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CARBONATES IN THE MARTIAN METEORITE NAKHLA: 
FURTHUR EVIDENCE FOR BRINE EVAPORATION 

'Bailey J.B., 2McKay D.S. (Advisor), 3Wentworth S.J. 
'Univ. of Arizona Geology Dept. Tucson, AZ 2 NASA/JSC, SR, Houston, TX 3 Lockheed Martin, C23, 2400 NASA Rd. I, Houston, TX 

Introduction: Numerous studies of carbonate 
petrogenesis in the martian meteorite ALH84001 have 
been conducted since McKay et al. [1] proposed that their 
formation was biologically mediated. Previously, the 
carbonates in ALH84001 were studied as indicators of the 
martian petrologic or aqueous conditions which formed 
them [2]. Such is the current state of the investigations into 
the carbonates in the martian meteorite, Nakhla. 

Nakhla is an olivine-bearing clinopyroxenite 
with minor amounts of feldspar, FeS, and Fe oxides. 
Nakhla's secondary mineral assemblage includes a 
hydrated silicate alteration phase, calcium sulfate, 
amorphous silica, chlorapatite, halite and carbonates. 
Bridges and Grady initially suggested that the halite-
siderite-anhydrite-chlorapatite assemblage present in 
Nakhla was derived from a melt [3]; however, a model of 
low-temperature carbonate precipitation from brine 
evaporation has since been proposed by Bridges and 
Grady [4] and others[5,6]. Isotope studies of the Mn-rich 
siderite in Nakhla are also consistent with a low-
temperature formation model such as brine evaporation 
[7]. 

During this study, we analyzed a number of 
carbonate-bearing fracture surfaces from the Nakhla 
meteorite. Here we present a previously undescribed 
manganese-calcium-rich siderite characterized by a 
texturally and compositionally complex microstratigraphy. 
We offer a potential model for the formation and alteration 
of these carbonates, as well as offering constraints on the 
conditions responsible for their precipitation. The 
importance of secondary phases in martian meteorites lies 
in their potential to provide clues about the martian 
environments responsible for their formation. The study of 
these martian paleoenvironments is key to understanding 
both the geologic history of Mars and the possibility that 
life once existed there. 
Experimental Methods: Small (mm-sized) chips from the 
interior of the Nakhla meteorite were stub mounted using 
Loctite quickset epoxy. These chips were sputter coated 
with a 50A coating of platinum prior to imaging and 
analysis using a JEOL 6340 field emission scanning 
electron microscope (FESEM). EDS analyses were 
performed using an IXRF energy dispersive system 
operating at 15kV accelerating voltage. Well-characterized 
samples of calcite and dolomite, and previously 
uncharacterized samples of siderite and magnesite were 
analyzed for semi-quantitative comparison. 

Carbonates and their micro-geological context: 
Carbonates in Nakhla are much less common than in 
ALH8400 I. Siderite in Nakhla was initially reported by 

Chatzitheodoridis and Turner [8], while small veins of 
calcium carbonate are mentioned in Gooding et al. [9] and 
further characterized by Wentworth et al. [10]. 

Although the martian origin of carbonates and 
halites in Nakhla has not been firmly established, calcium 
sulfate, magnesium sulfate and secondary silicates have 
been shown to be pre-terrestrial by fusion crust disruption 
in grains near the meteorite's exterior [9,11]. The 
evaporitic association of both carbonates and halites with 
established pre-terrestrial phases suggests that these 
secondary alteration products are also pre-terrestrial. 

The grains in our study were removed from 
preexisting fracture surfaces inside the Nakhla meteorite. 
These grains contain a variety of secondary alteration 
materials including clays, calcium sulfate, halite, and 
carbonates. The grain containing the carbonates in figures 
2-5 contains numerous carbonate concretions which range 
in length from over 100 micrometers to less than one 
micrometer. The carbonate concretions overlay an olivine 
or pyroxene substrate (Fig 4) and rest within depressions 
assumed to be fracture surfaces. The olivine/pyroxene 
substrate surrounding the carbonate concretions is covered 
by a thin silicate film, possibly a clay. Numerous isolated 
euhedral calcium sulfate crystals sit atop, or are embedded 
in, this thin clay layer. 

The carbonate concretions consist of foliated 
asymmetrical plates joined by thin protrusions (Fig. 3). 
Many of these stacks are offset by linear sub-parallel 
pits (Fig. 4). The composition of these carbonates lies 
within the calcite-rhodochrosite-siderite ternary field 
for carbonates. While a "typical" point EDS shows a 
carbonate with nearly equal Fe, Mn, and Ca cation 
ratios, analysis of compositional abundances acquired 
from individual pixel spectra from elemental x-ray 
maps reveals compositional heterogeneity on a much 
smaller scale. The topographically high areas appear 
richer in Ca and Mn carbonate, while the low areas 
appear to be enriched in Fe-rich carbonate. In addition, 
backscatter images of the carbonate show abrupt 
compositional changes over distances of <IOOnm. 
Semi-quantitative mole fractions of the carbonates are 
plotted in Figure 1. 

In many areas, the carbonate concretions rest on 
top of a Cl, Fe-rich silicate film (Fig. 2A&C). In some 
places, this film exhibits a complex texture similar to that 
seen in the carbonates. Additionally, a possible relict 
cleavage or parting surface of the highly altered pyroxene 
or olivine is visible within the texture (Fig. 3). Carbonate 
replacement of feldspars often follows cleavage or parting 
surfaces, however the chemical composition of this base 
material is not consistent with a feldspar. 
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Figure 1) A ternary pl.ot of semi-quanititattve mole fractions aquired from 
EDS analysis af x-ray mapping. The •s are from topographically low 
areas, while the represents analyses of topographically high areas. 
A similar carbonate replacement of feldspar was suggested 
by Kring et al. (12] for the petrogenesis of the ALH84001 
carbonates. 

The composition and texture of the silicate film 
is similar to the Fe-hydroxide containing phyllosilicates 
such as those descnbe.d by Thomas-Keprta et al. [13] 
Alternatively, the EDS signature for this layer could be 
produced by the Cl-rich goethite [3] or a thin veneer of 
siderite which fonns a coating on the silicate substrate. 
Differentiating between these possibilities is difficult 
because of the scale of the features. The x-ray excitation 
depth for the electron beam can be several hundred 
nanometers, which is larger than the textural variation 
observed in the carbonate. Future studies using 
transmission electron microscopy (IBM) are needed. 
Discussion: The mineral assemblage we describe consists 
of Fe-rich carbonates which overlay a clay substrate. 
Capping the siderite are layers of Mn and Ca-rich 
carbonates. This microstratigraphy is consistent with a 
precipitation model in which a low to moderate 
temperature hydrothermal system lays down a basal clay 
layer while creating a texturally complex framework of 
silicate alteration products by acting on parting or cleavage 
planes from the altered olivine or pyroxene substrate. 
This framework then serves as a nucleation surface for 
subsequent low temperature precipitation of carbonates 
from evaporation of a brine. The superposition of Ca and 
Mn .carbonates over a siderite core is consistent with 
thermodynamic models of evaporation on early Mars 
under high Pc02 conditions presented by Catling [14]. The 
calcium sulfate crystals present elsewhere on this grain are 
an expected product of such a low temperature 
evaporation sequence and the sub-micron heterogeneity of 
the carbonates is also consistent with a low- temperature 
origin_ Hydrothermal carbonate precipitation would likely 
homogeniz.e chemical partitioning at this scale [15]. 

In addition to their textural and stratigraphic 
complexities, the carbonates in this study exhibit a solid-
solution between the Fe, Ca, and Mn carbonates. While 
Ca, Ca-Mg, and even Fe carbonates are important 

sedimentary phases on Earth, Mn carbonates are less 
common. Under high temperature aqueous conditions, 
rhodochrosite, and its dolomitic counterpart, kutnohorite 
[CaMn(CO3)2], are generally restricted to hydrothermal 
deposits. 

On Earth, low-temperature Mn carbonate 
precipitation is often microbially mediated. Significant 
amounts of biotic manganous carbonate have been 
discovered in the Baltic Sea [16]. Additionally, bacterially 
precipitated rhodochrosite has been produced under 
laboratory conditions by Geobacter metallireducens (17]. 
While the complex assemblage of carbonates in Nakhla 
could potentially be biogenic, the association of the 
carbonate with relict cleavage textures and mineralogical 
boundaries suggests abiotic precipitation. 

Force et al. [18] describe abiotic sedimentary 
kutnorhite deposits in the marine sediments of British 
Columbia which formed under low-temperature 
conditions. The authors suggest that these carbonates were 
precipitated in stratified waters at the margin between 
anoxic bottom waters and oxygen rich surface layers. 
According to Force et al. [18], the anoxic waters 
fractionate Fe, which precipitates as FeS. A subsequent pH 
or eH increase can then result in the precipitation of a Mn-
rich, Fe-poor carbonate. While the carbonates in our study 
contain siderite, in addition to Mn and Ca carbonates, the 
kutnahorite deposits in British Colombia serve to illustrate 
the transient nature of factors which mediate Mn carbonate 
precipitation. It is also important to note that the 
atmospheric P 002 conditions of an early Martian 
atmosphere would have had a strong influence on the pH 
of surface aqueous environments, with significant 
ramifications for carbonate precipitation [ 14]. 

In addition to eH, pH, pressure, and temperature, 
the cation concentration of the solution constrains the 
composition of the precipitated carbonate phase [19]. 
While manganese concentrations in both terrestrial 
freshwater and seawater are measured in µg kg-1 [20], the 
manganese concentration of anoxic hypolimnia in some 
lakes is measured in mg kg-1• Among other factors, 
stratification of standing water, leaching from Mn-rich 
country rock, or cation partioning during groundwater 
· percolation could cause Mn to be supersaturated in 
solution. These conditions may also be responstble for the 
undersaturation of Mg. Siderite precipitating from such a 
solution under high P002 has the potential to substitute Ca 
and Mn cations into its structure producing a solid solution 
similar to that seen in this study. 

The secondary mineral assemblage presented 
here lends support to the evaporite sequence predicted by 
Catling [14] for closed basin lakes on Mars. According to 
Catling, an evaporating droplet of water should exhibit the 
same siderite-calcite-gypsum precipitation sequence as a 
standing water body, leading to a microscopic evaporite 
assemblage similar to the one described in this study. 
Differences in carbonate composition between this study 
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and others are likely the result of highly localized 
differences in composition of evaporating water droplets. 
Until the carbonate precipitation conditions on an early 
Mars are better understood, microbial mediation cannot be 
ruled out For similar reasons, the abundance of 
microbially mediated low-temperature carbonates on Earth 
should not be regarded as an a-priori analog to processes 
on Mars. 

Taken together, the secondary mineral 
assemblages in Nakhla described by this study and others 

Figure 2) The basal clay layer (a) 1s overlam by a texturally complex 
carbonate(b). Transition regions such as the area marked (c) also 
have a clay like composition. 

Figure 4) A high magnification view showing the microstructral 
complexity in the carbonates. 

(3,4,8,9,11] are consistent with low temperature 
precipitation from an evaporating brine, possibly 
following an earlier stage of mid-temperature 
hydrothermal activity. Such conditions could occur in a 
volcanic or impact-generated hydrothermal system with 
subsequent lacustrine brine development in the caldera or 
crater basin. 

Figure 3) The v-shaped pattern visible within this carbonate texture 
may be a relict cleavage or parting trace which has been preserved 
by the carbonate which has replaced or precipitated onto it. 

Figure 5) The carbonate concretions are cut by parallel pits. The 
smooth pyroxene substrate can be seen to the lower right. 

[l] McKay D.S. et al. (1996). Science 273, 924-930 [2] MittlefehldtD.W. (l 994)Meteoritics 29, 214-22 [3] Bridges, J.C., Grady 
(1999) M.M., M.A.P.S., 34, 407-416 (4] Bridges, J.C., GradyM.M., (2000), E.P.S.L, 176,267-279 (5] SawyerD.J. etal., (2000), 
M.A.P.S., 35, 743-747 [6] Moore, J.M., Bullock M.A., (1999), J.G.R., E:Planets 104, 21,925-21,934 [7] J.M. Saxton et al., 
(2000), G.C.A., 64, 1299-1309 (8] Chatzitheodoridis, G. Turner, E.G., (1990) Meteoritics 25, 354 [9] Gooding, J.L. et al. 
( 1991 ),Meteoritics 26, 135-143 (1 0] Wentworth et al. (2002) Astrobiology, submitted. (11] Wentworth S.J. et al. (2002), LPSC 
XXXIlI, abst.#1932 (12] Kring D.A., et al., [1998], G.C.A 62, 2155-2166 (13] Thomas-Keprta, K.L. etal.,(1999), LPSC XXXI, 
abst.#1690 [14] Catling D.C.,(1999), JGR, Vol.104, No.E7, 16,453-16,469. (15] Fisler and Cygan (1998) MAPS 33, 785-789. 
(16] Neumann et al.(2002), G.C.A. 66, no.5 867-879 [17] Lovely D.R., Phillips E.J.P., (1998) Appl. Environ. Microbiol 54 
1472-1480. [18] Force, E.R. et al., (1999), Indust. Min., Vol. 3, B.C.M.E.M. (19] Anovitz and Essene, (1987). J Petrol. 28, 389-
414.(20] Bowen HJM. (1979). Environmental chemistry of the Elements. L.A.P. 
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PHOSPHORUS PARTITIONING IN PLANETARY MATERIALS, WITH AN EMPHASIS ON THE 
MARTIAN MANTLE. J. Berlin 1• 2, D. Xirouchakis3, D. S. Draper4 and C. B. Agee4, 1Department of Earth Sci-
ences, Freie Universitat Berlin, Germany, 2Museum fiir Naturkunde, Humboldt-Universitat Berlin, Germany, 3Office 
of Astromaterials Research and Exploration Science, NASA Johnson Space Center, Houston TX 77058, USA, 
4Institute of Meteoritics, University of New Mexico, Albuquerque NM 87131, USA. (mail to: janaberlin@web.de). 

Introduction: In the absence of a phosphate min-
eral, phosphorus is generally thought to behave as an 
incompatible element during partial melting of mantle 
mineral assemblages or fractional crystallization of 
mafic and ultramafic magmas. Moreover, silicate 
melts may become phosphorus-enriched, especially in 
the geochemically important low melt fraction re-
gime, which in return can affect mineral-melt equilib-
ria, phase relations, and liquid line of descent. Obser-
vations of phosphorus incorporated in rock-forming 
silicate minerals like pyroxene, plagioclase, olivine 
and garnet were made by different authors [1-6]. 
These studies suggested that the higher the degree of 
SiO4 polymerization, the lower the analyzed average 
phosphorus content. Phosphorus is least compatible 
in orthopyroxene (<0.014 wt.%), but higher amounts 
can be found in clinopyroxene (<0.14 wt.%), olivine 
(<0.13 wt.%) and garnet (<0.31 wt.%). Conceivably, 
the latter minerals may be significant reservoirs for 
phosphorus in planetary mantles [4-8]. However, 
most published electron microprobe analyses of sili-
cate minerals neglect to consider phosphorus. Per-
haps, because it is uncommon for silicates and phos-
phates to form isostructural solid solutions [9], even 
though 1vSi4+, IVp5+ and iv AI3+ have similar radii (0.26 
A, 0.31 A and 0.39 A respectively). Nevertheless, a 
few reports of extreme phosphorus-enrichment in 
silicates and about poorly characterized silico-
phosphate phases in Earth and Planetary materials 
exist [I 0-12], underscoring the potential for phospho-
rus incorporation in crystalline silicates. 

This project was part of an experimental program 
designed to constrain petrogenetic processes in the 
Martian mantle. Here we want to add that Mittlefehldt 
(2000, written communication) has argued that there 
is a rough positive correlation between HREE and 
phosphorus in Martian meteorites. In order to test or 
model the petrogenetic process(es) or silicate miner-
als potentially responsible for this correlation we 
need to better understand phosphorus equilibria 
among silicate phases. 

Methods and results: As starting material we 
used a synthetic mixture closely matching the compo-
sition of the silicate portion of the Homestead L5 

· chondrite. This composition, richer in Fe and poorer 
in Al than terrestrial mantle, was suggested as a 
model for an undifferentiated Martian mantle [13] 
and is similar to the Dreibus/Wanke model [14]. In 

all, nine experiments were conducted in a Walker-
type multianvil device at the NASA JSC High Pres-
sure Laboratory. The methodology was similar to that 
of [ 15]. The powdered sample was contained in a 
graphite capsule, insulated by a hard alumina sheath 
and supported by crushable alumina spacers. All parts 
were contained tightly in a 0.025 mm thick rhenium 
foil which was used as the heating element. The pres-
sure medium was a castable MgO octahedron, match-
ing a truncation edge length of 8mm on comers of 
tungsten carbide cubes. The temperature was moni-
tored using W3Re/W25Re thermocouples. 

Quantitative analyses were performed with the 
NASA JSC Cameca SX-100 electron microprobe 
using an accelerating voltage of 20 kV and a beam 
current of 5 nA. Crystalline phases were analyzed 
with a 1 µm beam while quenched melt was analyzed 
with a defocused spot of 20µm diameter. Counting 
times - except for P and Ti (100 s) - and standards 
used were the same as used by [16]. 

The run conditions and phase assemblages of 5 
successful experiments are summarized in Table 1. 
Modal proportions were determined by mass balance 
based on the known bulk composition and analyzed 
phase compositions (Table 2). All experiments are 
supersolidus runs and contain glass, orthopyroxene 
and olivine. Gamet is present at 7 GPa. The grain 
size of the crystals was at least 20 µm and the glass 
phase quenched into a presumably crystalline matrix. 

We also discuss 8 previous JSC-experiments, 
made with the same starting material, but doped with 
REE and HFSE and we compare our results with P-
bearing experiments done by Thompson [ 4, 17] using 
an olivine-tholeiite as starting composition, which is 
richer in AI and Ca, but poorer in Mg. 

We had the following goals: (I) Reproduce the 
previous analyses in the absence of REE or HFSE in 
the bulk composition. (2) Improve the precision of 
the analyses. And, (3) identify correlations the data. 

Discussion: All JSC-experiments confirm that 
P2O5 wt.% increases in the following order: orthopy-
roxene < olivine < garnet. The distribution coeffi-
cients ( D ;:;:;q ) increase in the same order (Fig. I). 

Obviously it is easier for phosphorus to enter a sili-
cate when the SiO4-tetrahedra are isolated, conse-
quently the P205-COntent and n;:;:iq increase with 
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orthopyroxene and olivine are likely constant, respec-
tively equal to 0.009(5) and 0.08 (3). With regard to 
the Thompson data it is possible that D~~5Liq corre-

lates positively with pressure (Fig. 2), but it may also 
depend on mineral and liquid composition. We can-
not determine, however, whether there is a significant 
correlation between garnet SiO2 and P2O5 as garnet 
becomes majoritic [18]. Although we cannot identify 
from the data the mechanisms and/or intensive vari-
ables (P, T, Gs;o, ,/02) that are critical to phosphorus 
incorporation in these silicates, it is clear that 01, 
Opx, and Gt can retain or release phosphorus during 
melting or crystallization processes. Based upon past 
work we anticipate phosphorus enrichment of low 
degree partial melts or residual liquids to cause de-
creases in liquid SiO2 which may be balanced by the 
positive correlation between Na2O and P2O5, and to 
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Table I. Run conditions. 

Run no. P (GPa) T (0 C) t (h) Phases Proportions (wt.%) 

263 5 1750 3 gl + opx + ol 18 (3): 58 (3): 24 (3) 
264 6 1750 4 gl + opx + ol 38 (3) : 49 (3) : 13 (3) 
265 7 1800 3.5 gl + opx + ol + gt 19 (3) : 54 (3) : 22 (3) : 5 (3) 
271 8 1775 3.5 gl + opx + ol + gt 35 (3) : 45 (3) : 15 (2) : 6 (2) 
269 9 1775 3.5 gl + opx + ol + gt 9 (3) : 52 (4): 27 (3) : 12 (3) 

Table 2. Mineral and glass analyses. 

Phase Oxide Run 263 Run 264 Run 265 Run 271 Run 269 

orthopyroxene SiO2 54.72 (66) 55.42 (51) 54.96 (79) 55.86 (40) 56.00 (24) 
TiO2 0.02 (I) 0.02 (I) 0.02 (I) 0.01 (I) 0.02 (I) 

Al2O3 2.59 (30) 1.87(4) 2.32 (36) 1.43 (12) 1.21 (9) 
MgO 29.14 (78) 31.35 (I.I I) 29.08 (53) 30.46 (33) 28.69 (30) 
FeO 11.92 (60) 9.85 (21) 11.41 (27) 9.91 (18) 12.16(10) 
CaO 0.95 (12) 0.74 (5) 1.07 (6) 1.00 (5) 1.40(10) 

Na2O 0.26 (4) 0.21 (3) 0.33 (3) 0.38 (3) 0.42 (2) 
K2O 0.01 (I) 0.01 (I) 0.01 (I) 0.01 (I) 0.01 {I) 
P2Os 0.01 (I) 0.01 (1) 0.01 (1) 0.02 (I) 0.01 (1) 

Total 99.60 (53) 99.47 (74) 99. I 9 (52) 99.10 (55) 99.93 (22) 
DOpx/liq 

PzOs 0.006 (8) 0.018 (22) 0.006 (7) 0.034 (18) 0.017 (12) 

olivine SiO2 38.22 (38) 38.93 (41) 38.30 (49) 38.20 (52) 38.16 (23) 
TiO2 0.01 (1) 0.01 (0) 0.00 (0) 0.01 (2) 0.01 (1) 

Al2O3 0.20 (2) 0.18 (2) 0.19 (3) 0.14(1) 0.11 (2) 
MgO 39.94 (41) 44.22 (34) 41.08 (72) 43 .27 ( 1.02) 40.07 (71) 
FeO 20.90 (21) 16.24 (13) I 9.55 (24) 16.90 (33) 21.12 (12) 
CaO 0.14 (I) 0.08 (I) 0.12(1) 0.08 (1) 0.12 (2) 

Na2O 0.05 (2) 0.05 (I) 0.08 (3) 0.10(2) 0.09 (2) 
K2O 0.00(1) 0.01 {I) 0.00 (I) 0.02 (0) 0.01 (1) 
P2Os 0.08 (3) 0.05 (I) 0.08 (6) 0.08 (I) 0.06 (3) 

Total 99.54 (47) 99.74 (28) 99.41 (53) 98.82 (I.I 7) 99.75 (1.00) 
DOI/liq 

P20s 0.070 (30) 0.079 (24) 0.070 (55) 0.130 (20) 0.065 (31) 

garnet SiO2 41.83 (1.09) 43.60 (90) 43.19 (60) 
TiO2 0.12 (2) 0.09 (2) 0.17 (2) 

Al2O3 20.07 (36) 19.32 (63) 18.19 (39) 
MgO 22.49 (53) 24.42 (74) 21.40 (40) 
FeO 12.70 (10) 10.61 (57) 14.19 (26) 
CaO 1.87 (5) 1.42 (I 9) 2.20 (9) 

Na2O 0.08 (3) 0.12(2) 0.11 (3) 
K2O 0.01 (1) 0.01 {I) 0.00 (0) 
P2Os 0.23 (2) 0.20 (4) 0.28 (4) 

Total 99.35 (96) 99.80 (1.03) 99.74 (88) 
DGtlliq 

P20s 0.207 (30) 0.326 (63) 0.288 (75) 

glass SiO2 38.89 (1.10) 41.34 ( 1.80) 38.67 (41) 40.82 (71) 37.47 (49) 
TiO2 0.57 (2) 0.36 (5) 0.48 (3) 0.38 (I) 0.70 (2) 

Al2O3 5.59(18) 4.44 (10) 3.33 (6) 3.34 (6) 1.75 (4) 
MgO 18.10 (64) 22.93 (39) 19.97 (51) 23.01 (21) 17.27(1) 
FeO 27.91 (1.08) 25 .69 ( 1.48) 28.95 (66) 25.58 (88) 34.12 (35) 
CaO 4.49 (16) 2.90 (28) 4.01 (11) 2.88 (7) 3.98 (33) 

Na2O 1.12 (10) 0.62 (9) 1.15(13) 0.86 (8) 0.90 (12) 
K2O 0.31 (4) 0.12 (2) 0.32 (5) 0.22(1) 0.18(8) 
P2Os 1.20(12) 0.61 (16) I.II (12) 0.62 (4) 0.97(21) 

Total 98.19 (69) 99.01 (88) 98.00 (58) 97.71 (23) 97.34 (11) 

Uncertainties refer to the last digit(s). 
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FRACTAL ANALYSIS OF MARTIAN TERRAIN FROM DRAINAGE PROPERTIES 
M. L. Collier1, T. Stepinski2 , P. J. McGovern2 , and S. M. Clifford2, 1Department of 
Earth Science, Rice University, Houston TX 77005, USA (spaceman@rice.edu), 2 

Lunar and Planetary Institute, Houston TX 77058, USA. 
Advisors: Tom Stepinski, Patrick J. McGovern, Stephen M. Clifford, Lunar and 
Planetary Institute, Houston TX 77058, USA. 

1. Introduction 
An alternative approach to conventional planetary terrain analysis involves 

representing a terrain as a series of drainage basins, regardless of the historical 
presence or absence of fluid drainage on the terrain. Statistical analysis of such 
'potential' drainage basins, as introduced by Stepinski et al. [1 ], can be useful for 
understanding (or at least constraining) the nature and temporal distribution of the 
various geologic processes which produced the numerous types of martian terrain 
observed today. Many lines of evidence used in the debate over the nature of the 
Martian paleoclimate and surface history are reliant to some degree on the 
photogeologic interpretation of remote sensing data. Implicit in this approach is an 
analogy to Earth and its processes. While interesting conclusions can be drawn from 
such interpretation, the extent to which analogy with Earth is relevant on Mars 
remains poorly constrained. In this context, methods of terrain analysis are needed 
which can provide constraints that are independent of any image interpretation. This 
work presents the results of the first attempt to make a regional, temporal; or 
geological distinction between the various martian terrains, based on the statistical 
analysis of nearly four hundred drainage basins calculated from raw elevation data. 

2. Methods 
For this study, 74 digital elevation maps (DEMs) were created using the 1/64 

degree per pixel Mars Orbiter Laser Altimeter (MOLA) data set. These DEMs 
represent terrains from around the martian globe and were chosen to sample 16 
geologic units from a wide range of latitudes and elevations. Care was taken to 
ensure that each DEM only sampled one of the geologic units identified by Scott and 
Carr [2]. Alltogether, the DEMs cover - 3% of the martian surface. We estimate that 
the units sampled are representative of - 50% of the planet. Using these DEMs, we 
have created a database of 388 drainage basins, directly representing -1.5% of the 
martian globe. Extraction was performed in the following way using the terrestrial 
hydrology software packages TAU DEM and TAR DEM (Tarboton et al. [3]). The 
DEMs are first modified by 'flooding' the pits. This fills all closed basins until every 
pixel in the DEM is part of a network that runs to the edge of the DEM. The drainage 
direction at each pixel in the flooded DEM is then calculated by evaluating slope to 
the 8 neighboring pixels. After this preprocessing, basins are extracted by selecting 
the pixel representing the 'outlet'. Based on this information, total basin drainage 
area, stream lengths, and dissipated potential energy of the network are all 
calculated. Empirical cumulative distribution functions (CDFs) are then determined for 
the contributing area, stream length, and potential energy of each basin by 
calculating the value of these quantities at every node of the drainage network. All 
basin CDFs are indicative of power law distributions, corroborating with the findings 
of Stepinski et al. [1]. We typically summarize the morphology of a basin via two 
graphs. The horizontal structure of a basin is given by a y vs. -c (stream length vs. 
contributing area), while the p vs graph (uniformity of drainage density vs. stream 
energy) describes the vertical structure of a basin. 
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3. Results 
We have examined our database for network descriptor ''fingerprints" that allow a 

given age group, geologic unit, etc. to be associated with a given region of -r, y, 13, p 
space. Our findings reveal several statistical trends in the various martian basin 
populations, despite the fact that the position of any single drainage basin in -r, y, 13, p 
space as determined by our current method is not diagnostic of a terrain or age (c.f. 
Table 1 ). The correlation of -randy within a basin population is one fruitful indicator 
of terrain age. Binning our data into 'Noachian', 'Hesperian', and 'Amazonian' ages 
produces the trend that the Noachian terrains have the lowest correlation, with a 
value of 0.226, while the Hesperian basins have a correlation of 0.619, and the 
Amazonian basins have a value of 0.771. The hack number, which is the inverse of 
the slope of the horfzontal structure graph, decreases from 1.325 in the Noachian to 
0.529 in the Hesperian and 0.466 in the Amazonian (Figure 1 ). 

Seven DEMs representing the geologic unit Npld from Scott and Carr's geologic 
map [2], were also inspected for the presence of features with 'fluvial' morphology. In 
as far as these were found, we observe a close correspondence between our 
calculated drainage networks and the valley networks manifested in the morphology 
(Figure 2). Furthermore, by disregarding those basins with drainage areas that are 
mainly composed of filled impact craters, we find that the remaining population of 
drainage basins yields horizontal structure statistics that are very close to terrestrial 
values. 

4. Discussion 
Many different geologic processes are thought to have contributed significantly to 

the present diverse morphology of the martian surface. The fact that impact cratering, 
volcanism, aeolean processes, and tectonism have played a role on Mars is 
undisputed, while processes such as fluvial erosion and lacustrine sedimentation in 
standing bodies of water remain more controversial. Any attempt to unravel the 
processes responsible for a given surface morphology will have to account for the 
way and degree to which different processes modify a surface. Cratering, for instance 
occurs randomly, while fluvial erosion or lava flows create a self-similar pattern in the 
terrain. In this context, we propose the following interpretation of the -r, y graph. The 
horizontal structure of a drainage basin is most strongly affected by impact cratering. 
We believe the -r, y correlation decreases with age mainly because of the greater 
number of impact craters a given drainage basin includes. Furthermore, due to a 
processing artifact that assigns many short streams to drain a flooded crater, the y 
value for a basin that consists largely of craters is much higher than it would be. 
Thus, on a horizontal parameters diagram, the oldest basin populations plot farthest 
towards the top while the youngest, craterless units plot at the lowest values of y for a 
given -r. Using our technique, we find that a considerable obstacle in resolving 
morphological differences within martian terrains is the presence of impact craters. 
For younger, less cratered units, our method distinguishes volcanic units, channeled 
units and 'rough' units represented by Olympus Mons aureole deposits. However, our 
current method remains limited to distinguishing between cratered and less cratered 
regions within the more heavily cratered terrains. Our present technique will likely 
prove to be a useful, quantitative approach to terrain analysis on younger planetary 
surfaces, while providing an alternative to crater counts on the older ones. The 
question of the degree to which our method can be improved is left to future work. 

5. References 
1. Stepinski, T.,et al., Fractal Analysis of Drainage Basins on Mars, Geophysical Research 
Letters, 29(8), 2002. 
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2. Scott, D.H., and Carr, M.H., Geologic Map of Mars. U.S.G.S. Misc. Geol. Inv. Map 1-1093, 
1977. 
3. Tarboton, D.G.,Bras, R.L., and Rodriguez-Iturbe, I., The analysis of river basins and 
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Figure 1: Degree of Correlation and Hack Number Indicate Age 
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Introduction: Nickel and cobalt are trace elements 
found in olivine; they are typically present in 
abundances of 1,000 parts per million or less. The 
partitioning of a trace element can be expressed using 
a D value, which is: 

D= C xi M / C liq M 

where M is the trace element, C is the weight 
concentration, and the ratio compares the amounts in 
the crystal (xi) to the liquid (liq) [1]. Thus, a D value 
is a measure of an element's preference for a mineral 
relative to a melt. A D value of greater than one 
means an element is compatible in a mineral and 
prefers the mineral to the melt. A D value of less 
than one· means that an element is incompatible and 
prefers the melt to the crystal. Nickel and cobalt are 
compatible in olivine, as shown by [2]. 

The partitioning of trace elements, and thus the D 
values, depend on temperature, pressure, oxygen 
fugacity, and melt composition. These variables 
change with planetary setting. Herd et al. [3] 
compared Co, Ni, and Mn concentrations in lunar, 
martian, and terrestrial basaltic olivine. They noted 
differences in behavior of Co between the planetary 
suites and attributed them to differences in the rate of 
change of Dc0 during igneous evolution. They 
postulate that the rate of change of Dc0 depends on 
oxygen fugacity. This study seeks to determine the 
effects of oxygen fugacity and temperature on the 
partitioning of Co and Ni in olivine, in order to better 
understand the behavior of these elements in 
planetary basalts. 

Experimental: In this study, we grew olivine 
crystals using the "Eg" composition, representing the 
Lithology A groundmass of the martian meteorite 
EET 79001[4] . The Eg composition following 
Longhi and Padn [4] was made by drying and mixing 
oxides in the appropriate amounts. This composition 
was then melted at 1350°C in a platinum crucible for 
approximately four and a half hours. The 
composition was removed from the furnace and 
quenched in water, ground in an automated agate 
mortar and pestle for one hour with ethyl alcohol, 
then dried under a heat lamp. One weight percent of 
each of cobalt and nickel was added to 10 grams of 
the original Eg composition and ground in an agate 
mortar and pestle under acetone for twenty minutes 
to assure homogeneity of the mixture. A eucrite 
composition, provided by John Jones, was similarily 
doped with one weight percent each of both cobalt 
and nickel. 

Experiments were performed at one atmosphere in 
Deltech furnaces in the experimental petrology 
laboratory at the Johnson Space Center (JSC). The 
oxygen fugacity was controlled by mixing CO and 
CO2, using a ZrO2 sensor in a calibration furnace [5]. 
Oxygen fugacity is accurate to ± 0.2 log units [5]. 
We ran experiments at a range of oxygen fugacities, 
from 0.5 log units above the Iron-Wtistite (IW) buffer 
to IW +3 representing the range of oxygen fugacity 
seen in the lunar and martian basalts [5] and 
overlapping with that of the more reduced terrestrial 
basalts. Temperatures were determined with a type-
B thermocouple calibrated against the melting point 
of gold. 

Experiments were carried out using a rhenium (Re) 
loop to mitigate iron loss. The composition was 
attached to the loop by mixing it with polyvinyl 
alcohol until it formed a paste, which could be 
pressed onto the loop. The paste was allowed to dry 
before it was placed in the furnace. The Eg charges 
underwent a homogenization period for one hour at 
1350°C prior to dropping the temperature at a rate of 
1000°C per hour, to run at temperatures of 1290°C, 
1270°C, 1250°C, and 1230°C. Experimental setup 
for the eucrite was identical, except that the run 
temperature was 1180°C. All runs were held at 
temperatures for times ranging from 24 hours to 89 
hours. Most runs were 24 hours in duration, which 
was found to be most efficient. All the runs were 
quenched in air. 

Analytical Approach: Polished thin sections of 
the charges were made. They were then analyzed 
using the Cameca SX-100 electron microprobe 
(EMP) at JSC, with an accelerating voltage of 20kV 
and a beam current of 20nA. Core to rim traverses 
were made whenever possible. Back-scattered 
electron images were also collected to show textures 
and to look for compositional zoning. 

Observations: Zoning in Ni from core to rim was 
observed in most runs. Ni ,varied systematically from 
higher in the cores to lower at the rims. Therefore, 
we used rim concentrations when calculating D 
values. Fe, Mg, and Co are constant from core to rim 
in the olivine crystals, reflecting differences in 
diffusion rates of these elements, as noted by [6]: Mn 
>Fe= Mg> Co> Ni. 

Metal blebs were observed in all of the runs, and 
are most common, and largest, at lower oxygen 
fugacity. These blebs have been observed previously 
in experiments that use Re wire (Musselwhite, 
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personal communication). At lower oxygen fugacity, 
the blebs consist mainly of Ni, Re, and Co, with 
small amounts of Fe. We performed calculations to 
account for the amounts of each element lost to the 
metal. In all cases, the largest loss was with respect 
to nickel, which occurred at the lowest oxygen 
fugacity runs. However, in all of the back 
calculations, we found the amount of metal present to 
range from none to 1.6 weight percent. 

The most nickel was lost to metal at IW +0.5 at 
1290°C, which lost approximately 86.9% of its initial 
abundance. Although large amounts of nickel were 
lost in the lower f02 runs, this did not impede our 
analysis, and we were still able to calculate valid D 
values from those runs. 

We observed that the morphology of the crystals 
varied with temperature and oxygen fugacity. The 
olivine crystals are more equant, blocky and euhedral 
at lower oxygen fugacities. As oxygen fugacity 
increases, the crystals become more skeletal and 
elongate. Similarily, the olivine grains at higher 
temperatures are more blocky, and as temperature 
decreases the grains become more elongate and 
skeletal. This may reflect a decrease in olivine 
stability with increasing oxygen fugacity and 
decreasing temperature. 

Results & Discussion: D values determined from 
this study are given in Table 1 and presented 
graphically in Figure 1. As shown by Figure 1, the D 
values of both nickel and cobalt decrease as 
temperature increases. At the higher temperature 
runs of 1290°C, the D values of cobalt and nickel are 
smaller than the D values found for the runs at 
1270°C. Therefore, we believe that there is an effect 
of temperature on the D values of these trace 
elements. 

As oxygen fugacity changes, there is little to no 
change in the D values of Co and Ni (Figure 1 ). 

D values of Cobalt and Nickel 
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Figure 2 is a graph of the D values of Co vs. D 
values of Ni. Our data is in good agreement with the 
relationship of [6] which is: 

Dc0=0.235 DN; + 0.476 
Therefore, if the D value for either Co or Ni is 
known, the D value for the other element can be 
predicted. Taking the line-of-bestfit for all our data 
we get: 

Dco=0.215 DN; + 0.818 
This is in agreement with [6]. 

The experiments using the eucrite compos1t1on 
clearly show that bulk composition has a strong 
effect on the resulting D value. However, while the 
D values of both Co and Ni in the eucrite were higher 
than the Eg composition, they appear to follow the 
same trend as the Eg, as shown in Figure 2. This data 
matches the predictions of [l]. 

Our D values of Co and Mg are also in agreement 
with the relationship of [l] which is 

DCo=0.786 DMg- 0.385 
After graphing the average Dc0 with the average DMg 
of each temperature and f02, we found our equation 
to be: 

Dc0°1=0.802 DMg01 - 0.250. 
Thus, it is in agreement with the relationship of [ 1 ]. 

Figure 3 shows a graph of cobalt vs. manganese in 
olivine. The IW+2 and IW+3 runs have the best data, 
since metal was present in IW+l and IW+0.5. This 
metal, while not affecting the D values, did affect the 
amounts of Co present in the melt, and at the lower 
f02, there is less Co available. The IW+2 and IW+3 
runs show flat to slightly positive correlations. These 
runs match the trends seen in lunar and martian 
basalts [2, 6]. Therefore, we have reproduced the 
trends observed in the natural samples. 

Using the values of Co and Ni from the most 
magnesian olivine cores of [2] in the olivine of EET A 
79001, we were able to calculate the parental melt 
concentrations using the D values we found in this 



12 1001 Intern Conference 
Cobalt and Nickel Partitioning: R.E. Dwarzski and C.D.K. Herd 

Covs. Mn 

Y•0771ht1.lt41 • 
'#, 2.0IX>l-----""'..:..,••c:::"'c:...' __ -,,.,::::_ _____ ---< 
! ,-2;:1~4311 

8 Ui)(II 

• 
,.,.,1----______ 

um'-----------------1 
0'50 0<1170 0.490 0.510 0530 0.650 0570 0.590 0610 0630 

Mn(wt%) 

Figure 3. Co vs. Mn 

study. Our D value are more appropriate since they 
are experimentally derived from olivine in a martian 
basalt composition. These results are summarized in 
Table 2. 

Conclusion: Our research has brought us a few 
steps closer to understanding why the D values of Co 
change in the olivine of martian basalts. We began 
this study knowing that oxygen fugacity, 
temperature, and bulk composition are variables that 
affect the D values of an element. We have focused 
our research on temperature and oxygen fugacity, 
and have demonstrated a dependence of Dc0 and DNi 
on temperature, but not . on oxygen fugacity. 
Therefore, we conclude that while oxygen fugacity is 
not affecting the D values, temperature has a major 
affect on how Co and Ni partition into olivine. The 
next step in this study should be to look more closely 
at how bulk composition affects D values. However, 
it may be that temperature plays a larger role than 
bulk composition, because Co behaves differently in 
lunar and martian basalts, yet olivine in those basalts 
crystallizes over the same range ofMg'[7]. 

References: [l] Jones J.H. (1995) AGU 
References Shelf 3, 73-105. [2] Hess (1989) Origins 
of Igneous Rocks, 43-45. [3] Herd C. D. K. et al. 
(2001) LPSC XXXII, #1635. [4] Longhi J. and Pan 
V. (1989) Proc. Lunar and Planet. Sci. Conf 191\ 

451-464. [5] Herd C. D. K. et al. (2002) Meteoritics 
and Planetary Science, 987-1000. [6] Papike J. J. et 
al. (1999) American Mineralogist, 392-399. [7] Herd 
C.D.K. et al. (2000) LPSC XXXI, # 1390. 

f02 Temperature 
Ni 

IW +0.5 1290° C Co 
Mg 
Ni 

1250°c Co 
Mg 
Ni 

IW +l 1210°c Co 
Mg 
Ni 

1290°c Co 
Mg 
Ni 

1250°c Co 
Mg 
Ni 

IW+2 1210°c Co 
Mg 
Ni 

1290°c Co 
Mg 
Ni 

1230°c Co 
Mg 
Ni 

1250°c Co 
Mg 

IW+3 
Ni 

1210°c Co 
Mg 
Ni 

1290° Co 
Mg 

Table 1. D values 

Sample ov D ppm 
DaG476 Ni ll08 7.81 

Co 166 2.53 
EETA Ni 1147 7.81 
79001 Co 166 2.53 
EETA Ni 1147 7.78 
7900lt Co 166 2.43 

ALH Ni 970 7.78 
77005t Co 172 2.43 
LEW Ni 924 7.78 

88516t Co 189 2.43 

D ± 
7.12 0.16 
2.65 0.06 
3.38 0.02 
9.07 5.91 
2.85 3.24 
3.94 0.47 
8.29 0.49 
2.72 0.07 
3.69 0.07 
7.81 0.18 
2.53 0.03 
3.38 O.Ql 
9.10 0.35 
2.78 0.07 
3.85 0.03 
8.69 0.06 
2.61 0.05 
3.68 0.07 
7.78 0.19 
2.43 0.05 
3.37 0.02 
10.58 0.21 
2.92 0.09 
4.10 0.14 
9.44 0.35 
2.79 0.07 
3.83 0.05 
8.76 0.04 
2.65 0.05 
3.62 0.03 
7.62 0.18 
2.42 0.04 
3.37 0.02 

Melt/ Melt/ ± oom[5] ppm 
142 0.18 163 
66 0.03 80 
147 0.18 160 
66 0.03 77 
147 0.19 160 
68 0.05 77 
125 0.19 393 
71 0.05 163 
119 0.19 225 
78 0.05 131 

Acknowledgements: Loan Le for her invaluable 
help in the lab and John Jones for allowing us to 
"pick his brain." A special thank you to my advisor 
Chris Herd, for his limitless patience, his willingness 
to explain, and his ability to deal with my many 
mishaps in the lab! Table 2. Calculated parental melt concentrations. 
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Microbial Fossils Detected in Desert Varnish 

Beverly Flood, Texas A&M University at Galveston, Galveston, Texas 
Advisors: Carlton Allen (NASNJSC) and Teresa Longaz.o (Hernandez Engineering, Inc /JSC) 

Introduction: Mars Global Surveyor Thennal Emission 
Spectrometer data indicate regions with significant levels of 
hematite (a.Fei0:3). Fe oxides, including hematite, can form 
as aqueous mineral precipitates and as such may preserve 
microscopic fossils or other biosignatures. Several potential 
terrestrial analogues to martian hematite like hydrothermal 
vents have preserved microfossils (I). Microbial 
fossilization in Fe-oxides is often a function of 
biomineralization For example, goethite (Fe02H) 
encrustation of fungal mycelia from the mid-Tertiary 
preserved fungal morphologies such that their genera could 
be determined (2). Also, Fe-oxidizing filamentous bacteria 
may have been preserved by geothite crystallization in cave 
stalactites (3). 

Another terrestrial analogue to martian hematite 
may be is desert varnish. Desert varnish is a thin coating on 
rocks in semi-arid to arid regions (4,5). The coloration, 
thickness, texture, and chemical composition of desert 
varnish varies spatially down to the nanometer-scale. 
Additionally, regional variations also exist. Desert varnish 
is composed primarily of Mn-oxides, Fe-oxides, and clays 
but also contains trace amounts of organic and detrital 
components. The most likely elemental source for desert 
varnish is wind-blown dust. The metal constituents of the 
dust are taken into solution and then selectively precipitated 
onto the substrate or attached clays at concentrations orders 
of magnitude higher than nonnal dust concentrations. This 
process may be aided or completely mediated by a variety 
of microorganisms that inhabit varnish surface and matrix 
(4,5). 

The most common desert varnish inhabitants are 
epilithic, slow-growing, melanin-pigmented microcolonial 
fungi (MCF, also known as meristematic fungi which 
includes black yeasts), and typical soil inhabiting 
actinomycetes and nonmotile endospore-forming gram-
positive cocci (4,6). Dozens of cultured strains of varnish 
microorganisms oxidize Mn and/or Fe ( 4,6, 7). These 
microorganisms include members of the bacterial genera 
Micrococcus, Arthrobacter, Bacillis and the actinomycetes 
Geodermatophilis. Unfortunately, the study of MCF has 
proven to be inherently difficult and little is known about 
them ( 4, 6). One SEM study (8) found Mn present only 
within the center of an MCF and not in the surrounding 
varnish. However, they were unable to culture the 
specimen for further investigation Speculation exists that 
the melanin-pigmented, thick and multi-layered walls of 
MCF would enhance the biosorbtion of metals ( 6). 

The purpose of this study is the examination of 
the potential of desert varnish in preserving microfossils or 
other biosignatures. Two previous studies have found 

evidence of fossilization. Krinsley's study (5) detennined 
small coccoid and granular structures within the varnish 
matrix have a much higher concentration of Fe and Mn 
than the surrounding matrix and may in fact be bacterial 
casts, hyphae, buds, or bacterial precipitates. Probst et al 
(9), found "biofabric," which appeared to be varnish that 
surrounded voids where presumably bacteria formerly 
resided. 

This study examines samples from two regions, 
where the rates of varnish formation appear to be quite 
different. The first set of samples were a Tertiary volcanic 
tuff unit collected from bluffs exposed by construction in 
the mid-1930's above the shores of Lake Mead, near 
Hoover Dam in southern Nevada. The pore spaces 
between the volcanic tuff substrate and the varnish layers 
were actively filling in with caliche (CaC0:3). The second 
set of samples coated rocks of foliated granitoid 
composition from the Pilbara region of Western Australia. 
These rock surfaces have been exposed to weathering and, 
presumably, desert varnish formation for thousands of 
years. 

Samples and Methods: Chips were collected using sterile 
collection techniques. In hand sample, the appearance of 
both varnish types resembles ridge and valley structures on 
a micrometer scale. The entire surface was dominated by 
clay textures and fungal bodies were predominantly in the 
valley-like features. 

Small chips were examined utilizing a JEOL 
6340F field emisson scanning electron microscope (SEM) 
and a JEOL 5910 SEM Both systems were equipped with 
IXRF energy dispersive spectroscopy (EDS) analysis 
operating at 15KV accelerating voltage. The Pilbara chips 
were mounted on SEM stubs using carbon paste and coated 
with lO0A of conductive platinum. The Hoover Dam 
samples were coated in both 200A of conductive silicon 
and 100A of conductive platinum while conductive 
platinum wire and wire copper tape surrounded each chip. 
The mounted samples were stored at room temperature in a 
laboratory dessicator. 

Varnish Mineralogy: The varnish from the Pilbara region 
was lamellate and was typically 75-150 µm thick. The 
surface layer was smooth and consisted of clays with low 
concentrations of Fe-oxides. The concentrations of Fe and 
Mn varied within the depth of the varnish. Occasionally, K 
and Ti were also detected. The varnish was on a heavily 
weathered rind. The varnish from the Hoover Dam region 
was also lamellate and was 1-30 µm thick. On the surface, 
layers were often reminiscent of slightly detached pancakes 
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on top of the surrounding varnish. Unlike the samples from 
Pilbara, Mn was often observed at the surface layer. The 
varnish sometimes included Mg, K, Ca, Na, Cu, and Ti. 
Both sets of samples exhibited higher concentrations or Mn 
and/or Fe in discrete nodules either within the matrix of the 
varnish or loosely bound to detrital grains. These nodules 
were usually a micron or less in length. Sometimes the 
nodules had higher carbon content than the surrounding 
varnish. 

Biological Activity: Black MCF were observed inhabiting 
varnish from both regions, although the Pilbara samples had 
much greater concentrations of the fungi. The MCF were 
often partially of completely encased in clays with low 
amounts of Fe-oxides. MCF were not associated with Mn-
oxides. Occasionally, fungi were encountered with a single 
spherical object associated with them. These appear to be 
either a waste product or well-encased spores. The 
chemical compositions of these objects varied from high 
levels of Ti and Fe-oxides to low levels of Fe-oxides and 
various cations. Carbon was detected in only low amounts. 
Some fungal bodies and rods, possibly ascospores, 
appeared to be precipitating calcium waste products on their 
exposed surfaces. 

The samples from Pilbara also had a high number 
of a different species of MCF on and within the non-
varnished substrate. The fungi appeared to be contributing 
to the weathering of the substrate by creating large 
micropits. The same trend was true for the Hoover Dam 
samples except some pits within the caliche and the 
substrate contained an actinomycetes species and one 
contained a bacterial colony. While fungi were common, 
visual confirmation of bacterial presence within desert 
varnish was rare. 

Fossilization: Bacterial casts and fossilization of fungal 
bodies were observed on samples from the Pilbara region; 
however none were found in the samples from the Hoover· 
Dam region. One completely intact bacterial cast was 
observed [Fig. l(A)]. The bacterial cast appeared to be 
have been formed recently. A significant amount of carbon 
was detected on the cast [Fig. l(B)] and the cast was on an 
exposed surface of the varnish. Partial casts similar to 
Figure I were also observed. 

Complete mineral replacement of a fungal 
sporoform appeared to be occurring on the surface of the 
Pilbara sample [Fig. l(C)]. The mineralized spore had only 
low levels of Fe-oxides and no Mn-oxides, which was 
consistent with surface varnish. One side of the spore was 
weathered away, revealing complete internal 
mineralization. 

A portion of a hymenium of a MCF was also 
undergoing mineral replacement [Fig. 2(A)]. The 
hymenium was 20 µm below the surface and was probably 
exposed at a natural microfissure. Mapping of the most 
dominant elements revealed the concentrations of carbon 

were relatively low in comparison to the concentrations of 
Al, Si, 0, Mn, and Fe. The amount of carbon detected was 
not much higher than typical levels detected in varnish from 
Pilbara. 

Fig. 1. (A) SEM image of a bacterial cast on a desert 
varnish sample from the Pilbara region, Australia (B) EDS 
fastmap of the carbon content (dots) within the imaged 
area The heavily dotted area corresponds to the bacterial 
cast in l(A). (q SEM image of a sporoform fungal body. 
Note the weatherin of the structure. 



Fig. 2. (A) SEM image of fossilized hymenium of a 
rnicrocolonial fungi from the Pilbara area, Australia. (B-C) 
Examples of varnish texture near preserved microbial fossils. 
Note the three hole structure in the 2(B) is the fossilized 
hymenium in 2(A). 2(C) is an area near the bacterial cast in 
l(A). 
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The "biofabric" observed in the Sonoran Desert 
samples by Probst et al. (9) was not observed in the study. 
However in the areas of the samples where the bacterial 
casts and the fossilized hymenium were detected, a more 
complex texture was seen that is suggestive of a former 
bacterial presence [Fig. 2(B), 2(C)]. 

Discussion: All samples showed evidence of microbial 
life, but at differing concentrations. The lack of observable 
bacterial colonies is consistent with previous investigations 
(4,5). The reduced number of MCF and the lack of 
fossilization on the Hoover Dam samples may be explained 
by several factors. 1) The Hoover Dam hand samples were 
selected because few MCF were observed. 2) The varnish 
has existed for less than seventy years and therefore, fewer 
MCF have had the opportunity to settle and grow. 3) 
Conditions were not supportive for more MCF. 

Desert varnish appears to preserve microbial 
fossils, although the duration of their existence is unknown. 
All observed fossilization appeared to have been located on 
the surface of the varnish or in natural breaks. Therefore, 
their formation was probably fairly recent. In agreement 
with the observations of Krinsley (5) our study observed 
many nodules high in Mn and Fe oxides. Krinsley 
provided a mechanism for their formation in his 
"biodiagenetic model." In this model, bacterial casts and 
wastes products are formed by biomineraliz.ation. Then Mn 
and Fe-oxides become remobilized and eventually become 
redistributed in the matrix of the varnish clays. The nodules 
may be bacterial casts or waste products slowly being 
weathered away. Krinsley explained the process could 
occur via organic acids excreted by MCF or completely 
inorganic means. If the "biodiagenetic model" is correct 
then the process would eventually destroy most fossilized 
structures. As such, long-term preservation is generally 
poor. However, elsewhere on Earth or Mars environmental 
conditions conducive to desert varnish formation may be 
sufficient to preserve definitive evidence for life. 

References: (1). Hofinann, B.A. and J.D. Farmer. (1997) 
in: LP! Workshop on Early Mars (abstr.). (2) Latz, W. and 
Kremer P. (1996) Mikrokosmos 85:229-232. (3) Provencio, 
P. and V.J. Polyak. (2001) Geomicrobiology Journal. 
18:297-309. (4) Staley, J.T., J.B. Adams, F.E. Palmer. 
(1992) in: Soil Biochemistry. Stotzky, G. and J-M Bollag 
Eds. New York. pp. 173-194. (5) Krinsley, D. (1998) 
Sedimentology. 45:711-725. (6) Sterflinger, K. (2000) 
Geomicrobiology Journal 17:97-124. (7) Adams J.B., F. 
Palmer, and J.T. Staley. (1992) Geomicrobiology Journal. 
10:99-114. (8) Staley et al. (1983) BMJR Journal of 
Australia Geology & Geophysics. 8:83-87. (9) Probst, 
L.W. et al. (2001) in LPS CXXXJl/(abstr.). 
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THE SECULAR EVOLUTION OF SATURN'S SYSTEM OF RINGS AND SATELLITES. E. Gallo, Harvard University, 
Cambridge MA 02138, USA, (gallo@harvard.edu), Advisor: J.M. Hahn, Lunar and Planetary Institute, Houston TX 77058, USA, 
(hahn@lpi.usra.edu). 

Since the Italian scientist Galileo Galilei first discovered 
its rings in 1610, telescopic and spacecraft observations have 
revealed Saturn to have the most spectacular court of rings and 
satellites in our Solar System [I]. Nowadays 30 satellites have 
been discovered to orbit the planet and its system has unveiled 
all its complexity of rings and subrings. This scenario offers 
the perfect environment for the study of a whole series of 
dynamical phenomena. Several papers have been published 
on how the structure of the rings is shaped by mean motion 
resonances with the known satellites of Saturn, which launch 
spiral density and bending waves in the rings. Both these 
orbital resonances and the action of shepherd satellites have 
been extensively investigated to explain the intricate structure 
of gaps observed within the rings. However all these studies 
concentrate on resonance and short-term effects while very 
little investigation has been devoted to the secular evolution of 
Saturn's system. The main research on the topic was carried 
on by J. A. Burns et al. [2] and it involved an analytic study 
of a simplified version of the Saturn system. 

Secular evolution is a long-term change in one or more 
of the orbital parameters of a body. Secular perturbations are 
most prominant at a secular resonance, which is a site where 
one of the eigenfrequencies1 of the system matches a body's 
precession rate, and this can cause very high eccentricities and 
inclinations. Secular resonances have been successfully em-
ployed to explain a variety of phenomena such as the presence 
of gaps and the high eccentricities and inclinations observed in 
the asteroid belt [3], the orbital instabilities that can toss me-
teorites into Earth-crossing orbits and the high inclinations of 
objects in the Kuiper belt [4]. It is therefore worth considering 
whether Saturn's complex system of rings and satellites might 
admit interesting secular phenomena such as resonances, prop-
agating waves or at least some gravitational coupling between 
the rings and satellites. 

This investigation uses an analytic model based on the 
equations given in Brouwer & Clemence [5] and more re-
cently in Murray & Dermott [6]. The secular evolution of 
a system is obtained by selecting the slowly varying secular 
terms in the Fourier series expansion of the disturbing function 
(i.e. the contribution to the gravitational potential arising from 
the perturbations due to secondary masses in N-body systems). 
By ignoring the non-secular terms, we are effectively consid-
ering time-averaged equations of motion that are much simpler 
and have a fully analytic solution [5, 6]. Given the rings and 
satellites initial orbits, the model solves for the time evolution 
of the eccentricity (e), inclination (i), longitude of pericen-
tre (w) and longitude of ascending node (0) for the orbit of 

· each body in the system. This approach allows us to calculate 
the long-term variations in each object orbit, but it does not 

1 The secular motions of N satellites can be described as sums over 
N sinusoids that vary at rates denoted g; and f;, which are the sys-
tem's eigenfrequencies. 

preserve information about where each body is located in the 
orbit since we are using time-averaged equations of motion. 
This is encompassed in the model by representing both satel-
lites and rings as massive rings that can rotate, tilt, wobble 
and stretch according to the changes in the orbital elements 
e, i, w and 0. This choice has at least one distinctive advan-
tage over N-body simulations that solve the exact equations of 
motion: it avoids the very long computations needed to track 
the paths of a huge number of particles that would otherwise be 
required to faithfully represent the system. On the other hand 
the main disadvantage of our approach is that the model ig-
nores the high-frequency perturbations that are responsible for 
mean-motion resonances, ·and it cannot reproduce the intricate 
motion of low-mass coorbital satellites. 

According to our present knowledge Saturn has 30 satel-
lites even though only 12 are inserted in the model. Phoebe 
and 12 satellites recently discovered by Gladman et al. [7] are 
located in very distant high inclination orbits and therefore they 
are excluded because they are dynamically independent from 
the rest of the system. Janus and Epimetheus are coorbital 
objects tracking horseshoe orbits at the lagrangian points of 
the Saturn-Mimas gravitational system and therefore they are 
represented by a single massive ring in order to rule out strong 
local gravitational effects [8]. Similarly Calypso and Telesto 
are located at the Iagrangian points of the Saturn-Tethys sys-
tem and in the model they are encompassed in Tethys' ring 
since they have very low masses. The same is true for Helene 
which is a low mass satellite at the leading lagrangian point of 
Dione. Pan is embedded in the A ring and it can be considered 
part of the ring itself since its mass is negligible compared 
to it. The ring system is quite complex and a rough subdivi-
sion can distinguish the following rings from the inner to the 
outer edge: D, C, B, Cassini's Division, A, G and E rings [9]. 
However in the model only the Cassini Division, the A and B 
rings are included since they are the most massive and the only 
ones dynamically relevant in the system. Their radial extent is 
represented as 200 distinct rings distributed among the Cassini 
Division, the A and B rings. Moreover the Sun is inserted in 
the model since in Saturn's reference frame it orbits the planet 
like a satellite and, even though it is very far away, its grav-
itational influence can be very relevant due to its huge mass. 
The initial conditions of the model are the mass and radius of 
Saturn and the masses, semimajor axes and orbital elements 
(e, i, wand O on January 1st, 2002) of all the satellites which 
are taken from the Horizon website [10]. 

A first interesting aspect is the behavior of the eccentricity 
e of the bodies, which shows how elliptical their orbit is. The 
eccentricit_ies of the rings are locked up at fixed values. This 
is because they are gravitationally coupled to some satellites 
and in this case the main contributions come from the action 
of Titan and Mimas. As expected the eccentricity of each ring 
actually increases the farther the ring is from Saturn due to 
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Figure 1: The longitude of pericentre w is plotted versus the 
distance from Saturn at time t=13.275 of a 25 years run. The 
vertical lines indicate the radial extent of the A and B rings 
with the Cassini Division between them. The following ab-
breviations are used: At=Atlas, Pa=Pandora, Pr=Prometheus, 
Ja=Janus and Mi=Mimas. Note that Prometheus' w happens 
to be almost equal to Mimas' by mere chance, and it does not 
indicate any sort of coupling of either Mimas or the A ring 
with this low mass, fast precessing satellite. 

its closer proximity to the perturbing satellites. The behavior 
of the inclinations of the various rings is similar to the one 
observed for the eccentricities: their value is determined by 
the gravitational influence of other bodies in the system and 
in this case Titan, Mimas and Tethys provide most of the 
coupling force. This means that the orbital plane of the rings 
will be tilted or warped at an angle approximately similar to a 
weighted average of Tethys, Mimas and Titan's inclinations. 

A very useful orbital parameter to focus on to see possible 
secular phenomena is the variation in the bodies' longitude 
of pericentre w. This is the angle between the X axis on 
the reference plane (i.e. Saturn's equatorial plane) and the 
pericentre (i.e. the direction of the closest approach to Saturn) 
and it shows the orientation of the ring's elliptic orbit in space. 
All the orbits of the various bodies are precessing, that is, they 
are rotating in space with respect to the inertial reference plane, 
and their precession rate decreases the farther away they are 
from the central body since it is primarily driven by Saturn's 
oblateness. Fig. 1 illustrates a representative snapshot of an 
animation of the time variation of w for various bodies in the 
system. The B ring is gravitationally coupled with Titan and it 
is librating (i.e. oscillating) about 20° around the value of the 
satellite's longitude ofpericentre. On the other hand the A ring 
is coupled with Mimas and therefore it is precessing at a much 
faster rate since Mimas is much closer to Saturn than Titan. 
It is worthwhile to point out that the break between the two 
precession rates happens exactly at the Cassini Division. This 
might be a mere coincidence, but it could also provide some 
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Figure 2: The longitude of ascending node is plotted ver-
sus the distance from Saturn at times t=0.3675, 12.5225 and 
19.0325 years of a 25 years run. The interior satellites Atlas, 
Prometheus, -Pandora and Janus are precessing very fast and 
they are completely uncoupled from all the other bodies, their 
positions in the graphs therefore randomly depend on where 
they were located at the particular times the snapshots were 
taken. 

valuable insight on the mechanism of formation of the Cassini 
Division, whose origin is still partly unknown even though 
there is strong evidence it might be due to Mimas' primary 
mean motion resonance. There is also another interesting 
gravitational coupling in the external part of the system that 
is not shown in the figure: Rhea's pericentre is locked up to 
Titan's and it precesses at the same rate librating about Titan's 
longitude with a period of approximately half a year. All these 
effects persist over the 100 years we have evolved the system. 

It is also interesting to analyze an animation of the time 
variation of the longitude of ascending node n, which is the 
angle between the X axis on the reference plane and the radius 
vector to the ascending node (i.e. the point where an inclined 
object's orbit plane crosses Saturn's equatorial plane). Three 
snapshots of this animation are shown in Fig. 2(a), 2(b) and 
2(c). In Fig. 2(b) both the A and Brings are coupled to Mimas 
and they do not seem to feel any sort of gravitational influence 
from Titan. On the contrary in Fig. 2(c) the A and B rings 
are coupled to Titan and they seem completely uncoupled from 
Mimas. A complete view of the animation shows that the rings 
are precessing around coupled to Mimas for about 4-5 years 
and then they get coupled to Titan for a comparable period 
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of time. Their behavior is therefore quite striking since they 
pass almost abruptly from Mimas' very fast precession rate to 
Titan's, which is very slow, and viceversa. In agreement with 
what is observed above, the A ring is preferentially coupled 
with Mimas while the B ring with Titan, but it must be em-
phasized that most of the time they are both coupled to the 
same body. Thus there is literally a gravitational fight between 
Mimas and Titan and neither of them seems to prevail on the 
other in the span of time covered by the model (i.e. I 00 years). 
Moreover in Fig. 2(a) there is a very interesting phenomenon 
which happens in the first part of the evolution of the model: 
both rings are mainly coupled to Tethys feeling very little influ-
ence from Mimas. This coupling lasts only ~ 1.5 years before 
the rings fall under the influence of Mimas and then it does 
not appear to happen again in the following 100 years of the 
evolution of the system. However all the observed phenomena 
should be periodic and therefore this might be a weak coupling 
only occuring under very particular and rare conditions. 

Various changes were applied to some of the parameters of 
the model in order to show that the qualitative results described 
before were insensitive to some factors. The rings were as-
signed zero, one and five times their estimated masses, but they 
did not show any gravitational coupling with the low mass in-
ner satellites. The only noticeable change was a slight increase 
in the precession rate of these satellites as expected. This is 
why, in the system discussed above, the rings are assumed to 
be massless. In the earliest runs the C, D, F and E rings were 
also included, but their low masses make them dynamically 
insignificant. The total number of subrings in the three rings 
regions was doubled with no visible significant change in their 
dynamical behavior both with massless and massive rings. 

Some limits of the model must be acknowledged before 
making conclusive statements of the secular behavior of Sat-
urn's system. The longest time-span covered was 100 years. 
Most of the phenomena analyzed have precession periods 
shorter than IO years and therefore it seems that this elapse 
of time should be long enough. However the coupling with 
Tethys occured only once and it might have a period longer than 
100 years. Furthermore the Sun seems to have no influence 
on the secular evolution of the system even though its gravi-
tational field is quite strong. This might suggest that it could 
indeed have some role, but on much longer time scales. In the 
Fourier series expansion of the disturbing function some terms 
have also been discarded even though they are responsible 
for long-term dynamical phenomena and they might therefore 
have a relevant role in our context. These terms describe local-
ized behavior and they are called resonant terms because they 
vary in a commensurable way with the orbital periods of the 
bodies. The model also assumes that the main contribution to 
the orbital elements of the rings is due to the secular evolution 
(forced e, i, w, 0) and not to the localized perturbations (free 
e, i, w, 0) due to collisions or gravitational scattering among 
ring particles. This approach is valid as long as the ring par-
ticles' dispersion velocity c is low enough. A lower limit to c 
can be set requiring the rings to be gravitationally stable. An 

assessment of the stability of a system is given by the value of 
Toomre's stability parameter Q: if Q < 1 then the system is 
unstable while if Q 1 then the system is stable. In this case 
we set Q = 1 since we are trying to compute a lower limit for 
c. Thus we have: Q = 1rcgu = 1 =} Cn.in = 1rgu '.::::'. 0.1 
cms- 1 where a = ring surface density '.::::'. 100 gcm-2 and 
0 = ring angular velocity '.::::'. 0.0002 s- 1 [11). Lane et al. 
[12) computed an upper limit of Cn.a:z: $ 1 cms- 1 using the 
maximum total thickness of the rings obtained from Voyager 
2 stellar occultation data. Other values of c within these limits 
have been computed using estimates of kinematical viscosity 
from analyses of bending waves at mean motion resonances 
(c $ 0.4 cms- 1) and from gravitational scattering theory 
(c ~ 0.1 cms- 1) [9]. Using these estimates we can compute 
the minimum and maximum values for the free eccentricities: 
emm = .sm..i.n. > 10-s and emax = Em= < 10-7 where free vj - free vk -
Vk = orbita Keplerian velocity. In the model typical values 
for the eccentricity of the rings are of order e ~ 10-s to 10-7 

so our assumption is reasonable. 
An understanding of the secular evolution of Saturn's sys-

tem is important in order to achieve a complete view of the 
dynamics of the environment surrounding the planet. The 
above analysis shows that Saturn's system contains some in-
teresting secular phenomena. A secular resonance falling on 
the massive rings might have excited very high eccentricities 
or inclinations that could create waves propagating in the sys-
tem [4], but nothing like this was observed. The rings seem to 
have a passive behavior and they do not exert any significant 
gravitational perturbation upon the nearby low-mass satellites. 
However the gravitational action of the massive satellites on 
the rings has revealed some interesting secular phenomena 
such as the strong and competing influence of Mimas and Ti-
tan and a weak and rare coupling due to Tethys. Moreover the 
fact that the break in the precession rates of the A and B rings 
occurs at the Cassini Division might be an indication that the 
formation of this division is partly due to a differential pre-
cession seen in the A and B rings. Further investigations over 
longer time scales and encompassing more complex aspects 
of the system, such as resonant terms and local gravitational 
interactions, are necessary in order to explore all the possible 
long-term phenomena involved. 
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Introduction: The 2003 Mars Exploration Rover 
science· strategy is to identify promising targets for the 
rover using the visible imaging Pancam and thermal 
infrared imaging Mini-TES. Those targets would then 
undergo detailed examination using a suite of instru-
ments including an alpha particle x-ray spectrometer, a 
Mossbauer spectrometer, and a microscopic imager. 
Team members will select sites using target morphol-
ogy and color from Pancam, and interpretations of the 
mineralogy using Mini-TES. This strategy requires high 
quality, near real-time interpretations of Mini-TES 
data. [l] 

Researchers desire to detect and identify smooth 
rock coatings, if present. Smooth rock coatings, such as 
desert varnish or cooling rind, may provide information 
on the environmental conditions [2]. Desert varnish is 
a blackish or brownish stain of iron and manganese on 
a rock surface [3]. Exobiologists are particularly inter-
ested in desert varnish because it may be biologically 
mediated [4]. 

A hyperspectral thermal infrared field study, meas-
ured in a manner very similar to the Mini-TES, is 
needed. In February 2002, Kirkland et al. [5] measured 
field spectra of test targets in order to study downwel-
ling effects and design systematic field studies. Of the 
target types studied, non-diffuse was the most difficult. 
There are no published studies of non-diffuse targets in 
the field -using an instrument similar to the Mini-TES. 
So, in July 2002, we measured data of a varnished des-
ert pavement. This dataset provides a systematic field 
study, particularly of reflected downwelling radiance 
effects. 

In analyzing the July 2002 dataset it has become 
apparent that no technique exists to compensate for the 
downwelling radiance o,n nop-dlffuse targets. 

Fig 1: Diffuse vs. non-diffuse examples. The smooth surface 
of the puddle is non-diffuse (specular) and reflects light. The 
rough surface of the cement is diffuse and scatters light. 

Background: Downwelling radiance is caused by 
the radiance of thermal energy unto a target by all ob-
jects in the hemisphere around the target [6]. Reflected 
downwelling radiance interferes with the spectrum of a 
target by imparting the spectral character of the down-
welling on the target. Non-diffuse (specular) targets 
have a smooth surface so light is reflected at the angle 
of incidence. Thus, as shown in figure 1 and 2a, where 
you look at a spectral target the only downwelling you 
see is reflected from a single point (line-sight down-
welling). Diffuse targets have a rough surface such that 
light shining upon it is scattered in all directions. 
Therefore you see the downwelling integrated from the 
entire hemisphere (figure 2b). Because even smooth 
rock coatings are not entirely smooth, they have both 
diffuse and specular components. 

DI c;:;::J R2 

Fig. 2a: Line-sight downwelling. If a material is non-diffuse 
(specular) light will reflect off the material, like a mirror. The 
downwelling is then only representative of one point in the 
sky. Dl,Rl=sky downwelling, reflected sky downwelling; 
D2,R2=cloud downwelling, reflected cloud downwelling; 
D3,R3=mountain downwelling, reflected mountain down-
welling. 

Fig 2b: Hemispheroidal downwelling. If a material is dif-
fuse light will scatter off the material in every direction. The 
reflected downwelling measured is the integration of all pos-
sible line-sight downwelling in the hemisphere. 
Dl,Rl=integrated downwelling of the hemisphere, reflected 
hemispheroidal downwelling. 
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a e : ns rumen J >arame ers T bl 1 I t t t 
FOV (mrad) el (deg) az (deg) sampling (cm·1) range (µm) height (m) 

Mini-TES[7] 20 or 8 -50 to +30 360 10 5-25 -1.4 
MIO0 8.7 -70 to +90 360 2 7.5-13.5 -2, 2.5, 3 

FOV = field of view; el, az = elevation, azimuth range; sampling = spectral sampling interval; range = spectral range; height of FOV 

Reflected downwelling radiance is a complication 
inherent in field measurements, and it increases with 
higher emission angles. Most past studies were meas-
ured from satellite or aircraft directly above the target 
(low emission angles and atmospheric reabsorption), so 
the effect of downwelling may be insignificant com-
pared to atmospheric absorption. 

Data measured: We used primarily two datasets 
for this project. The first dataset was measured in Feb-
ruary 2002 by Kirkland et al. [5]. This dataset con-
tained both diffuse and non-diffuse targets of known 
composition in various positions to alter the downwel-
ling in a predicable manner. The second dataset was 
measured in July 2002 at a desert pavement site con-
sisting of primarily vanished basalt. We wanted a fairly 
level pavement in order to get a more controlled swing 
in emission angle. 

We learned several things from the February dataset 
that we applied to the July dataset. We know that it is 
required to have a diffuse, high reflectance material (in 
our case, a sandblasted aluminum plate) in each scene 
to measure the hemispherical down welling. We meas-
ured several sky spectra to approximate line-sight 
down welling. And we developed methods of processing 
the data to evaluate the downwelling compensation 
technique. 

Both datasets were measured using The Aerospace 
Corporation equipment. This includes Block Engi-
neering Model 100 (MIO0) Fourier transform infrared 
interferometers. The MIO0 measures hyperspectral 
images using a precisely controlled mirror that raster 
scans in two dimensions at 25 Hz, and it records the 
viewing angles with the data. The viewing geometry 
and scanning system are very similar to the Mini-TES 
(Table 1). [l] 

Procedure: The raw raster images must be cali-
brated and converted several times before we can ana-
lyze them. First the data are calibrated to radiance us-
ing a polynomial fit to ambient and blackbody plates of 
known temperature. The radiance values are then con-
verted to brightness temperature. The reference black-
body curve of the target is taken as the maximum 
brightness temperature measured. [ 1] 

Next, the data must be converted to apparent emis-
sivity for comparison to laboratory data as illustrated in 
figure 3. The current community standard conversion 
technique for TES data is the "simple ratio." A simple 
ratio is the measured radiance divided by the maximum 
brightness temperature blackbody fit. The simple ratio 
ignores downwelling radiance and therefore is not ideal 

for field studies. 
Another conversion technique compensates for dif-

fuse downwelling radiance. The so called "special ra-
tio" uses the diffuse downwelling as the zero emissivity 
line [8]. The special ratio is the difference between the 
measured radiance and diffuse downwelling, divided by 
the difference between the blackbody fit and diffuse 
down welling. 

To evaluate the conversion techniques we calcu-
lated both the simple and special ratios for our non-
diffuse desert varnish site. We then compared them to 
a lab spectra of desert varnish (see figure 4). 
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Fig. 3: Apparent emissivity conversion techniq~es. The 
upper curve is a blackbody fit to the highest brightness tem-
perature; the middle trace was measured of a quartz-sand 
target, and the lower trace of a diffuse aluminum target. Ar-
row 1 illustrates a ratio compensated for downwelling radi-
ance ("special ratio"), and Arrow 2 shows a simple ratio. 
[5] 
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Fig. 4: Desert Varnish (non-diffuse) Target. The special 
ratio, simple ratio, and lab spectra show the ratios marked by 
Fig. 4, Arrow 1, 2, and 3, respectively. Most fine spectral 
details evident are atmospheric features. 
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Fig. 5: Quartz (diffuse) Target. The special ratio, simple 
ratio, and lab spectra show the ratios marked by Fig. 3, AI-
row 1, 2, and 3, respectively. Most fine spectral details evi-
dent are atmospheric features. [5] 

Disscusion: Special ratio is better than simple ratio 
when significant reflected downwelling radiance 
reaches the sensor (e.g. field measurements). However 
when the reflected downwelling radiance does not 
reach the sensor (e.g. airborne/satellite measurements) 
the difference is insignificant. Regardless of the nature 
of the measurements, it is essential to have the correct 
downwelling curve when using the special ratio. Figure 
5 demonstrates that the correct curve for a diffuse tar-
get is a diffuse aluminum plate. Figure 4 indicated that 
a diffuse plate is not the proper curve for a non-diffuse 
target. A non-diffuse target, being neither purely dif-
fuse or specular, requires a mixture of line-sight and 
diffuse downwelling compensation. 

Our attempt to apply a purely diffuse downwelling 
compensation to the non-diffuse desert varnish tells us 
that something is wrong with the compensation but it is 
unclear the exact nature of the error. Figure 4 shows 
the simple ratio maybe better with regard to both ap-
parent emissivity and the location of the spectra maxi-
mum at~ 1040 wavenumber than the special ratio. It is 
possible that either the simple ratio is better than an 
incorrectly compensated special ratio or the special 
ratio is more correct but the varnish lab spectra (taken 
from a Black Mesa varnish location) is slightly differ-
ent than the varnish spectra of the July 2002 varnish 
location. 

Temperature also may affect the required downwel-
ling compensation. We have found that for the condi-
tions present at the desert varnish site (very high tem-
perature targets, ~340 K), the magnitude of the re-
flected downwelling is comparatively small relative to 
the target such that the simple ratio accurately repre-
sents the apparent emissivity. Thus in this case the 
special ratio and simple ratio merge. 

The development of a "complete ratio" technique 
that incorporates downwelling measurements from line-

sight and high reflectance diffuse targets in varying 
amounts is needed to get high quality downwelling 
compensation of non-diffuse targets. The effect of 
temperature should also be included. Further work will 
attempt to develop such a technique. 

It is especially important to understand the nature 
of the line-sight measurements and their contribution to 
downwelling because the MER rovers are not equipped 
with a target to measure diffuse downwelling. The 
Mini-TES will make line-sight downwelling measure-
ments. An example of line-sight and diffuse downwel-
ling measurements is provided in figure 6. Our experi-
ence is that direct, line-sight measurement of the sky 
does not accurately record the diffuse downwelling 
radiance. The results should be simulated and exam-
ined. 
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Fig. 6: Downwelling measurements. The "diffuse Al" trace 
shows a spectrum measured of a diffuse aluminum target, 
compensated for the true reflectance; the "salt" target is 
~5 mm rock salt particles; and "sky" shows a point measure-
ment of the sky near zenith. Note that diffuse and line-sight 
downwelling radiance differ significantly. 
[ 1] 
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lntroduction:Regionally extensive volcanic 
provinces on Mars, namely Tharsis and 
Elysium, along with large impact basins like 
Hellas, dominate the study of Mars' geologic 
structures. On Earth folds, faults and other 
deformational features are associated with 
plate tectonics, but most features on Mars like 
the ridged plains of Hesperia Planum or the 
incised chasm of Valles Marineris can trace 
their origins to impacts or volcanic provinces. 
It is of interest then to identify and study any 
feature on Mars that signifies the presence of 
a tectonic force not attributable to known 
volcanic provinces or impacting events. 
Located in the central Terra Cimmeria region 
of the Southern Highlands of Mars is a set of 
linear scarps not clearly associated with major 
known tectonic provinces. Several scarps 
exhibit relief in excess of 500 meters and the 
set displays a consistent NE-SW trend for 
over 1500 kilometers. The analysis of these 
scarps of undefined origin is divided into 
three parts. The first element is mapping and 
characterization of the observable scarps. The 
next is construction of a geologic history 
aided by the determination of the relative age 
of the scarp set by use of crater counts and 
cross cutting relationships. The final point is 
to incorporate the formation of this scarp set 
into the account of Mars' geological 
evolution. 

Methodology: Using data from Mars Global 
Surveyor (MGS) and imagery from the 
Viking missions, digital coverage of the study 
area was created in Arcview, a GIS program. 
Within Arcview the scarps were mapped and 
characterized by recording data in tabular 
form. Attributes measured include relief, 
azimuth, dip direction, and length. The 
bounding coordinates of the study area are 

35S to 70S latitude and lO0E to 170E 
longitudes. Topographic data from the Mars 
Orbiter Laser Altimeter (MOLA) was used at 
a resolution of 64 pixels/degree. Shaded 
relief maps and three-dimensional 
visualizations were created from this 
topographic data to aid m feature 
identification. A mosaic of Viking mission 
imagery was used at a resolution of 256 
pixels/degree. To augment the Viking 
imagery, Mars Orbiter Camera (MOC) wide-
angle images were also imported at a 
resolution of 256 pixels/degree. Preliminary 
investigations of the free-air anomaly and 
magnetic field data were also carried out. 

In order to date the surface on which the 
scarps developed a crater count was 
completed. Using Viking imagery spanning 
an area of 2.2x106 km2 in central Terra 
Cimmeria the diameters(D) of 937 craters 
were recorded. The minimum diameter 
counted was 4 km. This minimum was to 
insure that no secondary impacts would 
influence the count. The diameter values 
were placed in '12 bins ranging from 4 km to 
256 km. No craters larger than 256 km were 
observed within the count area. Figure 4 
shows an incremental size frequency 
distribution compared to isochrons from 
Hartmann[ 1]. 

To correlate scarp development with the 
crater count we assume that by discerning the 
percentage of scarp crossing craters that are 
unfaulted, we can estimate the age of scarp 
formation as a percentage of the age of the 
cratered surface. We began by mapping all 
craters that cross scarps. Using topographic 
profiles and both MOC and Viking imagery 
we determined whether or not each crater was 
faulted. Through this examination we 
obtained a percentage value that yields the 
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age of scarp development relative to the Terra 
Cimmeria crater count and thus relative to 
other features on Mars. 

Results: The mean strike of 159 measured 
features was N35°E when azimuth values 
were graphed on a rose plot with 10° bins 
(Figure 1 ). The maximum observed relief 

Figure 1. Rose Plot of 159 Scarps in 10° bins. 

was 1050m, while scarps with relief as little 
as 25 meters were mapped. The maximum 
length of a continuous scarp was 309 
kilometers, while the peak slope observed was 
18°. Of the mapped scarps 67 exhibited a 
northwesterly dip while 62 displayed 
southeasterly dips. The remaining 30 were 
mapped as asymmetrical ridges. 

Figure 2 illustrates the map pattern of 
identified scarps. They outline a broad 
graben ~ 1500 km in length bounded by 
normal faults. The structure exhibits no 
regional dip with floor elevations varying 
from 500-1200 m throughout its length. The 
graben is bound to the south by the highlands 
of eastern Promethe Terra. Cross sections 
reveal elevations consistently in excess of 
2000 meters to both the east and west, but 
vanatlons occur. Subdividing this regional 
graben are two central parallel grabens ~410 
km in length (Figure 3). They are bound to 
the north and south by broad topographic 
swells and are centrally divided by a horst. 

Figure 2. Scarps with Topography 
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Both grabens display a subtle southwest dip. 
The northern graben exhibits floor elevations 
of 400m to 1350 m yielding a southwesterly 
dip of 0.2°. The southern central graben 
exhibits a regional dip of 0. 13° with floor 
elevations ranging from 300 to 1 000m. 

Figure 3. Central Grabens with MOC imagery 

The crater count yields an age of ~3.7Ga 
when compared to Mars crater count 
isochrons (Figure 4)[1]. The incremental size 
frequency distribution plot of identified 
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Figure 4. Incremental Size Frequency Distribution 
Compared to Mars Crater Count lsochrons. 
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craters displays a shallowing of slope at 
D<16. This suggests that infilling or erosion 
has removed a portion of this population. 
Craters where D> 16 closely fall on a line of 
slope -2. Based on the linearity of the 
incremental size frequency plot in bins of 
D>16, D values of 16 or greater were used to 
date scarp formation. In bins of diameter 
greater than 16km 20% of scarp crossing 
craters remain unfaulted. Therefore scarp 
development occurred prior to the deposition 
of 20% of the craters. This yields a value of 
~3Ga for the age of scarp development 
(Figure 4). 

Preliminary investigations of the free-air 
anomaly and magnetic field data show a 
negative free-air anomaly and a disruption of 
the striped magnetic field anomalies 
associated with the graben structure. 

Interpretation: In Hesperia Planum located 
to the Northwest of Terra Cimmeria, Goudy 
and Gregg[2] mapped an orthogonal pair of 
wrinkle ridge sets, one radial to the Hellas 
Basin and one oriented concentrically to it 
noting that they were formed by the Hellas 
impact. The scarps observed in central Terra 
Cimmeria are not radial to the Hellas Basin, 
nor are they concentric to it. In addition, no 
cohesive orthogonal set exists as in Hesperia 

Planum. These observations suggest that the 
scarps in Terra Cimmeria originated from a 
mechanism other than the Hellas impact. 
Another possible origin of scarp formation is 
the Tharsis Bulge. While radial features are 
observable at a considerable distance from 
Tharsis in Terra Sirenum, the scarps in central 
Terra Cimmeria are not radial to Tharsis . 
This leads to the conclusion that the scarps 
are not associated with the Tharsis Bulge. 
While not solidly linked to the impact that 
formed the Hellas Basin or the volcanism in. 
Tharsis, the scarps are radial to the caldera of 
Apollinaris Patera suggesting a possible 
association. 

The map pattern of identified scarps 
produces an alternating set of Northwest and 
Southeast dipping features defining a horst 
and graben province or rift zone (Figure 2). 
The features must also be associated with 
some crustal heating because the graben is 
associated with a reduction in the magnetic 
field strength. This implies a shallowing of 
the depth to the Curie point. This crustal 
heating dispels postulations of surficial 
origins for the scarps and demands that the 
faulting and subsequent extension required to 
produce the graben be deep in origin. 

The disruption of the magnetic field data 
also reveals that the faulting episode postdates 
the magnetic stripes in the Southern 
Highlands. Coupled with the crater count 
analysis we can infer that the graben structure 
was formed in the late Noachian at the end of 
the heavy bombardment. Further work will 
involve investigating the relative age 
association with the Hellas Basin and 
exploring the possible association of the 
graben structure with Apollinaris Patera. 

References: [1] W.K. Hartmann (1999) 
Meteoritics and Planetary Science 34, 167-
177. [2] C.L. Goudy and Tracy K.P. Gregg 
(2001), LPSC XXXII, 1393. 
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Introduction: 
In February of 2001, NASA's NEAR Shoemaker 
spacecraft landed on the surface of asteroid 433 Eros 
in the vicinity of one particularly remarkable surficial 
landform later named a "pond." Characterized by 
large, expansive areas of very fine-grained material, 
these ponds have smooth surfaces, although Veverka 
et. al. has noted small, fissure-like, steep-walled 
features to occur in some areas of the pond [8]. The 
presence of these steep-walled features provides 
strong evidence that the ponds are not of a fluid 
nature, but are in fact composed of cohesive material 
[2]. The boundary between the virtually featureless 
ponded area and the boulder-covered, surrounding 
asteroidal surface is very sharp [8]. The ponds seem 
to occur at low latitudes near the ends of the asteroid, 
and often in the bottoms of Eros' smaller craters, 
particularly those less than one kilometer in diameter. 
[2]. These low-lying surfaces seem to predominantly 
reside near Eros' terminator; areas also described as 
having the lowest surface gravity on the entire 
asteroidal body [9]. Thus far, two main theories have 
been proposed to elucidate the mechanism behind 
pond formation. Electrostatic levitation, in which 
fine grains are lifted and transported by means of 
photoelectric processes, has been suggested by 
Robinson et. al. [7]. However, we are leaning 
towards the theory of seismic shaking, in which fines 
are segregated and redeposited during an impact 
event. [ 1,2,8] 

Application to Meteorites: 
In an attempt to discover the exact mechanism behind 
pond formation, we have turned to meteorites. Our 
research on ponding has been focused on meteorite 
samples containing very apparent, large, dark clasts. 
A select few of these clasts found in CV chondrites 
contain extremely fine grained olivine, and have been 
classified by Krot et. al as "type C" clasts [5]. The 
dark clasts appear to be featureless relative to the rest 
of the meteorite, making it very difficult to ascertain 
their method of formation. Vigarano, an extensively 
studied example, contains a very large "type C" clast 
consisting of 5-micron to sub-micron sized grains of 
fayalitic olivine, and much research has been 
centered around this sample. Perhaps the most 
unusual feature found in the dark clasts of CV's are 
numerous, cross-bedded, arcuate bands. These bands 
have been found to contain a very fine grained, Fe-
rich olivine, and are thus very apparent under 
electron microscope imaging. The pores in the bands 
seem to be almost entirely filled with fine-grained 

olivine. Each band belongs to a single bed (or layer) 
of material in the clast, and is located at the bottom 
[9]. Towards the top of the band, a more transitional 
boundary exists, therefore providing some idea of the 
direction of the beds. These beds are often in a cross-
bedded orientation, as best seen in Vigarano. Is it 
possible that these cross-beds formed by way of one 
of the two proposed mechanisms for pond formation 
on Eros? Are they small-scale versions of a much 
larger event occurring on their respective parent 
asteroids? Our main purpose is to look for this small-
scale evidence on meteorites, and if any is found, 
attempt to either correlate it to one of the proposed 
formation mechanisms, or provide a new theory for 
formation. 

Materials and Methods: 
All meteorite thin sections in the meteorite database 
at NASA Johnson Space Center were first analyzed 
by the naked eye to determine if any of the thin 
sections contained the large dark clasts in which 
banding occurs. Analysis was also done on a 
collection of CM chondrites from Mike Zolensky. 
Those thin sections found to contain the dark clasts, 
including Sharps (H3), Allende (CV3), Cold 
Bokkeveld (CM2), Vigarano (CV3) and Al Rais 
(CR2), were further analyzed using a Nikon HFX IIA 
light microscope and an Olympus light microscope. 
If banding was apparent or predicted to be present, 
then the section was further analyzed using a JEOL 
5910 LV scanning electron microscope (SEM). On 
the SEM, images of the banding and any other 
features thought to be due to ponding were taken at 
various magnifications. Aside from Vigarano, which 
was further researched here, banding was also 
discovered in Sharps. Using a Cameca SX-100 
electron microprobe, specific and extensive point 
analysis was performed on and around the banding 
(including the chondritic matrix) on Vigarano and 
Sharps. Weight percents were obtained for 12 
elements, most importantly Fe, Si, S, Mg, and Ni. 
The elemental weight percents were averaged 
together for each of four specific areas (above band, 
below band, inside band, inside matrix), and Fe/Si, 
S/Si, Mg/Si, and Ni/Si ratios for each area were 
calculated from these averages. Element maps were 
created of some of the areas, providing information 
about the chemical composition of the bands, as well 
as the surrounding fine-grained material and the 
chondritic matrix. (This was also performed on 
Allende but features found don't seem to match those 
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found in Vigarano and Sharps). 

Results: 
Of all the samples examined and imaged under the 
SEM so far, Vigarano and Sharps appear to be the 
best examples of meteoritic ponding. Figure l [9] 
shows banding found within the dark inclusion on 
Vigarano. The bands are very light in color, meaning 
that they are high in heavier elements. Cross-bedding 
of the layers is apparent, and indicated by the arrow. 
Figure 2 shows a more close up view of the Vigarano 
banding. 

Figure I: Cross-bedding features in the Vigarano clast. 
The cross bedding is indicated with the white arrow. View 
-1 cm across 

Figure 2: Banding in the Vigarano Clast: A closer view 
of the banding reveals the characteristic sharp and 
transitional boundaries of the bands as well as the layering 
of the beds in which they occur. View =0.02 cm across. 

Banding was also discovered on the Sharps sample, 
but the bands seem to be oriented differently. In 
figure 3, the bands are roughly parallel to each other, 
rather than crossed. Additionally, many bands 
throughout the clast seem to be surrounding an area 
of much darker matrix, as seen in Figure 4. This 
could be due to the orientation in which the thin 
section was cut. 

Figure 3: Parallel banding in the Sharps clast. The 
bands seem to be parallel to each other rather than cross-
bedded. View = 0. 02 cm across. 

Figure 4: Circular banding in the Sharps clast. These 
bands appear to surround an area of matrix rather than cut 
across it. This could be due to the orientation in which the 
section was cut [9}. View = 0.05 cm 

In the following tables and figures, the average 
weight percents of elements present in Sharps and 
Vigarano, as well as the corresponding element maps 
are shown. Element:Si ratios have also been 
calculated. 

Area s Fe Ni Si Mg S/Si Fe/Si Ni/Si Mg/Si 

m 1.54 25.47 1.16 13.31 11.24 0.12 1.91 0.09 0.84 
a 0.48 20.95 1.38 14.11 12.29 0.03 1.48 0.10 0.87 
b 0.48 19.66 0.95 14.47 12.70 0.03 1.36 0.07 0.88 
i 0.60 24.15 1.88 13.20 11 .58 0.05 1.83 0.14 0.88 

avg 0.52 21 .59 1.40 13.93 12.19 0.04 1.55 0.10 0.88 

Table 1: Elemental weight percents for Sharps. Each 
area on the band on which microprobe analysis was done 
is listed at the left, and the corresponding weight percents 
are shown. The last row shows the average of each 
element weight percent above, below, and inside the band. 
(m=matrix, a=above, b=below, i=inside). Each individual 
element was analyzed on the microprobe, and the element 
maps in Figure 5 were made. 

Figure 5: Element maps of the Sharps clast. The first 
image is a BSE image of the area on Sharps shown in 
figure 3. The element maps/or (clockwise from top, center) 
S, Mg, Ni, Fe, and Si follow it. For S, Ni, and Fe, the 
bands show up very light, indicating that there is a higher 
amount of the element in the band relative to the 
surrounding matrix. There also seems to be slightly less 
Mg and Si in the bands relative to the surrounding fine 
grained matrix. Views= 0.02 cm across 
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Area s Fe Ni Si Mg S/Si Fe/Si Ni/Si Mg/Si 

m 1.00 31.10 1.23 12.80 9.42 0.08 2.43 0.10 0.74 
a 0.16 23.75 1.47 13.78 11 .69 0.01 1.72 0.11 0.85 
b 0.18 22.96 1.12 13.11 11.41 0.01 1.75 0.09 0.87 
i 0.19 24.47 1.77 13.58 11.93 0.01 1.80 0.13 0.88 

av~ 0.17 23.73 1.45 13.49 11.68 0.01 1.76 0.11 0.87 

Table 2: Elemental weight percents for Vigarano. Each 
area on which microprobe analysis was done is listed at the 
left, and the corresponding weight percents are shown. The 
last row shows the average of each element weight percent 
above, below, and inside the band (m=matrix, a=above, 
b=below, i=inside). Each individual element was analyzed 
on the microprobe, and the element maps in Figures 6 were 
made. 

I I I . . . ' 
J • 

. . . . : ' " . 
Figure 6: Element maps of the Vigarano clast. The first 
image is a ESE image of an area on Vigarano shown in 
figure 2. The element maps/or (clockwise from top, center) 
S, Mg, Ni, Fe, and Si follow it. For S. Ni, and Fe, the 
bands show up darker, indicating that there is a higher 
amount of the element in the band relative to the 
surrounding matrix. There also seems to be slightly more 
Mg in the bands relative to the surrounding fine-grained 
matrix. Si seems to be quite constant throughout the area. 
Views =0. 02 cm across. 

In summary, both Sharps and Yigarano contain 
higher amounts of Fe and Ni inside the bands than 
outside of the bands. This is supported both by 
numerical data, and by the element maps shown 
above in figures 5 and 6. There also seems to be a 
slightly higher level of S in the banding relative to 
outside of the banding. High S levels also occur in 
the chondritic matrix surrounding the entire dark 
clast. Levels of Mg seem to be slightly higher in 
Yigarano bands than in Sharps bands, and also higher 
in the bands relative to surrounding areas. However, 
the numerical data for Yigarano shows the weight 
percent of Mg inside the band and the weight percent 
outside of the bands to be very close. When looking 
at the Si ratios, it can be seen that the Mg/Si ratio 
inside the Yigarano banding is very similar relative to 
the other areas analyzed. In fact, the Si ratios for 
each of the elements correspond very well to the 

individual weight percents as well as to the element 
maps. It can thus be said that the banded areas in 
Vigarano and Sharps are very similar in composition. 

Discussion: 
It is clear that in order for ponding to occur, there 
must be a means by which fines can be separated 
from coarser material on the asteroid [7]. 
Electrostatic levitation does in fact separate fine-
grained material from a regolith, the fines then 
hopping to different locations on an asteroid [6,7]; 
however, it is quite unlikely that this mechanism 
alone could sort and order the grains in such a 
manner that results in ponding. There has been no 
concrete evidence that this mechanism can deposit 
grains in a size-sorted way, much less in such a 
specific and concentrated area, in order to form a 
pond [2]. Seismic shaking, however, has been shown 
to separate fines (especially heavier fines such as Fe-
rich olivine and metal) from a coarser material, 
specifically by way of percolation of the fines down 
to the bottom of the coarse material [4]. The 
compositions of the ponding features on Sharps and 
Vigarano are much like that of Eros. According to 
Evans et. al., NEAR showed pond surfaces on Eros to 
be depleted in Fe [3]. This can be explained by the 
percolation process, and is what can cause the 
bedding observed in the Sharps and Yigarano 
samples. As each seismic event occurs, more beds 
may take form over the top of older ones. These 
older beds must have been preserved in some 
manner, as well as rotated or moved during 
subsequent seismic events in which newer ponds 
formed on top of them. The cross-bedding patterns 
are proposed by Zolensky et al. to be indicative of 
this movement [9]. It can be concluded that the clasts 
found in Yigarano and Sharps were created in 
asteroidal ponds that underwent seismic shaking. As 
a result, those clasts may have adopted the features 
and the specific mineralogy resulting from that event, 
of course at a much smaller scale. Thus, the study 
and understanding of asteroidal ponding (and other 
surficial processes) is very important, since the 
surface of an asteroid does not accurately represent 
its bulk composition. 

References:[!] Asphaug et al. (2001) LPSC XXXII, 1808.pdf; [2] 
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MAPS, in press; (4] Horz and Schaal (1981) Icarus 46, 337-353; 
[5] Krot et al. (1995) Meteoritics 30, 748-775; [6] Lee (1996) 
Icarus 124, 181-194; [7] Robinson et al. (2001) Nature 413, 396-
400; [8] Veverka et al. (2001) Science 292, 484-488; [9] Zolensky 
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INTRODUCTION 

Diogenite meteorites form part of the howardite-
eucrite-diogenite (HED) family of basaltic achondrites. 
Compositional similarities between these three types of 
meteorite led to the suggestion that they all originated 
from the same parent body, the current hypothesis being 
the asteroid 4-Vesta [l]. Visible and near-infrared 
reflectance spectra of this asteroid display pronounced 
absorption features at 0.9µm and 2.0µm, characteristic of 
pyroxene. This resembles laboratory measurements of 
reflectance spectra of HED meteorites, therefore 
connecting them to the asteroid Vesta. 

The petrogenesis of diogenites and the other HED 
meteorites is still unresolved. One theory holds that 
diogenites and eucrites crystallised from a possible 
global magma ocean, through varying degrees of partial 
and fractional crystallisation [2]. The parent body 
underwent equilibrium crystallisation until 
approximately 80% solidification, causing convection 
to cease, which resulted in crystal settling. This then 
produced a solid diogenite layer and residual melt, 
which subsequently solidified into the eucritic crust. 
However, other theories seem equally valid [3]. 
Howardites are created by impact mixing of eucrite 
and diogenite material. 

Diogenites are coarse-grained, monomict breccias, 
meaning that all the fragments have essentially the 
same composition. They are composed almost entirely 
of orthopyroxene, with lesser proportions of olivine, 
plagioclase, chromite, clinopyroxene, troilite and silica. 
Rare patches of shock melt were also observed in a 
small number of the diogenite samples. The large, 
interlocking grains present in diogenites indicate a 
plutonic history, suggesting slow cooling in the interior 
of their parent body. The diogenites would have 
subsequently been brought to the surface, modified and 
ejected into an Earth-crossing orbit by ensuing impacts. 
This violent history, which the diogenites have 
experienced, results in brecciated and fractured shock 
textures, which are easily observable in thin section. 

This project investigates variations in deformation 
and fragmentation textures (post igneous) among 
twelve diogenite thin sections, from the Antarctic 
meteorite collection. 

The samples were studied using a petrographic 
microscope and a scanning electron microscope (SEM). 
Two distinctive end-member textures were observed: 
fragmental texture and annealed texture (Figure I). 

The fragmental texture consists of broken clasts 
surrounded by a fine-grained, angular, matrix, variably 
annealed and sintered. It is hypothesised that this 
texture was produced by lithified, settled ejecta which 

fig. I. Diogenite textures in backscattered electron 
images: Fragmental diogenite EET79002,22 (left), 
annealed diogenite LEW88679,5 (right). 
was thrown out during an impact. 

The annealed texture consists of large, closely-
packed clasts, with indistinct grain boundaries. The 
clasts are interspersed with recrystallised fine-grained 
brecciated bands, which suggests a small amount of 
local movement, for example slippage planes. The 
clasts have polygonised extinction. This texture 
suggests that the material never had a fragmental 
texture and it is not merely an annealed version of the 
fragmental texture. By analogy with rock exposed 
beneath large terrestrial impact craters [4], it is 
postulated that these diogenites are derived from 
deformed bedrock from beneath impact craters. 

ANALYTICAL PROCEDURES 

Preliminary observations of the meteorites were 
made on the petrographic microscope. Using this 
method of investigation, textural differences were noted 
and classified, along with approximate mineral 
abundances. Thin section "maps" were also made for 
each sample in preparation for SEM analysis. 

The SEM was used to obtain high magnification 
images of the textures of the diogenite samples. During 
SEM investigation it was noted that the grain sizes of 
the fragmental diogenites appeared to be scale 
invariant, meaning that the grain size distribution looks 
the same regardless of magnification. It was decided 
that this phenomenon should be further investigated, 
therefore grain size distribution analysis was 
undertaken using the images obtained on the SEM. 

Grain size distribution analyses were carried out for 
two of the fragmental diogenites: EET A 79002,22 and 
LAP91900,19. The LAP diogenite was studied at two 
different magnifications: x I 800 and x300. The EET A 
meteorite was analysed at one magnification: x550. The 
lack of consistency with the magnifications was due to 
the difficulties in recognising discrete grains, and of 
selecting representative sub-areas. A larger sample area 
provides a larger number of grains on which to base 
analysis, therefore increasing the accuracy of the 
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investigation. However, smaller grains cannot be 
discerned in these images. The different diogenites 
were suited to different areas of study depending on 
their respective clarity at these different magnifications. 

To determine the grain size distribution, each grain 
in an image was marked and its length and longest 
width perpendicular to this length were measured. 
These measurements were facilitated with the program 
Digital Micrograph. These distances were then 
converted into an objective measure of diameter, r, as 
the square root of the product of the length and the 
width. These data were then sorted into discrete data 
categories of a fixed size ratio in order to determine the 
number of grains in each group. These numbers were 
then converted into cumulative data for number of 
grains, N, with a linear dimension greater than r, N(>r). 
These data were plotted on a logarithmic graph of N(>r) 
against r, (Figure 2). Size data are expressed on a 
logarithmic plot, in groups spaced by fixed size 
intervals to minimise the effect of grain shape bias. 

DIOGENITE GRAIN SIZES 

Figure 2 show the results of the grain size 
distribution analyses for two fragmental diogenites. 
Theoretically, these graphs should be straight lines, 
demonstrating a power-law distribution [6]. However, 
in practice, the graphs deviate from this linearity for the 
largest and smallest grains. These deviations can, in 
part, be attributed to the limitations of the method. At 
the larger sizes, the deviation from linearity reflects the 
finite size of the images. Grains are only measured if 
they fall wholly within the SEM images. Therefore, the 
larger grains will be poorly represented. For smaller 
grains, the deviation from linearity represents three 
effects. First, the images do not represent the smaller 
grains accurately because the grains are either out of 
focus or lost in the image pixelation. Second, small 
grains can be plucked out of the rock when the thin 
sections are made. Third, annealing (even slight) makes 
it difficult to distinguish small grains from each other. 
This effect is particularly prominent for EETA 
79002,22. 

Despite these effects, the plots follow the power-law 
distribution for approximately one order of magnitude 
(Figure 2), which conforms adequately to theory, given 
the small area in which the survey was carried out. 

FRACTURE FRAGMENT SIZES 

It was not possible to determine grain size 
distributions for the annealed diogenites because their 
grain boundaries were too indistinct. However, many 
annealed diogenites display distinct micro-fracturing, 
therefore, a fracture fragment size analysis was 
obtained for an annealed diogenite, GRA98108,15, at 
x300 magnification. The procedure was the same as 
that for the grain size analysis, except this time 
measuring each complete fragment, rather than 
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fig. 2. Frequency-size distribution of grains in 
fragmental diogenites. 

individual grains. These data were processed in the 
same way as the previous analyses and displayed in a 
similar logarithmic plot (Figure 3). 
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fig. 3. Frequency-size distribution of fragments in 
an annealed diogenite. 

The distribution of fracture fragment sizes for this 
diogenite does not follow the power-law distribution 
(Figure 2). The non-linearity of this distribution is not 
an artefact of the method. The fragment count is more 
accurate than the grain counts because the fragments 
were very distinct, therefore, all the fragments wholly 
in the frame could be measured. Therefore the absence 
of small fragments is genuine. The low number of very 
large fragments is probably partially, as before, an 
artefact of working from a finite-sized image, but it 
seems likely that this also emphasises a real scarcity of 
larger fragments. Therefore, size distribution of the 
fracture fragments is not scale invariant. 

FRACTAL ANALYSIS 

The fact that the fragmental diogenites visibly 
appear to be scale invariant, signifies a fractal 
distribution of sizes. This inference is confirmed by the 
fact that the grain size distribution graphs follow a 
power-law. Other workers have carried out similar 
frequency-size analyses, and have found a limited range 
of fractal dimensions associated with rock breakage 
[7,8,9,10], although grain size distribution in meteorites 
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has not been investigated specifically. It was therefore 
useful to determine whether the fractal dimension 
associated with diogenite grain sizes was consistent 
with the literature. 

A fractal set is defined according to the relationship 
between number and size. The number, N, of objects 
with a linear size greater than r is given by 

N ~ r-D [eq. l] 

where D is defined as the fractal dimension [6]. To 
determine D, equation 1 can be written as 

D = log(N;+ ii Ni) 
log(n/n+1) 

[eq. 2] 

The average fractal dimension, determined using the 
two dimensional images, D20, was calculated for each 
grain size distribution using hypothetical straight lines 
projected onto the logarithmic plots in figure 2. 

Grain size analyses of the diogenites resulted in 
average fractal dimension values of D20 = 1.33±0.06 
for LAP91900 at x300 magnification, D20 = 1.42±0.07 
at x1800 magnification and D20 = 1.96±0.07 for 
EET A 79002. The results for LAP confirm that the grain 
sizes are scale invariant since the fractal dimension 
values are similar at differing magnifications. However, 
each of the plots displays a bend in the power-law 
distribution at approximately lOµm, suggesting a 
reduction in the number of larger grains. Calculating 
the fractal dimensions for the smaller grain sizes results 
in D20 = 1.64±0.02 for LAP91900 at x300 
magnification and D20 = 1.09±0.03 for EETA79002. At 
the larger grain sizes, D20 = 3.03±0.08 for LAP at x300 
and D20 = 2.07±0.08 for EET A. 

The discrepancy in D values might not be solely due 
to limitations of the method and could represent a 
paucity of larger grains, which would imply that the 
fragmentation processes change for larger grains. 

The results of frequency-size distribution of 
fragmentation in the literature lie between the values of 
D30 = 1.89 and D30 = 3.54 [7]. However, the majority 
of calculated fractal dimensions are near D30 = 2.5±0.1 
[8,9,10]. These values are higher than the values found 
in this investigation. The reason for this discrepancy is 
due to the fact that the grain size analyses in this project 
were studied in two dimensions, whereas the 
investigations in the literature used three dimensions. A 
correction can be applied [11], which results in the 
addition of one to D20 to equal the three dimensional 
equivalent. 

After applying the correction, D30 for the smaller 
grains is comparable or lower than the fractal 
dimension for catastrophic fragmentation in the 
literature. The high D30 value for large grains is 
unexplained at this point. This could represent a 
geometric effect of the method, or a loss of larger 

grains in another process, e.g. sedimentary sorting. 
DISCUSSION 

All the diogenites which have been studied belong 
to one of two textural categories: fragmental and 
annealed. Four of the meteorite samples fit within the 
annealed category (ALHA77256,53, ALH85015,4, 
LEW88679,5, GRA98108,15) and the remaining eight 
fit within the fragmental category (EET A 79002,22, 
TIL82410,17, EET83246,12 EET83247,13, 
EET87530,12, LEW88008,13, LAP91900,19, 
PCA91077,7). 

The sizes of grains in the fragmental diogenites 
show power-law distributions, with number of grains 
decreasing exponentially with increasing grain size. 
The slopes, and subsequently the fractal dimensions, of 
these plots are comparable. This leads to the suggestion 
that this diogenite class has undergone similar 
formation and modification processes. . 

By visual inspection, grain sizes in the annealed 
diogenites do not appear to follow power-law 
distributions because there are not enough grains at the 
smaller sizes. However, this is hard to confirm 
experimentally. The size distribution of fracture 
fragments in the annealed diogenites also does not 
follow a power-law distribution. 

Calculations of the fractal dimensions for each of 
the fragmental diogenites investigated in detail confirm 
that the textures are fractal. These values are 
comparable to those found in the literature. 
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Introduction: For years fluorescent molecular 
probes have been widely used in biological 
fields (e.g., immunology, microbiology, 
neuroscience, biochemistry, genomics) to detect 
particular components of complex biomolecular 
assemblies, including live cells, with sensitivity 
that can extend to a single molecule [I]. Here 
we report the application of this technique to the 
detection of organic compounds located within 
geological and astromaterial samples. 

The goals of this study are to: 
•Determine applicability of fluorescent 

probes technique to rocks and meteorites 
• Identify what interests us 

-Amino acids and amines can be tagged 
with a fluorescent molecular probe · 

-Identify useful reagents that will bind to 
ammes 

•Consortium analysis using a combination of 
fluorescence measurements subsequently 
analyzed by transmission electron 
microscopy (TEM) 

Materials and Methods: It is generally difficult 
to locate single molecules for analysis, hence no 
good detection process exists for this method. 
Our approach is to target specific organic 
monofunctional groups and tag them with a 
fluorescent molecular probe that binds to NH2 

groups. These NH2 groups are only the 
functional group of an amine, so subsequent 
analysis is needed to classify the complete 
molecule. After tagging, epi-fluorescence 
microscopy is used to detect the exact location 
of the bound probe. Since a single molecule can 
be cycled through the fluorescence 'excitation-
emission' sequence multiple times, sub-pica 
mole detection limits are routine (Figure 1). We 
use laser interference filters to selectively detect 
the fluorescent signal in the presence of 
scattered light from the emission source. 

Initial experiments have focused on the 
molecular probe fluorescein-5-isothio-cyanate 
(FITC; C21H11NO5S), which reacts with primary 

amines (Figure 2). The FITC-amine derivative 
will remain fluorescent for at least a month if 
stored in the dark. 
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Figure 1: Jablonski Diagram. 

Figure 2: FITC reaction sequence. 

Samples for analysis were prepared by 
embedding in epoxy and thin sectioned (70-100 
nm) using an MT-7000 RMC ultramicrotome. 
The thin sections were transferred to copper 
TEM grids with continuous carbon support film. 

Derivatization with FITC was achieved by 
mixing - 20 µl of FITC solution in acetone to a 
similar volume of aqueous carbonate buffer at a 
pH of 8.6 on the TEM grid [2,3]. The 
derivatizing solution was allowed to react for 15 
minutes after which the TEM grid was rinsed in 
a copious volume of water to remove unreacted 
reagent. 

After removing excess water, the derivatized 
sample was imaged by epi-fluorescent 
microscopy and subsequently by TEM. 

The excitation and emission spectra are 
shown in Figure 3. In the epi-flourescent 
microscope, a high-pressure mercury lamp is 
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used as an excitation source. We used an 
emission filter to select for 490 nm light and 
detect fluorescence using a narrow-band 515 nm 
filter, which results in green fluorescence from 
the sample. 

350 400 450 500 550 600 650 
Wavelenath (nm) 

Figure 3: FITC absorption and fluorescence 
emission spectra (absorption peak 494 nm, emission 
peak 519 nm) [4]. 

As an initial test substrate, we stained a thin 
section of human hair. We studied this sample 
under both a laser confocal scanning microscope 
and. a regular epi-fluorescent microscope 
(Olympus BX60). Figure 4 illustrates the 
difference between these two microscopes. The 
laser confocal scope excludes all out of focus 
light, and so can remove any interfering 
background fluorescence, and also constructs 3D 
image stacks which helped us pinpoint the exact 
spatial distribution of all fluorescing entities [5]. 

Figure 4: Human hair reacted with FITC. 

Even though hair is mainly keratin (long chains 
of amino acids), only selected regions of our 
sample fluoresce in Figure 4. This is because the 
probe only binds to free amines found at the 
ends of the chains. Since FITC exceeded our 
expectations with this sample, we continued to 
use it for our subsequent substrates, which 
included desert varnish, illite, and an 
interplanetary dust particle (IDP). 

Results: A desert varnish sample from the 
Tucson Mountains was stained because previous 
samples have contained evidence of microbial 
activity. Molecular probes can be incredibly 
helpful in determining the precise locations of 
these organisms. In our sample, several distinct 
hot spots glowed brightly and were found to 
contain carbonaceous material, which is 
probably cellular debris. The remaining non-
fluorescent sample is a mixture of clays and 
manganese bearing minerals. Note the location 
of these regions in Figure 5. 

Figure 5: Left: TEM image of desert varnish 
sample. Right: Fluorescent image of desert varnish 
sample. The arrows indicate the highly fluorescent, 
carbonaceous regions. 

Illite is a sheet silicate, or clay mineral, and it is 
one of the major components of desert varnish. 
A thin section of it was stained by a method 
identical to that for desert varnish. Upon 
inspection under the epi-fluorescent microscope 
we discovered that no regions fluoresced. By 
identifying this non-fluorescent behavior of the 
illite, we can distinguish pockets of it in the 
desert varnish sample. This sample 
demonstrated that FITC was not binding to illite 
dispersed throughout our desert varnish samples. 

.. 
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Characterization of organic composition in 
IDPs is poorly constrained [6]. Using the 
fluorescent probe technique, we observed 
primary amines in a hydrated IDP. Hydrated 
IDPs have come into contact with water, 
triggering Strecker synthesis and the formation 
of amines [7]. Note the major fluorescing 
regions in Figure 6. Regions A and B are 
composed of carbonaceous material embedded 
with nanometer sized magnetite grains. Region 
C is composed of vesicular carbonaceous 
material with associated phyllosilicates [8]. The 
amine concentration in these three regions is 
estimated to be in the part per thousand to part 
per million range [8]. Anhydrous IDPs are water 
free and therefore contain no amines. The 
anhydrous IDP section we tested · did not 
fluoresce, confirming the absence of amines. 

Figure 6: TEM thin section image ofIDP L2005 Jl4 
overlaid with fluorescent image of -NH2 distribution 
using FITC. 

Conclusions: The fluorescent molecular probe 
technique is simple, and can be effectively used 
as a step in complex substrate analysis. FITC 
successfully highlighted NH2 rich regions in our 
geological samples, so we would have specific 
areas of interest to analyze in the TEM. 
Following TEM work, further analysis on a 
sample can be performed by two-step laser 
microprobe mass spectrometry, which will 
determine individual molecular species. Staining 
a sample with FITC in conjunction with other 
nucleic acid specific probes has the potential to 
focus our analyses on a precise region within a 
section. Further experimentation with a wider 
range of substrates is needed to develop a 

multiple probe staining technique for geological 
and astromaterial samples. 
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INTRODUCTION 
Coronae are circular to elliptical features 

having an annulus (ring) of concentric ridges and 
fractures as well as various amounts of associated 
volcanism. They occur only on Venus. The most 
commonly accepted origin for these structures is hot 
mantle diapirs. In general, as the diapir rises, it 
produces doming, radial fracturing, and volcanism. 
When the diapir reaches the underside of the 
lithosphere, it flattens, leading to the development of a 
plateau and the concentric annulus. Volcanism can 
continue throughout this phase. During and following 
flattening, the diapir cools. Cooling leaves the plateau 
unsupported, and gravitational relaxation occurs [1, 2]. 

An alternate hypothesis for coronae formation 
suggests that these structures are sites where subduction 
of the crust surrounding the coronae is occuring. 
Sandwell and Schubert tested this idea by fitting 
flexural models to the rim, trench, and outer rise of 
several coronae and chasmata on Venus. They found 
that the profiles at some of these locations are 
consistent with subduction models. They also noted 
that the topographic load at these sites is not enough to 
account for the observed flexing, and hypothesized that 
the force for the flexing must therefore originate from 
cold, downwelling material [3, 4]. 

METHOD 
The subsurface structure of coronae can be 

explored through the use of Magellan topography and 
gravity data. The method used here is called the two-
layer inversion model; variations have been used in 
previous gravity investigations [5, 6, 7]. For this study, 
topography and gravity data were expanded using 
spherical harmonics. The expansion is complete to 
degree 40; this corresponds to a half-wavelength 
resolution of 475 km. Density anomalies that lead to 
the observed gravity anomalies are assumed to lie at 
two shells within the interior. The shallow shell 
represents variations in crustal thickness, which are 
supported by a mix of both Airy isostasy and elastic 
flexure. Crust that is thicker than the global mean will 
give a positive gravity anomaly, while crust that is 
thinner than the global mean will lead to a negative 
gravity anomaly. The greater the magnitude of the 
thickness anomaly, the greater the magnitude of the 
resulting gravity anomaly. 

The deep shell represents variations in mantle 
density. These variations are assumed to be due to 
thermal anomalies, which drive convective flow in the 
mantle. This flow pushes up (over hot mantle material) 

and pulls down (over cold mantle material) the 
topography, producing high and low gravity anomalies, 
respectively. 

The density anomalies at the two shells are 
adjusted until they exactly reproduce the observed 
gravity and topography. Thus we can calculate the 
crustal thickness and mantle temperature anomalies of a 
region. An average elastic lithosphere thickness of 20 
km and an average crustal thickness of 25 km is 
assumed [8] . Because the deep shell spans throughout 
the upper mantle ( 100-700 km; thermal anomalies at 
larger depths will not contribute greatly to the 
topography and gravity), the results are representative 
of the vertical average of the mantle temperature 
anomalies throughout this region. The outcome of the 
two-layer inversion for the following five regions (all 
containing coronae) will be discussed here: Artemis 
Corona, Diana/Dali Chasma, Central Eistla Regio, 
Eastern Eistla Regio, and Heng-O Corona. 

RESULTS/INTERPRETATION 
Artemis Corona- With a diameter of 2600 km, 

Artemis Corona is the largest corona on Venus. A 1-2 
km deep trough and its associated tectonic deformation 
define Artemis' annulus. 

Artemis has been proposed to be the surface 
manifestation of a hot mantle plume or diapir [9]; it has 
also been interpreted as a likely candidate for the 
subduction model [3, 4, 10]. The results of this study 
show no evidence of cold downwelling material at 
Artemis; the only downwelling observed is located 
about 1500 km away, in the plains to the south. 
Artemis corona itself is underlain by a significant 
amount of hot mantle material. These observations 
support the hot mantle plume or diapir model for the 
formation of Artemis. 

Within the corona, there is a high temperature 
anomaly of about 75 K that occurs directly inboard of 
the southeastern portion of the chasma. This location 
corresponds to a dense cluster of shield volcanoes [9]. 
There is another high temperature anomaly of 
approximately the same magnitude that is located 
northwest of the corona and is associated with Quilla 
Chasma. The largest thermal anomaly in the region is 
approximately 106 K; it starts at Artemis Chasma's 
northern section and continues northward where it 
encompasses the southern portion of Thetis Regio, a 
plateau highland dominated by tesserae (highly 
deformed) terrain. The possibility of dynamic support 
has been previously recognized for Artemis [11], and 
has been demonstrated for Thetis [12]. 

.. 
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Little crustal thickening has occurred at 
Artemis Corona. The high corresponds to a feature that 
has been mapped as both a corona [9] and a volcanic 
structure [10]. While this structure must have been 
volcanically active in the past for the thickening to 
occur, it is no longer active, as indicated by the average 
mantle temperatures found in its subsurface. 

Artemis Corona 
Mantle Temperature Anomalies 
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Figure 1: Mantle Temperature Anomaly Map for 
Artemis Corona 

Diana/Dali Chasma- The Diana/Dali Chasma 
region is composed of an approximately 1500 km wide 
band of tectonic features extending from Artemis 
Corona to Atla Regio [13]. 

Atahensik Corona (formerly known as Latona 
Corona), which is bounded by Dali Chasma, has been 
cited as the most likely site for subduction on Venus. 
Other parts of Dali and Diana Chasmata have also been 
proposed as possible subduction sites [4]. As at 
Artemis, however, the outcome of this study shows no 
evidence for this. The Diana/Dali Chasma region is 
underlain by a large amount of hot mantle material, 
with a positive temperature anomaly of 94 K occurring 
under Atahensik and Dali Chasma. This supports the 
region's interpretation as being formed from multiple 
mantle diapirs [13], or its original interpretation as a rift 
zone. 

The crustal thickness anomaly map 
constructed for this region displays little evidence of 
thickening. A crustal thickness high is observed over 
Atahensik, indicating that this corona has been 
volcanically active in the past. The fact that Atahensik 
is also underlain by hot mantle material suggests that 
this activity has continued into the present. 

Two other large corona in this region, Zemina 
and Ceres, as well as a chain of smaller coronae, are 

underlain by mantle material with only an average 
temperature. This indicates that they are not likely to 
be currently active. In addition, these corona are not 
associated with significant crustal thickening, 
suggesting that they have not experienced much 
volcanism in the past. 

Central Eistla Regio- Central Eistla Regio is a 
rise approximately 1200 km in diameter and 1 km in 
height. It encompasses 2 large structures at its center 
and several smaller (300-425 km in diameter) 
surrounding coronae. The large structures are Anala 
Mons and Irnini Mons/Sappho Patera (Sappho is the 
caldera atop of Irnini); they have been interpreted to be 
coronae [14], shield volcanoes [15], or an intermediary 
combination of the two [16]. 

The analysis conducted for this study shows 
that the entire rise is underlain by both thick crust and 
hot mantle material, meaning that both play a role in 
creating the observed present topography. 
Approximately two-thirds of the topography is 
supported dynamically (by mantle temperature 
anomalies), while crustal thickening supports the 
remaining one-third. This is consistent with a mantle 
plume or diapir swarm [14] model for the origin of this 
rise, as volcanic activity caused by the hot upwelling 
could have produced the crustal thickening. 

The highest temperature anomaly in this 
region occurs over Anala Mons. This agrees with 
McGill's assessment (from mapping) that Anala is 
younger than Irnini [15]. The crustal thickness 
anomaly map for this region shows that the greatest 
thickening has occurred to the northeast of the peak 
temperature anomaly, closer to Irnini Mons/Sappho 
Patera. Perhaps this is an indication that the peak 
temperature anomaly has migrated from Irnini towards 
Anala over time. 

Eastern Eistla Regio- Eastern Eistla Regio is 
comprised of a topographic rise with two 
interconnected peaks. Each peak contains two large 
coronae; the western peak encompasses Didilia (320 
km in diameter) and Pavlova (500 km in diameter), 
while the eastern peak holds Isong (540 km in 
diameter) and an unnamed corona (750 km by 350 km 
ellipse). There is also a fifth large corona, Calakomana 
(575 km in diameter), in the region; it is located 
between and to the south of the interconnected peaks. 

The results of this study show that the 
topography at Eastern Eistla Regio is approximately 
half dynamically supported, and half supported by 
crustal thickness anomalies. The two peaks of the 
region have similar positive temperature anomalies of 
around 61 K. This suggests that all of the coronae in 
the region (except perhaps Calakomana, which appears 
to lie at the edge of a hot thermal anomaly) are possibly 
still active, despite having topography that is indicative 
of a late stage of evolution [14]. The temperature 
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anomalies support the interpretation that this region was 
formed by mantle plumes or diapirs [14]. 

Crustal thickening is evident under both of the 
peaks at Eastern Eistla Regio, but the western coronae 
have a crustal thickness anomaly that is approximately 
l km greater than that of the eastern coronae. This 
supports Smrekar and Stofan 's suggestion that the 
western and eastern coronae are similar in age, with the 
western coronae being more volcanically active [14]. 
In contrast, Calakomana Corona has experienced little 
crustal thickening. 

Heng-O Corona- With a diameter of 1005 km, 
Heng-O is the second largest corona on Venus. It is 
located in the Southern Guinevere Planitia [17]. 

Because of its isolation, subdued topography, 
and medium amount of volcanism, Heng-O was 
originally classified as a relatively old corona [1, 18]. 
However, the results of this study show that Heng-O is 
underlain by a broad region of hot mantle material; this 
indicates that it is perhaps still active today. The peak 
temperature anomaly of around 56 K occurs under the 
southwestern part of the corona. Copp et. al. mapped 
flows from volcanic constructs at this location as being 
the youngest material at the corona [ 17]. 

CONCLUSION 
The results of this study reveal that several 

large coronae have significant thermal anomalies 
underlying them. In addition, no evidence of cold 
downwelling material was found under any corona or 
chasmata. This supports the hot mantle diapir origin for 
coronae [l, 2], as opposed to the subduction model [3, 
4]. 

The results of this research also give insight 
into the geological evolution of Venus as a whole. The 
Venusian surface has a statistically random cratering 
distribution; two opposing models have been proposed 
to explain this. The first hypothesizes that Venus 
periodically undergoes complete resurfacing, with little 
geologic activity in between. The last resurfacing event 
is inferred to have occurred around 300-750 million 
years ago [19]. The other model suggests that geologic 

activity is and has been occurring at a nearly constant 
rate, and that it occurs randomly distributed over the 
surface [20, 21]. Many of the regions analyzed in this 
study show significant thermal anomalies. Because 
thermal anomalies in the mantle should be eliminated in 
less than 150 million years unless they are being 
replenished [8], the results here show that Venus is 
geologically active today, and thus favor the second 
model for the evolution of the planet. 
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Region Peak Temperature Location Peak Crustal Location 
Anomaly Thickness Anomaly 

Artemis Corona 106K 136 E, 22 S 5.8 km 116 E, 30 S 
Diana/Dali Chasma 106K 194 E, 7 S 3.4 km 169 E, 21 S 
Central Eistla Regio 74K 15 E, 9 N 3.5 km 16E,13N 
Eastern Eistla Regio 61K 49E, 14N 5.2 km 38 E, 15 N 

Heng-O Corona 56K 354 E, 1 S -0.6 km 2E, 1 N 

Table 1: Peak temperature and crustal thickness anomalies for the regions discussed. 
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