure 3: TES albedo vs. DN 

Results 
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What do these results actually show us about 
the bright material of White Rock? It suggests 
that there is a wide range of values that is due to 
specific calculations of albedos of White Rock 
and the surrounding terrain. Many factors 
complicate the issues of calculated albedo. One 
problem with albedo determinations is that the 
albedo of "true" White Rock remains poorly 
constrained. Even if we knew, the contaminants 
can reduce the albedo. There may be a mixture 
of materials present within the bright material of 
White Rock that may alter the albedo 
measurements. The yardangs may add additional 
constraints because of their unique structure. The 
troughs within the yardang structures may host 
dark material on their floors that alters the 
overall albedo measurements. From figure 2, 
White Rock appears to be rough so photometric 
effects make accurate albedo measurements 
difficult to obtain. Smooth surfaces make for 
better albedo determinations. 

From the graph of TES albedo vs. DN, the 
histogram analysis showed the 15% of White 
Rock. Using this method, there are many error 
constraints. For instance, the plot of albedo vs. 

DN is linear, because only two points were 
known with some degree of certainty. However, 
.when you travel further out, the fit may not 
remain a linear one. The fact is that we don't 
know how it will behave. This appears to be the 
start of an approach to measure with a certain 
level of accuracy, the albedo of specific regions 
on the Martian surface. 

In the future, an unambiguous method for 
albedo determinations is preferred. With the 
method proposed above, it lends itself to intense 
examination and further investigation to perfect 
and perform the task of clearer albedo 
measurements. Better albedo measurements can 
be used for specific mineral determinations for 
astrobiological landing site selection. 
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Figure 4: Counts vs. DN 
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Introduction: The morphology of the ancient 
highlands of the Moon is dominated by 
impacting with intensity several orders of 
magnitude greater than that of the present. This 
terrain includes large impact-produced multi-ring 
basins, such as Nectaris and Imbrium [1,2]. A 
lunar stratigraphy has been produced based on 
geological principles of superposition [1,2] (Fig. 
1 ), but the absolute chronology of this ancient 
impacting remains the subject of considerable 
debate [3,4] (Fig.2). 
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Fig I. Stratigraphic column of the moon 
representing it's chronology from 4.5 Ga to 3.6 
Ga. 

Fig. 2. Lunar bombardment was much higher in the 
past. Two different ideas on the absolute 
chronology of ancient impacting are shown here. 
The first a continual decline over time and the 
second a spike in the curve around 3.9 Ga 
representing a lunar cataclysm [5). 

The absolute dating of cratering events is 
achieved by measuring radiogenic ages of rocks 
whose isotopic systems were reset during the 
event. Most ejecta is excavated and deposited 
cold, but impact melts and feldspathic granulites 
(the latter may represent samples of the central 
uplift) are heated strongly enough to reset 
isotopic systems. Most of such lunar samples are 
too fine-grained for isochron methods ( such as 
Rb-Sr) and most age data has been obtained by 
40Ar-39 Ar methods [6]. Nearly all highlands 
impact melt rocks fall in the range of 3.92 to 3.8-
Ga, and Imbrium has a fairly well-established 
age of 3.85 +/- 0.01 Ga [7]. Granulites tend to 
fall in this range too, although a few are 
demonstrably older [7]. Impact melt rocks 
should have been created under a continually 
declining bombardment; thus, an important 
question is why there are none older than ~3.92 
Ga in the sample collection. One possibility is 
that we have just missed them because our 
surficial collections are biased in some way. 

The present study is to investigate lunar 
samples that should include the oldest impact-
generated rocks collected, to attempt to find a 
suite of varied rocks that represent multiple 
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events. The intention is to select samples for the 
critical radiogenic age determinations that might 
define the age of Nectaris or even provide 
samples of older impact melts. The samples 
selected were collected from the rim of North 
Ray Crater (Station 11) at the Apollo 16 landing 
site. This crater excavated samples from beneath 
the surface that had been modified by Imbrium, 
and the samples are dominantly friable 
feldspathic fragmental breccias. If these breccias 
are Nectaris ejecta, as most geological studies 
conclude [1,2,8], then the melt rocks in them 
should be either from the Nectaris event itself or 
are older than Nectaris. Granulite samples 
should be from older impacts. Our age database 
for these samples needs to be improved. 

The last decade had brought about 
improvements in the ability to measure isotopes 
in small amounts of gas released from a sample 
when heated. Sub-milligram fragments can be 
used for analysis and more temperature release 
steps can be determined [7]. This allows for 
high-resolution 40Ar-39 Ar spectra from which 
constraints on the age of melt rock can be 
derived. Since these new methods have not been 
previously employed on samples from the rocks 
selected in this study, they will be used to 
improve the chronological data. These methods 
have been recently used on other samples from 
the Apollo 16 landing site, but not yet from 
North Ray Crater [9], and this is an expansion of 
that work with a more specific goal. 

Through the selection of granulite and 
impact melt clasts from two feldspathic 
fragmental breccias from the rim of North Ray 
Crater and by way of literature search we want to 
understand the range in variety of such samples 
at North Ray Crater. With this information we 
can then select from our new samples those for 
subsequent argon isotopic analyses, using as 
wide a variation of composition as possible. 

Methods of Analysis: 12 clasts (9 dark impact 
melts, 3 light granulites) from 67016 and 4 
samples (all light granulites) from 67445 were 
selected through macroscopic inspection of some 
debris from previous processing in the Lunar 
Curatorial Laboratory at Johnson Space Center. 
After allocation the samples, ranging from 41 to 
453 mg, were processed on a flow bench in a 
clean room at the Johnson Space Center. Care 
was taken to remove any contaminating material 
from the clast, such as matrix particles and 
materials of differing composition than that 
intended. 

Small chips were taken for subsequent argon 
dating and potential grain mounts. The 
remaining sample was ground into a fine-grained 
homogenous powder to be used for instrumental 
neutron activation analysis (INAA), and fused 
bead. 

The 40Ar-39 Ar chronology group at Oregon 
State University will perform 40Ar-39 Ar dating. 
Not all clasts will be dated, but instead a 
selection of them representing different chemical 
variations. For each clast 2 or 3 small clean 
chips ranging from 1 to 3 mg were selected for 
this purpose. 

For petrographic analysis, polished chips 
suitable for inspection with a microscope and 
microprobe are needed. For the majority of 
samples 2 or 3 small chips were saved for 
making these grain mounts. 

To gain minor and trace element data to 
determine chemical compositions of each sample 
INAA was conducted using the standard 
procedures at the Johnson Space Center [10]. 
Standards and samples (38 to 62 mg) were sealed 
into silica tubes and then irradiated at the 
University of Missouri Research Reactor Facility 
for 16 hours at a thermal neutron flux of 5.15 x 
10"13 n cm-2 sec-1. Samples were counted 
using 3 count sets. Count sets I and 2 (start a 
week after irradiation) determine elements with 
short lived half-lives and count set 3 (start about 
3 weeks after irradiation) is for those that have 
longer half-lives. Standards used in the run were 
fly ash for the elements of K, Sc, As, Se, Br, Rb, 
Sr, Zr, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, 
Lu, Hf, Ta, Th, and U; AN-G for Na, Ca, and W; 
and SARM-7 for Cr, Fe, Co, Ni, Ir, and Au. 
Major element data for these clast samples will 
be by analysis of fused bead grain mounts on the 
microprobe at Johnson Space Center. We made 
fused beads from nine of the twelve samples 
with enough mass remaining after INAA 
samples were taken. Approximately IO to 15 mg 
of powder were heated on a Mo strip in an Ar 
atmosphere until completely melted. The bead 
was then quenched by a simultaneous reduction 
in temperature and pressure [11]. 

Chemical Data Results: At the time of writing 
INAA count sets I and 2 have been completed 
and their data reduced to elemental 
compositions; the third count set is currently 
being conducted. For elements of short lived 
half-lives, the data from the 1st and 2nd count sets 
is already precisely determined. Data for 
elements possessing longer half-lives will be 
become more precise with the 3rd count set. 
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These data, while not being enough to perfectly 
characterize the samples, are enough to show 
variation among them. 
Impact Melts: Seven of the impact melt clasts 
group on plots of element concentration ( e.g, Sc 
v. Sm; Fig 3), but clasts 67016,383A and 
67016,392A are different from them and from 
each other. The main group might even 
represent separate fragments from a single event, 
perhaps Nectaris. 
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Fig. 3. Plots of Sc v. Sm. All clast data is plotted 
on the first graph, showing the wide range of 
variation. The second graph shows just the plots 
inside the box on the first graph. 

When our impact melt clasts are compared 
to compositional groups [12) they all are 
categorized as group 4 melts. As seen when 
plotted (FeO v. CaO) iron contents are low (2-4 
wt%), thus these must be rather high-alumina 
melts, similar to the local highlands 
compositions. 

All clasts contain meteoritic contamination 
(Ir, Au contents measurable), consistent with 
these being impact melts and not fine-grained 
volcanic basalts. By grain mount examination 
petrographic characteristics will determine 
whether or not these are indeed impact melts. 
Granulites: Our seven granulite clasts are 
distinct from each other. They exhibit the same 
variation that is seen in previously analyzed 
samples [6]. As observed when plotted, our 
clasts have iron contents ranging from 1-5 wt%. 
Again, the siderophiles are consistent with the 
granulites being contaminated impact products 
and not igneous rocks. This will be checked 
through petrographic examination. 

Conclusions: From 16 samples of impact melt 
and granulite clasts minor and trace element 
concentrations were established through INAA. 
Major element concentrations will be established 
through fused bead microprobe analysis and 
petrographic analysis through microscopic 
examination of grain mounts. 

We have only been able to analyze a small 
number of clasts from these rocks and did not get 
the variety that the literature suggests exists. 
Therefore it is imperative that we sample these 
rocks again to select more material. 
Establishment of dates on different impact events 
will be added to the chronological data on the 
Moon to provide us with more information on its 
early bombardment history. 
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