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A Stable Isotope History of Cambrian Carbonates from the  
Georgina Basin, Northern Australia 

Erica A. Browning1, John F. Lindsay2, Richard Socki3. 1Mount Holyoke College, South Hadley MA 01075 
eabrowni@mtholyoke.edu; 2Lunar and Planetary Institute, Houston TX 77058; 3NASA-Johnson Space 

Center, Houston TX 77058. 
 
Introduction 

The Georgina Basin spans an area of 
approximately 325,000km² in the central 
Northern part of Australia [1].  It is one of a 
group of basins referred to as the Centralian 
Superbasin because they were connected 
briefly near the beginning of their formation, 
about 780 to 750 Ma [1].  The basin formed 
around 800 Ma when a major sag formed in 
central Australia due to the mantle activity 
caused by the insulating effect of the 
Rodinian supercontinent [2].  The Georgina 
Basin provides a comprehensive 
stratigraphic record of the Cambrian period 
because of the intracratonic setting which 
allowed for large amounts of carbonate 
rocks to collect and kept them from 
becoming greatly deformed [2].   
 The ratio of the isotopes of 12C and 
13C are a useful method of identifying 
periods in earth’s history during which there 
have been major tectonic events.  Carbon 
isotopes are fractionated by living organisms 
as the lighter isotope, 12C, is preferentially 
taken up during photosynthesis and other 
natural chemical and biological processes, 
and thus, living organisms are often depleted 
in 13C [3].  As a consequence, seawater is 
enriched in 13C. The carbonates that are 
deposited on the ocean floor by living 
organisms usually have a steady 12C/13C 
ratio. However, during periods in earth’s 
history the stable isotope ratio has strayed 
from this steady state, providing information 
about the global biosphere and geologic 
history.  The break up and formation of 
supercontinents is thought to bury large 
amounts of organic carbon, raising the 13C 
levels in the ocean [1]. In the time period 
analyzed for this project, the breakup of the 
supercontinent Rodinia and the formation of 
Pangea were influencing the δ13C levels [4] 
and two periods of relatively high amounts 
of δ13Ccarb have been found in this drillcore, 
which are linked to these events.   

The primary focus of this project 
was to analyze drillcore BN04DD01 from 
the Georgina Basin (Figure 1), which covers 
the Cambrian period, to determine the state 
of the biosphere and geological history of 
the earth during this time.  Isotopic data 
from this core can be compared to other 
cores in the Australian basins, particularly 
the Daly Basin, which can confirm a model 
set forth by Lindsay et al. [1] that states that 
there were two periods of active tectonics 
during the Cambrian which appear in the 
isotopic ratios: the Late Templetonian-
Floran event and the Ordian-Early 
Templetonian event.  This ties this basin in 
with the other basins analyzed by Lindsay et 
al. [1] to produce a clearer picture of the 
biologic and geologic history of this period. 
Methods 
 The core was drilled on Brunette 
Downs (18°41’25.1”S, 135°00’52.3”E) by 
Underdale Drillers Pty Ltd, Adelaide [5]. It 
was drilled to a depth of 521.3 meters and a 
high-sensitivity gamma log was recorded 

Figure 1: Location of 
the Georgina Basin 
and approximate 
location of drillcore 
BN04DD01 (inlay). 
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(Figure 2a). 82 samples were taken, one at 
approximately every five meters throughout 
the entire drillcore [5]. In this study a total 
of 26 samples were analyzed from various 
depths throughout the well. Thin sections 
and chemical analyses were done for the 
samples at 6.5m, 42.7m, 59.0m, 109.5m, 
161.3m, 208.5m, 253.6m, 301.0m, 350.5m, 
and 393.0m, providing a representative 
sampling of the drillcore.  The geochemistry 
and thin sections provide some control on 
problems resulting from diagenesis. 
 Samples were analyzed for carbon 
and oxygen isotopes following a modified 
technique of McRea [6], described here. The 
samples were ground and sieved to be 
between 0.124mm and 0.053mm.  30-50 mg 
of each sample was weighed out and put into 
a specially-designed carbonate extraction 
vessel together with 100% orthophosphoric 
acid (H3PO4) and was placed on a vacuum 
extraction line for a minimum of one hour to 
pump out the air. The vessel was then sealed 
and placed in a 25°C bath for 20 minutes to 
allow the acid to thermally equilibrate with 
the water bath, at which point the sample 
was reacted with the acid and allowed to 
react for a minimum of 16 hours. CO2 was 
then extracted on the vacuum extraction line 
using a mixture of dry ice and ethyl alcohol 
to trap the water vapor and liquid nitrogen to 
freeze out the CO2.  Trapping of water vapor 
was done twice to ensure that the CO2 was 
completely dry. CO2 was analyzed on a 
Finnigan Delta S stable isotope mass 
spectrometer for δ13CPDB and δ18OPDB. 
Reproducibility of replicate standards was 
typically better than +/-0.03 per mil. Data 
are reported relative to the VPDB scale. 
Calibration to VPDB was via NASA-1, a 
working laboratory standard analyzed 
against NBS-19 (TS Limestone).   
 A crossplot of the δ13CPDB/ δ18OPDB 
was created to look for covariance between 
the measurements, which would be an 
indication of diagenetic alteration (Figure 4). 
Line graphs showing the δ13CPDB and 
δ18OPDB versus depth were also created to 
show how the levels of each change with 
age (Figures 2c and 2d). 
 

Discussion 
 Thin sections and chemical analyses 
did not show evidence of significant 
alteration, however there was much more 
diagenetic quartz present in the sediments at 
the top of the drillcore.  Figure 4 is the 
crossplot of the δ13CPDB/ δ18OPDB data which 
shows a clustering of the points with no 
covariance, which means that there is little 
diagenetic alteration to the carbon isotopes 
in these samples. 

Figures 2c and 2d show the results 
of the isotopic data of the δ13CPDB and 
δ18OPDB, respectively.  There are two areas of 
relatively high δ13Ccarb at about 110m and 
330m. This is likely caused by periods of 
highly active global tectonics taking place. 
Spikes of similar magnitude and age range 
were seen in the Daly Basin and labeled as 
the Late Templetonian-Floran event and 
Ordian-Early Templetonian event (Figure 3) 
[1]. It is the conclusion of this report that 
these high δ13Ccarb areas are showing the 
same events, the peak at 110m 
corresponding to the Late Templetonian-
Floran event and the peak at 330m 
analogous to the Ordian-Early Templetonian 
event (Figures 2c, 2d, 3). 

There is an anomalous spike in the 
δ13Ccarb at 208.5m, which does not fit in well 
with the overall trend of the line, and is 
thought to be a contaminated or 
diagenetically altered data sample. 
Alternatively, it could be due to minor 
tectonic activity at that time, since a spike of 
similar magnitude is also seen in the Daly 
Basin at approximately the same age [1]. 

The data points at the top of the well 
(6.5m to 42m) in both the δ13C and δ18O 
deviates from the trend, probably due to a 
significant amount of alteration throughout 
these samples.   

The oxygen isotope graph shows a 
fairly steady line, except at the top of the 
drillcore, where the values are somewhat 
more erratic. These variations at the top of 
the core support the idea that this section of 
the well drilling has undergone some 
alteration. The relative consistency of the 
remainder of the graph means that most of 
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the drillcore has probably not undergone 
much alteration. 
Conclusions 

It was thought, prior to this start of 
this project, that BN04DD01 would match 
up with the Daly Basin drillcores because of 
the proximity and age range of the 
sediments. This data agrees with that 
proposal and provides further support for 
these events, suggesting that there were 
periods of major tectonic activity taking 
place during these times which removed 
large amounts of 12C from the global carbon 
budget. Future research on this drillcore 
could focus on completing the remaining 
samples that were taken from it but not 
analyzed during the course of this project. 
This would provide a better idea of the 
magnitude of the variations in δ13Ccarb which 
would provide stronger evidence for the 
proposal that the peaks are signs of 
significant geologic events. Furthermore, the 
anomalous point at 208.5m could be 
reanalyzed to test its accuracy and points 

around there could determine whether this is 
a bad data point or an actual spike in the 
δ13Ccarb. 
 
Acknowledgements: I would like to thank Dr. 
Paul Niles and Trish Hredzak for sharing the lab 
with me. 
[1] Lindsay, John F. et al. 2005. The 
Neoproterozoic-Cambrian record in Australia: A 
stable isotope study. Precambrian Research. 
143, 113-133. [2] Lindsay, John F. 2002. 
Supersequences, superbasins, supercontinents-
evidence from the Neoproterozoic-Early 
Palaeozoic basins of central Australia.  Basin 
Research.  14 (2), 207-223. [3] Fuare, Gunter 
and Mensing, Teresa M. Isotopes: Principles and 
Applications. Third Edition. John Wiley & Sons, 
Inc. New Jersey. 2005. [4] Eriksson, P.G. et al. 
2004. The Precambrian earth: tempos and events. 
Developments in Precambrian Geology. 12, 388-
403. [5] Kruse PD. 2003. Georgina Basin 
stratigraphic drilling and petrography, 1999-
2002. Northern Territory Geological Survey, 
Record 2003-005. [6] McRea, J.M. 1950. On the 
isotopic chemistry of carbonates and a 
paleotemperature scale. Journal of Chemical 
Physics. 63 (4), 563-568.  

Figure 2: (a) Gamma ray log of drillcore. (b) 
Lithology of drillcore indicating different 
sediment types. (c) δ13CPDB graph of the 26 
samples. (d) δ18OPDB graph of the 26 samples. 

Figure 4: Crossplot of
δ18OPDB(‰) versus δ13CPDB(‰). 
Clustering of points indicates 
little diagenetic alteration 

Figure 3: δ13CPDB graph of the Daly 
Basin drillcore showing the two tectonic 
events also seen in BN04DD01 [1]. 

Daly Basin                         BN04DD01 
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INVESTIGATING THE RADAR REFLECTIVITY AND INTERNAL STRUCTURE OF THE MARTIAN POLAR 
LAYERED DEPOSITS, USING THE FINITE DIFFERENCE TIME DOMAIN METHOD; Daniel J. Card,1 Stephen M. 
Clifford2 and  Essam Heggy2; 1Department of Geological Sciences, University of Manitoba, Winnipeg MB, Canada; 
2Lunar and Planetary Institute, 3600 Bay Area Boulevard, Houston, Texas 77058.

 
Introduction: The Mars Advanced Radar for 
Subsurface and Ionosphere Sounding (MARSIS) is a 
Martian orbital sounding radar.  This instrument is 
currently in orbit about Mars aboard the European 
Space Agency’s (ESA) Mars Express Orbiter (MEX).  
The MARSIS instrument operates at low frequencies, 
in a band from 1-5 MHz [Picardi et al., 1999].  
Recently it has been collecting data from reflected 
radar pulses from the Martian surface and subsurface. 
 
The structure and composition of the Martian polar 
layered deposits (PLD) are of great interest, as they 
hold valuable implications for the hydrologic and 
climatic history of Mars.  The Martian PLD are 
believed to consist of stratified layers of dust/ice 
mixtures [Kieffer 1979, Thomas and Weitz 1989].  
The layered deposits are overlain by a high albedo 
residual ice cap [Clifford et al 2000].  In the North, 
the residual cap is thought to be almost entirely H2O 
ice and is coextensive with the underlying PLD 
[Clifford et al 2000, Farmer et al 1976].  In the south, 
however, the residual ice cap is only about 400km in 
diameter, and overlies a far more extensive PLD 
which span a diameter of approximately 1500km 
[Clifford et al 2000].  Also, the residual H2O ice cap, 
at both poles, has been shown by the Viking Orbiter 
Infrared Thermal Mapper (IRTM) to be covered by a 
thin seasonal cap of CO2 ice which, in the South, 
persists throughout the year [Jakosky and Farmer 
1982]. 
 
In examining the surface reflections in the MARSIS 
data, one notable observation that has been made is 
the contrast in surface reflections from the PLD and 
those from the Martian surface outside the PLD.  The 
surface reflections recorded from the PLD are 
significantly weaker than surface reflections from 
other parts of the planet.  We use computer modeling 
techniques to examine seven geoelectrical models of 
the South polar cap to try to explain this observation.  
Each of the models examined served to highlight the 
effects of specific near surface characteristics on the 
reflected radar pulse.  We aim to use these 
simulations to constrain which potential near surface 
characteristics are likely to be responsible for the 
weakened reflection. 
 
Simulation Methods: The Finite Difference Time 
Domain (FDTD) method was used to simulate the 
radar backscattered response from the Martian PLD.  
FDTD simulation spaces involve approximating a 
body as a matrix of smaller homogeneous cells, then 
calculating the three electric field components of the 

scattered electric field in each of the cells [Yee, 
1966].  This is a very demanding calculation which 
has recently been gaining popularity, as more 
advanced computing technology becomes available. 
Despite the computing power that is available to us, 
FDTD is still a very time consuming method.  Our 
FDTD calculations are performed using an X window 
graphical interface to build the geometries with the 
AutoCAD import tool to build complex geometries.  
Each portion of the geometry is assigned a material 
type.  The material is defined by the dielectric 
constant (ε′) and the conductivity set by the user. The 
conductivity is related to the imaginary part (ε′′) by 
the equation [Nabighian 1987]: 
 

σ=2πfε′′ε0 

 
Where f is the frequency of the incident electric field 
and ε0 refers to the permittivity of free space (8.85 x 
10-12 F m-1) [Nabighian 1987]. 
 
The MARSIS radar sounder uses a Modulated 
Gaussian radar pulse [Picardi et al., 1999].  When 
using this sort of pulse in XFDTD, energy is 
transmitted on a very wide band about the central 
frequency.  For our simulations we used a central 
frequency of 2MHz.  Since MARSIS operates 
between 1MHz and 5MHz, to ensure that the XFDTD 
data we observed was not contaminated by signal 
from outside this band an Interactive Data Language 
(IDL) band pass filter routine was created.  This 
routine uses a boxcar window in the frequency 
domain to filter the data into five bands in the 1-
5MHz range.   
 
Geoelectrical Models: Materials considered in our 
simulations included those thought to be of most 
importance in the composition of the Martian PLD.  
These include water ice, carbon dioxide ice, and 
Martian dust.   
 
Since each cell has to be treated as homogeneous in 
the XFDTD program, the bulk dielectric constants for 
ices with porosity and/or dust content were calculated 
using a mixing formula known as Lichteniker’s 
formula [Parkhomenko 1967]: 
 

log εbulk = Θ1logε1+Θ2logε2                                                                             
 
Where {Θ ≤ 1} represents the proportion of each 
material, and ε represents the part of the dielectric 
constant which is being calculated.  Lichteniker’s 
formula may be used for either the real or imaginary 
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part of the dielectric constant, and can be applied to a 
material of N components whose proportions (Θ1-ΘN) 
sum to 1. 
 
The nature of the simulation geometry also required 
that gradational variations had to be approximated by 
layers whose dielectric properties varied in a stepwise 
manner. 
 
Dielectric values were taken both from the literature, 
and from laboratory measurements performed by 
Amine El Younsi.  Dielectric constants used were: 
εm=4.2-0.14i for Martian dust [Heggy et al 2003], 
εm=2.0-.02i for CO2 ice [Pettinelli et al 2003] and 
εm=2.8-0.01i for H2O ice, a value derived from 
laboratory measurements by Amine El Younsi.  Pore 
space was treated as free space. 
 
The models we examined were 600m deep cross 
sections representing an 1800x1800m area of the 
South PLD.  This geometry can be seen in figure 1 
below.  The lower 450m of the model represents 
massive H2O ice, mostly including 1% Martian dust.  
The upper 150m varied in each model as follows: 
 

 
Figure 1: Cross section of model space 

 
Model 1: Pure massive H2O ice. 
Model 2: Massive H2O ice with 1% entrained 
dust (hereafter referred to as H2O(1%) ice). 
Model 3: H2O(1%) ice with porosity of 90% at 
the surface varying linearly down to 1% at 150m 
depth. 
Model 4: H2O(1%) ice with porosity of 50% at 
the surface varying linearly down to 1% at 150m 
depth. 
Model 5: 145m H2O(1%) ice overlain by 5m of 
50% H2O and 50% dust. 
Model 6: 145m H2O(1%) ice overlain by 2.5m of 
50% dust, 35% ice 15% porosity which is 
overlain by 2.5m of 50% dust 15% 35% 
porosity. 
Model 7: 147.5m of H2O(1%) overlain by 2.5m 
of massive CO2 ice. 

Preliminary Results and Discussion:  In comparing 
models 2-7 with model 1.  The strength of the surface 
reflection was most noticeably reduced by the 
presence of porosity.  For this reason we will 
compare, in this abstract, models 1 3 and 4.  The 
nature of the surface reflection is controlled by the 
change in dielectric properties at that interface.  Since 
free space has a relative permittivity of 1, which is 
significantly lower than that of H2O ice, an increase 
in porosity results in smaller permittivity contrast at 
the surface.  This is the most probable cause of the 
weak surface reflections observed in simulations 
performed on models 3 and 4, whose results can be 
seen in figure 2 on the next page.  Similarly the 
surficial CO2 in model 7 seems to have served to 
slightly weaken the surface reflection.  It is also 
interesting to note that the presence of dust, which 
has a relative permittivity of 4.2, much higher than 
that of H2O, resulted in a slight increase in the 
strength of the surface reflection.  These results will 
be discussed further at the conference. 
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Amplitude in Band 2-3 MHz vs Time For Model 3
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Figure 2:  Plots of backscattered signal amplitude and of power attenuation (losses) relative to the incident pulse for models 1, 3, and 4.  a) Amplitude in 2-3MHz band expressed 
in V/m  as a function of time for model 1.  b) Losses in 2-3MHz band expressed in dB as a function of time for model 1.  c) Amplitude in 4-5MHz band expressed in V/m as a 
function of time for model 1.  d) Losses in 4-5MHz band expressed in dB as a function of time for model 1.  e) Amplitude  in 2-3MHz band expressed in V/m  as a function of time 
for model 3.   f) Losses in 2-3MHz band expressed in dB as a function of time for model 3.  g) Amplitude  in 4-5MHz band expressed in V/m  as a function of time for model 3.  h) 
Losses in 4-5MHz band expressed in dB as a function of time for model 3.  i) Amplitude in 2-3MHz band expressed in V/m  as a function of time for model 4.  j) Losses in 2-
3MHz band expressed in dB as a function of time for model 4.  k) Amplitude  in 4-5MHz band expressed in V/m  as a function of time for model 4.  l) Losses in 4-5MHz band 
expressed in dB as a function of time for model 4. 
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LIQUIDUS PHASES OF THE RICHARDTON H5 CHONDRITE AT HIGH PRESSURES AND 
TEMPERATURES.  M. Channon1, J. Garber2, L. R. Danielson3 and K. Righter3, 1School of Earth and Space Ex-
ploration, Arizona State University, Box 871404 Tempe, AZ, 85287 (melanie.channon@asu.edu), 2College of Ge-
ology, The University of Texas at Austin, 1 University Station C1100, Austin, TX 78712  (jmgar-
ber@mail.utexas.edu), 3NASA, Johnson Space Center, 2101 NASA Road 1, Houston, TX 77058 
(lisa.r.danielson@nasa.gov, kevin.righter-1@nasa.gov). 

 
 
Introduction:  Part of early mantle evolution may 

include a magma ocean, where core formation began 
before the proto-Earth reached half of its present ra-
dius [1].  Temperatures were high and bombard-
ment/accretion was still occurring, which suggests that 
the proto-Earth consisted of a core and a liquid mantle, 
or magma ocean.  As the Earth accreted, pressure near 
the core increased and the magma ocean decreased in 
volume and became shallower as it began to cool and 
solidify.  As crystals settled, or floated, the composi-
tion of the magma ocean could change significantly 
and begin to crystallize different minerals from the 
residual liquid.  Therefore, the mantle may be stratified 
following the P-T phase diagram for the bulk silicate 
Earth.  In order to understand mantle evolution, it is 
necessary to know liquidus phase relations at high 
pressures and temperatures.  In order to model the evo-
lution of the magma ocean, high pressure and tempera-
ture experiments have been conducted to simulate the 
crystallization process using a range of materials that 
most likely resemble the bulk composition of the early 
Earth (Table 1).   

 
Table 1  Comparison of silicate and metal fractions of different pos-
sible starting materials.  References are from left to right [2], [3], [4], 
[5], [1], and Richardton is [6]. 

Ringwood 
(1979) O' Neill (1998) Zhang and Herzberg (1994) Ohtani et al. (1986)

Agee et al. 
(1995)

BSE BSE
KLB-1 

peridotite CI mantle Allende Richardton
SiO2 48.2 45.6 44.3 49.83 38.6 47.9
TiO2 0.2 0.1 0.16 0.1 0.1
Al2O3 3.5 4.7 3.6 3.71 4.0 6.2
Cr2O3 0.7 0.0 0.3 0.6 0.8
FeO 8.1 8.2 8.6 7.02 23.9 19.2
MnO 0.5 0.3 0.1 0.11 0.2 0.3
MgO 34.0 36.3 39.2 35.46 29.8 20.9
CaO 3.3 3.8 3.0 2.8 2.4 1.3
Na2O 1.6 1.0 0.28 0.4 1.4
K2O 0.2 0.1 0.0 0.14 0.0 0.2
P2O5 0.1 0.3 1.7
Mg # 88.2 88.8 89.0 90 68.9 66.0

metallic 
fraction

S 27.6 12.0
Fe 52.9 76.5
Ni 17.1 8.6
Co 0.6 0.54
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Agee et al. 
(1995)

BSE BSE
KLB-1 

peridotite CI mantle Allende Richardton
SiO2 48.2 45.6 44.3 49.83 38.6 47.9
TiO2 0.2 0.1 0.16 0.1 0.1
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MnO 0.5 0.3 0.1 0.11 0.2 0.3
MgO 34.0 36.3 39.2 35.46 29.8 20.9
CaO 3.3 3.8 3.0 2.8 2.4 1.3
Na2O 1.6 1.0 0.28 0.4 1.4
K2O 0.2 0.1 0.0 0.14 0.0 0.2
P2O5 0.1
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(1979) O' Neill (1998) Zhang and Herzberg (1994) Ohtani et al. (1986)
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Cr2O3 0.7 0.0 0.3 0.6 0.8
FeO 8.1 8.2 8.6 7.02 23.9 19.2
MnO 0.5 0.3 0.1 0.11 0.2 0.3
MgO 34.0 36.3 39.2 35.46 29.8 20.9
CaO 3.3 3.8 3.0 2.8 2.4 1.3
Na2O 1.6 1.0 0.28 0.4 1.4
K2O 0.2 0.1 0.0 0.14 0.0 0.2
P2O5 0.1 0.3 1.7
Mg # 88.2 88.8 89.0 90 68.9 66.0

metallic 
fraction

S 27.6 12.0
Fe 52.9 76.5
Ni 17.1 8.6
Co 0.6 0.54

 
 

A single representative bulk Earth material may not 
exist [7], which makes it important to study a variety 
of starting materials.  Figure 1 shows the results of the 
liquidus in P-T space for different starting materials. 

The Richardton phase relations are incomplete; there-
fore this project uses the Richardton H5 chondrite as 
the starting material, and concentrates on the liquidus 
phases and location.  
 

 
Figure 1  Comparison of Richardton [8], Allende [1], and peridotite 
[4] phase diagrams, with MgSiO3 perovskite melting line [9].  The 
Richardton boundaries between 13 and 20 GPa are dashed connect-
ing data from below 13 GPa and above 20 GPa. 
 

Experimental Methods:  The experiments were 
performed on the 800 ton multi-anvil press in the High 
Pressure Laboratory at NASA Johnson Space Center.  
A 10/5 assembly developed by Diedrich and Leinen-
weber was used in all runs (Figure 2).  The assembly 
was held in a 10 mm edge length injection-molded 
spinel octahedron, and WC cubes with 5 mm edge 
length truncations.  The temperature was measured 
using WRe5/WRe26 thermocouples.  Experiments 
were conducted by increasing the pressure over a dura-
tion of 6-48 hours.  After target pressure was reached, 
the runs were slowly heated and left at target tempera-
ture for a duration of 5-55 minutes.  This was followed 
by immediate quench by turning off the power source. 

The calibrations were done by comparing press 
load to pressures of known phase transitions.  The 
starting material used was forsterite, and was pressur-
ized to find the olv-wad and wad-ringwoodite transi-
tion phases. 
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Figure 2  Cross section of the 10/5 assembly.  The sample consisted 
of powdered natural Richardton.  The capsule was made of graphite, 
which transformed to diamond during the experiments.  Each side of 
the octahedron (the outer white parallelogram in the figure) is 10mm.   
   

The octahedra were recovered and mounted in ep-
oxy resin.  The assembly was then cut to the diamond 
capsule using a diamond blade and remounted in ep-
oxy resin.  The diamond capsule was ground with 15 
micron diamond polish to reveal the sample inside, 
which was further polished for analysis.   

Analytical Techniques: The Cameca SX100 at 
NASA JSC was used to determine composition of both 
silicates and metals. The beam conditions were 20kV 
accelerating voltage and 20 μA sample current. Liq-
uids in the sample do not quench to a homogeneous 
glass, so the average liquid composition was obtained 
by an average of up to 30 point analyses in lines ~500 
μm long. 

Raman spectroscopy was used to determine the 
mineral structure. Raman scattering measurements 
were made using a Jobin-Yvon Triax 550 spectrograph 
and a LabRAM HR High Resolution Raman Microscope. 
Scattering was excited by the 514.33 nm line of a co-
herent Ar+ laser. The scattered radiation was collected 
through a long-working distance 50 x objective.   

Results:  Eleven successful runs were achieved 
and are summarized in Table 2.  These data were 
added to the previous runs in a P-T phase diagram in 
Figure 3.  The portion of the liquidus line contributed 
by this project only spans one liquidus phase, majorite 
garnet.  The olivine-garnet cotectic in the Richardton 
phase diagram exists at a lower temperature and higher 
pressure than in the peridotite phase diagram [4].  The 
olivine-garnet cotectic is also at a higher pressure than 
in the Allende phase diagram [1], but at the same tem-
perature.  The majorite liquidus is significantly steeper 
than both the peridotite and Allende P-T diagrams.  It 
is over 1.5 times steeper than peridotite, and over 5 

times steeper than Allende.  The olivine-wadsleyite 
transition in Richardton happens at a higher pressure 
than peridotite and Allende.  The wadsleyite-
ringwoodite transition in Richardton is very similar to 
the peridotite transition, but happens at a higher pres-
sure than the Allende transition.  Clinopyroxene is 
stable above the garnet temperature line at lower pres-
sure unlike peridotite or Allende.  
 
Table 2.  List of experiments.  Abbreviations are maj – majorite 
garnet, olv – olivine, liq – liquid, cpx – high Ca pyroxene, opx – low 
Ca pyroxene, wad – wadsleyite. 
Run 
number 

P  
(GPa)  

Temp. 
(◦C) 

Duration 
at Tem-
perature 
(min) 

Phases Identi-
fied 

BJJB33 
(MC) 

16.1±0.5 1700±18 50 maj, olv, liq 

BJJB34 
(JG) 

13.4±0.5 1600±20 55 maj, olv, cpx, 
opx 

BJJB35 
(MC) 

18.4±0.5 1800±18 30 maj, wad, liq 

BJJB38 
(JG) 

17.3±0.5 1700±20 52 maj, olv, cpx, 
opx, liq 

BJJB39 
(MC) 

17.3±0.5 1800±18 30 maj, olv + 
wad, liq  

BJJB41 
(JG) 

16.1±0.5 1800±18 31 maj, olv, cpx, 
opx, liq  

BJJB42 
(MC) 

17.3±0.5 1900±18 15 superliquidus 

BJJB43 
(JG) 

18.4±0.5 1900±18 10 maj, wad, liq 

BJJB44 
(MC) 

19.4±0.5 2000±18 7 maj, liq 

BJJB45 
(JG) 

19.4±0.5 1900±18 15 maj, wad, liq 

BJJB47 
(JG) 

19.4±0.5 1900±20 14 superliquidus 
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Figure 3.  Phase diagram of the Richardton H5 chondrite.  See Figure 
2 and Table 2 for abbreviation definitions. 
 

The liquidus temperatures in multi-phase runs were 
determined with the thermal model of Hernlund et al. 
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(2000).  Figures 4 and 5 show backscattered electron 
(BSE) images of samples that have a clear liquidus 
boundary. The distance from the hotspot to the liq-
uidus boundary was combined with the temperature 
gradient data in order to calculate the temperature at 
the liquidus boundary. 

Discussion:  The experiment runs in this project 
were held at target temperature longer than Zhang and 
Herzberg (1994) below 2000◦C, and similar to their 
run time at 2000◦C.  They were held at similar times to 
Agee et al. (1995) below 1900◦C, and slightly longer 
above that.  It is concluded that these run times al-
lowed equilibrium to be approached because there was 
no chemical zoning of solid phases.  More evidence 
for approaching equilibrium is suggested by the 
KD

(Fe/Mg) of olivine in our experiments that have been 
relatively constant at 0.6 [10].  

It is expected that there would be a difference in 
the olivine-wadsleyite, and wadsleyite-ringwoodite 
transitions that is dependent on the FeO content, such 
that a higher FeO content would produce a transition at 
a lower pressure [11].  Allende, Richardton, and peri-
dotite all have different bulk FeO concentrations from 
highest to lowest, respectively (Table 1).  The olivine-
wadsleyite transition occurs at a similar pressure in 
Allende and peridotite (14 GPa at 1800◦C), but at a 
much higher pressure in Richardton (18 GPa at 
1800◦C).  A possible explanation for this discrepancy 
could be due to the FeO content in the olivine phases 
rather than the bulk content.  For Richardton, the FeO 
content in the olivine phases is relatively low com-
pared to the bulk FeO composition.  

Garnet is conspicuously absent from low pressure 
runs, unlike Allende and peridotite.  Kd Ca/Al (Garber 
et al., 2006) for garnet is much larger than in Tronnes 
[12], even >1.  Also, Tronnes has Kd for perovskite 
decreasing, and incompatible.  This suggests the garnet 
and calcic pervoskite might not be stable in the same 
phase assemblage. 

In general, many of the phase transitions (e.g. the 
olv/gt cotectic and the olv-wad-ringwoodite transi-
tions) occur at a higher pressure in Richardton than in 
Allende and peridotite.  If the magma ocean was like 
Richardton in composition, these results would favor a 
magma ocean model that was hot (up to 3000◦C at the 
bottom) and deep (up to 3000 km). 
 

Liquid Quench

Majorite garnet,
Olivine + wadsleyite

crystals

liquidus

Liquid Quench

Majorite garnet,
Olivine + wadsleyite

crystals

liquidus

 
Figure 4  BSE image of run BJJB39.  The top and bottom edges of 
the image represent 1.5mm. 

liquid quench

majorite garnet crystals

liquidus

liquid quench

majorite garnet crystals

liquidus

 
Figure 5  BSE image of run BJJB44.  The top and bottom edges of 
the image represent 1.5 mm. 
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EXPERIMENTAL ELECTROMAGNETIC CHARACTERIZATION OF ICE-MIXTURES AS AN 
ANALOG STUDY TO THE MARTIAN POLAR LAYERED  DEPOSITS ; Mohammed Amine El Younsi1,3, 
E.Heggy2, S.Clifford2; J.L. Miane3, 1University of Bordeaux I, Pessac, France; 2Lunar and planetary institute, 
Houston ,77058 TX, USA; 1Ecole Nationale Superieure de Chimie et Physique de Bordeaux –PIOM laboratory, 
Pessac, France 

 
 
 
Recent data from the MARSIS orbital radar 

sounder on Mars Express has provided the first 
insights into the electromagnetic properties of the 
Martian polar-layered deposits (PLD). Among the 
most important information that can be derived from 
the MARSIS polar data are the thickness, depth and 
geometry of internal layers. A necessary requirement 
for the accurate interpretation of these data is 
knowledge of the appropriate dielectric properties of 
the polar ice as a function of dust concentration, 
composition, temperature, and radar sounding 
frequency. To address this need, we have conducted 
laboratory measurements of the electromagnetic 
properties of several dry Mars analog soils that match 
the surface compositions inferred from the TES [1] 
and OMEGA [2] IR spectral data.  To investigate 
how the presence of such material affects the 
dielectric properties of the polar ice, we have also 
conducted measurements of ice-dust mixtures, 
covering the frequency range from 1 MHz to 3 GHz. 
Measurements were performed as a function of 
density, temperature, dust content and dust 
composition. Measurements were performed on two 
types of samples: (1) dry soils -- both natural and 
synthetic -- consisting of ground basalts and various 
mixtures that included components consisting of 
hematite, magnetite and maghemite to pure silica 
sand; and (2) ice-dust mixtures with various 
concentration of the dry soil analogs prepared in (1). 
These measurements are being compiled to construct 
more realistic geo-electrical models of the PLD and 
better interpret the MARSIS data.  

Introduction:  The Mars Advanced Radar for 
Subsurface and Ionosphere Sounding (MARSIS), 
which operates in the frequency band of ~1 to 5 
MHz, represents the first attempt to explore the 
Martian deep subsurface, with a particular emphasis 
on the detection of subsurface water [4]. MARSIS 
radargrams of the PLD have revealed significant 
internal layering, but whose relationship to the visible 
layering observed in the polar scarps and troughs is 
unknown.  Early analysis of these data suggests that 
their accurate interpretation is strongly dependent on 
our understanding of the electromagnetic properties 
of the deposits [5]. On Earth, this type of knowledge 
is often acquired with the aid of complementary 
electromagnetic sounding techniques – such as 

Transient Electromagnetic Methods (TEM) and 
resistivity measurements.  These techniques provide 
an independent assessment of soil electrical 
conductivity, which, in turn, affects radar signal 
attenuation and penetration depth. While this 
knowledge can significantly reduce the ambiguities in 
radar data interpretation, such an approach is not yet 
possible for Mars. Instead, we must rely on 
laboratory measurements of analog materials to help 
constrain the plausible range of dielectric properties 
that define the propagation and reflection 
characteristics of the PLD. The measurements 
presented here span the range (1 MHz - 3 GHz) 
covered by MARSIS (1 – 5 MHz), the SHARAD (20 
MHz) sounder onboard the Mars Reconnaissance 
Orbiter, and the WISDOM GPR (0.5 – 3 GHz) that 
will fly on ESA’s 2011 ExoMars Rover [6]. 

Characterization method: To evaluate the 
complex permittivity, we use an open-ended coaxial 
line sensor. The method consists of measuring the 
complex impedance and deduces the complex 
permittivity by a series of mathematical formulas and 
transformations. The impedance analyzer provides 
the impedance in the test fixture level; however, the 
impedance that we want to measure is situated in the 
end of the cell, where the sample is placed. In order 
to take into account the cell’s length we use the 
equation 1 to correct the impedance value. 
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Where: b and C0  are the open-ended coaxial line 
intrinsic parameters, ρ sample  reflection coefficient of 
the sensor with the sample. We developed a program 
that calculates the permittivity automatically from the 
impedances measurements. 

 
Experimental Setup: The measurements were 

performed using the impedance analyzer (E4991A) 
connected to the open-ended coaxial line via a heat 
resistant cable. The open-ended coaxial line is placed 
in an environmental chamber with controlled degree 
temperature to allow temperature variation (-20, -40, 
-60°C down to -100°C). The calibration of the 
analyzer-cell coupling is the most important and 
challenging procedure for accurate measurements of 
the permittivity: a good calibration decrease 
significantly the errors due to the multiple reflections 
generated through the multiple connections and the 
use of the heat resistant cable. Thus, we performed a 
calibration each time we change the temperature. The 
instrumental constraints for low temperature 
measurements require several precautions to avoid 
the occurrence of residual moisture inside the sample 
or on its surface especially during the calibration 
phase.  We have added moisture absorber in our 
environmental chamber to minimize this last effect. 
Sample preparation: The surface of Mars has been 
identified as basaltic [6] with a significant amount of 
iron bearing minerals. The samples used in the lab are 
basalt and a synthetic Mars-like soil generated by a 
mixture of 25% hematite and 75% pure sand both 
having a grain size of <50µm .  
 

Results and discussion: below we present 
and discuss some our preliminary data of permittivity 
measurements of ice-dust mixtures as shown in 
figures 1 and 2 for the frequency range 1 MHz to 1 
GHz at -60 C for three levels of ice contamination. 
  

Figure 1:  Evolution of the real part of the permittivity as 
a function of frequency and ice contamination. 

 
Figure 2:  Evolution of the loss tangent as a function of 
the frequency and ice contamination after a statistical 
correction                                                                                             

 
Table 1: the dielectric constant and loss tangent as a 
function of temperature for a sample having 25% of ice 
and 75% of basalt powder at 50 µm. 
 

Figure 1 and 2 shows respectively the 
variation of the real part and the imaginary part of the 
complex permittivity respectively as a function of 
frequency and ice contamination. 

Table 1 shows the variation of permittivity 
as a function of frequency and temperature:-20,-40,-
60°C for a sample having 25% of ice and 75% of 
basalt powder. 

From these figures, we can establish some 
preliminary observations as following: 

 
• The evolution of the real part of the 

permittivity as a function of the frequency is 
relatively constant. We conclude then that 
the variation of the loss tangent is almost 
depending on the evolution of the imaginary 
part. 

F 
(MHz) 

T=-20°C T=-40°C T=-60°C 

2  ε’ = 4.3656 
tanδ=0.047 

ε’ = 4.3217 
tanδ=0.0372 

ε’ =4.0499 
tanδ=0.0381 

    
ε’ = 4.3643 

tanδ=0.04048 
ε’ =4.3118 

tanδ=0.03716 
20 

  

ε’ =4.045 
tanδ=0.03704 

500 ε’ = 4.3291 
tanδ=0.0403 

ε’ = 4.0467 
tanδ=0.03696 

ε’ =3.94286 
tanδ=0.03695 

1000 ε’ = 4.2925 
tanδ=0.0401 

ε’= 3.77056  
tanδ=0.03662 

ε’ = .83582 
tanδ=0.03555 
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• After a statistical correction, we notice that 
the loss tangent decreased slightly and 
linearly with the frequency, this proved that 
the samples constitute non-dispersive 
materials and hence there is not a 
measurable amount of unfrozen water in our 
samples. The highest values of loss tangent 
are obtained when the sample is 75% basalt 
and 25% ice. 

• We clearly see that the ice contamination 
with dust directly affects the values of the 
loss tangent: the losses are greater when the 
ice is contaminated with 75% of dust than 
when it is contaminated with 25% of dust. 
Conversely, table 1 show that the decrease 
of the temperature decreases the losses. 

• All the samples seem to show the same 
spectral behavior, however their maximum 
and minimum values are function of the 
temperature and the percentage of dust 
contamination. 

 
It is therefore clear that the permittivity of 

ice-mixtures is a complex function of its ice stability, 
dust inclusion mineralogy and grain size, temperature 
as well as the three dimensional evolution of those 
parameters in the Martian PLD. When the 
temperature or the dust concentration changes, the 
structure and the orientation of the sample’s 
molecules change accordingly, consequently the 
polarization mechanism induced by the interaction 
with the alternating electric field changes giving 
different values for the measured permittivity. 

 
Implication and discussion: Using the 

experimental measured values of the dielectric 
constant and the loss tangent we can obtain a first 
estimation of the penetration depth using equation 3 
[7]. The result of this calculation is shown in figure 3 
for the frequency range 1 to 100 MHz. Our results 
suggest that penetration depth is strongly correlated 
to the ice contamination levels with dust as well to 
the dust type and the ice temperature. The penetration 
depth at 2 MHz is ranging from 600 to 1200 meters 
for samples at temperatures of -60 C and dust 
contamination respectively from 75% to 0 %.  

 

 
Figure 3: calculated penetration depth as a function of the 
frequency from 1 to 100 MHz. 
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Where: dBmax the instrument maximum effective 
dynamic range. 

  
This estimation does not take into account 

the stratigraphic and the instrumental parameters [7], 
however it shows the impact of the electric 
parameters on the penetration depth.  Ultimately, 
those measurements will be integrated in parametric 
geo-electrical models of the PLD to support the 
ongoing MARSIS and SHARAD data interpretation. 
More measurements with lower temperatures and 
different dust type will be presented at the summer 
internship conference as a continuity of this 
experimental investigation. 
 

 
References: [1] Banfield, J. L., (2002) JGR, Vol. 107, 
E6, pp 9-2. [2] Bonello, G. et al (2004) PSS, pp 133-140. 
[3] Picardi et al (2004), PSS [4] Clifford, S.M. (1993), 
JGR, vol. 98, pp. 10,973-11,016 [5] Picardi et al (2005), 
Science, pp 1925 ; [6] Berthelier et. (2005), LPSC 36 [7] 
E.Heggy, PhD thesis, University of Paris, Paris (2002) 
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Table 1: Starting materials for relevant multi-anvil work. 
Figure 1: (a) 10/5 sample  assembly. One side of the octahedron 
measures 10mm long. (b) 10/5 sample assembly surrounded by tung-
sten carbide cubes. 

CRYSTALLIZING PHASES IN A MAGMA OCEAN SCENARIO.  J. Garber1, M. Channon2, L. Danielson3, K. Righter3, 
1The University of Texas at Austin, College of Geology, 1 University Station C1100, Austin, TX 78712-0254, 2Arizona State 
University, School of Earth and Space Exploration, Box 871404, Tempe, AZ 85287, 3NASA-JSC, Mail Code KT, 2101 NASA 
Road One, Houston, TX 77058 

 
Introduction: Models for the differentiation of the early 

Earth are based on the crystallization of minerals in a magma 
ocean as the Earth cooled from its initial accretion [1]. This 
differentiation is responsible for the current state of the man-
tle, such as the 410- and 660-km seismic discontinuities, the 
latter of which may represent both a chemical and physical 
boundary [2]. Multi-anvil work in the last fifteen years (see 
[1],[2],[3],[4],[5], and [6]) has reproduced conditions similar 
to those in the mantle, and has attempted to explain the dif-
ferentiation process. By subjecting peridotites and chron-
drites, compositions which may represent the bulk mantle, to 
primordial mantle-like conditions, we can determine compo-
sition and structure of phases which crystallized out of the 
magma ocean and their chemical composition, providing a 
better look into early Earth history and the element partition-
ing of the mantle. This includes an examination of major and 
minor element partitioning. In addition, we can construct 
phase diagrams for these various materials and observe how 
changes in specific elemental concentrations can affect the 
diagram. These changes are important because they put con-
straints on the rheological properties and melting behavior of 
the mantle [3], and thus the structure of the mantle. 

The starting material for this experiment was the Rich-
ardton H-chondrite, which has a higher FeO and Fe metal 
content than a typical peridotite [3] or the Allende carbona-
ceous chondrite [2] (table 1). We hypothesize that the high 
iron content of the sample will depress both the liquidus and 
solidus to lower temperatures and pressures than a sample 
with less iron [4,5]. 

Experimental Procedure: The procedure for this ex-
periment is as follows: (1) preparation of sample for pres-

surization and heating; (2) experimentation (pressurization 
and heating); and (3) preparation of sample for analysis. 

Preparation of sample for pressurization and heating: 
The 10/5 (10 mm octahedron, 5 mm cube truncation) assem-
bly is shown below in figure 1(a). The sample was contained 
in a graphite capsule rather than a magnesia sleeve. The 
thermocouple wiring in this experiment consists of one 
W3Re wire paired with one W25Re wire. 

The entire sample assembly is placed inside eight tung-
sten carbide cubes with 5mm truncations, as shown in figure 
1(b). The cubes are then placed inside the press and sur-
rounded by six anvils. 

Experimentation (pressurization and heating): The entire 
assembly was calibrated using the coesite-stishovite and 
olivine-wadsleyite transitions. After a run was assembled, 
the sample and module were pressurized to the target pres-
sure. Once pressurized, heating consisted of a current run-
ning through the press. The current caused resistance in the 
rhenium furnace, the heat from which was measured through  

a. 

b. 
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Agee et al 
Zlw,g ani Herzbeig (1994) (1995) 

KLB-1 
peridotite Allende Richardton 

SiO2 44.3 38.6 47.9 l 0/5 assembly 
TiO2 0.1 0.1 0.1 

A'2O3 3.6 4.0 6.2 

Cr2O3 0.3 0.6 0.8 
FeO 8.6 23.9 19.2 
MnO 0.1 0.2 0.3 
MgO 39.2 29.8 20.9 
CaO 3.0 2.4 1.3 
Na2O 0.4 1.4 
K2O 0.0 0.0 0.2 

P2Os 0.3 1.7 
Mg# 89.0 68.9 66.0 



Table 2: Summary of multi-anvil runs. JG = J. Garber, MC = M. 
Channon. 

Figure 2: Back-scattered electron image of BJJB43  showing the 
partitioning of different phases. 
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Figure 3: Richardton H-chondrite phase diagram. Data is 
from Table 2 and [4]. 

the thermocouple; we used a voltmeter and ammeter to 
measure the voltage and current. If the thermocouple breaks, 
it is still possible to determine the temperature in the sample 
by measuring the voltage and current and then calculating 
the power. Once the target temperature was achieved, the 
sample was held at temperature for a specific period of time 
(see Table 2), and then the current was shut off, quenching 
the sample. The sample was then depressurized over 6-12 
hours (depending on the target pressure) and removed from 
the press. 

Preparation of sample for analysis: The octahedron is 
mounted in epoxy, then cut on the very edge of the sample 
capsule, which has transitioned from graphite into diamond. 
The diamond capsule is then ground down by using coarse 
sandpaper, 15μm and 6μm diamond polishes, and a 1μm 
alumina polish. Finally, the sample is cleaned and wiped 
with ethyl alcohol.  

Analyses: Each sample was examined using Raman 
spectroscopy, taking spectra of individual mineral grains and 
liquid (identified by lack of crystals). These spectra were 
compared to known mineral spectra and a preliminary min-
eral list for the sample was made. Raman spectroscopy was 
used to determine the mineral structure. Raman scattering 
measurements were made using a Jobin-Yvon Triax 550 
spectrograph and a LabRAM HR High Resolution Raman 
Microscope. Scattering was ex-cited by the 514.33 nm line 
of a coherent Ar+ laser. The scattered radiation was collected 
through a long-working distance 50 x objective. 

After Raman, we used the electron microprobe for 
chemical analysis of the minerals. The microprobe also pro-
vided data on the silicate minerals, silicate quench and 
metal-sulfide quench phases in the sample. The Cameca 
SX100 at NASA JSC was used to determine composition of 
both silicates and metals. The beam conditions were 20kV 
accelerating voltage and 20 nA sample current. Liquids in 
the sample do not quench to a homogeneous glass, so the 
average liquid composition was obtained by an average of up 
to 30 point analyses in a lines ~500 μm long. 

Results: The results for our experiments are summarized 
in Table 2. Over the course of our study, we had a total of 
eleven successful runs. 

Approach to equilibrium: Our runs were held at tempera-
ture for an equal or longer time than [2] and [3]. In addition, 
there was no chemical zoning of the solid phases, and the Kd 
(Fe/Mg) for olivine is relatively constant, around 0.6 as in 
[7]. Figure 2 shows a typical run that has separated into dif-
ferent phases above the solidus. 

Discussion: The results from our runs were compiled 
with work on the Richardton H-chondrite from [4] and re-
ported in the phase diagram in figure 3. Our results help to 
define the constraints of the olivine-wadsleyite transition, the 
appearance of garnet in the solid and liquid phase, and the 
disappearance of pyroxene in the solid phase between 13 and 
20 GPa. These results fall in between those of [2] and [3]; 
though similar slopes for phase boundaries are present for all 
(with the exception of majorite), the phase transitions for the 
Richardton H-chondrite occur at pressures and temperatures 
above the Allende meteorite [2] and lower than the KLB-1 
peridotite [3]. 

Run 
number 

P  
(GPa)  

Temp. 
(◦C) 

Duration at 
Temperature 
(min) 

Phases Identified 

BJJB3
3 (MC) 

16.1±0.5 1700±18 50 maj, olv, liq 

BJJB3
4 (JG) 

13.4±0.5 1600±20 55 maj, olv, cpx, opx 

BJJB3
5 (MC) 

18.4±0.5 1800±18 30 maj, wad, liq 

BJJB3
8 (JG) 

17.3±0.5 1700±20 52 maj, olv, cpx, opx, liq 

BJJB3
9 (MC) 

17.3±0.5 1800±18 30 maj, olv + wad, liq  

BJJB4
1 (JG) 

16.1±0.5 1800±18 31 maj, olv, cpx, opx, liq  

BJJB4
2 (MC) 

17.3±0.5 1900±18 15 superliquidus 

BJJB4
3 (JG) 

18.4±0.5 1900±18 10 maj, wad, liq 

BJJB4
4 (MC) 

19.4±0.5 2000±18 7 maj, liq 

BJJB4
5 (JG) 

19.4±0.5 1900±18 15 maj, wad, liq 

BJJB4
7 (JG) 

19.4±0.5 1900±20 14 superliquidus 
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Figure 4: Plots after [6] showing major and minor element partition-
ing trends with pressure. Circles are garnet and crosses are olivine. 
Kd(i/j)=(i/j)mineral/(i/j)silicate melt ; Di =(i)mineral/(i)silicate melt. 
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Major and minor element partitioning trends, shown in 
figure 4, are generally consistent with [6], except for 
FeO/MgO, which this experiment predicts to increase with 
pressure (while [6] predicts the opposite, though only above 
20 GPa). It is important to note that [6] did not include oli-
vine analysis for comparison, but garnet data was incorpo-
rated. The garnet data at 17.3 GPa shows this two different 

populations, one at 1700oC and one at 1800oC. The higher-
temperature garnets had a higher Kd(Al2O3/SiO2) while the 
lower-temperature garnets had a higher DCr. However, most 
elements partition similarly for both temperatures in that the 
absolute values of their Kd are clustered into one population 
(e.g. FeO/MgO, SiO2/MgO, CaO/Al2O3). For these similar 
results, we can infer that temperature has less of an effect on 
partitioning than pressure.  Kd(Al2O3/SiO2) garnet trends 
above 15 GPa are also analogous to figure 9 in [2], where a 
decrease in D with an increase in pressure is the best fit to 
the data. This represents the transition of garnet to a majorite 
structure with an increase in pressure[2]. 

Partioning coefficients for minor elements (Ti, Cr, Ni, 
Na) follow [6]. It is important to note that at lower pressures, 
chromium, nickel, and sodium fractionation trends are rela-
tively constant with a additional pressure until ~16 GPa 
when D begins to increase with pressure. 

Conclusions: Kd(FeO/MgO) for garnet/silicate melt in-
creases with increasing P and T, even becoming compatible 
(>1). If this trend continues to higher pressures and tempera-
tures, less iron will partition into the olivine-wadsleyite-
ringwoodite system and perhaps Ca-perovskite. This would 
push these phase transitions to higher pressure and tempera-
tures. Second, because DCr generally decreases with increas-
ing pressures and temperature, more Cr is available in the 
silicate liquid, and perhaps partitions into the metal-sulfide. 
Third, nickel, sodium, and titanium (along with with Kd 
(Al2O3/SiO2) and Kd(CaO/Al2O3)) increase with increasing 
temperature to >1. The compatibility of these elements could 
be responsible for the stability of garnet at such high tem-
peratures and pressures. In addition, Kd(CaO/Al2O3) for 
garnet in [6] is much smaller than this study, while 
Kd(CaO/Al2O3) for perovskite in [6] is decreasing (incom-
patible) with higher pressure, suggesting that garnet and Ca-
perovskite may not be stable in the same phase assemblage. 

If the magma ocean were shallower and cooler, these 
results suggest that significant garnet fractionation would 
occur, tending to remove the trivalent cations (Al, Fe, Cr) 
and decreasing their abundance for the perovskites. This 
decreases the likelihood that perovskites would take in water 
or act as an oxidant for the early mantle [8]. 

References: [1] Presnall, D.C., Y. Weng, C.S. Milholland, 
M.J. Walter, Liquidus phase relations in the system MgO-MgSiO3 at 
pressures up to 25 GPa – constraints on crystallization of a molten 
Hadean mantle, PEPI, 107, 83-95, 1998. [2] Agee, C.B., J. Li, M.C. 
Shannon, and S. Circone, Pressure-temperature phase diagram for 
the Allende meteorite, J. Geophys. Res., 100, 17,725-17,740, 1995. 
[3] Zhang, J. and C. Herzberg, Melting experiments on anyhydrous 
peridotite KLB-1 from 5.0 to 22.5 GPa, J. Geophys. Res., 99, 
17,729-17,742, 1994. [4] Danielson, L. et al., EOS Trans. AGU, 
85(47), Fall Meet. Suppl., V43C-1432 (2004) [5] Asahara, Y., T. 
Kubo, T. Kondo, Phase relations of an carbonaceous chondrite at 
lower mantle conditions, PEPI, 143-144, 421-432, 2004. [6] Tron-
nes, R.G., and D.J. Frost, Peridotite melting and mineral-melt parti-
tioning of major and minor elements at 22-24.5 GPa, Earth. Planet. 
Sci. Lett., 197, 117-131, 2004. [7] Gaetani, G.A., and T.L. Grove, 
The influence of water on melting of mantle peridotite, Contrib. 
Mineral Petrol., 131, 323-346, 1998. [8] Frost, D.J., et al, Experi-
mental evidence for the existence of iron-rich metal in the Earth’s 
lower mantle, Nature, 428, 409-412, 2004. 
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Determination of the Carbon Isotope Fractionation during Experimental Synthesis 
of Cryogenic Carbonates under Mars-like Conditions  
 
Patricia L. Hredzak1, Paul B. Niles2, Richard A. Socki2 
1 Dept. of Chemistry, Chatham College, Woodland Road, Pittsburgh, PA 15232.  phredzak@chatham.edu 
2 Mail Code KR, NASA Johnson Space Center, Houston, TX 77058.  paul.b.niles@nasa.gov 
 
 
Introduction 
There is now abundant evidence that liquid water 
flowed on the Martian surface in the distant past 
[1] as well as more recently [2].  Thermal 
infrared spectra taken by the Viking spacecraft 
from the surface of Mars have indicated that 
small amounts of carbonates are present in the 
global Martian surface dust layer [3]. 
Furthermore, Martian geomorphic studies reveal 
recently formed gullies, implying an occurrence 
of liquid water at the surface in the recent past 
and/or present  [4]. Carbonates are a ubiquitous 
product of aqueous weathering, and can provide 
the means for beginning to answer questions 
about the nature of the aqueous activity and the 
possible presence of life through their chemical 
and isotopic compositions. Carbonates which 
formed on Mars provide a valuable opportunity 
to learn about aqueous processes on the planet.   
 
There are now 34 Martian meteorites that have 
been discovered on Earth, and at least six of 
them contain secondary minerals that have been 
shown to have formed on Mars [5]. A meteorite 
found in Allan Hills, Antarctica in 1984 
(ALH84001) has been the most widely studied. 
This well-preserved meteorite contains 
carbonates from Mars that are ~3.9 billion years 
old [6]. Additionally, analysis of the nakhlite and 
shergottite class of meteorites (both of which are 
believed to be Martian), have also revealed the 
presence of carbonates among other secondary 
minerals [5]. Analyses of the isotopic 
composition of these carbonates have shown 
enriched and highly variable δ13C values which 
have been difficult to explain [5].  
  
Aside from the Martian meteorites, little is 
known about the mineralogy or isotopic 
composition of Martian carbonates.  A study by 
Bandfield et al. [3] detected trace amounts of  
 
 
 
 

 
 
 
carbonates in the Martian dust from thermal 
infrared remote sensing data, but otherwise 
carbonates have not been detected on Mars.  
However, large carbonate deposits have long 
been suspected to exist on Mars that are 
remnants of an ancient dense CO2 atmosphere. 
 
Detailed analysis of the Martian gullies suggest 
that they formed relatively recently (< 1 Mya) 
from brief outflows of liquid water that 
underwent rapid freezing and evaporation in the 
low temperature and pressure conditions on Mars 
[7].  Any CO2 dissolved in these waters would 
precipitate as carbonate minerals during the rapid 
freezing. This process of cryogenic carbonate 
formation has been shown to be dominated by 
kinetic (non-equilibrium) isotopic fractionation 
processes [8]. Thus, equilibrium fractionation 
factors can not be used to model the formation of 
carbonates formed in this environment. Despite 
this fact, isotopic analysis of these carbonates 
can still provide valuable information about the 
aqueous system in which they formed.  
 
Terrestrial environments which share similarities 
with Mars have demonstrated the importance of 
understanding kinetic isotope effects. For 
example, the freezing of bicarbonate 
groundwater in northern Yukon, Canada 
produced carbonate powders heavily enriched in 
δ13C [8]. This cryogenic calcite is formed when 
carbon dioxide is rapidly forced out of the 
solution during freezing [8]. It was demonstrated 
that a kinetic fractionation factor for these 
processes can indeed be measured [8]. 
 
Outside of these few limited studies, little work 
has been done to thoroughly investigate these 
kinetic processes.  Yet it is of great importance 
for understanding Martian carbonates, because of 
the presumably commonplace nature of 
cryogenic environments on Mars. 
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FIG. 2: Experimental Data 
 

Experiment 
Solution 

Composition δ13C DIC 
δ13C 

Calcite 
δ13C CO2 
Degassed 

Fraction of CO2 
Degassed 

3 2 -28.190 -6.666 -35.790 0.739 
6 2 -26.800 -4.260 -36.183 0.706 
7 2 -27.912 -10.813 -36.961 0.654 
9 4 -26.337 -16.721 -37.134 0.471 

10 4 -26.828 -16.533 -38.555 0.467 
11 4 -26.095 -14.975 -37.026 0.504 

 
* δ13C = [[(13C/12C)sample / (13C/12C)standard] -1]*1000 ; where the standard used for all δ13C values in this paper is the Pee Dee Belemnite 

(PDB). 
 
This study will aim to experimentally determine 
a carbon isotope fractionation factor for 
carbonates formed in rapidly freezing solutions. 
Obtaining a more concise understanding of 
kinetic processes is vital to understanding past or 
present Martian geochemistry, the Martian 
hydrosphere, the potential Martian biosphere, as 
well as better understanding terrestrial 
geochemistry. 
 
Experimental Methods 
Our procedure was adapted from a process first 
used by Clark and Lauriol [8].  A bicarbonate 
solution was made by dissolving sodium 
bicarbonate and calcium chloride, and bubbling 
CO2 for ~30 minutes.  Two 5mL samples were 
extracted from each solution: one to measure the 
initial dissolved inorganic carbon of the solution, 
and the second for the experiment.   
 

FIG. 1: Experimental Set-up 

 
 

The bicarbonate solution is inserted into the flask at left: the 
gas flows up and to the right where it is filtered by first the 

water trap, then finally the CO2 trap. 
 

The extraction lines (Fig. 1) provide a vacuum, 
similar to the Martian low pressure environment.  
Minutes after the 5mL solution is introduced into 
the flask at left, the water boils away along with 
a fraction of carbon dioxide.  What remains in 
the flask forms carbonate or calcite.  Three 
isotopic measurements were made for each 
experiment on the Finnigan Delta S mass 
spectrometer at JSC: the δ13C of the degassed 
carbon dioxide, the δ13C of the synthesized 
calcite, and the δ13C of the initial dissolved 
inorganic carbon of original solution.   
 
Results 
Out of a total of eleven experiments, we had six 
successful runs which yielded both a calcite 
product, a CO2 product-and, had isotopic data 
within a statistically reasonable standard 
deviation. Both solutions contained 
approximately 0.010 mol/L CaCl2;while solution 
two contained 0.020 mol/L NaHCO3 and 
solution four contained 0.040 mol/L NaHCO3. 
 
Discussion 
During the rapid freezing of the bicarbonate 
solution, CO2 is degassed and solid calcium 
carbonate is precipitated. During the degassing, 
12C is preferentially incorporated into the CO2 
that is degassed, ultimately leaving the 
remaining dissolved carbon in the solution 
enriched in 13C. Since this process occurs in a 
closed flask, progressive degassing of CO2 leads 
to continuing enrichment of the remaining 
dissolved carbon in the solution. This trend is 
known as a Rayleigh distillation process. 
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FIG. 3: Graph of Experimental Results 
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Graph of δ13C ( δ13Ccalcite - δ13CDIC) vs. the fraction CO2 degassed (calculated through mass balance relationships). Shows two Rayleigh 
Distillation calculations: one using the equilibrium fractionation factor between HCO3- and CO2(g) at 0°C [9], and the other a best fit to 

the data. 
 
The graph in Fig. 3 shows the change in isotopic 
composition of δ13C in the initial dissolved 
inorganic carbon as it is reflected by the 
precipitated carbonate. A fractionation factor (α) 
can be used to help us evaluate the 
fractionations, where: 

αCO2(g)-DIC = 
)(2 gCO

DIC

R
R

  (1) 

and R represents the ratio of 13C to 12C. 
 
The data were successfully modeled using a 
Rayleigh distillation calculation with a 
fractionation factor different than the equilibrium 
fractionation factor for 0°C.  This calculated 
fractionation factor (αCO2(g)-DIC) of 1.017 for 
carbon was slightly lower than the fractionation 
factor calculated by Clark and Lauriol of 1.0317 
[3].  This can be attributed to the use of different 
models, where Clark and Lauriol [8] assumed 
open system conditions and we have applied a 
closed system Rayleigh distillation curve that we 
feel better describes the experimental set-up.   
 
Conclusions 
It was shown through laboratory experiments 
that carbon isotopic fractionation during the 
precipitation of carbonate in a rapidly freezing 
solution does not obey equilibrium relationships. 
We calculate a kinetic carbon isotope 

fractionation factor of 1.017 between gaseous 
CO2 and the dissolved inorganic carbon of the 
solution, which is significantly less than the 
0.969 calculated by Clark and Lauriol [8].   
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BUILDING AN AUTOMATED CRATER RECOGNITION ROUTINE. M. P. Mendenhall, Dept. of Physics, Washington
University in St Louis, St Louis, MO, USA, (m.praetorius@gmail.com), T. F. Stepinski, Lunar and Planetary Institute, Houston TX
77058-1113, USA, (tom@lpi.usra.edu).

1 Introduction

The Mars Orbiter Laser Altimeter (MOLA) instrument on the
Mars Global Surveyor orbiter has produced a large volume of
topography data in which craters are prominently displayed.
Figure 1 shows a small example of such a topography dataset.
The current state-of-the-art in crater identification and charac-
terization is a summer intern manually scrutinizing topography
images. Such a labor-intensive approach is susceptible to be-
ing overwhelmed by the sheer volume of data returned by
current and future missions. Automation of the crater cata-
loging process is a necessary to make full use of the extensive
topography datasets available.

The Cratermatic topography analysis program (1) was
developed to meet this need. Cratermatic performs a multi-
step process to

• identify approximate crater centers

• determine the full extent of each crater candidate

• eliminate many false-positive identifications

• catalog basic characteristics of the identified craters

Application of Cratermatic to various sample datasets pro-
duces results which compare favorably with previous crater lo-
cating routines (2), while providing a basis for more in-depth
characterization of each crater.

Figure 1: A small elevation dataset

Figure 2: Radius 20 C-Transform of the Figure 1 dataset

2 Approximating crater locations

Craters come in all sizes, often with smaller craters nested
inside larger craters. By first searching for smaller craters
(typically about 5 pixels radius in the topography data) then
proceeding to successively larger craters in subsequent steps,
the Cratermatic routine avoids the difficulty of simultaneously
identifying nested craters.

Suppose the topography landscape of a region S ⊂ R
2 is

described by the differentiable function z : S → R. On an
ideal landscape, each local minima of z would be the center of
one crater. For real data, however, most local minima are not
craters and most craters contain several local minima.

For an ideal crater, the gradient �∇z is strongest on the
crater rim and points outward from the center. Thus, to find
the center of craters with a radius of approximately r, we look
for locations "pointed away from" by the gradient within a
radius ∼ r. This motivates the crater-finding transform (C-
Transform)

C ◦ z : �x �→
ZZ

S

e
− |�x−�x′|2

2r2 �∇z(�x′) · �x′ − �x

|�x′ − �x|d�x′

Craters with radii near r will produce local minima in the
transformed surface C◦z. The C-Transform behaves similarly
to a Gaussian convolution, insofar as it smoothes out features
smaller than the characteristic size r. The C-Transform also
suppresses low-frequency components in the image, leveling
out any slowly changing background gradients. As a result,
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Figure 3: Upward-concave regions (white areas) of the radius
20 C-Transform (Figure 2)

a crater of the appropriate size creates a smooth, pronounced
basin in the transform surface. These basins provide a starting
point for the Cratermatic search process. Figure 2 shows
the 20 pixel radius C-Transform of the Figure 1 topography
dataset.

3 Determining crater extents

Using the C-Transform as a guide for where to look, the ac-
tual extent of each crater must be determined. First, the C-
Transform is used to approximate the area covered by the
crater. The approximated area provides sufficient statistics
about the character of the crater for the precise extent to be
determined from the elevation data.

The approximate crater regions are determined from the
upward-concave basins in the C-Transform. Concavity is de-
termined by calculating the discrete second derivative along
four lines through each point in the C-Transform image; those
points with positive second derivatives in all four directions
are considered to be upward-concave. Figure 3 shows the con-
cavity determination applied to the radius 20 C-Transform of
Figure 2.

In practice, these upward convex "crater core" regions tend
to cover the actual crater region to about half-way up the crater
walls. A core region thus contains enough of the crater to make
a rough estimate of the crater wall’s slope. Knowing approx-
imately what to look for based on the topography contained
in the core region, each core region is expanded outward to
include the entire interior of the crater. Figure 4 shows the
expanded regions based on the core regions of Figure 3.

Figure 4: Regions of Figure 3 expanded to cover whole crater

4 Characterizing crater regions

The expanded regions from the preceding step are a mixture
of actual craters and false-positive identifications. The tasks
of characterizing the actual craters and eliminating the false-
positive regions are carried on simultaneously.

One fundamental characteristic of a crater is the shape of
the above determined area. To first order, this is a circle, but
many craters are significantly elliptical. Let U ⊂ R

2 denote
the region covered by the crater. We may define the center of
the crater by the "center of mass" of U , �c =

RR
U �xd�x

RR
U d�x

. Since
the crater’s shape is convex, or at least starlike about �c, we can
describe the shape by its radius as a function of angle around
�c, r(θ). Writing r(θ) as a Fourier series,

r(θ) = r0 ·
 
1 +

∞X
n=1

an sinnθ + bn cosnθ

!

πr20 ≡
ZZ

U

d�x; an ≡
RR

U
sinnθ d�xRR

U
d�x

; bn ≡
RR

U
cosnθ d�xRR

U
d�x

The terms r0, a2, and b2 provide a good second-order
description of crater shape (a1 ≈ b1 ≈ 0 due to the choice
of �c for the center). Large values for the higher coefficients
indicate a lumpy, irregular shape that can be eliminated from
the list of crater candidates.

The same approach may be applied to the crater gradient
by writing the average gradient �g as a function of angle θ
around the center point �c in terms of a Fourier series,
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Figure 5: Identified craters from the Figure 1 dataset, with
outlines generated from the first 6 terms in the series for r(θ)

�g(θ) =
∞X

n=0

(an sinnθ + bn cosnθ) x̂

+
∞X

n=0

(cn sinnθ + dn cosnθ) ŷ

an ≡
RR

U
∂

∂x
z(�x) · sinnθ d�xRR

U
d�x

, etc.

For an ideal crater, b1 and c1 are the dominant coefficients,
while b0x̂ + d0ŷ gives the average background slope for the
crater region. Large magnitudes for other coefficients indicate
non-crater regions.

False-positive regions are identified by un-craterlike co-
efficients in the r(θ) and �g(θ) series, and are removed from
the final list of craters. Figure 5 shows the final result of run-
ning Cratermatic on the Figure 1 dataset, which combines the
craters found for C-Transforms with radii of 5, 10, 20, and 40
pixels.

5 Findings and future work

The present Cratermatic algorithm leaves much room for im-
provement. All but the most marginal craters seem to be
represented at the C-Transform basin stage, but so are a vast
number of false positive identifications. The current crater core
expansion method is suitable for well-formed, isolated craters,
but is not robust for craters with highly variable wall slopes or
adjoining, external slope features. The choice of appropriate
criteria for discerning false positives from craters needs more
study and refinement. After removing the false positives, the
crater regions should be further expanded to encompass any
outward-sloping rim edge, to allow determination of the height
of the crater rim above the surrounding ground level.
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Mars Science Laboratory Landing Site.  K. N. Paris1, C. C. Allen2, and D. Z. Oehler2, 1School of Earth and Space 
Exploration, Arizona State University Box 871404 Tempe AZ, 85287 (Kristen.Paris@asu.edu), 2NASA Johnson 
Space Center, Houston, TX 77058. 

 
 
Introduction:  In the fall of 2009, the Mars Sci-

ence Laboratory will be launched to Mars. The pur-
pose of this mission is to assess biologic potential, 
geology, and investigate planetary processes of rele-
vance to past habitability. The MSL will be be able to 
provide visual, chemical, radiation, and environmental 
data with its suite of instruments [1].  

In order to be selected for the MSL landing site, 
there are certain engineering requirements that must be 
met, such as: a latitude between 60ºN and 60ºS, an 
altitude less than 2 km, low slopes, rock heights no 
more than 0.6 m, surface winds less than 15 meters per 
second, and the load bearing surface must not be 
dominated by dust as determined using thermal inertia, 
albedo, and radar reflectivity [1]. The area should also 
contain geologic features suggestive of past habitabil-
ity so that the overriding science goal of the mission 
will be attained. 

There are a total of 33 proposed landing sites as of 
the first MSL Landing Site Workshop held in Pasa-
dena, CA from May 31st to June 2nd, 2006 [1]. There 
will be an opportunity to gather high resolution visual 
and hyperspectral data on all proposed landing sites 
from the now-aerobraking Mars Reconnaissance Or-
biter (MRO) which is slated to enter martian orbit and 
being its main science phase in November of this year. 
[2]. The data gathered will be from: the high resolution 
imaging science experiment (HiRISE) and the context 
(CTX) cameras, and the compact reconnaissance imag-
ing spectrometer (CRISM) onboard the spacecraft. 
This data, along with new MOC images and THEMIS 
mosaics, will greatly enhance our understanding of the 
geologic and engineering parameters of each site. The 
footprints of each instrument are centered on a single 
point, and each proposer must submit these coordi-
nates, along with the coordinates of the proposed land-
ing ellipse. 

The purpose of this research is to recommend a 
landing site in southwest Arabia terra [3]. Located at 
6ºN 355.5ºE (Figure 1), this 55-km crater has a 1º 
slope stretching down from the northwest rim to about 
halfway through the crater. There is an interesting sec-
tion of the crater located in the south which is ther-
mally bright in both day and night THEMIS infrared 
images (it shows up dark in Figure 1 because it is an 
inverted daytime IR mosaic [4]). 

Upon closer inspection using MOC images, the ge-
ology of this area appears intriguing, in that extensive 
layering, braided channels, and possible remnants of 

ancient shorelines suggest a history of fluid (aqueous?) 
processes over a fairly extended period. This crater 
seems to have undergone extensive wind erosion, ex-
posing ~750 meters of rock which lie stratigraphically 
below the section explored by the MER-B rover in 
Meridiani [4]. 

 

 
Figure 1: Inverted daytime IR mosaic of the proposed landing 

site crater The box outlines the thermally bright unit of interest and is 
seen in Figure 4 (Unit F). 
 

Methods:  In order to get the full story of the cra-
ter, a nighttime THEMIS IR mosaic was created using 
Adobe Photoshop. THEMIS VIS and MOC images 
were also used for distinguishing units. Using the Mars 
DVD for ArcGIS (care of Trent Hare of USGS, Flag-
staff AZ) in conjunction with the nighttime mosaic and 
visual images, relationships could be derived between 
infrared and visual data. 

THEMIS.  Onboard the Mars Odyssey spacecraft is 
the Thermal Emission Imaging Spectrometer 
(THEMIS) which consists of two subsystems: visible 
(VIS), and infrared (IR). The VIS subsystem takes 
images in several bands of the visible part of the spec-
trum at about 19 meters per pixel. The IR subsystem 
takes images in the infrared wavelengths with a resul-
tion of about 100 meters per pixel [5]. 

IR data gathered from THEMIS is a measure of the 
thermal inertia of the surface, which is related to the 
grain size [6]. In general, units that show up as bright 
in the nighttime IR have a high thermal inertia (warm 
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by night) and are bedrock, indurated, or coarse-grained 
material. Areas that are dark in the nighttime IR are 
cool by night, and are dustier, unconsolidated, and are 
of a finer particle size. 

MOC.  The Mars Orbiter Camera (MOC) is cur-
rently orbiting Mars onboard the Mars Global Sur-
veyor spacecraft. From this instrument, narrow angle 
images were used, which have resolutions varying 
from 1.5-12 meters/pixel [4]. 

Results:  A geologic map of the area surrounding 
the crater, and a more detailed map of the crater have 
been generated using the thermal and visual data avail-
able to date (Figures 2 and 3). There are a two units in 
the crater that do not show up regionally, these are M, 
which consists of mesas that lie on the slope, and 3a, 
which does not have a clear boundary compared to 3, 
but has a different erosional style (Figure 4). 

There are 4 major units in the region, all of which 
are accessible via the crater. Several of the units that 
have been mapped in this project correspond to units 
mapped in a paper recently published by Ken Edgett 
[4]. All of the units in the crater lie deeper in the geo-
logic stack than the rocks explored by the MER-B 
rover at Meridiani Planum (Figure 5). 

Based on the available data, centerpoints for the 
proposed landing ellipse and MRO data (HiRISE, 
CRISM, and CTX) have been submitted (Figure 6). 
These MRO footprints all share a common centerpoint, 
which could be moved around to maximize data return  
on the landing site or the geology. It was decided that 
the centerpoint would reflect the interest in the geol-
ogy of the crater since MOC images covering the cra-
ter have been requested at 1.5, 3, and 4.5 meters per 
pixel. 

 

 

Figure 2: Geologic map of the region surrounding our crater us-
ing a THEMIS nighttime IR mosaic. Arrow points to our crater. 

 

 
Figure 3: Geologic map of our 55 km crater. 
 

 
Figure 4: Subframes of MOC images (E21-00988, S19-01964, 

and M011-03134) of the units seen in our crater. Each image is 1.5 
km across and north is to the top of each image. 

 
Discussion:  The geologic units of this region were 

primarily mapped using differences in thermal inertia 
in the THEMIS IR images. Regionally, there are 4 
distinct units (Figure 5). Unit 1 was emplaced first, 
then Unit F, which is exposed on the crater floor. Unit 
2 was then emplaced, and most recently, fluid-like 
Unit 3 came in and mantled/filled in most of the craters 
in the 
area that were part of either unit 1 or 3. Units 1, 2, and 
3 correspond very well to units L, S, and R in Ken 
Edgett’s paper [4], respectively. 

Unit 1 (Figure 5A) is the lowest lying unit in the 
region. It appears relatively smooth in THEMIS VIS. 
This unit is relatively dark in daytime and nighttime 
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IR, suggesting that this unit consists mostly of fine-
grained or unconsolidated material. 

Unit 2 (Figure 5B) is a scarp-forming unit that is 
especially prominent in the area to the west of our cra-
ter. It is slightly brighter in the nighttime IR than Unit 
1. 

Unit 3 (Figure 5C) is the most recent unit. Its ero-
sionnal style leaves behind ridges that are common in 
the region. This unit is thermally bright in the night-
time IR and also more pervasive in the nighttime IR. 
This unit is difficult to distinguish in the daytime IR. 
Unit 3 seems to mantle and fill in some of the craters 
in the area, including the proposed landing site crater. 

Unit F (Figure 4) is not as extensive as the regional 
units 1-3, but is notable in the nighttime IR mosaic 
(Figure 2). It is interpreted as a fill unit that is found 
near the floor of our crater. At MOC resolution, it ap-
pears to have a fluid-like black and white layering pat-
tern. It is characteristically bright in both day and night 
IR, suggesting that it is bedrock, indurated, or coarse-
grained material. 

 

 
Figure 5: Characteristic terrain for the extensive regional units. 

These images are from THEMIS VIS image V03720003; The scale 
bars 2km across and north is toward the top of each image. A, B, and 
C are courtesy of THEMIS/ASU/NASA 

 
Future work:  The MRO will start science opera-

tions in the fall of this year [2]. Several of the instru-
ments on it (HiRISE, CTX, and CRISM) will be used 
to help characterize our proposed landing site. 

The HiRISE will provide an image that is 6x10 km 
with a resolution of 30 cm per pixel, the CTX will 
provide a 30x30 km context image of the area at 6 
m/pixel, and the CRISM will provide multispectral 

data in a 10x10 km area at a resolution of 18 meters 
per pixel [2]. 

With the new MRO data, along with new MOC 
images and THEMIS mosaics that will be released in 
the future, we will be able to decipher whether or not 
the slope is made of one or more major units, and just 
how different it is from the thermally warm dark mate-
rial lying near the crater floor. 

 

 
Figure 6: Viking MDIM2.1 overlain with requested centerpoints 

for the landing ellipse and MRO data, and a region of interest. 
 
Conclusions:  There are a variety of geologic fea-

tures that are suggestive of past aqueous activity. 
Given the opportunity, the MSL could explore and 
investigate the 750 meters of exposed (sedimentary?) 
bedrock in this crater. Many craters in Arabia Terra 
have similar layered deposits [4], but the ease of ac-
cessability to these layers make our crater a prime 
choice for studying past habitability on Mars. 
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 Introduction:  Data returned by the Mars Orbital 
Laser Altimeter (MOLA), on the Mars Global 
Surveyor spacecraft, reveal the presence of hundreds of 
quasi-circular depressions (QCDs) distributed across 
the surface of the planet.  Detectable in the elevation 
data as clear depressions, QCDs are roughly circular 
topographic features with very low relief that 
consequently have little or no expression in the surface 
imagery.  Their topographic morphology suggests an 
impact origin with large amounts of subsequent 
deposition on the crater floor, accounting for the 
subdued topography [1,2]. 
 Studies on the Moon and on Mars have shown that 
an empirical power law relationship exists between the 
initial depth of a pristine crater and its diameter [3-5].  
Subtracting the measured rim-to-floor depth from the 
estimated pristine depth of a QCD therefore yields an 
estimate of post-impact fill thickness [4]. 
 Anderson et al. [6] raised an interesting question 
as to the spatial distribution of fill thickness in large 
QCDs surrounding the two prominent impact basins in 
the southern hemisphere, Hellas and Argyre.  They 
found several very deep structures clustered near the 
rim of Argyre, while a similar pattern seemed to be 
absent around Hellas.  The objective of the present 
study was to add QCD measurements to the dataset of 
Anderson et al., especially in the region near these two 
large basins.  Comparison of the radial distribution of 
fill thickness to trends associated with observed ejecta 
deposits can then be used to constrain the role of 
ballistic emplacement in post-impact deposition.  A 
strong correlation with these trends would suggest that 
ejecta from Hellas and Argyre played a significant role 
in the resurfacing history of the planet.  We include 
measurements of 31 large QCDs in the southern 
hemisphere, in addition to the 36 QCDs and 5 visible 
impact basins measured by Anderson et al.  The range 
of diameters covered extends from ~120 km to ~880 
km.  Figure 1 shows the spatial distribution of the 
measured structures and their diameters. 
 Methods:  We used the interactive program 
GRIDVIEW to examine MOLA elevation data, which 
has an approximate vertical accuracy of 1 m. The 
topography data was gridded at 64 pixels per degree, 
which corresponds to a spatial resolution of 930 m [7].  
The QCDs were selected from a list compiled by Frey 
et al. [1].  Each feature was analyzed for basin-like 
characteristics, such as closed, concentric elevation 
contours and circular arcs of high topography.  
Adjustable color scales and shaded relief maps aided in 

this process as well. Those QCDs for which it was 
difficult to define a rim were not included in the 
dataset.   
 A circle was fitted to each structure and compared 
its diameter to that given by Frey et al. [1]. In most 
cases, the diameter measurements were very similar, 
reflecting the reproducibility of these results.  The 
height of the crater rim was determined by averaging 
the elevation of 6-10 high points along the rim.  The 
highest points represent those least affected by rim 
degradation, and in choosing these we have attempted 
to minimize this effect.  Sections of the rim that were 
obviously affected by younger impacts or other 
processes were not included in the average.  A 
minimum elevation point was chosen within one half-
radius of the center, again avoiding superimposed 
craters.  The elevation difference between the average 
rim height and this point is the rim-to-floor height of 
the QCD. 
 The diameter of each QCD was used to calculate 
its expected pristine depth using the power law 
relationship established by Howenstein and Kiefer [5], 
d = 0.44D0.38, where d is the pristine depth and D is the 
crater diameter.  The difference between this depth and 
the measured rim-to-floor height of the QCD is taken 
as an estimate of the thickness of fill. 
 Through each step of this process we have 
attempted to minimize potential sources of error.  First 
we consider that the rim heights measured here must be 
a lower bound, due to rim degradation over time.  In 
choosing to measure the elevation of the rim at its 
highest points, we have sought to reduce this error. 
   A second concern is the possibility of inaccurate 
diameter measurements due to backwasting.  Craddock 
et al. [8] have shown that as a crater is eroded, its 
original diameter widens as material slumps off of the 
rim wall into the interior, contributing also to post-
impact fill.  Here we follow Anderson et al. [6] in 
adopting an upper bound of 10 km of backwasting, a 
rather large amount.   This effect translates to an 
uncertainty in the depth anomaly value of less than 
25% for the great majority of QCDs included here, a 
relatively small to moderate fraction. 
 Finally, we address the issue of the reproducibility 
of the data.  We remeasured several of the QCDs 
chosen in Anderson et al. and compared the depth 
anomaly measurements made by each person.  Figure 2 
shows this comparison.  With only one exception, the 
measurements cluster around the 1:1 line, indicating a  
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Figure 1.  Distribution of selected QCDs and their relative sizes.  Filled circles are QCDs chosen by Anderson et al. [6], open circles are 
our own, and dashed circles represent Hellas and Argyre Basins. 
 
high degree of correlation.  For these 12 basins, we 
also compared the diameters presented by Frey et al 
[1]., Anderson et al. [6] and our own values.  Once 
again we found that almost all measurements agreed to 
within a few percent.  Given that these measurements 
were made by three different people at different times, 
we believe this agreement suggests that the data is 
highly reproducible. 
 Results:  We plotted fill thickness versus distance 
from the rim for both Argyre and Hellas, and found 
that the distribution of fill in the southern hemisphere is 
extremely flat.  We compared these profiles with 
observed ejecta distributions and found no correlation.  
In particular, we used the power law function 
determined by McGetchin et al. [9] for small craters for 
comparison, T = 0.14R0.74(r/R)-3.0, where T is the 
expected fill thickness, R is the basin radius and r is the 
distance from the center, all in meters.  Figure 3 shows 
the profile for Hellas plotted along with this function.  
Also included are two other power law functions that 
use different exponential values while keeping the 
coefficient from McGetchin et al.  The data does not 
match any of these functions.  Most measured depth 
anomaly values are far higher than their corresponding 
expected fill thicknesses.  The average depth anomaly 
is 2.75 km, with a standard deviation of 0.56 km. 
 The flatness of the fill thickness profiles suggests 
that ballistic emplacement of material from the impacts 
that formed Argyre and Hellas Basins was not the 

Figure 2.  Measurements of twelve QCD depth anomalies made 
by Anderson et al. [6] plotted against our own values.  That the 
points cluster near the 1:1 line indicates that the data is 
reproducible. 
 
dominant filling mechanism.  The QCDs selected for 
this study span an area of approximately 4.15 x 107 
km2 in the southern hemisphere, excluding the area 
occupied by Hellas and Argyre themselves.  In order to 
blanket this region with an average fill thickness of 
2.75 km, the total volume of material needed would be 
1.14 x 108 km3, roughly four times the combined 
current volumes of Hellas and Argyre.   
 These numbers imply that a dominantly impact 
origin for the fill is unlikely; however, some 
qualifications regarding these methods should be 
mentioned here.  Studies of how ejecta thickness varies 
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with distance from a crater are based on a combination 
of laboratory experiments, scaling relations, and the 
morphometry of moderately-sized craters on the Earth 
and Moon [9].  Whether the relation can be scaled to 
apply to large impact basins has not yet been 
determined.  In addition, the volume of excavated 
material should more closely match the volume of the 
transient crater than that of the present-day basin.  Due 
to compensation effects at Hellas and Argyre, the 
transient craters were probably deeper than the basins 
today.  Thus the amount of deposited material implied 
by the fill thickness measurement does not 
independently discount the hypothesis.  However, 
when combined with the absence of a clear thinning-
outward pattern, it seems unlikely that ejecta from 
Hellas and Argyre was the primary source of fill. 
 There are several other possible explanations for 
the observed distribution of fill thickness.  Ejecta from 
other impacts would certainly have contributed.  
Fluvial or aeolian deposition is unlikely, as the 2.75 km 
of deposited sediments would have to have been 
eroded from the surrounding topography.  Furthermore, 
few QCDs were included that contained channels, and 
of these, most led out of the basin rather than into it.  
Volcanic deposits on basin floors are a possibility, and 
it may be that viscous relaxation of the topography is 
responsible for the subdued relief of the QCDs rather 
than post-impact deposition [10,11].  Further 
investigation is needed to clarify these possible 
explanations.  In particular, analysis of the gravity 
anomalies associated with QCDs would provide an 
estimate of fill density, helping to classify the source of 

 fill.  Such analysis is in preparation. 
 Conclusions:  Depth and diameter measurements 
of QCDs in the southern hemisphere of Mars can be 
used to estimate the amount of post-impact deposition.  
The fairly uniform distribution of fill thickness in 
QCDs around Hellas and Argyre Basins indicates that 
ejecta from the impacts that formed these basins was 
not the dominant source of fill.  Volcanic deposits or 
viscous relaxation of topography are more likely 
possibilities, but further research is necessary.  Gravity 
models will help to constrain the density of fill, which 
will aid in identifying the fill material.   
 Understanding the global distribution of fill 
thickness in QCDs contributes to our knowledge of the 
resurfacing processes that shaped Mars in its early 
history.  Recognizing which of these processes have 
dominated the planet’s past will greatly constrain its 
depositional and thermal evolution.   
 References:  [1] Frey et al., Geophys. Res. Lett., 
29, 1384, 2002. [2] Buczkowski et al., J. Geophys. Res. 
110 (E03007), doi:10.1029/2004JE002324, 2005. [3] 
Pike, Geophys. Res. Lett., 1, 291-294, 1974. [4] 
Williams and Zuber, Icarus 131, 107-122, 1998. [5] 
Howenstein and Kiefer, LPSC 36, abstract 1742, 2005. 
[6] Anderson et al., LPSC 37, abstract 2018, 2006. [7] 
Smith et al., J. Geophys. Res., 106, 23689-23722, 
2001. [8] Craddock et al., J. Geophys. Res., 102 (E6), 
doi:10.1029/97JE01084, 1997 [9] McGetchin et al., 
Earth Planet. Sci. Lett., 20, 226-236, 1973. [10] Mohit 
and Phillips, LPSC 37, abstract 1975, 2006. [11] 
Nimmo and Stevenson, J. Geophys. Res., 106, 5085-
5098, 2001. 

 
Figure 3.  Fill thickness plotted against distance from the rim of Hellas Basin.  The thin solid line indicates the power law function of 
McGetchin et al. [9], T = 0.14R0.74(r/R)-3.0, where T is thickness, r is distance from the center of the crater, and R is the crater radius, all in 
meters.  The two dotted lines represent  power law functions with the same coefficient but different exponents.  The dark solid line is a 
best-fit power function through the data points.  It corresponds to an exponent of -0.056 and a correlation coefficient of just 0.012.  
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THE INFLUENCE OF LITHOSPHERIC FLEXURE AND VOLCANO SHAPE ON MAGMA ASCENT AT 
LARGE VOLCANOES ON VENUS.  M. E. Rumpf1 and P. J. McGovern2, 1Department of Geology, State Uni-
versity of New York at Buffalo, Buffalo, NY 14261, USA (rumpf@buffalo.edu), 2Lunar and Planetary Institute, 
3600 Bay Area Blvd., Houston, TX, 77058, USA (mcgovern@lpi.usra.edu). 

 
 
Introduction:  Volcanoes on Venus are believed 

to be formed in the same manner as terrestrial hot spot 
volcanoes: molten rock (magma) from the mantle rises 
to the top of the crust where it forms a volcanic edi-
fice.  A variety of volcano edifice shapes exists rang-
ing from conical to those with domical shapes or wide 
plateau tops [1,2].  Beyond this spectrum exists a class 
of features called coronae: circular structures charac-
terized by annular topography and tectonics [3].  The 
origin of these features is controversial, but mecha-
nisms involving some sort of viscous deformation of 
the crust are the most common [3].  However, many 
coronae have lava flows originating from their topog-
raphic rises, suggesting a volcanic constructional ori-
gin.   

Flexural stresses induced by volcano loading can 
exert a strong influence on the ascent of magma 
through the lithosphere [4]; the local lithospheric 
thickness controls the stress state and therefore may 
influence growth and subsequent morphology of vol-
canoes. Here we study the effects of lithospheric load-
ing on the stress states beneath large volcanic edifices 
using Magellan images and analytic flexure modeling.  
These stress states are used to determine the regions 
near a volcano where magma would preferentially 
ascend thus predicting growth patterns and volcano 
shape.  Theoretical magma ascension is then compared 
to sample Venusian volcanoes to yield insights to their 
origin. 

Data:  Synthetic aperture radar (SAR) images col-
lected from the Magellan mission [5] of the early 
1990s reveal flows, faults, and vents used to identify 
volcanoes and coronae.  The shape and size of the fea-
tures can be determined using Magellan altimetry data. 
More than 150 large volcanoes [1,4] and 400 corona, 
[3] including type 1, those visible in radar images, and 
type 2, discernable only with altimetry data, have been 
identified. Image data are overlain on topography for 
two such structures in Figure 1. 

Models: A volcanic edifice places a large load on 
the lithosphere, which responds by flexing downward. 
This flexure generates stresses in the lithosphere that 
can exert strong influence over magma ascent routes 
from the mantle. We calculate such deflections and 
stresses using the elastic “thick plate” analytic flexure 
solution of Comer [6], in axisymmetric geometry. The 
shape of a volcanic edifice is broken down into a series 
of harmonics via the Hankel transform (the axisym-
metric equivalent of the Fourier transform), and the 

flexural responses from each harmonic are superposed 
to get the final solution. We considered three edifice 
shapes, starting with a cone. A truncated (flat-topped 
cone) was generated via subtraction of a small cone 
from a large one, and a further subtraction generated 
an edifice with an isosceles triangle cross-section that 
resembles the annular ridges of Venusian coronae.  

 

 
 
Figure 1. Synthetic aperture radar images superposed on 
Magellan altimetry data for (a) Kokyanwuti Mons, centered 
at 35.5°N 212°E with approximate vertical exaggeration of 
145:1 and south to lower left, and (b) Aruru Corona, cen-
tered at 9°N 262°E with approximate vertical exaggeration 
of 220:1 and south to the lower right of image.  Magellan 
radar images collected from Map-a-Planet [7].  

  
Volcanic loads of varying shape, height, and radius 

were applied to the lithosphere. We assumed a crustal 
and volcano density of 2800 kg/m3 and a mantle den-
sity of 3300 kg/m3. The response of the lithosphere to 
a given load is controlled by the thickness of the elas-
tic layer, Te, which assumed values ranging from 5 to 
50 km in this study. The code calculates two differen-
tial stresses in the horizontal plane: the radial normal 
stress σrr and the tangential or “hoop” normal stress 
σθθ. For a given edifice, deflections and stresses were 
calculated as functions of radius from the axis of 
symmetry and of depth within the plate [6].  

Volcano growth simulations were conducted using 
incremental self-similar (constant slope) growth sce-
narios.  In most cases, the flexural depression was as-
sumed to be filled with a material of the same density 
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as that of the volcano.  For some models, this assump-
tion was not made and the infill height was considered 
when setting the height of the volcano.  Modeled vol-
canoes were compared to fracturing and vents seen in 
Magellan imagery.  
 

 

 
 

Figure 2.  Radial stress as a function of depth at center of 
edifice due to flexure from a volcanic load of radius 200 km 
and height 1 km. Lines represent elastic thickness increments 
in 2.5 kilometer steps. Represents stresses due to a) cone 
shaped edifices; (b) truncated cone edifice; (c) corona.  

 

Magma Ascent: Volcanoes grow by transport of 
molten rock (magma) from an anomalously warm re-
gion in the mantle (hotspot) to the surface. Magma 
ascends through the lithosphere via vertical cracks 
(dikes). The state of stress in the lithosphere controls 
the ability of magma to ascend through dikes in two 
ways. First, dikes tend to form perpendicular to the 
least compressive (most extensional) principal stress 
[8]. Also, horizontal compressional stress will tend to 
close off dikes. Thus, horizontal extensional stress (by 
convention, positive in sign) is necessary for magma 
ascent. Second, even in the presence of horizontal ex-
tensional stress, magma might stall if stresses become 
less extensional with height in the lithosphere [9]. 
Thus, a positive stress gradient dσ/dz forces magma 
upwards through the lithosphere into the edifice. In 
reality, buoyancy and excess magma pressure forces 
allow magma with slightly negative values of stress or 
stress gradient to ascend [9], so we set our magma 
ascent criteria as follows: 1) Horizontal stress > -1.0 
MPa in the lower lithosphere; and 2) Vertical gradient 
of horizontal stress > -0.01 MPa/m. There are two 
horizontal stress components, radial σrr and hoop σθθ, 
so the stress orientation and stress gradient ascent cri-
teria must be evaluated for each. Only vertical intru-
sions and magma ascent are considered in this study: 
horizontal intrusions, also known as sills, are not ac-
counted for [10]. Stresses in the edifice load are not 
modeled; the stress state at the top of the lithosphere is 
considered to apply throughout the edifice and at the 
surface, as suggested by the results of [4]. 

Results:  Fig. 2 displays plots of σrr due to flexure 
at edifice center as a function of depth for elastic 
thicknesses between 5 and 40 kilometers in 2.5 kilo-
meter increments.  For all thicknesses in this range, 
conical volcanoes show large stress gradients and 
compressive stresses at the top of the lithosphere (Fig. 
1a). Such stresses would halt magma flow into the 
edifice. For a truncated cone, the stresses and gradients 
are similar except for low Te: stresses are low for Te = 
10 km, and at Te = 5 km the gradient switches sign to 
positive, and the least compressional stress moves 
from the bottom to the top of the lithosphere. Here 
extensional stresses can fracture the edifice, creating 
paths for dike intrusion.  This effect is more pro-
nounced for coronae: extensional upper lithosphere 
stresses and positive stress gradients are found over a 
wider range of Te (up to 15 km).  

Effects on Edifice Shape: Conical features returned 
negative stress gradients and compressive stresses near 
the top of the lithosphere for small elastic thicknesses. 
At high elastic thicknesses (Te > 40 km) magma ascent 
criteria are met over a wide radius range that includes 
the center of the edifice, which would tend to maintain 
the conical shape.  For a truncated cones, however, 
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shutoff of magma ascent near the center would be re-
quired to reinforce the shape: this is observed for in-
termediate Te values (around 20 km)  (Fig. 3a). Corona 
formation was preferential in thin lithosphere models 
(Te < 20 km), for which corona loads produce two re-
stricted zones of magma ascent; one on the inside of 
the ridge and one on the outside (Fig. 3b). This would 
tend to maintain the annular ridge shape of the corona. 

Discussion:  Self-similar volcano growth: As the 
volcanic load at the top of the lithosphere grows, the 
resulting flexure changes. As the volcano expands 
radially, the flexural response gets pushed outwards in 
radius as well. For thin lithospheres, the characteristic 
wavelength of flexure is so small that the lithosphere 
beneath the center of a wide volcano can “unflex”, 
relieving the high magnitudes of flexural stresses near 
the center. This effect is small for conical volcanoes, 
but significant for truncated cones and even more so 
for corona shapes. In the latter case, the “unflexing” 
can lead to “reflexing” in the opposite sense (concave 
downward) to that of the cone model, generating the 
very large positive stress gradients seen in Fig. 1c. 

Calculated stress states for Kokyanwuti Mons, a 
volcano with a truncated dome, and Aruru Corona 
(Fig. 1) are shown in Fig. 3.  In the Kokyanwuti 
model, ascent criteria is met for radial stress in the 
range of 100 to 150 kilometers from the center of the 
edifice and for hoop stress everywhere beyond 150 
kilometers.  Circumferential fractures and radar-bright 
lava flows exist on the edifice about 100 kilometers 
from the center, a distance consistent with estimated 
radial ascent criteria.  150 to 200 kilometers northwest 
of the edifice center both radial and circumferential 
extensional fractures are present. This is consistent 
with expected areas of stress related fracturing. 

Aruru was modeled using a truncated cone shape 
without the flexural depression in-fill assumption.  
Radar imaging of the corona shows circumferential 
and radial fracturing at slightly less than 100 kilome-
ters from the center of the edifice.  Our model expects 
magma ascent criteria to be met in this region.  Visible 
fracturing in the range of 150 to 250 kilometers on the 
edifice flanks may be a result of an earlier state of the 
corona as the region of highest stress moves outward.  
Additional radial fracturing is found to the south 300 
kilometers from the edifice center.  This area is past 
the region of predicted high extensional stress and may 
be due to circumstances not considered in this study. 

We conclude that volcano shape appears to be par-
tially determined by the local lithospheric thickness 
above a mantle upwelling.  Thus, analysis of volcano 
shape can give insight about the thickness of the re-
gional lithosphere during periods  of individual vol-
cano growth.  Combined with interpretation of local 
morphology, this may enable understanding of the 

regional and thermal evolution of Venus based on dis-
tribution and age of different volcanic features.   

 
 

 
 
Figure 3. For (a) Kokyanwuti Mons and (b) Aruru Corona, 
radial and hoop stresses are represented in red and blue, re-
spectively.  (i) Dotted lines respectively indicate regions of 
positive to slightly negative stress gradients and positive to 
slightly negative stress at the bottom of the lithosphere.  
Solid lines indicate where both criteria are met. (ii) Dashed 
line is the circularly averaged topographic profile of the 
feature with respect to mean planetary radius and  solid line 
is the model edifice.  (iii) Stresses at the top of the litho-
sphere.  Positive stress is considered extensional.  (iv) Stress 
gradient in lithosphere.   
 

References: [1] Head et al., JGR, 97, 13, 153, 
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COMPOSITIONAL MODELS OF HEMATITE-RICH SPHERULES (BLUEBERRIES) AT 
MERIDIANI PLANUM, MARS AND CONSTRAINTS ON THEIR FORMATION  
A. L. Schneider1 and D. W. Mittlefehldt2, 1Ohio Wesleyan University, Department of Geology and Geography, 61 
S. Sandusky St., Delaware, Ohio 43015  2NASA Johnson Space Center, Houston, TX 77058 

 
 
Introduction:  Meridiani Planum was chosen as 

the landing site for the Mars Exploration Rover Oppor-
tunity partially based on Mars Global Surveyor Ther-
mal Emission Spectrometer data indicating an abun-
dance of hematite [1].  Hematite often forms through 
processes that involve water, so the site was a promis-
ing one to fulfill one scientific objective of the mis-
sion—to determine whether conditions on Mars were 
ever suitable for life [1,2].  Opportunity struck pay 
dirt, and discovered beds of ancient sedimentary rocks 
that revealed evidence for past aqueous processes [2].  
The chemical weathering of olivine basalts by acidic 
waters produced fine-grained siliciclastics and 
evaporites, which then eroded and were subsequently 
redeposited as these sandstone beds [2].  Opportunity’s 
Miniature Thermal Emission Spectrometer (Mini-TES) 
and Mössbauer Spectrometer confirmed the presence 
of hematite in these beds, as spherules on sulfate-rich 
outcrops and in lag deposits [3]. 

 

 
Figure 1: An MI image of the undisturbed soil Caviar.   
Both blueberries and rock fragments are visible. 

 
Bedrock exposures at Eagle, Fram and Endurance 

Craters are named the Burns formation [4], which can 
be divided into three units.  These show a progression 
from large-scale eolian cross-bedding to wavy bedding 
and festoon cross-lamination resulting from ripples 
migrating in flowing water [2,4].  Thus, the Burns for-
mation shows a transition from a dry depositional en-

vironment to a much wetter environment [2,4]. The 
outcrops contain three main geochemical components: 
silicate minerals, sulfate salts and ferric phases such as 
hematite [2].  The fine-grained component of the out-
crop matrix contains aluminosilicate minerals and a 
non-aluminous silicate (possibly free silica) [2].  Oli-
vine is absent or at very low abundance despite the 
basaltic origin.  The basaltic cations, especially mag-
nesium, are now likely contained in the sulfate salts.  
Jarosite, a ferric sulfate, was identified by Mössbauer.  
While some of the hematite is contained in the spher-
ules, some also resides in finer grained components of 
the outcrop [2].   

The spherules, or “blueberries” as they are affec-
tionately called, occur in all three stratigraphic units of 
the Burns formation [2].  Squyres and Knoll [2], and 
references therein, explain that the spherules’ nearly 
perfect spherical geometry and uniform spatial distri-
bution lead to the conclusion that the spherules are 
diagenetic concretions formed in the bedrock in stag-
nant or slow-moving groundwater.  No interior texture 
has been detected at the resolution of the Microscopic 
Imager (MI), suggesting that precipitation from solu-
tion likely led to their formation [2].  However, the 
genesis of these concretions is poorly understood.   

Analyses from Mössbauer, Mini-TES and the Al-
pha Particle X-ray Spectrometer (APXS) indicate that 
hematite is a dominant constituent of the spherules 
[5,7,8].  Pancam and MI images of broken spherules 
and spherules sectioned by the Rock Abrasion Tool 
(RAT) show that hematite is not just a surface coating, 
but is present throughout [2].  Even so, the exact com-
position of the spherules is unknown.  The Mini-TES 
only identifies a hematite signature in the spherules, so 
other constituents, if present, have an upper limit of 5-
10% [8].   

Three formation mechanisms are possible: inclu-
sive, replacive, and displacive.  The first would result 
in a distinct spherule composition compared to the 
other two.  McLennan et al. [6] noted that the absence 
of disturbances in outcrop stratigraphy at spherule 
boundaries argues against a displacive mechanism, 
where preexisting grains would have been pushed 
aside as the spherules grew.  They propose that if 
hematite comprises 40-70% of a spherule, it is likely 
that the spherule formed by filling in available pore 
space in addition to replacement of soluble evaporite 
minerals [6], a replacive-inclusive mechanism.  If this 
mechanism occurred, the grain inclusions would have 
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to be very fine [2] since no individual included grains 
can be identified at the resolution of MI images [8].  
Finally, if hematite comprises more than 70% of a 
spherule, McLennan et al. [6] suggest that the spherule 
pushed insoluble siliciclastic material aside as it grew, 
a displacive mechanism.   

We propose that chemical clues may help to con-
strain the nature of blueberry formation.  Because in-
dividual spherules are too small to analyze separately 
we can only evaluate average blueberry compositions. 

Methods:  We used APXS data for undisturbed 
soils that were spherule-free and with visible spherules 
at the surface in MI images.  We plotted each element 
against iron and looked for correlations that might in-
dicate non-ferric elemental constituents in the spher-
ules.  These plots show that element correlations exist, 
but they cannot be explained by simple dilution of the 
element by pure hematite.  We speculated that plotting 
elements versus percent spherules by area might yield 
more specific information than plotting versus iron 
content.  We used Adobe Photoshop Elements to cal-
culate percent area of spherules in MI images of se-
lected undisturbed soils.  We replotted using percent 
area of spherules, and extrapolation of the trends sug-
gested that the spherules may not be pure hematite.  
Namely, the extrapolations yielded <90% FeO 
(equivalent to <100% Fe2O3) for 100% blueberries. 

The element versus iron plots for the spherule-rich 
undisturbed soils were compared to a mixing line rep-
resentative of a pure hematite end member spherule 
(called “the zero model”).  This modeled the replacive 
formation mechanism, in which pure hematite would 
replace all of the original material. 

If the spherules grew inclusively, chemical data 
should reflect a compositional component of the rock 
grains included during formation.  Four models were 
developed to test for possible compositions of a rock 
component.  Model 1 was a normalized Burns forma-
tion rock composition (eliminating SO3 and Cl) based 
on average APXS chemistry of ratted outcrop rocks.  
Model 2 was derived from Mini-TES mineralogy [8] 
of ratted outcrops.  The Mini-TES calculated abun-
dances of plagioclase, pyroxene and olivine were con-
verted to a possible rock component composition using 
mineral compositions determined for martian meteorite 
EETA79001 [10].  Model 3 was a variation of Model 1 
that removed the soluble fraction of the ratted rock 
composition.  Portions of magnesium, calcium and 
iron from Model 1 were subtracted as stoichiometric 
sulfates, and the resulting composition was renormal-
ized to 100%.  Model 4 was a variation of Model 2 
which used the Mini-TES calculated abundances of 
glass and sheet silicate in addition to plagioclase, py-
roxene and olivine [8].  The glass was assumed to be 

basaltic in composition, and the martian meteorite 
Shergotty was used as its composition, while kaolinite 
was assumed as the sheet silicate component.  All 
models (including the zero model) and the undisturbed 
soil data were plotted for the various elements against 
iron.   

Results and Discussion:  None of our models 
could explain the APXS data set for either 10% rock 
component or 50% rock component included in blue-
berries.  This can be illustrated with a comparison of 
the models for aluminum, silicon, and calcium.  Figure 
2 shows the plots for Models 1, 2, and 3.  (We do not 
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Figure 2: Example plots of our models.  Note that the 
10% rock models often overlap. 
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show the results for Model 4 because they were not 
significantly different from those for Model 2.) The 
zero model and all 10% rock component models fit the 
soil data for aluminum (Fig. 2a) fairly well.  However, 
these same models do not fit the silicon data (Fig. 2b).  
The silicon data points lie above the models for the 
iron-rich soils.  This contrasts with the calcium data 
(Fig. 2c), where the iron-rich data points fall below the 
models.   

If the rock component is increased to 50%, only 
Model 3 fits the aluminum data to a good approxima-
tion.  While this model looks somewhat reasonable for 
the calcium data, it lies above the silicon data.  Model 
1 is a good approximation for the calcium data, but it 
falls below both aluminum and silicon.  Model 2 does 
not explain the data for any of these elements.  Thus, 
the models demonstrate that the most plausible rock 
compositions are not components of blueberries. 

Conclusions:  None of our models can easily ex-
plain the soil-plus-blueberry data.  Thus, we are left 
with two possibilities.  The first possibility is that there 
is an included rock component in the blueberries, but 
that it is unlike those tested in our models.  We tested 
the most plausible rock compositions based on our 
limited knowledge of Meridiani mineralogy; other 
models would be increasingly ad hoc. 

The second possibility is that there is no rock com-
ponent.  In this case, the blueberries formed re-
placively or displacively and should be composed of 
pure hematite.  This leaves unexplained discrepancies 
between the soil data and our zero model.  Possibly, 
these discrepancies could be explained by a martian 
process altering the composition of the blueberries, 
such as a coating of dust.  However, the chemical data 
seem to be inconsistent with dust contamination.  The 
addition of dust to a system would shift the data points 
above the pure hematite end member, but the calcium 
data lie below the zero model.  Additionally, the alu-
minum data show no such shift as they fit the zero 
model very well.  If dust were present, it should be 
randomly spatially distributed and invoke a random 
pattern on the data.  However, the data show system-
atic trends with iron content. 

The discrepancies can also be explained by an ana-
lytical error due to the less-than-ideal measurement 
geometry of mm-sized hematite spherules resting on 
top of soil.  This analytical error would be related to x-
ray energy which is proportional to atomic number.  
Thus, light elements should show the greatest system-
atic deviation and in the same direction, while heavy 
elements should be much less affected.  However, this 
is not seen in the data.  Silicon and calcium are both 
heavier than aluminum, but they deviate in opposite 
directions.  And Al, the element that should be more 

susceptible to analytical artifacts, fits a mixing model 
very well. 

References:  [1]  Squyres, S.W. et al., 2004, Science 306, 
1698-1703.  [2] Squyres, S.W. & Knoll, A.H., 2005, EPSL 240, 1-
10.  [3] Morris, R.V. et al., 2005, EPSL 240, 168-178.  [4] Grotz-
inger, J.P. et al., 2005, EPSL 240, 11-72.  [5] Rieder, R. et al., 2004, 
Science 306, 1746-1749.  [6] McLennan, S.M. et al., 2005, EPSL 
240, 95-121.  [7] Klingelhöfer, G. et al, 2004, Science 306, 1740-
1745.  [8] Christensen, P.R., 2004, Science 306, 1733-1739.  [9] 
Morris, R.V. et al., 2005, EPSL 240, 168-178.  [10] McSween, H.Y. 
& Jarosewich, E., 1983, GCA 47, 1501-1513.  
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Expanding Our Knowledge of the Cratering of Enceladus and the Bright Terrain of Ganymede.   
S. Seddio1 and P. Schenk2, 1University of Rochester Dept. of Earth and Environmental Sciences and Dept. 
of Physics and Astronomy (sseddio@mail.rochester.edu), 2Lunar and Planetary Institute 
(schenk@lpi.usra.edu). 
 

Introduction:  At present, surface ages of bodies 
in the outer solar system are determined only from 
crater densities.  A major issue is whether the source 
of the projectiles that formed these craters is primarily 
asteroids or comets [1].  We may be able to 
distinguish these populations by detailed examination 
of the cratering record. 

The Galileo and Cassini missions have provided 
volumes of information on the Jupiter and Saturn 
systems including immense improvements in the 
imaging of satellites.  New higher resolution imaging 
allows us to map craters down to a diameter of 0.5 km 
in Ganymede’s bright terrain and down to 1 km on 
Enceladus.   

We compare our new Ganymede data to previous 
counts for Callisto [2], to determine whether both 
satellites have experienced similar cratering histories, 
and to the Moon, which serves as a cratering record of 
the inner solar system.  The Enceladus data is 
compared to the Ganymede and Callisto data to 
determine any differences between cratering near 
Saturn and near Jupiter, and to the Moon.  Possible 
differences between Saturn and Jupiter are of interest 
because Voyager measurements of craters in the 
Saturn system suggested two populations of projectiles 
[4], including one derived from within the system 
itself. 

Methods: Crater counts were made using new 
global image mosaics of each satellite produced by P. 
Schenk.  These employ the latest updates in 
cartographic control for the best possible precision in 
crater location and diameter. On both bodies, craters 
were counted and measured directly from the mosaics 
by taking two approximately perpendicular diameters 
of each crater and averaging the two. Two types of 
counts were performed.  Global quadrangle mapping 
of Ganymede allowed us to count large areas down to 
10 km diameter.  Selected high-resolution mosaics 
allowed craters down to 200 m in diameter to be 
counted.  The data was carefully examined to verify 
that redundant or missing craters were accounted for.  

On Ganymede, the bright terrain is young, easily 
countable, and not highly eroded.  Also, regions that 
are obviously dominated by secondary cratering were 
avoided.   Another problem that arises when counting 
on Ganymede is that crater density changes as a 
function of radial distance from the apex which is 
approximately 2.6 times as heavily cratered as the 
antapex, 180° away.  This effect is well understood 
and can be corrected.  The availability of high-
resolution images was limited by the failures of one of 
Galileo’s antennae.  

On Enceladus, a geologic map was made of all 
high-resolution quadrangles of the body.  This allows 
us to map geologic terrains of different relative ages.  
We limited our counts to the oldest, most heavily 
cratered terrain.  Craters on this terrain are possible to 
count down to about 1 km diameter on global mapping 

mosaics.  In addition, we counted craters on one high-
resolution image (Fig. 1).  In this terrain, craters were 
countable down to about 500 m diameter. 

Results:  All data is presented in standard 
cumulative crater size frequency plots and in R-plots.  
The cumulative plots display absolute crater densities 
and the R-plots, which are in essence “normalized 
differential plots where the D-3 power-law” trend is 
divided out [1].  

Conclusions:  Our Ganymede data has a “W” 
shaped size distribution in its R-plot (Fig. 5).  The 
shape does have some similarities when compared to 
the lunar data.  However, there is no spike observed at 
large diameter (> 200 km), and there is also no 
observed spike at the smallest diameters (< 1 km).  
Overall, Our Ganymede data is not sufficiently similar 
to the lunar data to justify the claim that the craters are 
primarily asteroidal. 

Though our Ganymede data does have a “W” 
shape, it is quite different from the distinct “W” 
formed by the Callisto data (Fig 5).  There are three 
possible explanations for this.  Higher projectile 
velocity at Ganymede could shift the data, but it is 
highly unlikely that the shift would be great enough.  
There could also be a change in population due to the 
greater age of Callisto’s surface.  Another possibility 
is that erosional processes on Callisto’s surface have 
altered the preserved crater population.   

On Enceladus, one terrain has been mapped to 
date.  This terrain is regionally consistent from north 
to south.  We were able to count craters ranging in 
diameter from about 1 km to about 30 km.  Some 
possible local variations in crater preservation may 
exist.  There could also be some image bias, but 
requires further investigation.  This terrain on 
Enceladus is more heavily cratered than Ganymede’s 
bright terrain by a factor of 5-10 (Fig. 6).  Our counts 
indicate a severe depletion of small (<2 km) craters on 
Enceladus when compared to Galilean satellites.  
Further work is required including mapping craters on 
other middle sized satellites such as Tethys and Dione. 
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Figure 1.                                                                                       Figure 2. 

 
Portion of Galileo mosaic of             High-resolution of Enceladus 
Arbela Sulcus of Ganymede                                                                 (0.065km/pixel). 
(0.035km/pixel).  Region is             Region is located near 5°S, 193°W 
located near 15°S, 347°W.    . 
 
 
Figure 3.                                                                                         Figure 4. 
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Figure 5. 

 
Figure 6. 
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