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STRATOSPHERIC CHEMISTRY IN SATURN’S ATMOSPHERE DURING THE BEACON STORM.  E.S. Armstrong and J. I.
Moses2, 1Department of Chemistry, University of Oxford (eleanor.armstrong@jesus.ox.ac.uk), 2Space Science Insti-
tute, Seabrook, TX Branch. 

 
 

Introduction: The immense storm that recently 
erupted in Saturn’s northern hemisphere, first observed
on 5th December 2010 [1],  was primarily a tropospher-
ic disturbance, noticed due to its typical storm signa-
tures such as lightning and clouds [2]. However, there 
was also an unexpected stratospheric response seen in  
elevated temperatures and molecular abundances, 
which has come to be known as the ‘beacon’ region. 
The beacon was initially two smaller regions, called 
B1 and B2,  which existed at two different latitudes
(25°-35°N) but which merged in April 2011, around 
120 days after the start of the tropospheric disturbance
[3]. This merger resulted in the formation of one larg-
er, hotter anticyclonic vortex that continued to circle 
Saturn after the tropospheric disturbance had dissipat-
ed (Figure 1). 

The storm system was for a period the largest storm 
ever observed in the solar system. The presence of 
Cassini gave unprecedented data on the stratosphere’s 
thermal and compositional response to the disturbance
[3], compared to previous large storm systems on Sat-
urn, such as the 1990 Great White Spot, where only 

ground-based data were available.  
The Cassini Composite InfraRed Spectrometer 

(CIRS) instrument [4] detected significant variation in
stratospheric temperatures during the storm [3,5]. The 
plot in Figure 2 shows the change in temperature at the 
1-mbar depth, where the Cassini/CIRS data have the 
highest sensitivity. The retrievals also suggest signifi-
cant deviation from prestorm abundances of many hy-
drocarbons [3,5,6], in particular in the mole fraction of 
ethene (C2H4), for which Hesman et al [6] find that 
their photochemical model profile must be multiplied 
by a factor of 91 to account for the observed emission.  

Our project seeks to be able to replicate the hydro-
carbon abundances observed in the CIRS beacon data 
through photochemical modeling.  

Procedure: The KINETICS code [7] is used to 
model the hydrocarbon and oxygen photochemistry in 
the beacon region [8, 9]. The procedure is to solve the 
coupled continuity equations (conservation of mass) 
where the rate of change of the number density of a 
species is balanced by its flux divergence (assuming 
diffusive transport) and chemical production and loss:  

 
where ni is the number density (cm-3), t is time (s), Φi
is the molecular flux (cm-2 s-1), z is the altitude (cm), Pi
is the production rate (cm-3 s-1)  and Li is the loss rate 
(cm-3 s-1), of the ith chemical species. Vertical transport 
profiles depend on both vertical transport and chemis-
try. The model is run with chemical species containing 
only H, He, C and O. A total of 78 species vary 
through 522 reaction pathways (see Moses et al. [9]). 

The nominal model uses the “Model C” reaction 
mechanism from Moses et al. [9] and an eddy diffusion 
coefficient profile that reproduces the prestorm C2H6
abundance retrievals of Fletcher et al. [3]. This eddy 
diffusion coefficient profile is used in all subsequent 
models.  

Our prestorm temperature profile is a CIRS average 
from July-August 2010, over the eventual beacon lati-
tudes.  The temperatures during the storm are taken 
from the Cassini/CIRS analysis of Fletcher et al. [3]. 
The models are set to run over the time length of the 
storm, but we specifically focus on the results from the 
4th May 2011, comparing our output on this date with 
that of Hesman et al. [6]. The observation data are 
spaced unevenly over the duration of the storm, and we 
simply update the model temperature profiles at the 

Fig. 2 –Temperature variation at 1.0 mbar as a function of time 
elapsed since the start of the storm. We use the B1  storm tempera-
tures for the premerger data.

Fig. 1 – The beacon emissions in CH3D (sensitive to 1.0 - 5.7 
mbar pressures). The B1 and B2 systems are labeled pre-
merger.  [3] 
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halfway point between each observation. Note that the 
CIRS temperature profiles are retrieved from the ob-
served infrared emission in the 7.7 µm CH4 band, as-
suming that the chemically stable methane does not 
change during the storm. Given these retrieved tem-
perature profiles, the abundances of other hydrocar-
bons can be derived from the molecular band emis-
sions observed in the CIRS data [3, 5, 6]. 

Variation of the Model: Three methods are inves-
tigated to attempt to reconcile our model predictions 
with the observed C2H4 emission in the beacon 
(Hesman et al. [6]): updating the rate coefficients in 
the model; proposing a higher temperature at the 
merge of the B1 and B2 features; and introduction of 
winds to simulate the expected downwelling in the 
system. 

Kinetics. The Model C rate coefficients used in 
Moses et al. [9] are outdated at this point. Aided by the 
investigation of Smith and Nash [10], who analyzed 
the local sensitivities of hydrocarbon abundances to 
particular reactions, and this project’s results, key reac-
tions for the production of C2H4 in gas-giant atmos-
pheres were identified, and a literature search for up-
dates to the rate coefficients of these reactions was 
conducted. 

Temperature. Since C2H4 is produced rapidly at 
high temperatures and then perhaps lost more slowly 
over time, a higher merger temperature (occurring in 
late April) was proposed as a possible route to increas-
ing the C2H4 abundance. A ficticious temperature pro-
file was added at an unobserved mid-April date, as-
suming the middle-stratospheric temperatures had a 
Gasussian profile with a peak temperature 15-K higher 
than was observed on 4th May 2011. 

Winds. It is suggested by Fletcher et al. [3] that a 
downwelling in the beacon vortex may be a factor in 
the increased hydrocarbon abundances of the system. 
A downwelling wind was added to the models, con-
sistent with adiabatic compression in the beacon region 
as a cause of temperature elevation. The wind has a 
Gaussian distribution as a function of pressure, with a 
peak magnitude of -1.2 cm s-1. 

Results: Initial runs of the “Model C” chemistry 
from the Moses et al. [9] paper, with the elevated tem-
perature profiles seen in the beacon, produced a dis-
tinct peak in C2H4. This peak was not as large as de-
rived from the CIRS observations [6]. The model, 
which predicted no change in C2H2 and C2H6 profiles 
in the beacon, under-predicted the abundance of these 
species. By contrast, the prestorm results from the 
model actually over-predicted the C2H2 abundance 
compared with the Cassini/CIRS retrievals [3].  

Kinetics. The primary mode of production of C2H4  
in our beacon models at 1-mbar is 

H2 + C2H3  H + C2H4               (R1) 
Despite recent theoretical efforts by Tatuermann et al. 
[11] the low-temperature rate coefficients are still not 
well known for this reaction, as shown in Figure 3. The 
model output with the new Tautermann et al. [11] rate 
expression does not match the Hesman et al. [6] re-
trieved C2H4 abundance. In fact it provides a smaller 
beacon increase than our nominal model. The largest 
published rate coefficient [12] for R1 is adopted in the 
nominal model. 

Other reaction rate coefficients were also investi-
gated, including   

H + C2H2  C2H3                           (R2) 
H + C2H3  H2 + C2H2                   (R3) 
H + C2H3  C2H4                            (R4) 

R2 has a more recent rate coefficient recommendation 
[13], but the adoption of this rate coefficient does not 
result in a distinct C2H4 post-storm peak, and both 
prestorm and post-storm fits to all the C2H4 hydrocar-
bons are significantly worse than in our nominal mod-
el. The other reactions have not been revisited in the 
intervening period, and so could not be reliably updat-
ed, but the adoption of other available literature values 
did not provide an increased C2H4 peak. 

None of these kinetic optimizations could success-
fully reproduce the magnitude of the C2H4 peak abun-
dance derived in Hesman et al. [6] (see Figure 4). 
Happily, the scaling factor was significantly reduced 
compared to previous work, down from 91 [6] to ~6.  

Temperature. The higher assumed temperatures for 
the April merger date caused a small increase in peak 
C2H4 abundance compared to the output of the nominal 
kinetic model, but still did not reproduce the necessary 
magnitude (see Figure 4). In Figure 5 the synthetic 

Fig. 3- Plot of literature reports of the R1 rate coefficient (k1). The 
lines show theoretical predictions: red is Weissman and Benson[12] 
“linear” ; orange is Tautermann [11], green is Knyazev [14]; cyan is 
Mebel [15]; dark blue is Tsang and Hampson [16]. The markers are 
experimental data: open squares are Knyazev [14], closed diamond 
is Callear and Smith [17] and the closed circle is Fahr et al [18]. It 
shows that there is significant variation in low temperature rate 
coefficient prediction due to lack of constraining data. 
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emission from the model is compared with the Cassi-
ni/CIRS data.  

Winds. The introduction of a subsidence wind pro-
duced a small downward shift in the profiles of hydro-
carbons, and a more notable decrease in the local CH4 
abundance and a resulting increase in the retrieved 
temperatures, but these changes were not significant 
enough to reproduce the observed infrared emission  
(see Figure 4). 

Discussion: The peak in C2H4 abundance is likely 
to be a result of a temperature-dependent reaction in 
the system, because of its notable appearance only 
during the elevated temperatures of the storm system. 
R1 is the only reaction identified as having the desired 
temperature dependency and thus likely plays a key 
role in the observed behavior. The work done during 
this project has reduced the scaling factor required to 
match the model output to the Cassini/CIRS emission 
from a factor of 91 [6] to a factor of 5-6. However, it 
was still not able to match the observed emission. 

There are different ways to interpret this result. It is 
possible that the reaction pathways used in this model 
do not reproduce the expected abundance because they 
either have incorrect rate coefficients, or because the 
scheme does not include all the necessary reactions in 
these highly interdependent systems. This means that 
the kinetic input to the system is not matching the real-
ity of Saturn’s atmosphere, suggesting work can be 
done to more accurately match the model to the chem-
istry of the system.  

A second consideration is that all C2Hx hydrocar-
bons are under predicted in the beacon models. This 

suggests there may be a complex wind interaction in 
the system that cannot be reliably reproduced in simple 
1D models, affecting both temperatures and abundanc-
es. The use of a 3D general circulation model that in-
cludes chemistry may be needed to fully understand 
the beacon behavior. One implication of a down-
welling wind in this system is that the mole fraction 
profile of CH4 can also change, complicating the deri-
vations of temperature from the methane emission 
band.  

Additional Information: Thanks to Leigh Fletcher 
who has patiently helped us with comparing our mod-
els to the Cassini/CIRS emission, and to Brigette 
Hesman for supplying her retrieved and model pro-
files. 

References: [1] Sanchez-Lavega A., et al 2011, 
Nature, 475 71. [2] Fischer G., et al. 2011, Nature 475 
75. [3] Fletcher, L. N., et al. 2012, Icarus, 221 560. [4] 
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Fig 4 – The ethene (C2H4) mole fractions at different pressures, both 
before the storm (green) and on the 4th May 2011 as produced by 
the different models. The orange continuous line represents our 
nominal model. The cyan dashed line shows the results from the 
introduction of a downwelling wind to the system. The magenta 
dotted line represents the results assuming higher April tempera-
tures. The dark blue dot-dashed line is the retrieved profile of 
Hesman et al. (2012). The red marker is an alternative peak estima-
tion of the C2H4 profile required to reproduce the emission from 
Cassini/CIRS (from Fletcher)  

Fig 5 – The emitted radiance as a function of wavelength in the  
ethene emission region. The green curve is the prestorm model, the 
magenta has high April temperatures, and the coral curve is the 
same model but the ethene profile has been scaled uniformly by a 
factor of 5 and the temperatures have been re-retrieved based on an 
optimization of all hydrocarbon profiles (see [3] for details). 
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THE DEPTH-DIAMETER RELATIONSHIP FOR LARGE LUNAR IMPACT BASINS AND THE 
IMPLICATIONS FOR MARE BASALT THICKNESS 
Steven D. Dibb1 and Walter S. Kiefer2, 1Earth and Planetary Sciences Dept., University of California Santa Cruz,  
Santa Cruz, CA 95064, sd.dibb@gmail.com 2Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 
77058 

 
 
Introduction: The current surface of the Moon    

illustrates an ancient, intensely battered landscape of 
small craters overprinting larger impact basins. Large 
lunar impact basins (Diameter>300 km) all formed at 
least 3.7 billion years ago. Past work has shown that 
fresh impact structures have a characteristic depth (d) 
versus diameter (D) ratio that varies with size [1]. 
Structures that have anomalously small d/D ratios 
have experienced some type of post-impact degreda-
tion or modification. Williams and Zuber previously 
studied d/D ratios for lunar basins using low-
resolution Clementine altimetry [2]. High resolution 
(~300 meters/pixel horizontal resolution and 15 me-
ters vertical resolution) Lunar Reconnaissance Orbiter 
topography data now permit much more detailed stud-
ies of the morphometry of large lunar impact struc-
tures [3, 4]. Kalynn et al. studied complex craters up 
to 167 kilometers in diameter [5]. Baker et al. studied 
11 craters and lunar impact basins between 137 and 
492 kilometers in diameter [6]. We report results for 
29 lunar basins from 300 to 1100 kilometers in diame-
ters, constituting a near-complete data set of basins in 
this size-range. The deepest basins in this database 
define a near-pristine d/D relationship that can now 
serve as a constraint on impact basin formation mod-
els. Our results also quantify the amount of post-
impact modification experienced by some of these 
basins by impact bombardment, viscous relaxation, 
and mare basalt flooding. 

 
Method: Using the USGS Integrated Software for 

Images and Spectrometers (ISIS), rough latitude-
longitude boundaries from the ACT Corporation’s 
Lunar Quickmap, and the basin centers provided by 
Head et al. [7], orthographic map sections for each 
structure were extracted from the GLD100 basemap 
[4] and studied in ArcMap. Topographic profiles were 
drawn overlapping the dominant topographic rim of 
each basin at every radial degree. Because of the high-
ly overprinted nature of these basins, many of the rim-
crest profiles had to be discarded, with most basins 
ending up with somewhere between 100-160 remain-
ing profiles. Dozens of profiles were then drawn over 
the intact topographic basin floor. Fewer profiles are 
needed in the interior as there is a much lower topo-
graphic variability on the floors of the basins. The 
Densify and Stack Profile tools in ArcMap allowed us 

to find elevation values every 100 meters along these 
profile tracks and analyze them in Microsoft Excel. 
The difference between the median minimum value 
for the floor profiles and the median maximum value 
for the rim profiles was found, which represents the 
total depth of the basin. Median values were used be-
cause they are less affected by geologic outliers than 
mean values. 

 We tested this procedure on a set of complex cra-
ters between 20 and 167 kilometers in diameter. Our 
values were then plotted against depths found in a 
previous study by Kalynn et al. in order to evaluate 
the accuracy of our data (Figure 1) [5]. Our results 
show excellent agreement with those of the previous 
study, enhancing confidence in the reliability of our 
procedure. 

  

 
Figure 1 – Kalynn et al. depth values [5] plotted 
against values measured for this study. A set of 8 
complex craters 20-200 kilometers in diameter was 
chosen to represent this size range. A line with slope 
m=1 represents perfect matching of data (i.e. con-
sistancy), which in this case falls within the error bars 
given for each data set, affirming the confidence of 
our procedure. 

 
We compiled a list of 28 impact basins with diam-

eters 300 kilometers across and larger on the basis of 
previous basin catalogues [7, 8, 9]. Our list includes 
all of the basins defined as “definite” by Wilhelms 
with the exception of the highly degraded basins 
Planck, Keeler-Heaviside, Australe, and Fitzgerald-
Jackson [9]. Our list also includes the “probable” ba-
sins Amundsen-Gaswindt, Dirichlet-Jackson, and Nu-
bium [9]. We expect to make measurements of the 
South Pole-Aitken basin, the Moon’s largest impact 
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structure, prior to the completion of the intern pro-
gram.  

Uncertainties in our derived depths are due mainly 
to the geologic variability in rim heights with location 
around the basin. Naturally, basins of pre-Nectarian 
age (older than ~3.92 billion years) have had a sub-
stantial amount of degredation. For the young, rela-
tively pristine basins Orientale and Schrodinger, an 
analysis was conducted about the accuracy of basin 
depth values derived from numerically reduced sets of 
profiles. The initial set contained 72 profiles, each 
separated by 5 degrees. We then constructed 9 subsets 
from these observations, each containing between 18 
and 36 profiles. Repeating our procedure on these 
subsets, this sampling study showed that the median 
basin depth changes by at most 400 meters. Five of 
our basins had been previously measured by Baker et 
al., with an average difference of ~400 meters be-
tween the two data sets [6]. We therefore adopt 400 
meters as the 2σ uncertainty for our basin depths. 

 
Results: After completing the analysis for each 

basin, a log-log plot of depth versus diameter was 
produced (Figure 2) and a power law was fit to the 9 
deepest basins and is defined by Schrodinger, Mende-
leev, Amundsen-Gaswindt, the inner and outer por-
tions of Moscoviense, Apollo, Freundlich-Sharonov, 
Smythii, and Orientale. As Schrodinger and Orientale 
are the two youngest basins in this group,  they are 
therefore presumably amongst the most pristine basins 
on the Moon. Although several of these basins contain 
some post-impact mare volcanism, geologic mapping 
suggest that it is typically less than 200-300 meters in 
those basins [e.g. 10]. Thus we adopt this power law 
as appropriate for near-pristine large lunar impact ba-
sins. 

 
Discussion: Several key lines of analysis can be 

drawn from this data set. Simple and complex craters 
on the Moon have a pronounced change in their depth-
diameter relationship near a diameter of 15 kilometers, 
which reflects a major transition in the fundamental 
physical processes that create impact structrues [1]. 
Fresh complex craters formed in the highlands, with 
diameters less than 167 kilometers, exhibit depths 
proportional to (diameter)0.25  [5], whereas our results 
indicate that impact basins over 300 kilometers in 
diameter have a characteristic depth proportional to 
(diameter)0.21 . Given the uncertainty in each of our 
measured depths as well as the scatter about the best-
fit power law, we can not reliably distinguish our 
power-law for basins from the power-law for complex 
craters. Thus, it is possible that there are no more fun-
damental transitions in the physical processes associ-

ated with crater formation as one progresses from 
complex craters to peak-ring basins to multi-ring ba-
sins on the Moon.  

As previously stated, young craters superimposed 
on older basins tend to degrade the topography of the 
underlying basin. Examples in our dataset include 
Poincaré  and Lorentz basins, as well as many others. 
Older basins formed at a time of higher thermal gradi-
ent in the target rock may have their topography par-
tially relaxed by viscous flow in the crust [11]. Nubi-
um possibly exhibits viscous relaxation, and future 
study will include this consideration for Keeler-
Heaviside and Australe. Both of these processes 
should be most important for old impact basins, which 
is consistent with the large number of pre-Nectarian 
basins in our study, represented by green triangles in 
Figure 2. 

Finally, inferences can be made about the thick-
ness of basalt in basins that feature visible surface 
mare emplacements. These basins are marked on Fig-
ure 2 with a solid fill and, with the use of the power 
law, can have an accurate estimate of the thickness of 
their basalt determined, assuming their entire depth 
deficit is due to basaltic infill. In fact, the basins of 
Nectarian age with the highest depth deficit feature 
basalt fill on the surface, a strong indication that this is 
the primary shallowing process.  

Imbrium represents the canonical basalt filled ba-
sin, and makes for an excellent analytical case because 
of its relatively young age. It is one of the three 
youngest basins in this study, and as such, can be in-
terpreted to have a depth deficit nearly entirely due to 
basaltic infill, the ubiquitousness of which is con-
firmed by spectral data and orbital imaging. Using our 
power-law, we find the basalt infill in the center of the 
Imbrium basin to be 5.0 ± 0.4 kilometers in depth.  

 

 
Table 1. Comparison of depth-deficits with Williams 
and Zuber. The second column indicates the differ-
ence between measured basin depth and the power-
law expected value, or ‘depth deficit’. The third col-
umn is the difference between our depth deficit and 
the inferred mare fill found by Williams and Zuber. 
Finally, the percent difference between our depth defi-
cit and their mare fill is represented in the fourth col-
umn [2]. 

Basin Name Our Depth Deficit (km) Depth Deficit Difference (km) % Difference
Grimaldi 2.4 -0.7 28
Serenitatis 4.5 0.6 13
Humorum 4.1 0.9 21
Smythii 0.6 -0.5 86
Nectaris 2.1 1.3 62
Orientale -0.4 -1.0 261
Crisium 2.7 0.1 5
Imbrium 5.0 0.3 7
Humboldtianum 3.0 n.d. n.d.
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(Table 1) Furthermore, our results for basalt thick-
ness are substantially different than the earlier work 
using Clementine altimetry of Williams and Zuber [2], 
which reflects the much higher resolution and accura-
cy of the topographic data now available for analysis 
from LRO. 
 

Conclusion: The intensely battered surface of the 
Moon offers up a number of large diameter basins for 
study. In this work, we have derived the relationship 
between depth and diameter for large lunar impact 
basins using the latest topographic data from the Lu-
nar Reconnaissance Orbiter. An appropriate d/D pow-
er-law was extracted from a database of 29 lunar ba-
sins over 300 kilometers in diameter, allowing for 
further interpretations of depth deficits in individual 
basins. A comparison with previous power-laws indi-
cates that there may not be a fundamental physical 

transition between >200 kilometer-diameter complex 
craters and multi-ring impact basins.  
 
References: [1] ] R.  J. Pike (1974) Geophysical Re-
search Letters, 1, 291-294. [2] K. K. Williams and M. 
T. Zuber (1998) Icarus, 131, 107-122. [3] D. E. Smith, 
et al. (2010) Geophysical Research Letters, 37 [4] F. 
Scholten et al. (2012) JGR, 117, E00H17. [5] J. 
Kalynn et al. (2013) Geophysical Research Letters, 
40, 38-42. [6] D. M. H. Baker et al. (2012) JGR, 117, 
E00H16. [7] J. W. Head et al. (2010) Science, 329, 
1504-1507. [8] P. D. Spudis (1993) The Geology of 
Multi-Ring Impact Basins, 38-40, Cambridge Univer-
sity Press. [9] D. Wilhelms (1987) Geologic History of 
the Moon, USGS Professional Paper 1348. [10] Whit-
ten et al. (2011) JGR, 116, E00G09. [11] P. S. Mohit 
and R. J. Phillips (2006) JGR, 111, E12001. 

 
 

 

 
 
 

Figure 2. Depth-diameter plot for complex craters and impact basins. Solid points represent basins that feature 
visible mare fill. 
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LL-CHONDRITE  LAR  12325:  A  PRODUCT  OF  AN  ASTEROID  IMPACT  CRATERING  EVENT. 
Stefan Farsang1, Amy L. Fagan2 and David A. Kring2, 1Department of Earth & Environmental Sciences, Irvine 
Building, University of St Andrews, St Andrews, Fife KY16 9AL, UK (sf57@st-andrews.ac.uk) 2Lunar and Plane-
tary Institute, 3600 Bay Area Boulevard, Houston, TX 77058. 

 
 
Introduction: Impact cratering is the dominant ge-

ological process affecting asteroids and other planetary 
surfaces. Impact melts and impact melt breccias, 
formed as a result of crater-producing asteroid colli-
sions, have radiometric and petrographic characteris-
tics that can be used to unravel the collisional evolu-
tion of their parent bodies and the Solar System. To 
reconstruct this evolution, it is necessary to determine 
1) the timing of the impact events, 2) the peak tem-
perature created in the samples when the impact event 
occurred, along with the subsequent cooling rates of 
these samples, and 3) the size of the impact event on 
the parent asteroids. 

This study explores the petrography, chemistry, 
and cooling rates of meteorite LAR 12325. This 263.9 
g meteorite was recovered from Larkman Nunatak in 
Antarctica and was classified as an LL-chondrite [1]. 
LL-chondrites are the least abundant of ordinary chon-
drites, accounting for 7.9% of all meteorite falls [2]. 

Methods:  Point counts. Point counting under re-
flected light of 2582 points was conducted at 500× 
magnification. Points were distributed along lines sep-
arated by 300 μm. The spacing of the points was 100 
μm. 

Electron microscopy. A Cameca SX-100 micro-
probe with five wavelength-dispersive spectrometers at 
the NASA Johnson Space Center in Houston was used. 
Fe,Ni-metals and sulfides were analyzed using an ac-
celerating voltage of 15 keV, a beam current of 20 nA, 
and a beam diameter of 1 μm. The standards for Ti, Cr, 
Mn Fe, Co, Ni, Cu and Zn were pure metals. The 
standard for Mg and Si was diopside, the standard for 
P and Ca was apatite, while those for S and Cl were 
troilite and tugtupite, respectively. Cobalt concentra-
tion values were corrected for the interference of the 
Fe-Kβ X-ray peak with the Co-Kα X-ray peak. Chemi-
cal analysis of silicate minerals utilized an accelerating 
voltage of 15 keV, a beam current of 20 nA, and a 
beam diameter of 1 μm. The standards were plagio-
clase (oligoclase) for Na, olivine for Mg, Si and Fe, 
plagioclase  (labradorite) for Al and Ca, apatite for P, 
orthoclase for K, ilmenite for Ti, chromite for Cr, 
rhodonite for Mn, and NiO for Ni. All standards are 
from the NASA Johnson Space Center standard collec-
tion. 

Petrography: General petrography. Thin section 
LAR 12325,7  has  an area of  167.4 mm2  and contains  

 

39.9% clast material and 60.1% melt. It captures two 
big clasts, 4x4.5 mm and 4x9 mm, and other clast 
fragments that are embedded in aphanitic matrix of 
olivine and pyroxene. The impact melt has a slightly 
lighter colour than the two dominant clasts. Close to 
entrained clasts, the impact melt is usually darker and 
finer grained. Silicate and opaque shock veins cross-
cut the clasts. A network of cracks overprints the 
rock’s fabric. 
 

 

Figure 1. BSE images of (a) clast material: metal, 
troilite, chromite, olivine, low-Ca pyroxene and plagi-
oclase and (b) scattered relict target grains in a melt-
derived matrix of <5 μm olivine and pyroxene. The 
scale bars in Figures 1a and 1b are 200 μm and 100 
μm, respectively. 
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Figure 2. Distribution of metal and sulfide particles of 
different sizes in (a) clasts, (b) melt. 
 

Clasts. These consist of 85.0% silicates, 0.4% ox-
ides, 0.4% metals, 5.2% sulfides and 2.5% undifferen-
tiated metal and sulfide for <4 μm grains, consistent 
with LL-chondrites [3]. Fractures and holes make up 
6.4% of the clasts.  One of the clasts has a 1.3 mm 
barred olivine chondrule  and a 1.5 mm granular py-
roxene and olivine chondrule with a porphyritic olivine 
mantle. There are up to 400 μm plagioclase grains be-
tween olivine, low-Ca and high-Ca pyroxene crystals. 
Mono- and polymineralic metal, sulfide (troilite) and 
oxide particles up to 500 μm are present in clasts (Fig. 
1a). The dominant metal and sulfide particle/aggregate 
size range is 4.0-15.8 μm (Fig. 2a). Olivine crystals in 
clast fragments display different stages of shock met-
amorphism, e.g., undulatory extinction, planar frac-
tures (Fig. 3), and mosaicism. These features along 
with the presence of melt in the rock indicate an S6 
shock stage, i.e. a shock pressure of ~45-90 GPa and a 
post-shock temperature increase of 600-1750 °C [4]. 
For the meteorite, the texture and chemistry of clasts 
(e.g., only a few sharp chondrule edges, absent chon-
drule glass, >50 μm big plagioclase grains, relatively 
homogeneous olivine compositions, orthorhombic low-

Ca pyroxene – see Chemical composition section) in-
dicates thermal metamorphism to an LL5 state before 
the rock was shock-metamorphosed. 

Melt. This consists of 88.5% silicates, 0.6% oxides, 
and 0.9% metals, 3.6% sulfides and 1.0% undifferenti-
ated metal and sulfide for <4 μm grains, consistent 
with LL-chondrites [3]. Fractures and holes make up 
5.5% of the melt. There is approximately twice as 
much metal in melt than in clasts. Predominantly sub-
hedral relic olivine and pyroxene grains, typically 25 to 
500 μm in diameter, are embedded in a partially crys-
talline melt matrix (Fig. 1b). The dominant metal and 
sulfide particle/aggregate size range is also 4.0-15.8 
μm (Fig. 2b). 

Chemical composition. Olivine compositions 
(Fa29.5-30.4, n=17) fall in the typical range of LL-
chondrites [5]. Low-Ca pyroxene is orthorhombic and 
has compositions of Wo1.3-2.7En73.0-74.4Fs23.6-25.0 (n=17). 
No statistically significant difference is apparent be-
tween olivine and low-Ca pyroxene in lithic clasts and 
those crystallized from the impact melt. High-Ca py-
roxene in clasts exhibits compositions of Wo43.2-

45.0En45.5-46.1Fs9.5-10.8 (n=9). Minor apatite occurs as 
anhedral grains in the meteorite. Metal particles are 
usually plessite with 2-25 μm wide taenite rims. Mar-
tensite particles with taenite rim and pure taenite with 
Ni concentrations ranging from 31.3 to 37.2 wt% Ni is 
also present. The only kamacite in the thin section was 
found in association with taenite in a metal particle that 
has a plessite rim (Fig. 4). This kamacite has high Co 
concentrations between 3.66 and 3.86 wt% (n=4) that 
are typical for LL-chondrites [6]. The average Co:Ni 
ratio of 1:20 in taenite corresponds to the cosmic 
abundance ratio and is similar to the 1:24 ratio indicat-
ed for LL chondrites by [7]. Most of the metal particles 
are associated with troilite that often forms rims 
around them. 

 

 
Figure 3. Planar fractures in olivine (highlighted by 
the arrows). XPL. The scale bar is 100 μm. 
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b 
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Figure 4. Metal particle in a clast. BSE image. The 
scale bar is 50 μm. 
 

Cooling rates: Cooling of material heated by an 
impact cratering event can be characterized by 2 cool-
ing rates. Stage 1 cooling describes rapid cooling re-
sulting in thermal equilibrium of the super-heated im-
pact melt and the cool clastic debris that was mixed in 
during the impact cratering event. Stage 2 cooling is 
represented by a subsolidus cooling rate while the en-
tire breccia conducted heat to its surroundings. 

Stage 1 cooling. To evaluate Stage 1 cooling rates, 
the spacing of metal cells in the largest, continuous 
metal troilite particles was measured [8]. Based on 10 
spacings that ranged from 14 to 30 μm, the cooling rate 
was between 27 and 247°C/s.  

Stage 2 cooling. To evaluate Stage 2 cooling rates, 
Ni concentrations across individual metal particles 
were measured and metallographic cooling rate curves 
calculated for chondritic meteorites [9, 10] were used. 
The smaller a taenite crystal, the easier it is for Ni to 
diffuse to its center, the lower the temperature at which 
diffusion can still supply its center, and the higher its 
final Ni content in the center of the crystal will be [11]. 
Also, for the same bulk Ni content and initial radius, 
slower cooling rates result in higher Ni concentration 
at the taenite grain center and smaller diameter grain 
size [9]. Low Ni concentrations in our taenite grains 
suggest cooling rates of ~10-11 °C/s, but these are not 
consistent with the petrography of the sample. 

Discussion: The distribution of metal and sulfide 
particles is unimodal (Fig. 2), indicating only one im-
pact event that ejected the melt material from its parent 
body. The melt part lacks very big and very small par-
ticles. The former is probably due to dissemination of 
metal and sulfide particles and the latter due to their 
agglomeration in melts that remained fluid for longer 
periods.  

 

The modal composition of the clasts of LAR 12325 
is similar to one of the dark clast material of Orvinio 
H6-chondrite [12] and the melt part shows similarities 
with LAP 04751 H-chondrite [13]. 

Stage 2 methods derived for determining thermal 
metamorphic cooling rates in the parent body have 
sometimes been tentatively used to evaluate Stage 2 
impact cooling rates [14]. If we apply these to our 
sample, we get cooling rates of ~10-11 °C/s. These 
would imply a burial depth of >1000 m [15]. Calibra-
tion of that system however seems to be sensitive to 
the bulk Ni content in a metal [9]. In particular these 
values might not work for high Ni content that is char-
acteristic for metal in LL-chondrites [16]. The texture 
of melt is inconsistent with the cooling rates that we 
determined. We cannot confidently determine a Stage 
2 cooling rate and it is possible that this represents a 
small-scale fast cooling impact melt rather than a large 
deeply buried impact melt. 

Conclusions: The LAR 12325 parent body under-
went thermal metamorphism to an LL5 stage, followed 
by impact-induced shock metamorphism. S6 shock 
stage indicates a shock pressure of ~45-90 GPa and a 
post-shock temperature increase of 600-1750 °C. The 
parent body reached a high-temperature thermal equi-
librium at cooling rates between 27 and 247°C/s. Then 
it cooled conductively to its surroundings at much 
slower cooling rates that we cannot confidently deter-
mine.
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EFFECT OF SULFUR CONCENTRATION AND PH CONDITIONS ON AKAGANEITE 
FORMATION. A. Fox1, T.Peretyazhko2, B. Sutter2, P. Niles4, and D.W. Ming4. 1Department of Geology, Indiana 
University, Bloomington, IN 47406 (foxalc@indiana.edu), 2Jacobs Engineering Technology and Science/NASA-
Johnson Space Center, Houston, TX 77058), 4Astromaterials Research and Exploration Science, NASA-Johnson 
Space Center, Houston, TX 77058.

 Introduction: 
The Chemistry and Mineralogy Instrument 

(CHEMIN) on board the Mars Science Laboratory 
(MSL) Curiosity Rover identified minor amounts of 
akaganeite at Yellowknife Bay, Mars [1].  There is also 
evidence for akaganeite at other localities on Mars 
from the Compact Reconnaissance Imaging Spectrome-
ter for Mars (CRISM) [2]. Akaganeite (β-FeOOH) is an 
iron hydroxide with a hollandite-like structure and Cl 
in its tunnels [3].  Terrestrial akaganeite usually forms 
in Cl-rich, acidic, oxic environments such as: hot 
brines, rusts in marine environments, as a corrosion 
product, and in association with iron sulfide oxidation 
[4].   Previous studies of akaganeite have constrained 
the pH conditions of its formation [5] and how it is 
affected by the presence of S [6].  However, how these 
factors affect each other during akaganeite formation 
has not been studied.  The prediction of circumneutral 
pH coupled with the detection of S at Yellowknife Bay 
[7] dictate that work is needed to determine how S and 

pH together affect akaganeite formation. The goal of 
this work is to understand how akaganeite formation is 
affected by both S concentration and pH.  Akaganeite 
formation was investigated in this work at S/Cl molar 
ratios of 0, 0.017, 0.083, 0.17 and 0.33 at pH 1.5, 2, 
and 4.  Results of this work are anticipated to provide 
combined S concentration and pH and constraints on 
akaganeite formation in Yellowknife Bay and else-
where on Mars. Knowledge of solution pH and S con-
centrations can be utilized in understanding microbial 
habitability potential on the Martian surface.  

Methods and Materials:
Synthesis Iron (III) precipitates were prepared by 

hydrolysis of 0.2M FeCl3∙6H2O (Sigma Aldrich. Rea-
gent ≥99%). Na2SO4∙10H2O (Acros Organics, extra 
pure) was added to obtain S/Cl molar ratios of 0, 
0.017, 0.083, 0.17, and 0.33. Three series of akaga-
neite syntheses were performed. Series 1 was not pH 
adjusted and was pH 1.5, series 2 was adjusted to pH 
2±0.2 using 8M NaOH(ChemPure), and series 3 was 

Sample pH Before Heat-
ing

pH After Heat-
ing

Phases Present
(wt. %) Total Chlorine

(mg/g)AK NJ GO HE HA A

S0-1.5 1.577 1.005 100 - - - - - 7.24±0.02
S0.017-1.5 1.557 1.072 100 - - - - - 37.6±0.5
S0.083-1.5 1.506 1.231 98.4 1.6 - - - - 29.5±0.3

S0.17-1.5 1.488 1.435 40.2 59.8 - - - - 20.5±0.2
S0.33-1.5 1.504 1.38 - 100 - - - - 1.4±0.1

S0-2 1.882 1.012 100 - - - - - 86±2
S0.017-2 1.9 1.114 87.2 - 12.8 - - - 53±3
S0.083-2 1.903 1.223 74.2 5.7 20.1 - - - 68.0±0.7

S0.17-2 1.97 1.322 67.3 3.2 29.5 - - - 26±1
S0.33-2 1.952 1.3575 11 80.9 8.1 - - - 5.9±0.2

S0-4 4.115 2.556 - - - 68.5 6.2 25.3 86±2
S0.017-4 4.139 2.622 - - - 78.6 4.1 17.4 65.6±0.5
S0.083-4 3.909 2.124 - - 71.5 - 1.6 26.9 38.5±0.4

S0.17-4 3.817 2.109 - - 78.6 - 4.6 16.8 42.4±0.6
S0.33-4 4.24 2.291 - - 69.8 - 6.5 23.7 43.6±0.6

Table 1: Summary of experimental results including: pH conditions, phases identified and total chlorine. AK-akaganeite, NJ-natrojarosite, GO-
goethite, HE-hematite, HA-halite, A-amorphous material. Samples are identified as S/Cl ratio-pH condition, for example, a sample with a S/Cl=0.017 
and an initial pH of 1.5 is represented as S0.017-1.5. Estimated errors are ~10% of the amounts shown.
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adjusted to pH 4±0.3 using 16M NaOH solution (Table 
1).  The samples were heated at 90°C for 5 hours, then 
cooled to room temperature. The precipitates were 

washed 3x with water by centrifugation and dried in 
open air for 24 hours at 70°C. 

Characterization Powder XRD data were collected 
on a Panaylitical X’Pert Pro diffractometer with Co Kα 
radiation. All samples were scanned from 4-80°2ϴ, 
with a step size of 0.02.  Weight percents were deter-
mined using the Rietveld refinement method and the 
amount of amorphous material was determined by the 
internal standard method (sample mixed with 20 wt. % 
corundum). 

Total chlorine was measured by IC after dissolution 
of 50 mg of sample in 5M HNO3 (Fisher Chemical) at 
80°C for 1 hour. Milli-Q water was added to bring the 
volume to 100 mL.  Chlorine concentration was deter-
mined by a Dionex ICS-2000 RFIC Ion Chromatog-
raphy System. 

Results and Discussion: 
Product. XRD analyses of the samples prepared at 

pH 1.5 showed formation of akaganeite at S/Cl= 0, 
0.017, 0.083, and 0.17 and natrojarosite 
((Na0.67(H3O)0.33Fe3(SO4)2(OH )6) formation at S/Cl= 
0.083, 0.17, and 0.33 (Table 1). Akaganeite was found 
at all S/Cl ratios in samples prepared at pH 2.  Natro-
jarosite was identified at S/Cl= 0.083, 0.17, and 0.33 
and goethite (α-FeOOH) was found at S/Cl ≥0 (Table 
1). Goethite in pH 2 samples could be formed through 
Fe (III) hydrolysis and/or transformation of less stable 
akaganeite to goethite [8].  

Samples prepared at pH 4 did not yield akaganeite.  
This agrees with previous work that constrained akaga-
neite synthesis to pH conditions ≤2 [5].  All samples 
appeared to contain a disordered material characterized 
by the broad peaks in the pattern (Figure 1 c). At S/Cl= 
0 and 0.017 hematite (α-Fe2O3), halite (NaCl), and 
amorphous material were formed and at S/Cl= 0.083, 
0.17 and 0.33 goethite, halite an amorphous material 
were obtained (Table 1). 

pH. All samples had a drop in pH after heating re-
gardless of products formed (Table 1).  This decrease 
is caused by the hydrolysis of Fe (III) [8]. The results 
also revealed that samples with initial pH 1.5 and 2 had 
statistically the same pH after heating (Table 1).  This 
indicates that intial pH significantly affected the nature 
and crystallinity of Fe (III) precipitates.  For instance, 
the comparison of the XRD patterns of S0-1.5 and S0-
2, which had the same final pH, reveal that akaganeite 
was the final product in both samples but their crystal-
linity was different (Figures 1 a,b). 

Crystallinity and Crystallite size of Akaganeite. 
Samples prepared at pH 1.5 and 2 had broadening and 
intensity loss of akaganeite peaks as S concentration 
and pH increases (Figure 1).  Peak broadening is a 
consequence of small crystallite size and/or strain in 
the crystal structure [9].  Peak broadening observed 

Figure 1a. XRD Patterns for samples with initial pH 1.5. 

Figure 1b. XRD Patterns for samples with initial pH 2. 
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here is likely affected by both pH and S content (Figure 
1). Addition of S reduces the crystallinity of 
akaganeite. And as S concentration increases, particle 
size decreases and the crystals become irregularly 
shaped [6].  Cai et al demonstrated that pH increase 
accelerated Fe (III) hydrolysis leading to formation of 
less crystalline akaganeite [5].   

Chlorine Content. Samples prepared at initial pH 
1.5 had between 6 and 40 mg/g Cl (Table 1).  This is 
slightly lower than most reported concentrations which 
fall between 10 and 70 mg/g Cl [7].  With the excep-
tion of S0-1.5, Cl content decreased as S concentration 
increased.  The decrease correlates with a decreased 
amount of akaganeite being produced. The low Cl con-
tent of S0-1.5 is likely the result of lower surface area 
and therefore less surface sites [6].  In akaganeite Cl 
can occupy either sites in the tunnels within the struc-
ture or on surface sites. [10].   

Samples prepared at pH 2 had between 6 and 87 
mg/g Cl (Table 1).  The higher Cl content than the 
samples prepared at pH 1.5 is likely due to crystallinity 
and size decrease and consequently surface area in-
crease as initial pH changes from 1.5 to 2. Ishikawa et 
al. observed an increase in surface area as crystallinity 
decreased in akaganeite [6].  An increase in surface
area would allow for more Cl incorporation.  Samples 

prepared at pH 2 also showed an decrease in Cl as S 
concentrations increased due to smaller akaganeite 
amount in the samples, except S0.083-2, whose low Cl 
content cannot be explained. 

Samples prepared at pH 4 have between 38 and 86 
mg/g Cl (Table 1).  These samples do not contain ak-
aganeite nor enough halite to explain these high 
amounts of Cl. Therefore the majority of the Cl is like-
ly contained in the amorphous material.  The amor-
phous material is possibly an akaganeite-like phase [4]
but further analysis such as Mössbauer spectroscopy 
would be needed.   

Conclusions: 
Both pH and S/Cl molar ratios were found to affect 

mineralogy, crystallinity, and Cl content.  Cl content 
was observed to increase as crystallinity decreased, 
likely due to increased surface area allowing more 
chlorine into the structure.  Akaganeite did not form 
above pH 2, in agreement with previous work [5].  At 
S/Cl ratios below 0.017 akaganeite is the only product 
at pH 1.5 and 2.  Akaganeite and other products form 
at S/Cl=0.083 and 0.17 at pH 1.5 and S/Cl=0.083, 
0.17, and 0.33 at pH 2.  Conditions at Yellowknife Bay 
do not appear to have been suitable for akaganeite for-
mation.  The Cumberland (CM) S/Cl is 0.52 (correct-
ing for pyrrohotite, FeS) and pH estimates for Yellow-
knife Bay are near neutral [7], which are both too high 
for akaganeite formation according to our experiments. 
This assumes that all CM sulfur, excluding FeS sulfur, 
would have been available in solution at the time of 
CM emplacement.   Akaganeite, once formed, is stable 
at near neutral pH conditions [10], so it is possible Yel-
lowknife Bay akaganeite is detrital and was transported 
from a distal location where a more acidic and Cl-rich 
environment allowed for its formation.  Akaganeite 
may  have alternatively formed in Yellowknife Bay 
during a separate event when geochemical conditions 
were more acidic and Cl rich than the conditions that 
allowed for other CM minerals to form that require 
neutral pH conditions or higher S concentrations. 

References:
[1] Vaniman D. T. et al. (2014) Science, 343 

[2] Carter J. et al. (2014) LPS XLV, 2364 [3] Stahl K. 
et al. (2003) Corrosion Science, 45, 2563-2575.  
[4] Bibi I. et al. (2011) Geochimica et Cosmochimica 
Acta, 75, 6429–6438. [5] Cai J. et al. (2001) Chem. 
Mater., 13, 4595-4602. [6] Ishikawa T. et al. (2005)
Corrosion Science, 47, 2510-2520. [7] McLennan S. 
M. et al. (2014) Science, 343 [8] Cornell R. M. and 
Schwertmann U. (2003) Wiley, 94-100. [9] Bish D. 
(1993) Clay Mineral Society, Vol. 5, 85-90. [10]
Chambaere D. G. and De Grave E. (1984) Phys. Stat. 
Sol., 83, 93-102.  

Figure 1c. XRD Patterns for samples with initial pH 4
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Department of Geophysical Sciences, 5801 S. Ellis Ave., Chicago, IL 60637 (bmg15@uchicago.edu); 2Mailcode KT, 
NASA Johnson Space Center, 2101 NASA Pkwy, Houston, TX 77058; 3Jacobs JETS, NASA Johnson Space Center, 
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     Introduction: Previous geochemical and 
geophysical experiments have proposed the presence of 
a small, metallic lunar core, but its composition is still 
being investigated [1-3]. Knowledge of core 
composition can have a significant effect on 
understanding the thermal history of the Moon, the 
conditions surrounding the liquid-solid or liquid-liquid 
field, and siderophile element partitioning between 
mantle and core.  
     However, experiments on complex bulk core 
compositions are very limited. One limitation comes 
from numerous studies that have only considered two 
or three element systems such as Fe-S or Fe-C [4-6], 
which do not supply a comprehensive understanding 
for complex systems such as Fe-Ni-S-Si-C. Recent 
geophysical data suggests the presence of up to 6% 
lighter elements [12]. Additionally, the detailed phase 
equilibria of a three-element system (Fe-S-C) may be 
modified by addition of other elements such as Ni [6]. 
Reassessments of Apollo seismological analyses and 
samples have also shown the need to acquire more data 
for a broader range of pressures, temperatures, and 
compositions [23]. 
     This study considers a complex multi-element 
system (Fe-Ni-S-C) for a relevant pressure and 
temperature range to the Moon’s core conditions. It 
includes data on liquid-solid field, observations of 
phases at various pressures and temperatures, and 
element partitioning between phases that will all help 
further constrain the composition of the lunar core.  
      
     Method: The bulk composition was calculated 
using S and C geochemical analyses of trapped melts in 
Apollo samples [7-10]. Knowledge of the concentration 
of S and C in these melts gives the mantle 
concentration of these elements: 

[8] Co = CL [Do + F(1-Do)], 
where Co represents the concentration of S and C in the 
mantle, CL is the concentration of S and C in the 
trapped melt, Do is the S or C distribution coefficient 
close to 0, and F is the fraction of melting determined 
to be ~7-10% [7, 8]. Metal/silicate partition coefficients 
(D = wt%metal / wt%silicate) for these elements, DS 
and DC, are calculated using oxygen fugacity, lunar 
core temperature and pressure, degree of melt 
polymerization, and mole fractions of S and C [1]. The 

value of DC and DS respectively were calculated to be 
~1000 and ~50 [10, 11]. Combining the mantle 
concentration with D(metal/silicate) results allowed for 
calculation of core S and C contents: 

Delement = CX / Co, 
where CX is our calculated S and C concentration in the 
lunar core. The bulk composition was prepared by 
mechanical mixing of 90% Fe, 9% Ni, 0.5% C, and 
0.375%S by weight from Fe, Ni, C, and FeS reagent 
grade powders. 
     Experiments were carried out under conditions of 
temperatures ranging from 1473K to 1973K and 
pressures from 1 GPa to 5 GPa. The composition was 
placed in MgO capsules so that no reaction between 
capsule and metal could occur. For experiments at 1 
and 3 GPa, samples were placed in a piston cylinder 
apparatus using graphite furnaces and 10 mm or 13 mm 
BaCO3 cell assemblies under a constant pressure of 1 
GPa or 3 GPa. Once samples were put under pressure, 
they were heated to the desired temperature manually 
to the precision of ±4° using Type C (W5Re/W26Re) 
thermocouple wires and ran for a previously calibrated 
equilibration time.  
     For experiments at 5 GPa, samples were placed in a 
14/8 assembly and performed on the 800-ton multi-
anvil press. The assembly was held in a 14 mm edge 
length injection-molded spinel octahedron and WC 
cubes with 8 mm edge length truncations. The 
temperature was measured using Type C thermocouple 
wires. Once experiments were positioned in the multi-
anvil press, pressure was increased manually, and runs 
were slowly heated to a target temperature for an 
equilibration time that is consistent with the piston 
cylinder experiments. Four experiments were attempted 
at 5 GPa using the multi-anvil press but starting 
composition was found to leak out of capsule and react 
with the graphite furnace and zirconia insulator. More 
work on the assembly type is needed to prevent leakage 
and contamination of the starting composition. 
     Five experiments each at 1 GPa and 3 GPa were 
conducted using the piston cylinder. Successful 
samples were then placed in a mixture of epoxy, cut in 
the center for maximum exposure, and polished to 1 
μm for analysis of composition using the electron 
microprobe and scanning electron microscope. 
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     Analysis: Samples were carbon-coated and then 
analyzed for Fe, Ni, and S composition using a Cameca 
SX100 electron microprobe. Beam conditions consisted 
of a 30-μm or 50-μm diameter beam with a 15 kV 
accelerating voltage and a 20 nA sample current. The 
microprobe was standardized to metallic standards 
(troilite, Ni-metal, and Ni515). All runs at 1 and 3 GPa 
gave consistent concentration values with average 
totals of 99-100%, and backscattered electron images 
were acquired of different quenched phases. Carbon 
abundance was not yet measured in this experiment. 

Table 1 Piston cylinder experiments shown, including phases 
found under an optical microscope and S wt%. 

Run T(K) P(GPa) Phases S% 

Go 1.12 1473 1 2 sol 0.02, 0.02 

Go 1.13 1573 1 1 sol + 1 liq  0.04, 31.2 

Go 1.14 1673 1 1 sol + 1 liq 0.04, 9.0 

Go 1.15 1773 1 1 sol + 1 liq 0.03, 2.9 

Go 1.16 1873 1 2 liq 0.2, 0.4 

Go 3.13 1573 3 1 sol + 1 liq 0.06, 14.1 

Go π 1673 3 1 sol + 1 liq 0.02, 2.6 

Go 3.15 1773 3 1 sol + 1 liq 0.02, 0.4 

Go 3.16 1873 3 1 liq 0.4 

Go 3.17 1973 3 1 liq 0.3 

     Results: Using an optical microscope and BSE 
images, phases present and weight percentages of S is 
summarized in Table 1. At 1 and 3 GPa, and at 
temperatures between 1573K and 1773K, we found one 
solid and one liquid phase as shown in Figure 1, where 
decreased amounts of the liquid phase were observed 
with decreasing temperature to the point that none was 
visible at 1473K. One or two liquid phases were found 
for temperatures at and above 1873K and for 1 and 3 
GPa, shown in Figure 2.

     Quantitative data shows interesting results for the 2 
phases found in samples, Go 1.14, 1.15, 3.13, π, and 
3.15. Here, the liquid phase becomes progressively 
sulfur rich as temperature decreases as shown in the 
Table 1 while Fe decreases proportionally for mass 
balance. The solid phase is nearly completely Fe and 
Ni, similar to the starting composition ±2%. For sample 
Go 1.12, two solid phases were found, one with Fe-rich, 
Ni-poor, and the other Fe-rich, Ni-rich. For experiments 
at 1873K and above where one liquid phase is found, 
Fe, Ni, and S concentrations measured to be 0.34%, a 

value close to the starting composition. For 
experiments at 1873K and above where two liquid 
phases are found, S concentrations varied little between 
both phases. 

 

Figure 1 Sample Go 1.14 (1673K and 1 GPa) backscattered electron 
(BSE) image. Shown is MgO capsule (black), Fe-rich solid phase 
(gray), and S-rich liquid phase (gray with black webs). 
 

Figure 2 Sample Go 1.16 (1873K and 1 GPa) backscattered electron 
(BSE) image. Shown is the two-liquid field. 

     Discussion: For this composition, the liquidus was 
found to occur between 1773K and 1873K. Depending 
on the thermal model used, the pressure (4.5 GPa – 5 
GPa) and temperature (1600K – 1875K) conditions 
close to the lunar core can vary, which would result in 
different core structure and phases.  
     One lunar core structure includes the presence of 
one liquid phase, at temperatures above the liquidus 
range. Since this bulk composition contains small 
concentrations of S and C, the solubility of such 
elements is high enough that they would be a part of 
the liquid Fe-Ni phase. As pressure increases, solubility 
increases as well, expanding the 1 liquid field as shown 
in Figure 3 [6]. Additionally, both Fe-C and Fe-S 
systems have a low eutectic melting temperature which 
have the effect of lowering the liquidus temperature [6, 

MgO Capsule 

Solid Phase 

30 μm  

Liquid Phase 

Liquid Phase #1 

ttered electron

90 μm  

Liquid Phase #2 MgO Capsule 
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13]. Since the S-bearing liquid phase present in 
samples 1773K and below is found to solidify at a 
much lower temperature [6], S can be easily 
assimilated into the Fe-Ni liquid phase during the lunar 
differentiation process [14], implying an S-rich molten 
core. The two- liquid phase only found in one sample is 
probably not likely because it is inconsistent with the 
ternary diagram in Figure 3 and is possibly a result of 
being along the cool end of a thermal gradient. The 
two-solid field in Go 1.12 is probably due to lack of 
homogeneous mixing since the sample was subsolidus. 
     A second possible structure includes the presence of 
a liquid phase and a solid phase. This is consistent with 
recent seismic data and geochemical modeling that 
suggest the presence of a solid inner and fluid outer 
core, containing less than 6% of lighter elements and 
being sulfur rich [12], and the growing evidence for a 
partially liquid core, such as from recent magnetic 
measurements [15, 16].  
 

 
Figure 3 A modified version of a Fe-C-S ternary at 1873K from [6]. 
The dashed lines are isobars where increasing pressure shifts those 
curves to the left. As pressure or temperature decreases, the 1 liquid 
field recedes or the isobars shift to the left. The black dot represents 
this study’s composition. 
 

     There have been many studies on a lunar core 
dynamo that may have caused a magnetic field at least 
3.6 Ga ago through the previous presence of a growing 
inner core or convecting liquid core [17-19]. [20] found 
a core dynamo consistent with paleomagnetic data with 
a very high S wt% of about 6-8%. This would require 
at least 500 ppm of S in the mantle, which is not the 
case as shown by trapped melts in Apollo samples and 
partition coefficient data on S concentrations [8, 11]. 
Using a temperature vs. time graph, illustrated in [17], 
we use Figure 4 to find a core dynamo’s starting point 
by analyzing the Moon’s cooling history and this 

composition’s phase equilibria [17]. While there are a 
number of thermal models available [20-22], we 
considered [17]. When combined with our results, a 
solid inner core (and therefore a dynamo) may have 
been possible in the earliest history of the Moon (~4.2 
Ga ago), in agreement with [16]. 
 

 
Figure 4 Displayed is a core-mantle boundary (modeled as similar 
to the core temperature) Temperature vs Time graph of the lunar 
core based on [17]. The arrow shows the point where the lunar core 
dynamo may have started once the formation of a solid phase began 
based on this composition ~4.2 Ga ago.  
 
     Future Work: Carbon measurements still need to 
be completed on these samples in order to further 
understand the phase equilibria of this composition. 

Multi-anvil experiments at 5 GPa are required to have a 
more complete data set. More studies on different core 
compositions with varying S, C, and Si are necessary to 
further constrain the core composition and rationalize 
the geophysical and geochemical data.    
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Introduction Carbonaceous chondrites Chondrite 

parent bodies are among the first large bodies to have 
formed in the Solar System, and have since remained 
almost chemically unchanged having not grown large 
enough to undergo differentiation due to the decay of 
26Al as did the achondrite parent bodies. Chondrites 
represent primitive material, with their major non-
volatile elements baring a close resemblance to that of 
the Sun. 

Carbonaceous chondrites may contain the best rec-
ord of early Solar System history, as they have retained 
most of their volatile content having largely escaped 
the thermal metamorphism which most of the ordinary 
and enstatite chondrites experienced. 

This study concerns CM chondrites, R chondrites 
and CV chondrites. CM chondrites are volatile rich, 
chondrule- and CAI-bearing meteorites, containing 
~70% fine grained matrix and are abundant in hydrated 
phases. R chondrites are regolith breccias, and having 
a unique oxygen isotope signature form a class of their 
own. They are made primarily of olivine (with a peak 
at Fo63-59) and with a paucity of Fe and Ni metal. [1] 

Previous work [2] has concluded that CM chon-
drites fall into at least four distinct space exposure age 
groups (0.1 Ma, 0.2 Ma, 0.6 Ma and 2.0 Ma). It would 
be useful to know  whether these meteorites came from 
different parent bodies which broke up at different 
times, or instead came from the same parent body 
which underwent multiple break-up events. 

Asteroid ponds “Ponds” of fine grained material 
have been observed on the surface of numerous aster-
oids, such as Eros and Ceres. One formation model for 
these ponds is mobilization and transport of fine 
grained material by electrostatic grain levitation, and 
subsequent seismic shaking from impacts causing the 
accumulating ponds to become vertically sorted with 
the finer and denser grains percolating to the bottom, 
and the coarser less dense grains floating to the top 
(“Brazil Nut effect”) [3]. 

While undergoing electrostatic grain levitation, 
grains are thought to be stripped away from their par-
ent body by the solar wind, with the finer grains being 
lost to a greater extent than the coarser grains. The 
grain size at which material begins being lost depends 
on the surface gravity of the asteroid, which in turn 
depends roughly on its size. 

The subsequent lithification of this pond material 
makes a distinctive layered and sometimes cross-
bedded  structure, as preserved in several meteorites. 
By measuring the lower limit of the grain size in such 
ponded structures from different parent bodies, the 
relative sizes of the parent bodies may be deducted. 

Objectives The objective of this study was to in-
vestigate the diversities of different lithologies which 
make up CM chondrites, in order to see whether-or-not 
the CMs of different exposure ages have different lith-
ological make-ups which will help us constrain the 
history of the CM parent body(ies). The interfaces be-
tween different lithologies were also studied, to get an 
idea of the surface processes which brought the differ-
ent lithologies together. 

The CM2 breccia  LON 94101 was studied in detail 
to determine whether the diverse lithologies within this 
one sample correspond to CM2 meteorites with differ-
ent measured  exposure ages. Lithologies identified in 
the suite of CM chondrites were used as a benchmark. 

In addition to CM chondrites, R chondrite NWA 
1774 and CV3 chondrite Vigarano were also studied. 
Regolith sorting mechanisms in asteroid “ponds” on 
the R and CV chondrite parent body(ies) was quantita-
tively assessed to compare the sorting mechanism(s) 
between the two. 

Approach CM lithologies The lithologies making 
up CM chondrites were identified and described using 
BSE mosaics collected by a 2013 LPI intern Atsushi 
Takenouchi [2]. Lithologies were described on the 
basis of their: 

• Chondrule abundance, shape, size and sorting 
• Chondrule dust mantle integrity 
• Clast-matrix ratio 
• Matrix mineralogy and texture 
• Abundance and shape of sulphide minerals 
Lithologies which appeared repeatedly were ana-

lysed using the SX100 electron microprobe, using a  
beam energy of 15 KeV and a current of 20 nA. 

LON 94101 (CM chondrite) This sample was BSE 
mapped using the JEOL JSM-7600F Electron Micro-
scope (FEGSEM) at JSC, using a beam energy of 15 
KeV and a current of 900 pA. The plane in which this 
very large (~100 g) sample was cut and polished was 
chosen using X-ray computed microtomography im-
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agery collected at the University of Texas. A thin saw 
blade was used to minimise sample loss so that the two 
halves of the sample had identical exposed clasts –
oxygen isotope analysis will be conducted by Richard 
Greenwood (The Open University) on the matching 
half of the sample. This sample was challenging to 
both map and prepare due to its large size (~65 x 50 
mm). Once mapped, lithologies making up the sample 
were identified using the same criteria as with the suite 
of CMs. LON 94101 was too large to fit in the SX100 
electron microprobe, so no qualatitive analysis will be 
conducted until the slab is subsampled. 

NWA 1774 (R chondrite) The lithologies making up 
this sample were initially mapped using optical image-
ry. A 20 x 10 mm sample of the fine grained matrix 
was prepared for analysis, and was BSE and element 
mapped on the FEGSEM. 

Vigarano (CV chondrite) Previously collected BSE 
and TEM images were used to analyse the sorting and 
orientation of the olivine grains making up this sample. 

Pond processes The size-frequency distribution of 
grains in samples NWA 1774 and Vigarano was col-
lected using BSE and TEM images. The size of 300 
grains in each sample were measured in 2 dimensions 
(called the a- and c-axes, not to be confused with the 
crystallographic axes), and the b-axis third dimension 
was approximated by calculating the mean of the two. 
The b-axis data was used in the size-frequency analy-
sis. The orientations of the grains were measured paral-
lel to the a-axis of each clast, and the data were plotted 
on Rose diagrams. To avoid statistical bias towards the 
coarser grains in the samples, a series of boxes were 
drawn in the areas of interest and each clast within 
each box was measured. 

Results CM chondrites Of the twenty-six BSE mo-
saics which were surveyed, a total of twenty-three dif-
ferent lithologies were identified. 

Some lithologies appeared repeatedly in different 
samples, while some only appeared once. Some CMs
were composed entirely of only one lithology while 
some were composed of many (such as LON 94101-34
which contains at least five, shown in Fig. 1). 

Lithologies did not fall into one distinct exposure 
age group. For example, one of the lithologies ap-
peared in the 0.19, 0.20, 1.0 and >3.5 Ma exposure age 
groups. All of the samples containing only one litholo-
gy all fell within the >3.5 Ma exposure age group. 

LON 94101 Within the CM2 chondrite LON 
94101, a total of eleven lithologies were identified; of 
these, ten had been identified in the BSE mosaics and 
one was unique to this sample. 

The exposure ages of the lithologies making up 
LON 94101 range from 0.19 Ma to 7.1 Ma. The most 

common exposure ages are between 0.19 and 0.56 Ma, 
and none had an exposure age of 2.5 Ma.  

 
Fig. 1. BSE mosaics of samples LON 94101,34 (left) 
and B 7904,96-1 (right). LON 94101,34 contained five 
different lithologies, and B 7904,96-1 contained four. 

In total, nine different lithologies were quantitative-
ly analysed on the microprobe in eleven thin sections. 
The matrix in each lithology and in each sample plot 
very close to each other on an Al+Si-Mg-Fe ternary 
diagram (Fig 2.). 

 
Fig. 2. The composition of the matrix in eleven samples 
containing nine different CM lithologies. 

The olivine composition in the matrix of the CM 
chondrites was difficult to measure, due to olivine’s 
low abundance and very fine grain size (typically 10 
µm or less). However, some olivine compositional data 
was collected for sample LAP 02422 (Fig. 3.). 

 
Fig. 3. Olivine composi-
tions in the matrix of LAP 
02422. They are unusually 
Fe rich for a CM chondrite, 
which typically contain 
Fo95-99. 
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NWA 1774 The olivine making up the fine grained 
matrix in this sample has a composition which peaks at 
Fo60-61. 

Pond processes In both Vigarano and NWA 1774, 
no preferred orientation of matrix grains was observed. 
However, in both samples, a sharp threshold was dis-
covered where grains finer than a certain size greatly 
decreased in frequency. In Vigarano this threshold was 
0.15 µm and in NWA 1774 it was 10 µm (Fig. 4.). 

 
Fig. 4. A grain size-frequency diagram of the fine 
grained matrix making up Vigarano and NWA 1774. 
There is a sharp drop off in the frequency of grains 
<0.15 µm in Vigarano and <10 µm in NWA 1774. 

Discussion CM chondrites The range of exposure 
ages found in a single group of lithologies suggest that 
a CM lithology can be produced on multiple parent 
bodies, or that they are produced on the same parent 
body which underwent multiple impact events. 

The high amount of Fe present in the olivines in 
LAP 02422 is unusual. Fe-rich olivine alters easier 
than Mg-rich olivine, which is why Mg-rich olivine is 
usually more abundant than Fe-rich olivine in CM 
chondrites (typically CM chondrites have matrix oli-
vine compositions of ~Fo95-99) [4]. 

LON 94101 The range in exposure ages of the li-
thologies in LON 94101 may suggest that this meteor-
ite formed from material originiating on the same par-
ent body, which underwent multiple impact events and 
reaccretion. It could also suggest that the different li-
thologies originated from different parent bodies un-
dergoing impacts at different times, with the ejecta 
from these impacts accreating to form LON 94101 on a 
single parent body. 

NWA 1774 The olivine grains making up the fine 
grained matrix in NWA 1774 have the same composi-
tion as the bulk composition of olivines found in R 

chondrites, indicating that the grains making up the 
matrix did not originate from outside of the R chon-
drite parent body (Fig. 5.). 

Asteroid ponds The sharp drop off in grain size in 
both NWA 1774 and Vigarano indicate that some pro-
cess(es) is preferentially sorting away finer grains from 
the surface regolith on both the R and CV parent 
body(ies). 

If the electrostatic grain levitation hypothesis is a 
primary mechanism by which fine grains are sorted 
away, the fact that the threshold at which grains are 
lost in NWA 1774 is significantly (almost two orders
of magnitude) coarser than the threshold in Vigarano 
suggests that the R chondrite parent body is smaller
than the CV chondrite parent body. 

Potential for further work Lithological studies
could be conducted on more groups of meteorites to 
constrain the frequency of break up events of different
parent bodies. 

How common is cross-bedding in meteorites? Does 
cross-bedding have a grain size drop off at the same 
grain size within a group of meteorites? If not, this 
could be used to constrain the number and the relative 
sizes of parent bodies for a meteorite group. The elec-
trostatic levitation of grains could also be modeled 
numerically, and tested with future sample return mis-
sions which sample these asteroid ponds. 

Investigation into the Fe-rich olivines in some CM 
chondrites could tell us more about the different types 
of fluids which aqueously alter these meteorites. 
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Fig. 5 The large peak in olivine composition at Fo60-61
is indicative that the matrix clasts are indigenous. 
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Introduction: Venus’ highlands appear brighter 

than its lowlands in reflected radar (i.e., Magellan Syn-
thetic Aperture Radar = SAR). This variation is in-
ferred to relate to surface temperature, which decreases 
monotonically with elevation. The specific cause for 
the variation is still not known – standing hypotheses 
include chemical weathering and precipitation from the 
atmosphere, although the exact weathering products or 
atmospheric ‘frosts’ have not been determined.  

Prior studies of the radar properties of Venus’ high-
lands have relied on Magellan radar altimetry and 
measurements of radar emissivity, both of which have 
large footprints (8x10km and 18x23km respectively on 
Ovda, 8x10km and 41x55km on Maxwell).  However, 
Magellan SAR images show intricate variations in ge-
ography and geological structures at length scales to 
the limit of its resolution (75m).  

To investigate the radar properties of Venus’ high-
lands at greater spatial resolution, we have used newly 
available elevation data from stereogrammetry [1] and 
radar reflection intensity from SAR. Radar reflection 
intensity is related to the complement of emissivity, so 
our results can be compared (at least qualitatively) to 
those of earlier studies. We confirm and refine the con-
clusions of earlier work on Ovda Regio (a near-
equatorial highlands region) and emphasize significant 
differences between it and Maxwell Montes (the high-
est elevations on Venus, at high northern latitude). 
These differences suggest that the two highlands re-
gions are made of different rock types, or were subject 
to different processes (geological, chemical, or atmos-
pheric).  

Method:  We are able to refine the relationship be-
tween radar properties and elevation for Venus high-
lands at high spatial resolution using stereotopography 
in place of Magellan radar altimetry.  The stereotopog-
raphy from R. Herrick’s “dem-combined” gives a 
600m footprint, compared to the 8x10km of the altime-
try.  The combined digital elevation model was built by 
overlaying the sterotopography on to the Magellan 
altimetry, [1].  For radar properties of the Venus sur-
face, we used SAR reflectance taken from FMIDR mo-
saics (75m footprint).  SAR DNs were converted to 
radar backscatter coefficients, using the equation pro-
vided by [2].  We were unable to calculate actual re-
flectivity because external variables such as surface 
roughness are not well enough constrained, but given 
that the radar backscatter coefficient is the dominant 
variable controlling reflectivity, it is expected to 

demonstrate similar behaviour to emissivity [3-5] in 
relation to elevation. 

We collected average elevations and radar 
backscatter brightness, as SAR DN, for ~2000 poly-
gons of ~4km extent each.   We studied two areas (one 
shown in Fig. 1a) of ~150-200km extents in the Ovda 
Regio highlands, as well as the area surrounding Cleo-
patra on Maxwell Montes. Examples of these polygons 
are shown in Figure 1b. The spread in DN values was 
far greater on Maxwell than that of Ovda, so approxi-
mately 500 larger polygons of ~10km extent, shown in 
Figure 1c, were taken on Maxwell Montes to reduce 
dispersion from the rougher topography. 
 

 
Fig. 1a) One of the sample areas examined on Ovda Regio, (-7.0◦,89.5◦).  
Present in the middle-right is a smooth ramp showing a continuous grada-
tion from low reflectivity to high reflectivity.  On either side are highland 
plateaux, which are characterized by dark zones at their highest elevations. 

 

 
Fig. 1b)  Same region as 1a), with lowest elevations represented by the 
purple colour.  Data-collection polygons superimposed.   
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Fig. 1c)  Examples of the larger rectangles taken around Cleopatra on 
Maxwell Montes (65.8◦,5.5◦). 
 

Results:  Ovda and Maxwell showed surprisingly 
different trends between elevation and radar backscat-
ter coefficient (i.e. SAR brightness).  On Ovda, we 
observed low backscatter at the lowest elevations 
(~0.01 at 2000m above the datum), a rapid rise to high 
backscatter at high elevation (~0.2 at 4500m), and a 
precipitous drop in backscatter coefficient at the high-
est elevations (~0.02 at 4700m).   

 

 
Fig. 2:  In red: Elevation vs. Radar Backscatter Coefficient for select areas 
on Ovda Regio.  There is a large cluster of points at high elevation with low 
backscatter coefficients.  Temperatures are obtained from [6].  In black: 
Emissivity with Elevation on Ovda Regio from Arvidson (1994) [3].  Only 
few points are present at high elevations and high emissivity. 
 

These results for Ovda are consistent with (but less 
dispersed than) those from radar altimetry and emissiv-
ity [3-5].  Our new data confirm their finding of low 
radar backscatter (high emissivity) at the highest eleva-

tions in Ovda; they had only a few such low-
backscatter points, and we have several hundred, as 
shown in Figure 2. 

Maxwell Montes shows an ostensibly similar rela-
tionship, (Figure 3), with lower radar brightness at low 
elevations (~0.1, at 2000m) and a rise to ~1.75 be-
tween ~4000 and 6500m, and then a gradual shift to 
lower values at the highest elevations (~0.3 at 9000m).  
This decline in backscatter coefficient at high eleva-
tions, over a ~3000m interval starting at 6000m, is 
considerably different than that present on Ovda, where 
it occurs over a limited elevation range at 4700m.  This 
steady decrease in radar backscatter coefficients is very 
different than the behaviour of emissivity in the same 
area (Fig. 3 [4]), which shows only a small increase at 
the highest altitudes.  
  

 
 
Fig. 3:  In red: Elevation vs. Radar Backscatter Coefficients for areas on 
Maxwell Montes.  The gradual drop in reflectivity between 6000-10,000m 
is not present in previous works. In black: Diagram from Klose, (1992) [4] 
showing relationship between elevation and emissivity.  Temperatures [6] 
are given for reference 
 

Discussion: Several hypotheses, both mineralogical 
and physical, have been offered to explain the observed 
changes in radar properties with elevation.  Across the 
planet, there is an increase in reflectivity (i.e. decrease 
in emissivity) with increasing elevation.  This increase 
has been explained by the mineralogic phase transitions 
(i.e., weathering), and by precipitation from the atmos-
phere of metallic minerals (frosts).  In the atmosphere 
precipitation model, one should see a distinct “snow 
line,” above which the frost is deposited.  In the weath-
ering hypothesis, surface rock reacts chemically with 
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the atmosphere to produce new minerals. The weather-
ing minerals could change with elevation (i.e. tempera-
ture) or the properties of the minerals could change. 
Such a change is exemplified by the ferroelectric mod-
el, which explains the steep drop in reflectivity (in-
crease in emissivity) at the highest elevations.  This 
theory suggests that a ferroelectric substance present at 
surface has reached its critical temperature at a specific 
elevation, causing a spike in emissivity.   

The reduction in reflectivity at high elevation can 
also be explained in terms of physical geological pro-
cesses, such as mass wasting or brittle deformation.  
These processes would be exhuming deeper material 
which has not undergone chemical weathering, or been 
precipitated upon, as with materials present at surface.  
A final hypothesis suggests that the decrease in reflec-
tivity is due to a decrease in surface roughness with 
elevation.  Rough surfaces reflect incident radar beams 
in all directions – the diffuse component of scattering, 
while smooth surfaces act like mirrors – the specular 
component of radar scattering.  Because Magellan SAR 
pinged the surface at an angle, smooth surfaces would 
reflect its beam away from the receiver. Thus, Magel-
lan SAR sees smooth surfaces as darker than rough 
surfaces, independent of the material properties of the 
surface. 

Shepard et al. [3] showed that a ferroelectric sub-
stance at Ovda’s surface would explain the observed 
radar properties. Our data from Ovda fits this model 
nicely.  There is a gradual increase in radar backscatter 
coefficients, (and decrease in emissivity), moving up-
hill until a critical altitude where a precipitous drop 
occurs.  We have expanded upon the observations of 
[2] that the coolest regions of Ovda, at the highest ele-
vations, show a remarkably sharp decrease in radar 
backscatter.  Whereas [2,3] had collected ~6 data 
points at such high elevations, our improved spatial 
resolution allowed us to collect data for several hun-
dred areas at high elevation, thus confirming the pre-
cipitous drop in backscatter coefficient.  The identity of 
a specific ferroelectric substance that fits the observed 
trend remains elusive.  

It is significant that Maxwell Montes shows almost 
the opposite relationship.  Maxwell shows a steep in-
crease in radar reflectivity at a different critical eleva-
tion, followed by a more gradual decrease in radar 
backscatter coefficients over a 3km interval.  The sud-
den spike in radar backscatter coefficients fits best with 
the metal precipitation hypothesis.  It is thought that 
Venusian temperatures are consistent across the planet, 
and are only dependent on elevation. This would imply 
that temperature-dependent changes in backscatter co-
efficient are not consistent across the planet, and that 
processes occurring on Maxwell Montes are unlikely to 

be the same as those occurring on Ovda. It is plausible 
that Maxwell is affected by physical processes, such as 
mass wasting, at the highest peaks.  This hypothesis is 
supported by the apparent topographical steepness of 
Maxwellian ridges; the higher elevations would be 
more prone to gravitationally driven mass movements. 

Problems and Future Work:  Future work is re-
quired to refine elevations using stereo altimetry, which 
should further constrain the mineralogy of the high-
lands surface. The stereoaltimetry [5] contains incon-
sistencies, like  
jumps of up to 1km between adjacent SAR ‘noodles’, 
from which SAR mosaics are built [6], particularly for 
Maxwell Montes.  There are also “holes”, or areas of 
apparent low elevation in the altimetry, which can oc-
cur for areas of low backscatter coefficient adjacent to 
areas of high backscatter coefficient [7].  There are 
also issues of varying roughness which affects the vari-
ability of radar backscatter coefficients and apparent 
surface brightness.  The uncertainty in surface rough-
ness makes it difficult to calculate radar reflectivity 
(the complement of emissivity) from the radar 
backscatter coefficients.  

Conclusions:  The data we acquired on Ovda Re-
gio supports the hypothesis of Shepard et al. [3] that 
there is a ferroelectric material present at its surface.  
While the identity of the compound is unknown, using 
the elevation-temperature provided by Seiff et al. [5], 
we can constrain its ferroelectric Curie temperature 
between 698-703 K.  Our results for Maxwell Montes, 
however, are not consistent with those for Ovda, i.e., 
the ferroelectric model does not explain the radar 
backscatter and elevation data for Maxwell.  This im-
plies that there are either differences in surface pro-
cesses on different parts of the planet, or differences in 
mineralogy present at surface. 

References: [1] Herrick, R.R et al. EOS, Transac-
tion, AGU, 93, No. 12, 125-126, 2012. [2] Campbell, 
B. USGS, 95-519. [3] Arvidson, R. E. et al. (1994) 
Icarus 112, 171-186. [4] Klose K. B. et al. (1992) 
JGR., 97, E10, 16353-16369. [5] Shepard, M.K. et al. 
(1994) GRL, 21, 469–472. [6] Seiff, A. et al. JGR 85, 
A13, 7903-7933 [7] Howington-Kraus E., et al. (2006) 
USGS Magellan Stereomapping of Venus. ISPRS Pro-
ceedings XXXVI Part 4, iV WGIV/7 
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Introduction: Understanding complex crater for-

mation is an important and yet unrealized objective in 
planetary science. Foremost among the poorly under-
stood issues is how originally deep-seated rocks are 
uplifted to form central structures [1]. Early studies 
suggest that ‘elastic rebound’ during the cratering pro-
cess is inadequate unless some mechanism ‘fluidizes’ 
the rock mass [2]. A rock mass that acts like a Bingham 
fluid, yielding at a shear stress of about 30 bars [3] and 
has an angle of internal friction below 5 degrees [4] 
will produce a crater morphology consistant with ob-
served craters [2]. For rock to yield at 30 bars there 
must be a mechanism that reduces the strength proper-
ties of the rock. Acoustic fluidization [5] is one such 
model.   

During an impact event a shock wave expands from 
the impact point and fractures the surrounding bedrock. 
According to the Melosh model of acoustic fluidization 
[5], an intense sound wave then travels through the 
rock and causes the fractured pieces to vibrate. Once a 

period these vibrations cancel out with the overburden 
pressure and cause a temporary reduction in friction. 
This allows the fractured rock mass to behave like a 
fluid [5].  

A common way that acoustic fluidization is imple-
mented in numerical hydrodynamic models of impact 
formation [6] is the so-called Block Model. The Block 
Model [7] is a simple parameterization of the complex 
set of transient conditions associated with the acoustic 
fluidization process and is based (solely) on Ivanov’s 
early study of the 40-km Puchezh-Katunky crater in 
Russia [8]. In this model the bedrock fractures to form 
megablocks 50-200 m across.  These megablocks are 
brought up to the surface floating in an acoustically 
fluidized breccia matrix. For this to work the speed of 
sound in the block must be large compared to the peri-
od of the oscillation. Or put another way, the speed of 
sound in the block must be larger than that of the brec-
cia. Having a soft breccia whose thickness is no less 
than 10-20% of the thickness of the block would be 

 
 

Figure 1.  This map shows the central uplift of Martin Crater. Notice the fold that extends across the entire western side of the 
uplift. 
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sufficient to allow fluidization [2].  
Acoustic fluidization in general, and the block 

model specifically, predict certain characteristics of the 
materials within central structures that are testable:   

1. Fluidization should disaggregate the uplifted as-
semblage so that there is little-to-no structural 
coherence between adjacent blocks (i.e., strikes 
and dips should be uncorrelated between 
blocks). 

2. The average width of the fine-grained matrix 
containing the megablocks should be no less 
than 10-20% the megablock width.  

 
Martin Crater: Martin Crater (D=58 km) is a com-
plex crater located at approximately 21.4° S 69.3° W in 
the Thaumasia Planum region of the Thaumasia plat-
eau, on Mars. The region is composed of layered basal-
tic lava flows interbedded with softer pyroclastics [9]. 
Scarps and ridges oriented roughly N-S are common in 
the area surrounding the crater but don’t cut through it 
[9]. The central uplift of Martin Crater is ~16 km in 
diameter and composed of large interlocking mega-
blocks brought up from a depth of ~5.3 km according 
to scaling relationships in [1]. Most of these blocks 
have been rotated so that the bedding is near-vertical; 
revealing the cross sections of the blocks. This orienta-
tion provides a unique opportunity to study the defor-
mation from areal orbital images. Previous work on 
Martin Crater [11] has suggested that the overall NW-
SE strike of the bedding is a remnant of oblique im-

pact. Other complex craters with exposed layered bed-
rock have been identified and investigated on Mars. 
One study used scaling laws and central peaks of com-
plex craters to derive thickness estimate of the basaltic 
sequences at various region on Mars [10].  
 
Methods: Mars Reconnaissance Orbiter (MRO) data 
was used as a base map for the photo analysis. Context 
Camera (CTX) images and High Resolution Imaging 
Science Experiment (HiRISE) images were compiled 
in ArcGIS 10.1 for detailed mapping. The central uplift 
was divided into three units based on the level of bed-
rock exposure and the continuity in the megablocks. (1) 
Dunes: sand dunes completely obscure the bedrock. (2) 
Partially Mantled: the bedrock is visible but the mega-
blocks cannot be confidently correlated because of the 
overlying sediments. (3) Bedrock: the megablocks are 
distinguishable and the bedding within them is contin-
uous throughout the block. In mapping the separate 
megablocks, distinctions were made based on the over-
all orientation of the block and major faults. The strike 
and dip of the bedding were estimated to be in one of 
three categories: Dip 75 -90 , Dip 45 -75 , Dip < 45 , 
as seen in Figure 1.  
 
Discussion: In this study structural mapping of the 
uplift in Martin Crater was done to compare the styles 
and magnitudes of deformation seen there with those 
predicted by the acoustic fluidization models. With the 
assumption that the lava flows were deposited horizon-

 
 
Figure 2. a) Map of megablocks. Notice that the blocks are fitted together like a jig saw not randomly oriented.  b) Map 
showing location and orientation of megablocks used in Table 1. These block were used because they are very well exposed 
and the transition from block to block is clear. 
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Block 
# 

Average 
Width of 
Block (m) 

Expected Block 
Separation* (m) 

Actual Average 
Separation (m) 

335 704.5 140.9-70.4 22.6 
339 1,400.8 280.2-140.1 29.5 
312 997.7 199.5-99.8 50.0 
331 166.7 33.3-16.7 13.3 
269 266.5 53.3-26.6 21.7 
336 321.8 64.4-32.2 21.9 
338 195.8 39.2-19.6 18.7 
333 45.2 9.0-4.5 15.3 
332 44.3 8.9-4.4 15.3 
334 33.6 6.7-3.4 11.9 
337 24.5 4.9-2.5 16.2 
330 1,577.6 315.5-157.8 34.0 
326 135.9 27.2-13.6 25.4 
328 389.9 78.0-39.0 35.8 
327 685.0 137.0-68.5 21.2 
355 406.4 81.3-40.6 46.4 
344 413.8 82.8-41.4 36.3 
*According to Melosh and Ivanov (1999) 

 
Table 1 This table shows that the actual average block 
separation is far lower than what is necessary according to 
the block model. The Block # corresponds to the different 
blocks as shown in Figure 1. The Average width of the 
block was determined by taking the square root of the 
blocks area. The Expected Block Separation is 10-20% of 
the width of the block according to Melosh and Ivanov 
(1999). 

tally, and the fact that the surrounding terrain shows 
little deformation, we conclude that all deformation 
seen in the megablocks is the result of the impact pro-
cess itself. 
As seen in Figure 1 and Figure 2 the megablocks are 
intricately packed together with interlocking, jigsaw-
like intersections. Only in a few places are they ran-
domly oriented. In most of the uplift the bedding plains 
of the separate blocks correlate across local block 
boundaries to form large folds that extend across the 
majority of the uplift (see Figure 1). These folds are 
accommodated by the fracturing of the bedrock, so that 
the individual blocks show little internal strain. The 
average amount of shortening within the individual 
blocks measured is only 4.3%, and most of the blocks 
showed no shortening at all. Where the folds are the 
tightest the blocks are smaller, indicating brittle fold-
ing. 
 Block separation was measured in a well exposed 
area of the uplift, as seen in Figure 2, and the results 
are shown in Table 1. The amount of separation needed 

for fluidization is only present around a few of the very 
small blocks. These blocks are within a large crack 
between two major blocks. The separation between the 
larger blocks is far less than what is needed for fluidi-
zation.  
Conclusion: The continuity of the bedding across local 
block boundaries in large folds and the lack of suffi-
cient breccia matrix indicates that the megablocks were 
formed as a result of the folding associated with uplift. 
They were not brought to the surface in a fluidized 
matrix, at least not the type described in the Block 
Model. The thickness of the separation is a fundamen-
tal factor in the modeling of impact crater modification. 
And the random orientation of blocks after fluidization 
is a logical expectation from these models. However it 
is being increasingly shown that this morphology does 
not exist in the rocks. We suggest that the Block model 
of acoustic fluidization needs to be adjusted in order to 
fit the field data. 
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Broad size distributions found among distinct particle classes contained in Allende.  K. A. McCain 1, J. I. Simon2, 
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Introduction: Populations of compositionally dis-
tinct particles make up undifferentiated chondrite me-
teorites [1]. Many theories explain the formation of 
chondrites, one class of which includes mechanisms for 
sorting the component particles of these objects in the 
solar nebula prior to their accretion. Mechanisms in-
clude sorting by mass [2,3], turbulent concentration 
[4], X-winds [5], and photophoresis [6], which will 
produce characteristic distributions of observable 
properties such as particle size. Distinguishing pro-
cesses that occur in specific astrophysical environments 
requires characterization of particle types, which in-
clude refractory Ca-Al-rich inclusions (CAIs) and less-
refractory, often Mg-rich chondrules. Effects of this 
sorting have been documented by previous investiga-
tions of modal abundances of CAIs (e.g., [6,7] and 
chondrules (e.g., [3,8]), but differences within and be-
tween these two groups, both of which are made up of 
diverse subclasses with different thermal histories and 
chemical compositions, remain mostly unstudied. The 
presence of rims, a significant event occurring after 
formation of at least some chondrules, have also yet to 
be considered with respect to sorting. We measured the 
sizes of CAIs and chondrules in Allende with attention 
to the smallest particle sizes, the subpopulations, and 
particle rims.  

Samples and Methods: Components of the Allen-
de CV3 carbonaceous chondrite were characterized 
using six false-color secondary electron microscope 
(SEM) X-ray maps obtained by [9,10], with resolutions 
of 2.88-3.34 μm/pixel and a total area of 10.08 cm2. A 
sample ~10 cm2 (known as “Cell 3”) was also taken 
from a large ~25x20 cm slab photographed and charac-

terized by [11] at a resolution of 6.94 μm/pixel. These 
are shown in Figure 1. Past work [9-11] combined data 
at microscopic scale SEM images with data from a 
distinct 10 cm2 region of the large slab known as “Cell 
4” [10]. Unfortunately, the smallest particles, particle 
subclasses, and rims were inconsistently represented or 
absent. Here we characterized the SEM images to in-
clude all particles ≥25 μm, and all visible slab particles 
≥100 μm. Comparison between larger particle sizes 
obtained by [10] in Cell 4 and equivalent particles in 
Cell 3 allow us to examine slab homogeneity. 

Classification. We developed a textural and miner-
alogical classification scheme applied to SEM imagery 
to define subgroups within the categories of CAI and 
chondrule and to record rim details (Figure 2). Miner-
alogical information was not present for the macropho-
tographic slab data, so a simpler, textural classification 
scheme was used, sorting particles into CAIs, chon-
drules (with and without rims), and rims (both coarse 
and fine-grained). These categories correspond to the 
broadest categories of the SEM classification scheme, 
so measurements from both data sets can be combined 
to quantify the distribution of particles over a large 
dynamic range (~25 μm to 1 cm) [12].  

Figure 1: SEM (inset) and slab samples of Allende. 
SEM image is false color, with Mg=Red Ca=Green 
Al=Blue. Slab sample is the representative selection 
“Cell 3” under plain light.    

Figure 2: Classification scheme used to categorize 
particles in SEM X-ray maps. a) Porphyritic olivine 
chondrule (PO). b) Porphyritic olivine and pyroxene 
chondrule (POP). c) Porphyritic pyroxene chondrule 
(PP). d) Aluminum-rich chondrule. e) Barred olivine 
chondrule (BO). f) Coarse-grained (CG) and fine-
grained chondrule rims. g) Type A CAI, h) Type B 
CAI. i) Amoeboid olivine aggregate (AOA).  
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Image Processing. After characterization, particle 
size and shape were measured using the ImageJ soft-
ware. Particles cut off by the edge of the sample were 
excluded because their true dimensions could not be 
measured. Angular particles that could be particle 
fragments were included based on the work of [9], who 
showed that distributions for data sets including or 
excluding them were indistinguishable. 

For chondrules with rims, both the diameter of the 
inner chondrule “core” and the diameter including the 
rim were measured so that “naked” and “rimmed” 
chondrules could be compared. Measurements of rim 
thickness were performed by taking half the difference 
between the diameter of the core enclosed by the rims 
and the diameter of the outer surface of the rims. 

Data compilation. Each data set was normalized to 
an area of 1,000,000,000 μm2 to obtain a common 
scale. Major axis values were binned geometrically to 
examine data for particles over the range of 25-5000 
μm. In order to produce representative distributions 
over all sizes of CAIs, chondrules, and rims, SEM and 
slab data were combined according to the following 
procedure: After producing scaled areas, the data set 
(SEM or slab) containing the most particles at a partic-

ular size was chosen to represent that size. In general, 
the SEM data set was most effective at smaller particle 
sizes and the slab data was more effective at large par-
ticle sizes. An illustration of this and other stitching 
considerations is given in Figure 3.  In particular, the 
CAI data set was stitched at 85 μm, and the chondrule 
data sets were stitched at 133 μm. 

Combined Data Sets. We produced three data sets 
using this process: (1) CAIs from SEM and Slab 3. (2) 
Chondrule cores (“ChonCore”) from SEM and Slab 3. 
(3) Maximum chondrule size from SEM and Slab 3 
(“ChonMax”). The ChonMax data set includes data 
from chondrules without rims combined with rimmed 
chondrules. 

Unfolding. The integrated 2D Allende data sets 
were processed using the unfolding algorithm (after 
Wievel E.R., 1980) developed by Jeff Cuzzi to trans-
form the linear measurements of major axis into parti-
cle volumes. This matrix inversion algorithm has pre-
viously been tested by [8] against particle size standard 
NIST 1019b and more recently against numerically 
generated 3D particle populations.  

Results: Particle Subclasses. Table 1 summarizes 
the particles identified in the SEM and Cell 3 samples. 
Area percentages were calculated by summing CAI, 
ChonMax, and AOA (if applicable) areas. Particle sub-
classes exhibit wide variance in average size, though 
some subclasses (BO and Al-Rich chondrules, Type B 
CAIs, and AOAs) have too few sampled particles to 
assume that these averages are representative. CAIs 
account for 6.2% and 6.6%; Chondrules account for 

Figure 3: Illustration of stitching considerations. Dis-
parity A (red line): Cell 4 data excludes most small 
particles. Disparity B (upper): Cell 3 (present work, 
blue line) took care to more fully represent small par-
ticles as compared to work on Cell 4 [10]. Disparity C 
(red line, and lower): Small sample areas (i.e. SEM 
samples) undersample large particles often cut off by 
the sample boundary, even if particle counts are 
scaled to a common rate area. Large sample areas (i.e. 
slab data), sample large particles more accurately.  

Table 1 Summary of particle types identified in 
SEM samples and slab sample Cell 3. ChonCore is 
represented under "Chondrule" 

Data Type Particle Subclass Count Count % Avg. Size (um) Area %

SEM Chondrule 2456 258.4 33.81%

PO 1304 51.14% 178.4 5.67%

POP 1041 40.82% 503.4 22.14%

PP 155 6.08% 461.7 3.56%

BO 29 1.14% 711.8 1.28%

Al-Rich 21 0.82% 683.2 0.95%

Max Size 2339 373.3 46.27%

CAI 180 392.8 2.64%

Type A 157 86.74% 312 1.45%

Type B 24 13.26% 890 1.19%

AOA 15 879.1 3.56%

Total 52.48%

Slab Cell 03 Chondrule 2737 334.5 26.52%

W/Rim 843 30.78% 378.4 11.18%

No Rim 1896 69.22% 314.8 15.36%

Max Size 2537 402.4 37.82%

CAI 522 404.9 6.56%

Total 44.38%
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46.3 % and 37.8%; and Chondrule rims account for 
~12.5 % and ~11.3% in the SEM and Cell 3 data, re-
spectively. Rims often enclosed several chondrules, 
visible in the discrepancy between counts of ChonMax 
and ChonCore data sets. Higher CAI abundance in the 
Cell 3 than SEM data is likely conflation of CAI and 
AOA particles in the slab data set. CAIs and AOAs 
appear similar in plain light and the combined area of 
the two in the SEM data is very similar to that of the 
CAI data in Cell 3, and comparable to the estimates of 
CAI abundance in [7]. The lower chondrule area in the 
slab likely stems from the difficulty in identifying 
abundant small particles and fine-grained rims. 

Unfolded Data. Figure 4 depicts the three data sets 
(CAIs, ChonCore, and ChonMax) combining SEM 
data and Cell 3. The distributions are broad, and 
ChonCore differs from the other two data sets at small 
sizes.  There is significant agreement between distribu-
tions of ChonCore and ChonMax data, except at small-
er sizes where rims enclose multiple cores, and at larg-
er sizes (~2500 μm) where the max size is more highly 
represented. Rim thicknesses gradually increased from 
~0 μm at core sizes <475 μm to ~340 μm at >1825 
μm, shown qualitatively in Figure 4. 

Similarity between Cell 3 and Cell 4. Size distribu-
tions of CAIs and ChonMax suggest that the two cells 
are similar. We found good agreement between total 
areas of CAIs, and a difference between ChonMax 
areas is in agreement with the known tendency for the 
Cell 4 data to undersample small particles. We there-
fore suggest that the two cells are essentially identical 
and the sample is rather homogeneous, though difficul-
ties untangling differences in chondrule sampling be-
tween present work and [10] led us to exclude Cell 4 
data from more detailed analysis.  

Discussion: Rimmed vs Unrimmed Chondrules. In 
Table 1, chondrule cores with rims are on average 64 

m larger than unrimmed cores. This may suggest that 

rims form preferentially on larger particles, which is 
consistent with the increasing gap between ChonCore 
and ChonMax chondrules at 475-1825 μm in Figure 4. 

Unfolded distributions. The similarity between the 
shapes of the ChonMax and CAI distributions suggests 
that one event or process sorted CAIs, rimless chon-
drules, and already-rimmed chondrules similarly prior 
to their incorporation into the parent body. This  event 
would have overprinted much of the previous sorting 
that may have discriminated between particle types. 
This also suggests that the rim-forming event for both 
coarse and fine-grained rims (since both are included in 
the ChonMax designation) occurred before this final 
sorting event. Notably, the population of ChonCore 
chondrules does not follow the same distribution. The 
distribution of chondrule cores of rimmed chondrules 
has likely been affected by the maximum (rimmed) 
diameter and not the core diameter, confounding the 
ChonCore distribution. 

Future work: Correlation between samples. Com-
positional features characterizing  rim types (Coarse 
and fine-grained) in SEM data may not correspond 
well to the coarse and fine-grained rims visible in the 
slab, leading to inconsistencies in rim data sets combin-
ing SEM and slab data. Better correlation could be 
drawn if SEM samples were examined with plain light. 

Particle Types.  Closer examination of particle sub-
types, especially regarding the presence or absence of 
rims within each class, is needed. Measurements of PO 
and POP chondrules, Type A CAIs, and rims have suf-
ficient numbers so as to be representative data sets on 
their own, and additional SEM data could be collected 
to bring less-represented particle types (PP, BO, and 
Al-rich chondrules, and Type B CAIs)  nearer to a 
sample size sufficient for meaningful analysis. Size 
distributions of well-sampled subtypes would also ben-
efit from unfolding to examine whether subclasses of 
different compositions and thermal histories show sort-
ing histories distinct from the broad particle classes of 
chondrule and CAI.  

References: [1] Scott et al. (1996) Chondrules and 
the protoplanetary disk, 87-96. [2] Teitler S. A. et al. 
(2010) MPS, 45, 1124-1135. [3] Cuzzi, J. N. et al. 
(2001) APJ, 546, 496-508. [4] Hogan R.C. et al. 
(1999) Physical Rev. E, 60, 1674-1680. [5] Shu F. H. 
et al. (1996) Science, 271, 1545-1552. [6] Wurm G. & 
Krauss O. (2006), Icarus, 180, 487-495. [7] Hezel et 
al. (2008) MPS, 43, 1879-1824. [8] Dodd R.T. (1976) 
EPSL, 30, 281--291. [9] Christoffersen, et al., (2012) 
LPSC XLIII. [10] Fisher, et al., (2014) LPSC XLV. [11] 
Srinivasan et al. (2013) LPSC XLIV. [12] Chayes 
(1954) Textbook.  Figure 4: 2D and unfolded 3D distributions of CAIs, 

“ChonCore”, and “ChonMax” sizes (see text). Distribu-
tions are broad and differ at the smaller sizes.   
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Introduction:  Geologic mapping and analysis are 

important tools to classify and interpret the complex 
surface geology of the planets. Subdividing surfaces 
into observable and meaningful stratigraphic units al-
lows us to learn about structures, relative ages, for-
mations, active and past processes.  The collection of 
units represented on a geologic map provide a founda-
tion for future analysis and understanding on planetary 
to fine scale that are not realistically possible with only 
ground work. The high costs of human and robotic 
missions to extraterrestrial locations necessitate remote 
geologic mapping and analysis to ensure the extraction 
of maximum information. 

The accuracy of geologic mapping is dependent on 
the resolution and variety of data available and the 
ability to combine data with current geologic 
knowledge. The current geological map of the near 
side of the Moon was published in 1971 using Lunar 
Orbiter IV and terrestrial telescopic photographs [1]. 
The purpose of this project was to update the geologi-
cal map and estimate the petrological and geochemical 
make up of Imbrium basin deposits and locate likely 
exposures of accessible basin deposits for possible 
sampling of future human and robotic missions. I 
mapped an area centered around the deposits of the 
Imbrium basin, north of Imbrium basin clockwise from 
80° north to the western edge of Mare Crisium to Mare 
Nubium in the South. I used high-resolution imaging 
and data from the Lunar Reconnaissance Orbiter Cam-
era (LROC), the Lunar Orbiter Laser Altimeter 
(LOLA), Clementine, and Chandrayaan-1 Moon Min-
eralogy Mapper (M3).  

This updated map more accurately represents the 
units previously established by Wilhelms and 
McCauley [1].  For example, the Alpes Formation 
from the Imbrium basin is more extensive than previ-
ously mapped.  Additionally, I have identified two new 
areas of possible basin impact melts and analyzed sur-
face FeO, TiO2, and Th composition of mapped units. 
Lastly, I have analyzed the vertical composition of 
units by using the ejecta of superposed craters as natu-
ral “drill holes” into the deposits.  

 
Methods:  The LROC Wide Angle Camera (WAC) 

and GLD 100 topography image mosaics, at 100 me-
ters per pixel, were orthographically projected from the 
center of Imbrium basin using USGS Integrated Soft-
ware for Imagers and Spectrometers (ISIS). These im-
ages served as the base-map and topographic layer in 

ArcGIS 10.1. The LROC Narrow Angle Camera 
(NAC) images in combination with the WAC base-
map and LOLA topography were used to identify geo-
logic units based on surface texture, structure, and 
stratigraphic position. The LROC data give us vastly 
superior image resolution as compared to Lunar Obiter 
IV and terrestrial telescopic photographs.  Additional-
ly, Clementine FeO and TiO2 (wt. %) [2] and Lunar 
Prospector Th (ppm) maps [3] were orthographically 
projected at 200 meters per pixel and added as layers 
to the base-map to assist in unit identification of mor-
phologically similar areas by compositional abun-
dance. This updated map used the same unit names and 
color scheme of [1] to maintain consistency and 
alignment with current lunar maps. New and previous 
units were re-mapped based on their morphology and 
composition not simply because they were mapped in a 
location on previous maps. 

The units of initial interest are the Imbrium basin 
ejecta (Alpes Formation, and Fra Mauro Formation),  
Apenninus material, the pre-Imbrian age massifs, and 
the possible basin impact melts. The Alpes Formation 
consists of knobby smooth hills that are closely spaced 
and found extensively around the Imbrium basin. The 
Fra Mauro Formation is made up of elongate hum-
mocks that are either nondescript or aligned radially to 
the center of the Imbrium basin. Both the Alpes and 
Fra Mauro Formations are interpreted as impact ejecta. 
Material of the Montes Apenninus is rough, hum-
mocky, and concentrically imbricate to the Apennine 
scarp. Montes Apenninus material is interpreted as 
fractured bedrock and basin impact ejecta. The massifs 
are large, rugged material of blocky ridges and hills, 
interpreted as pre-basin rock uplifted during the impact 
forming the Imbrium basin.  

The electronic stencils of these units were placed 
on the Clementine FeO, TiO2 and Lunar Prospector Th 
maps and the zonal statistics tool of ArcGIS 10.1 was 
used to calculate the mean and standard deviation of 
the pixel values inside the unit stencils. This provided 
an overall compositional average and deviation for the 
surface of each mapped unit.  Vertical variations in the 
units’ composition were determined by mapping su-
perposed crater ejecta in a unit stencil and performing 
the same zonal statistic calculations. The individual 
crater diameters were graphed as a function of crater 
ejecta mean composition. Larger craters excavate 
deeper material [4]. Comparing compositional differ-
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Geologic Unit FeO wt %  TiO2 wt % Th ppm
Alpes 10.0 ± 3.4 1.2 ± 1.2 4.8 ± 2.6
Apenninus 11.7 ± 1.9 1.7 ± 1.0 7.5 ± 1.7
Fra Mauro 8.4 ± 4.0 1.2 ± 1.7 4.2 ± 2.2
Massifs 11.2 ± 3.0 1.4 ± 1.0 6.4 ± 2.8
Impact Melts 12.0 ± 1.2 1.2 ± 0.4 6.7 ± 0.1

ence in fresh large vs. small craters gives us a window 
into the vertical composition of surface unit.  

Finally, I used Interactive Data Language (IDL) 
programming to cut the M3 spectral and location data 
sets, which spans from the Moon’s north to south pole, 
to the appropriate latitudes for specific units. The 
cropped data sets were then combined using Environ-
ment for Visualizing Images (ENVI) to geo-reference 
the M3 spectral data, which was then orthographically 
projected centered on Imbrium basin. Several of these 
spectral parameters used to identify mineralogy are 
based on parameters developed for the Compact Re-
connaissance Imaging Spectrometer for Mars (CRISM) 
instrument [5], but optimized for the M3 instrument.  

 
Results: In broad terms, the mapped units are similar 
to those on the map of the near side of the Moon [1] 
with the exception of the Alpes Formation being dis-
covered extensively outside of the Imbrium basin, 
which can be observed in Figure 1. Specifically, I have 
found Alpes Formations from 800 to 1000 km to the 
north, east, and south of the edge of Imbrium basin. 
Additionally, I have subdivided some of the Alpes 
Formation based on influences of other material such 
as pyroclastic, dark ash (located on the west to south-
west rim of Mare Serenitatis) and smooth plain materi-
al (located east of Mare Insularum) being deposited on 
top of Alpes Formation. The areas of possible basin 
impact melt can be found near Montes Apenninus at 
21.2° N, 1.7° W and on the floor of Murchison at 5° N, 
0.6° W.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Updated map centered on Imbrium basin.  

Imbrium basin units are shades of blue, basin impact 
melt is red, massifs in dark brown, plains in pink, mare 
in green and post-mare craters in yellow. 

Clementine and Lunar Prospector surface composi-
tions for different ejecta units are shown in Table 1. 
The mean values represent the overall average for a 
geologic unit’s FeO (wt. %), TiO2 (wt. %), and Th 
(ppm). This was then compared to the individual sten-
cil mean compositions. Figure 2 is an example of each 
of the Alpes Formations mean FeO (wt. %) vs. mean 
of the overall FeO (wt. %). Notice in Figure 2, the 
overall mean FeO (wt. %) is 10.0 ± 3.4 and there are a 
high number of polygon stencils outside of the overall 
mean. These points represent much smaller areas of 
Alpes Formation and therefore have less effect on the 
overall mean value. 

 
 
 
 
 
 
Table 1.  FeO, TiO2, and Th Concentrations for 

Imbrium Basin geologic units 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
     Figure 2. FeO wt. % for each of the unit stencils of 
the Alpes Formation. 
 

Figure 3 shows the composition of ejecta from cra-
ters excavating one of the larger Alpes Formations as a 
function of the youngest crater diameters, presumably 
excavating material from depth.  Results suggest no 
significant variation of chemical composition with 
depth. 

The spectral data from M3, of fresh crater walls on 
the Alpes Formations, shows the dominant mineral 
type as orthopyroxene with varying amounts of calci-
um, suggesting a broadly noritic composition, in 
agreement with several previous studies (e.g., [6]). 
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Figure 3 Top A. FeO (wt. %) Bottom B. TiO2 (wt. 

%) vs. Crater Diameter for Alpes Formation. 
  
    B 
 
 
 
 
 
 
 
 
 
Conclusions: Ejecta from the Imbrium basin is 

very different from the similarly sized Orientale basin 
in both the distribution of units and their composition. 
The knobby Alpes Formation of Imbrium is similar to 
the Montes Rook Formation of Orientale but the dis-
tances the ejecta traveled are vastly different. The 
Alpes Formation can be found as far as 1000 km from 
the basin rim while Montes Rook Formation extends 
no more than 200 km from the basin’s Cordillera rim. 
The Montes Rook Formation has a surface FeO (wt. 
%) of 4.6 ± 1.1 and TiO2 (wt. %) of 0.5 ± 0.1 [7] which 
is about half that of the Alpes Formation. Therefore, 
the Orientale ejecta is more feldspathic than its Imbri-
um counterpart.  

The surface composition reveals that the units are 
generally homogenous within the expansive Alpes 
Formation. However, the effects of mixing of maria, 
plains, and highland materials are evident. These 
smaller mixed units could be broken down into sub-
groups in the future. Figure 4 shows all of the Alpes 
Formations with blue shaded circles representing the 
mean composition of FeO (wt. %) for the individual 
unit. The farthest units are more feldspathic than the 
units closer to the Imbrium rim. This suggests that the 
Imbrium impact excavated predominantly mafic mate-
rial to the southwest and feldspathsic material to the 
north and south east. However, further mapping of the 
western part of basin deposits is needed.   

The vertical composition of basin ejecta deposits 
was estimated from crater ejecta on four of the largest 
Alpes Formations, one on Fra Mauro Formation, and 

one on Apenninus material. Every unit produces rela-
tions similar to Figure 3, which indicates that the verti-
cal composition is (more or less) homogenous. The M3 

was only fully analyzed for 1 of the Alpes Formations 
and it shows low-Ca pyroxene to be the principal mafic 
mineral present.  

Future work will include the expansion of the map-
ping to the western side of the basin, looking for more 
Imbrium ejecta at greater radial distances. The possible 
basin impact melt deposits warrant a thorough investi-
gation, as well as, continued mapping of young crater 
ejecta for specific units combined with M3 spectral 
reflectance. Interestingly, the Taurus-Littrow area 
around Apollo 17 has also been partly covered by 
Alpes Fm. [8]. The surface composition indicates mix-
ing of feldspathic material with Alpes Formation. A re-
examination of the geology of the Apollo 17 landing 
site looking for Imbrium ejecta might be a fruitful ave-
nue of research.  
 

References: [1] Wilhelms D. E. and McCauley J. 
F. (1997) USGS map I-703. [2] Lucey P.G. et al. 
(2000) JGR 105, 20297. [3] Lawrence D. et al. (2007) 
GRL 34, 3, doi: 10.1029/2006GL028530 [4] Spudis 
P.D. (1993) Geology of Multi-Ring Impact Basins 
Cambridge Univ. Press. [5] Pelkey S. M. et al. (2007) 
JGR 112, doi:10.1029/2006JE002831 [6] Spudis P.D. 
et al. (1988) PLPSC 18, 155. [7] Spudis P.D. et al. 
(2014) JGR 199, doi: 10/1002/2013JE004521. [8] 
Spudis P.D. et al. (2011) JGR 116, 
doi:10.1029/2011JE003903 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Map of the Alpes Formation units with 

mean surface FeO (wt. %) indicated. 
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Introduction:  Gale is a ~155 km diameter crater 

located on the martian dichotomy boundary (5°S 
138°E). According to the 2014 Geological Map of 
Mars, Gale impacted on the Middle Noachian highland 
unit (mNh) and the Hesperian and Noachian transition 
unit (HNt). Gale is estimated to have formed 3.8 – 3.5 
Gya, in the late Noachian or early Hesperian [1,2,3]. 
Mt. Sharp, at the center of Gale Crater is a crescent 
shaped sedimentary mound that rises 5.2 km above the 
crater floor (Fig. 1). Gale is one of the few craters that 
has a peak reaching higher than the rim of the crater 
wall [1,2,4]. The Curiosity rover is currently fighting 
to find its way across a dune field at the northwest base 
of the mound searching for evidence of habitability.  

This study used orbital images and topographic da-
ta to test and refine models for the geologic history of 
Mt. Sharp by analyzing its morphological features. In 
addition, this study assessed the possibility of a peak 
ring as well as a central peak in Gale. The presence of 
a peak ring can offer important information to how Mt. 
Sharp was formed and eroded early in Gale’s history. 

Methodology: Craters with sedimentary mounds. 
Craters located between 60°N - 60°S   and 100-200 km 
in diameter with interior deposits were searched for 
using the Mars Crater Database 
(http://crater.sjrdesign.net/) [5]. The latitude limits 
were chosen to avoid ice processes that may affect 
mound formation, erosion and exposure. This search 
yielded 255 craters, of which 22 had significant sedi-
mentary mound features. Nine other craters smaller 
than 100 km were selected using GoogleMars, result-

ing in a total of 31 craters with significant mounds. 
From the total 31, 6 were selected (Fig 2, Table 1) to 
observe closely using orbital Context Camera (CTX), 
High Resolution Imaging Science Experiment 
(HiRISE), and Thermal Emission Imaging System 
(THEMIS) images. These  images were used to identi-
fy  similarities and differences in mound morphology 
with Mt. Sharp. 

The six craters were chosen based on their unique 
mound morphology as well as their similarity to Mt. 
Sharp. Topographic profiles for each crater were con-
structed using ArcMap10.1 software and Mars Orbital 
Laser Altimeter (MOLA) derived digital elevation 
models.  

Craters with peak rings. Craters between 60°N - 
60°S and 100 km-230 km in diameter with peak rings 
were cataloged using the same Mars Crater Database 
[9] as well as examining MOLA data and GoogleMars. 
Four craters were selected for close analyses of mor-
phologic features and textural characteristics (Table 2).  

Fig 1.  MOLA & THEMIS day IR overlay of Gale 
Crater using JMARs showing the location of the 
Curiosity rover and proposed peak ring  

Fig 2. MOLA & THEMIS day IR overlay in JMARS of six large 
craters with central mounds. (a) Cerulli crater, (32°N 22°E). (b) 
Unnamed 70 km crater located in Arabia Terra (9°N 21°E). (c) 
Becquerel crater, (22°N, 8°W). (d) Firsoff crater, (3°N 9°W). (e) 
Maunder crater (50°S 1°W). (f) Nicholson crater (0° 165°E)  
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Results and Discussion: Craters with mounds. 
Craters with strong evidence of fluvial processes, for 
example Firsoff (Fig 2d), have dried up river channels 
and layered sediment along the walls. This suggests 
that the crater was once partially or completely filled 
followed by erosion to form a circular mound in the 
center of the crater. Prominent yardangs show different 
prevailing wind directions as well as evidence of more 
recent aeolian erosion. 

Cerulli (Fig 2a) and Becquerel (Fig 2c) have sedi-
mentary mound deposits showing little correlation to 
the other four craters or to Gale. Becquerel’s isolated 
mound is littered with faults and has periodic bedding 
indicating episodic deposition [6]. It also appears to 
have four lobes of bedded sediment that appear to have 
originated from a shallow depression at the center of 
the mound [6]. Cerulli has a very small mound depos-
ited about its central peak. It shows massive slumping 
of unconsolidated material near the peak and lobate 
debris apron associated with glaciation. There is no 
sign of wind erosion on the mound. It has not been 
heavily eroded compared to other sedimentary mounds 

among the selected craters in this study.  
Nicholson as Gale analog. Out of the six craters 

analyzed, Nicholson (Fig 2f) is the closest analog to 
Gale in terms of mound morphology. Both Gale and 
Nicholson essentially lie on the dichotomy boundary 

and both impacted into the Hesperian and Noachian  
transition unit [3]. Both craters are approximately the 
same age and located at the equator, so they may have 
been exposed to the same climate evolution when Mars 
transitioned from a wet to arid climate [3]. Nicholson 
has a large central peak and a surrounding sedimentary 
mound similar to Gale. The cross section (Fig 3) of the 
Nicholson mound shows the rim and crater floor slope 
down towards the north-northwest [4]. The peak of the 
Nicholson mound rises higher than the surrounding 
rim, similar to Gale, by ~600m.  

Both craters show evidence of deposition of wind-
transported sediments on the mound and central peak. 
On Gale, there is a young layer of wind transported silt 
and sand on the upper mound and central peak that is 
tens of meters thick, possibly an outer layer of the Me-
dusae Fossae formation (MFF) [4, 7]. On the east and 
west lobes of the Nicholson mound the surfaces exhibit 
crescentic scour features, similar to features to the east 
of Nicholson in the MFF, indicating perhaps a young 
layer of MFF may also present on the Nicholson 
mound [8]. 

Another distinguishing feature on Nicholson’s 
mound is the large deep canyon, ~18 km long, running 
from the center to the near southeast base of the 
mound. THEMIS IR nighttime imaging of the southern 
region in Nicholson shows a large, dark fan-like fea-
ture that may have been emplaced by mass movement 
from the canyon. A similar large canyon incises the 
western lobe of the lower mound of Mt. Sharp. Such 
canyons suggest large quantities of fast-moving water 
were once present in both craters. 

 The major morphological feature that makes Gale 
unique on Mars is the crescent shape of Mt. Sharp. The 
six comparison mounds are relatively concentric with 
their crater rims, but Gale is a half-circle mound with 
the central peak exposed along the southern face. This 
unique erosion of Mt. Sharp may suggest the presence 
of a partial peak ring that allowed sediment to be pro-
tected from erosion inside the ring, especially on the 
northern half [9]. 

(a) (b) 
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Peak ring morphology. A peak ring typically has a 
diameter that is half of its craters diameter. Peak rings 
are composed of deep-seated material from depths up 
to several kilometers in the crust. The maximum depth 
of excavation for the peak ring in Gale is ~17 km [10]. 
This material is fundamentally different than the bed-
ded sediments that compose most martian crater 
mounds.  

After analyzing the peak rings within the four cra-
ters (Table 2, Fig 4) it became apparent that not all 
peak rings have the same rock texture. Rock texture 
most likely relies on the rock type underlying the im-
pact zone, which may be different depending on locale. 
What the peak rings do have in common is their style 
of erosion into massive unlayered equally eroded hills, 
of which some areas erode into boulders. This mor-
phology is unique to peak rings themselves. Lowell 
(Fig 4d & Fig 5b) is the ideal representation for a 
crater with a well formed peak ring that is half of its 
crater’s diameter. A thin mass of sediment is corralled 
inside the north-northeast quadrant of the peak ring. 
This may be analogous to the much thicker mass of 
sediments that forms the lower mound of Mt. Sharp.  

An arc of low hills southeast of Mt. Sharp may be 
the eroded remains of a peak ring in Gale crater (Fig 
5c). Holden Crater has conical hills (Fig 5d) roughly 
the same diameter and closest in texture to the peak 

ring hills in Gale. Lowell and Lyot craters have peak 
rings that erode into much larger widespread hills cov-
ered in boulders, finer sediment collected in the lower 
topographic regions between the hills.  

Conclusions: The present findings support the 
conclusions of previous studies that fluvial deposition 
and erosion, followed by aeolian deposition character-
ize the history of Mt. Sharp [1,2,4].  

Nicholson is morphologically the closest analog to 
Gale. Studies focusing on morphology and mineral 
composition should be done to further compare Ni-
cholson with Gale. 

The presence of a peak ring within Gale is plausi-
ble based on the analyses of peak rings in other craters. 
Peak rings erode to very distinct, unlayered conical 
hills, especially in craters smaller than 200 km in di-
ameter. Peak rings may allow protection for sediments 
within the ring, resulting in the formation of a mound 
high in topography in relation to the eroded crater floor 
[4].  

References: [1] Thomson et al. (2011) Icarus, 214, 413-
432. [2] Milliken et al. (2010) GRL, 37, L040201. [3] K. L. 
Tanaka et al (2014) USGS: Geologic map of Mars, Scientific 
Investigations Map 3292. [4] C. Allen and A. Dapremont 
(2014) 8th International Conf. on Mars, Abs. #1119. [5] S. J. 
Robbins and B. M Hynek (2012) J. Geophys. Res., 117, 
E05004. [6] J. C. Bridges et al (2008) LPS, Abs. #1913. [7] 
S.W. Hobbs et al (2010) Icarus, 210, 102-115. [8] Bradley B. 
A. and Sakimoto S.E.H (2001) LPS XXXIII, Abs. #1335. [9] 
Spray J. et al (2013) LPS XLIV, Abs. #2959. [10] S.P. 
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Fig 5. (a) MOLA & THEMIS day IR overlay of Gale. (b) HiRISE image 
ESP_023662_1280  of Lowell Peak ring [Fig 4d.]. (c) Gale Crater peak ring 
conical hills; HiRISE image ESP_018643_1745. (d) Conical mound in Holden 
Crater peak ring [Fig 4c.]; HiRISE image ESP_026693_1530. 

Fig 4. MOLA & THEMIS day IR overlay of (a) Lyot, (b) Liu Hsin, (c) Holden, 
(d) Lowell 
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Introduction: Chondrites are stony meteorites that 

are some of the most primitive surviving materials 
from the early solar system. Chondrites range in petro-
graphic type from type 1 to type 7. Type 3 chondrites 
are the most primitive and are little changed from the 
primitive solids that condensed out of the nebular gas 
and accreted to form asteroids. They are composed of 
chondrules, fine-grained matrix, metal and sulfide [1, 
2]. With increasing aqueous alteration at low tempera-
tures, some chondrite types transformed from type 3 
towards type 1. With increasing thermal metamor-
phism and low fluid content, other chondrite types 
changed from type 3 towards a type 7 [1, 2].  

Chondrites are divided into groups based on chem-
ical types defined by mineralogy, bulk composition, 
and oxygen isotope compositions. Ordinary chondrites 
are the most common meteorites (73.5% of falls [3]) 
and are of three groups, H, L and LL. This is a se-
quence of increasing oxidation state but decreasing 
total Fe content. They range from types 3 through 7, 
with types 3 containing abundant chondrules and fine-
grained matrix, while types 7 are granular metamor-
phic rocks. Carbonaceous chondrites are rare (3.6% of 
falls [3]) and include the compositionally most primi-
tive meteorite types (CI). Petrologic types 1 and 2 are 
found only among some of the many carbonaceous 
chondrite groups. Enstatite chondrites are very rare 
meteorites (1.4% of falls [3]) and are highly reduced 
assemblages. They are of two groups: EH, the high-Fe 
group and EL, the low-Fe group. 

Rumuruti (R) chondrites are an extremely rare 
group of meteorites (0.1% of falls [3]) similar to ordi-
nary chondrites in some ways but very different in 
others. They are characterized by low chondrule/matrix 
modal abundance ratios, high states of oxidation, small 
mean chondrule sizes, abundant sulfides and low metal 
contents [4]. R chondrites vary in petrologic type from 
3 to 6. 

R chondrites are important for study because they 
have undergone metamorphism at high temperatures in 
the presence of aqueous fluids. In contrast, CM and CI 
carbonaceous chondrites accreted with enough ice such 
that heating led to aqueous alteration at low tempera-
tures. These chondrites contain low-T hydrous phases 
(phyllosilicates) and no metals. Ordinary chondrites 
underwent metamorphism in a low-fluid environment 
at higher temperatures resulting in anhydrous meta-
morphic rocks. R6 chondrites are highly metamor-
phosed and contain the high-temperature hydrous 
phases mica and amphibole [5, 6]. R chondrites are 

thus unique and give us an opportunity to examine 
whether there are compositional effects caused by 
high-T, high-fluid metamorphism acting on original 
nebular materials.   

Samples and Methods: The meteorites analyzed 
and methods used are listed in Table 1. Petrographic 
microscopy was performed on six samples for petro-
logic characterization. A JEOL 7600F scanning elec-
tron microscope (SEM) and a JEOL 8530F electron 
microprobe (EMP) were used for imaging and X-ray 
elemental mapping of thick sections to document tex-
tures and compositional zoning, and to select targets 
for electron microprobe analyses. A Cameca SX-100 
electron microprobe was used to analyze olivine, py-
roxene, mica, and amphibole for Na, Mg, Al, Si, K, 
Ca, Ti, Cr, Mn, Fe and Ni. Bulk rock compositions for 
a wide range in major, minor and trace elements were 
done by solution aspiration inductively coupled plasma 
mass spectrometry (ICP-MS) using a Thermo Fisher 
Element-XR.   
Table 1. Sample details; classification from initial de-
scriptions or [7]. 

Meteorite Class Optical  
Microscopy 

SEM/ 
EMP 

ICP-
MS 

LAP 03645 R3.8 ,10 - ,22 
LAP 03639 R4 ,9 ,37 ,32 
LAP 031156 R4 - ,15 ,13 
LAP 04840 R6 ,5 ,45 ,16 
LAP 10031 R6 - - ,5 
MIL 11207 R6 ,5 ,13 ,7 
PCA 91002 R3.8-6 - - ,65 
PCA 91241 R3.8-6 ,21 - - 
PRE 95404 R3.6 ,34 - - 
PRE 95411 R3.8 - - ,22  

Petrology and Mineral Compositions: The mete-
orites we have studied range from type R3.6 to type R6 
(Table 1). Backscattered electron images illustrating 
textures of an R4 and an R6 are shown in Figures 1 
and 2. The general mineralogy of these R chondrites 
includes olivine, pyroxene and sulfides, and for the 
type 6 meteorites, plagioclase, amphibole, and mica. 
Olivine fayalite contents for the four samples analyzed 
by EMP are shown in Figure 3. The descriptions below 
concentrate on the four meteorites we studied by 
SEM/EMP. 

LAP 03639 is a texturally heterogeneous R4 (Fig. 
1). It contains numerous chondrules and chondrule 
fragments up to 1 mm in size. Chondrule textures in-
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clude radial pyroxene, barred olivine and porphyritic 
olivine-pyroxene. Large clasts approaching 2 mm in 
size of distinct textures (Fig. 1, lower left), some with 
distinct mineral compositions, are also prominent in 
this sample. Isolated, very magnesian olivine grains are 
present.  

 
Fig. 1. Backscattered electron (BSE) image (2.5 x 3 

mm) of LAP 03639, showing its heterogeneous texture.  
LAP 031156 is texturally quite different from LAP 

03639 even though both are classified as R4. It also 
contains chondrules up to 1 mm in size, but has a more 
homogeneous texture, and contains chondrules up to 1 
mm in size. Large clasts with distinct texture are ab-
sent, and no highly Mg-rich olivines are present. 

LAP 04840 is moderately heterogeneous in texture 
with regions of coarser grained olivine-dominated sili-
cates and low sulfide content, and other regions of fin-
er grained, mixed silicates and higher sulfide content 
(Fig. 2). The texture is metamorphic with many equant 
grains. It contains relict chondrules (Fig. 1, upper left) 
up to 1 mm in size and mineral grains of 100-200 mi-
crons.   

 
Fig. 2. BSE image (2.5 x 3 mm) of LAP 04840, 

showing its equilibrated texture.  
MIL 11207 appears heavily metamorphosed as we 

found no relict chondrules. An unusual textural feature 

is a “spongiform” texture of plagioclase, diopside or 
amphibole in which patches of these minerals up to 
mm size include smaller, often rounded grains of oli-
vine and other silicates (examples: olivine plus amphi-
bole in plagioclase; olivine, amphibole and plagioclase 
in diopside). 

The olivine composition histogram (Fig. 3) shows 
two distinct compositional grouping. LAP 031156 is 
more magnesian than the most common R chondrite 
olivine composition (dashed line from [7]) while the 
other three are more ferroan. LAP 03639 contains a 
small population of olivines of differing compositions, 
from Fa~1 to Fa~45, not present in the other R4, LAP 
031156.  

 
Fig 3. Olivine fayalite (Fa) composition histogram 

for R chondrite samples studied here.  
Chemistry: A Zn/Mn vs. Al/Mn plot (Fig. 4) is 

used to distinguish different chondrite types [4]. Our 
samples plot close to the average R chondrite value [8] 
and distinct from all other chondrite types. LAP 03645 
plots with the other R chondrites and is not anomalous. 
We analyzed the Smithsonian Institution Allende me-
teorite reference sample as a control, and it plots close 
to the average CV value [8], demonstrating the quality 
of our analyses. 

 
Fig 4. Zn/Mn vs. Al/Mn values of R chondrite sam-

ples plotted with literature chondrite average data [8].  
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Fig. 5. Graph of Rb vs. K for R chondrite samples 

plotted with literature chondrite average data.  
Our K contents are similar to R chondrite means [7, 

8] (Fig. 5). Mean Rb and Cs data have not been com-
piled for R chondrites. For the alkali elements, all the 
R chondrite samples plot close to the literature ordi-
nary chondrite average data except for R3.8 LAP 
03645 and R4 LAP 03639. LAP 03645 is anomalously 
rich in the high Z alkali elements, but not Li or Na. 
LAP 03639 is more similar to carbonaceous chondrites 
in K, Rb and Cs. However, [7] determined a K content 
for LAP 03639 within the range of other R chondrites. 

Discussion: The olivine histogram (Fig. 3) shows 
two distinct olivine subtypes based on olivine Fa con-
tent. We find that LAP 03639 and LAP 031156 have 
different mean olivine compositions, and LAP 03639 
contains a minor population of unequilibrated olivines. 
This is contrary to the conclusion that these meteorites 
are of similar petrology and mineral compositions and 
are paired [7]. One potential reason for this discrepan-
cy could be that one or both of these meteorites are 
heterogeneous, and that our sections and those of [7] 
are from petrologically different regions of the same 
meteorite. The suggested pairing of these two meteor-
ites should be evaluated by other techniques. 

We find no evidence for significant terrestrial alter-
ation effects in the compositions of these Antarctic 
samples, especially when compared to the extensive 
terrestrial weathering documented in hot desert sam-
ples [7]. A Ni/Co decrease indicated terrestrial weath-
ering of sulfides in CK chondrites and was much more 
pronounced in hot desert vs. Antarctic finds [9]. Our 
data do not show a decrease, but R chondrites might be 
less sensitive to Ni and Co mobilization [7]. 

Alkali elements are soluble in aqueous solutions 
and easily mobilized, and could be important indica-
tors of fluid flow in R chondrites. R3 chondrites con-
tain primitive chondrules and fine-grained matrix [4]. 
Alkali elements are concentrated in chondrule glass 
and in matrix. In the R6 chondrites, alkali elements are 
contained in plagioclase, amphibole, and especially 

mica for the high Z alkalis, phases produced during 
high-T metamorphism. We can track how these ele-
ments moved during metamorphism and evaluate 
whether fluid flow through the meteorites occurred. 
Alkali elements were released from nebular hosts in 
primitive R3 chondrites and sequestered in mica and 
amphibole during metamorphism. If there had been 
fluid flow through the rocks, we hypothesize there 
would be a fractionation of the alkali elements in R6 
chondrites compared to little metamorphosed R3.8 and 
R4 chondrites. In contrast, we find that the heavily 
metamorphosed R6 chondrites have alkali contents that 
are indistinguishable from those of some of the weakly 
metamorphosed R3.8 and R4 chondrites. This suggests 
a lack of fluid flow through the rocks during metamor-
phism, and that the alkali elements now sequestered in 
plagioclase, amphibole and mica in R6 chondrites were 
already present in the primitive precursor lithology. 
While the alkali elements were locally mobilized in 
aqueous fluids and formed new minerals, they were not 
transported in and out of the meteorites. This is con-
sistent with the conclusion of [7]. 

LAP 03645 is an odd sample that is difficult to 
classify compared to other R chondrites. It plots with 
the R chondrites on many mineralogical and composi-
tional graphs (Figs. 3 and 4), but is anomalous in alkali 
element contents (Fig. 5). It is classified as an R3.8 
chondrite [7], but the initial description notes that this 
meteorite contains graphite [10], an anomalous feature 
that has not been described for other R chondrites.  

Summary: In summary, our data show no evi-
dence for element mobility during high temperature 
aqueous metamorphism of R chondrites, supporting a 
closed-system-metamorphism scenario.  

Acknowledgements: We thank D. K. Ross for his 
efforts in acquiring the BSE images and X-ray ele-
mental maps of the thick sections used here.  

References: [1] Van Schmus W. R. and Wood J. 
A. (1967) Geochim. Cosmochim. Acta, 31, 747-765. 
[2] Dodd R. T. (1981) Meteorites: A petrologic-
chemical synthesis. Cambridge University Press. [3] 
Bischoff A. (2001) Planet. Space Sci. 49, 769-776. [4] 
Kallemeyn G. W., Rubin A. E. and Wasson J. T. 
(1996) Geochim. Cosmochim. Acta, 60, 12, 2243-2256. 
[5] McCanta M. C. et al. (2008) Geochim. Cosmochim. 
Acta, 72, 5757-5780. [6] Gross J. et al. (2013) LPS 
XLIV, Abstract #2212. [7] Isa J. et al. (2014) Geochim. 
Cosmochim. Acta, 124, 131-151. [8] Lodders K. and 
Fegley B. (1998) The Planetary Scientist’s Compan-
ion. Oxford University Press. [9] Huber H. et al. 
(2006) Geochim. Cosmochim. Acta, 70, 4019-4037. 
[10] Welzenbach L. and McCoy T. (2005) Antarctic 
Meteorite Newsletter, 28, 21.  

2014 Intern Conference36



ORIENTATION DAY 

.JUNB 2. 2014 

Intern Mid 

Wednasday, July 2 • 

.ich intern will give 
eir research 

owerpoint sbc 

,,,,�im,W.,.::'6, 1ect title b, 1ef , 
'lff�ttai:s.��� ��ed 

ch, lnlllal fj 
term 



LUNAR AND 

STAR DUST ToUR 

JUNB 2. 2014 









DoN Plsi hi 

PRESENTATION, 

MBBT AND GRBBT 

JULY 14. 2014 

• 





BROWN BAG 

AND 

MOVIE! NIGHT 

A t.\i 
t,.,r 


