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DISTINGUISHING BETWEEN SULFUR AND CARBON 
BEARING METALLIC LIQUIDS DURING METEORITE 
HISTORIES. 
N. L. Chabot1, A. J. Campbell2, M. Humayun3, J. H. Jones4, and 
H. V. Lauer5. 1The Johns Hopkins University Applied Physics 
Laboratory, 11100 Johns Hopkins Road, Laurel, MD, 20723. E-
mail: nancy.chabot@jhuapl.edu. 2Department of the Geophysical 
Sciences, The University of Chicago, 5734 S. Ellis Ave., Chi-
cago, IL, 60637. 3National High Magnetic Field Laboratory and 
Department of Geological Sciences, Florida State University, 
Tallahassee, FL, 32310. 4NASA Johnson Space Center, Mail 
Code KR, Houston, TX, 77058. 5ESCG/Barrios Technology, 
P.O. Box 58477, Houston, TX, 77258. 

 
Many planetary processes involve a metallic liquid, such as 

the separation of metal from silicate during differentiation and 
the crystallization of metallic cores as planetary bodies cool. 
However, for many meteorite samples, separation from or re-
moval of a metallic liquid is inferred in a meteorite’s history but 
often the metallic liquid itself is no longer present in the meteor-
ite sample. This has been proposed as the case for a number of 
meteorite types. For example, some iron meteorites represent the 
solid metal that crystallized from the molten metallic cores of 
asteroid-sized parent bodies [1].  The siderophile element signa-
ture of ureilites has been attributed to partial melting with the 
subsequent removal of a metallic liquid [2, 3]. More generally, 
the achondrite meteorite groups that derived from differentiated 
parent bodies sample the residual silicate material left behind 
following the early separation of a metallic liquid [e.g. 4]. 

Though the metallic liquids may no longer be present in 
these meteorite samples, it is possible to get information about 
the composition of the metallic liquids based on the element frac-
tionations that the planetary processes left behind. Here we pre-
sent solid metal-liquid metal partition coefficients from experi-
ments involving C-bearing metallic liquids [5] and compare these 
results to previous S-bearing data [6]. We focus on the three ele-
ments of Cu, Re, and W, for which S and C are observed to have 
distinctly different effects on the partitioning behaviors. Because 
different effects will result in different element fractionations in 
the meteorite samples, by specifically examining Cu, Re, and W 
concentrations in meteorites, insight can potentially be gained 
into the presence of S or C during a meteorite’s history. Distin-
guishing between fractionations due to the presence of S versus C 
may be of specific interest to interpreting the history of ureilites, 
since ureilites contain C-bearing phases such as graphite [7] but 
also show evidence for loss of a S-rich metallic liquid in their 
history [2, 3].  

Acknowledgements: Supported by NASA grant NAG5-
12831 to N. L. C., NSF grant EAR-0330591 to A. J. C., NASA 
grants NAG5-13133 and NNG05GB81G to M. H., and NASA 
RTOP 344-31-20-18 to J. H. J. 
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stract #2208. 36th Lunar & Planetary Science Conference. [3] 
Kallemeyn G. W. and Warren P. H. 2005. Abstract #2165. 36th 
Lunar & Planetary Science Conference. [4] Mittlefehldt D. W. et 
al. 1998. In Planetary Materials (J. J. Papike Ed.), Min. Soc. 
Amer., Wash. DC. [5] Chabot N. L. et al. 2005. Geochimica et 
Cosmochimica Acta submitted. [6] Chabot N. L. et al. 2003. Me-
teoritics & Planetary Science 38:181-196. [7] Goodrich C. A. 
1992. Meteoritics 27:327-352. 
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EFFECTS OF CHANGING PYROXENE COMPOSITION 
ON LI & B BEHAVIOR IN LUNAR BASALTS: 
IMPLICATIONS FOR MARTIAN MAGMAS. J. Chaklader1 
and C. K. Shearer1. 1Institute of Meteoritics, University of New 
Mexico, Albuquerque, NM 87131-1126. E-mail: 
jchaklad@unm.edu. 
 

Introduction: The late-stage magmatic rims of pyroxenes 
from some Martian basalts show a decrease in Li and B contents 
relative to earlier formed pyroxene cores [1-2]. Previous workers 
interpreted core to rim depletions in Li and B to reflect the loss of 
several weight percent magmatic water during basalt crystalliza-
tion [1-2]. This has profound implications for recent exchange of 
volatiles between the Martian mantle and atmosphere. To assess 
alternative mechanisms that may influence Li and B behavior in 
the absence of aqueous fluid activity, we studied changing py-
roxene composition during crystallization in lunar basalts. Here, 
we present major and trace element results from pyroxenes in 
lunar basalt samples 75035 (A-17) and 10017 (A-11). 

Methods: Pyroxenes were imaged with a JEOL JSM-5800 
LV SEM and analyzed with a JEOL JXA-8200 EMP (15 kv, 20 
nA, <1 µm beam). Prior to trace element analyses, thin sections 
were soaked in 1 % mannitol solution, rinsed in ultrapure (18 
MΩ) water and rastered to reduce effects of B contamination. 
Pyroxenes were analyzed for 7Li, 9Be, 11B, 88Sr, 140Ce, 146Nd, and 
174Yb using a primary beam of O- ions in a Cameca ims-4f (10 
kV, 8-10 nA, 10 µm beam).  Moderate energy filtering (75 V off-
set, ± 25 V) was used to remove molecular ion interference.  

Results: A-17 pyroxenes have a single Ca depletion, Fe en-
richment crystallization trend on the pyroxene quadrilateral with 
early augitic cores (Wo43En42Fs15), late-stage ferro-pigeonite 
rims (Wo9En4Fs87) and pyroxferroite as a late-stage mineral. In 
contrast, A-11 pyroxenes have a more restricted Ca depletion, Fe 
enrichment trend with early augitic cores (Wo40En44Fs16), late-
stage ferro-pigeonite rims (Wo11En21Fs68), and no late-stage py-
roxferroite. Lithium depletions are observed in late-stage rims 
and correspond to regions of high Fe, low Ca and low (Cr3+)VI in 
A-17 pyroxenes. In contrast, A-11 pyroxenes express relatively 
constant Li-values across core to rim transects. Boron depletions 
occur in late-stage rims of both A-17 and A-11 pyroxenes.   

Discussion: Lithium1+ (M2 site) and Cr3+ (M1 site) substitute 
jointly as coupled cations into A-17 pyroxenes. The compatibil-
ity of Cr3+ into the M1 site decreases the Cr in the melt and late, 
Fe-rich pyroxene. This results in decreasing the importance of 
the Li1+ (M2 site) and Cr3+ (M1 site) couple substitution and in-
creasing Li incompatibility during the crystallization of pyroxene 
rims. Alternatively, Ca is expelled during breakdown reactions of 
metastable pyroxferroite and Li may follow in A-17 pyroxenes. 
Since late-stage Fe enrichments are not as extensive in A-11 py-
roxenes, metastable pyroxferroite is absent and Li loss does not 
occur. It is also possible that DLi during pyroxferroite crystalliza-
tion is lower than DLi during pyroxene crystallization. Late-stage 
B depletions may reflect loss during eruption of lunar basalts [3]. 
Late-stage rims of Martian pyroxenes with Li depletions gener-
ally exhibit similar extents of Fe enrichment as A-17 pyroxenes. 
Late-stage pyroxene rims in Nakhla and the A-11 basalt gener-
ally have less enriched Fe-contents and no Li depletions.    

References: [1] McSween, H.Y. et al. (2001) Nature, 
409:487-490. [2] Lentz, R.C.F. et al. (2001) Geochimica et Cos-
mochimica Acta 65:4551-4565. [3] Meyer, C., Jr., & Schonfeld, 
E. (1977). 8th Lunar & Planetary Science Conference, p. 661-662.  
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WERE PERMIAN-TRIASSIC EXTINCTIONS SUDDEN AND 
CAUSED BY IMPACT?  C.R. Chapman.  Southwest Research 
Inst., #400, 1050 Walnut St., Boulder CO 80302 USA.  E-mail: 
cchapman@boulder.swri.edu. 
 

The K-T mass extinction was very sudden (e.g., >70% of Cre-
taceous forams went extinct simultaneously, within the precision of 
the marine fossil record [1]). The Chicxulub impact clearly caused 
the K-T boundary.  But geologic records are less complete for other 
large, earlier mass extinctions and the chances are poor that causal 
craters remain.  For the biggest one, the P-T, equivocal evidence 
for impact has been debated and many alternative causes have been 
advanced [cf. 2].  Here I evaluate a recent claim [3] that there was 
a gradual component to extinction of vertebrates before the P-T.  I 
then discuss why impacts by near-Earth objects (NEOs) should be 
regarded (a) as the "null hypothesis" or mostly likely cause of mass 
extinctions, barring disproof, rather than (b) as just one of many 
possible causes or even the explanation of last resort, which re-
mains a common perspective among paleontologists. 

Ward et al. [3] argue for some P-T gradualism and also "that at 
least some species originated" before the boundary.  Neither con-
clusion is supported by their data.  They define a zero-level plausi-
bly marking the sudden event.  They claim that vertical distribu-
tions of 126 fossil skulls from 21 taxa collected in the Karoo Basin 
negate a wholly sudden mass extinction.  Their case for gradualism 
rests on just 9 skulls in 3 taxa, distributed over 60m below zero. 
About 5 other taxa plausibly went extinct at zero, ~3 others passed 
through, and ~8 taxa originated above zero-level (the extinction 
opened ecological niches, plausibly fostering speciation). 

The uppermost skull of the 3 critical taxa was ~10m below 
zero. The case for gradualism depends on a statistically conclusive 
tendency for these skulls to be absent as the zero-level is ap-
proached.  Yet in 10 random trials distributing 9 items between 0 
and -60, 3 show an even stronger avoidance of the zero-level than 
do the actual data.  Plainly, there is no robust case for a gradual 
extinction.  (One of the 3 taxa is actually useless, despite being 
claimed as having the highest confidence, 0.875, of all.  Based on 
just 2 skulls from the same depth [~-52m], it provides no evidence 
about extinction.  The other 2 taxa have claimed confidences of 
just 0.5.)  Ward et al. violated their adopted methodology [4] in 
many ways.  Even had correct methods been used, there would still 
be less than 1-sigma confidence that there was a gradual compo-
nent to P-T extinctions.  Statistics of 9 fossils are hardly worthy of 
a 5-page report in Science and wide coverage by the news media. 

Indeed, such statistics of fossils from a non-marine, terrestrial 
environment may reflect evolving Karoo ecology and simple mi-
grations of species around Pangaea, rather than extinction.  Astro-
nomical evidence is that impact of one or more NEOs larger than 
the K-T boundary extinctor is statistically likely in the past 0.5 
Gyr; the Earth can hardly have avoided the inevitable, horrific re-
sulting consequences [5].  Thus, absent countervailing evidence or 
some other equally sudden, energetic modifier of the ecology (no 
terrestrial alternative is so sudden or energetic), presumption must 
favor the inevitable NEO impacts to explain mass extinctions. 

References:  [1] Paul C.R.C. 2005. Palaeogeography, in press.  
[2] Erwin D.H. et al. 2002. USGS Spec. Paper 356, 363-383.  [3] 
Ward P.D. et al. 2005. Science 307:709-714. [4] Wang S.C. & 
Marshall C.R. 2004. Paleobiology 30:5-18.  [5] Chapman C.R. 
2002. USGS Spec. Paper 356, 7-19. 
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