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appreciate the importance of oligosaccha- 
rides and glycoconjugates in nature. 
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Redox State of Mars' Upper 

Mantle and Crust from Eu 

Anomalies in Shergottite 


Pyroxenes 

M. Wadhwa 

The oxidation state of basaltic martian meteorites i s  determined from the 
partitioning of europium (Eu) in their pyroxenes. The estimated redox condi- 
tions for these samples correlate with their initial neodymium and strontium 
isotopic compositions. This i s  interpreted to imply varying degrees of inter- 
action between the basaltic parent melts, derived from a source in the martian 
mantle, and a crustal component. Thus, the mantle source of these martian 
basalts may have a redox state close to that of the iron-wiistite buffer, whereas 
the martian crust may be more oxidized (with a redox state higher than or equal 
to that of the quartz-fayalite-magnetite buffer). A difference in redox state of 
more than 3 log units between mantle and crustal reservoirs on Mars could 
result from oxidation of the crust by a process such as aqueous alteration, 
together with a subsequent lack of recycling of this oxidized crust through the 
reduced upper mantle. 

Determination of the redox state of Mars' man- 
tle and crust would help to estimate elemental 
distributions between these silicate reservoirs 
and the core, thereby leading to a better under- 
standing of the accretion and differentiation 
history of the planet. The red color of the 
martian surface is attributed to the presence of 
femc minerals in the weathered, highly oxi- 
dized regolith (I). The silicate interior (that is, 
the mantle and crust) may be less oxidized than 
the regolith, but there are no direct estimates of 
its redox state. Indirect estimates of the oxida- 
tion state of the martian interior are mostly 
based on model compositions (specifically, 
FeO content) of the bulk silicate portion of 
Mars (BSM). Some of these compositions are 
derived from cosmochemical models with ad- 
justable parameters fit to density distribution 
estimates from geophysical data (2-6). Others 
are from the bulk compositions of martian me- 
teorites (7-9), which are currently the only 
samples of the crust of M a s  available for study 
(10). A general feature of these models has 
been the prediction of FeO enrichment in the 
BSM relative to Earth's mantle. attributed to 
relatively oxidizing conditions on Mars. 

Attempts to obtain estimates of redox con- 
ditions on Mars have also been made from the 
compositions of Fe-bearing minerals in the 
shergottites, a class of martian meteorites com- 
posed of basaltic and lherzolitic rocks, parent 
magmas of which are thought to represent frac- 
tionated partial melts of the martian mantle 
(10). Most of these studies rely on the compo- 
sitions of coexisting Fe-Ti oxides (11-14) and 
indicate a range of oxidation conditions. How- 
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ever, because these oxides are among the very 
last phases to crystallize and are susceptible to 
subsolidus reequilibration, they may not 
record primary magmatic redox conditions. 
One investigation based on stoichiometric 
calculations of Fe3+ lFe2+ in shergottite py- 
roxenes suggested that their source region 
in the martian mantle may be substantially 
reduced (15). However, a subsequent study 
(16) pointed out large uncertainties in the 
approach taken by (15). Therefore, the is- 
sue of the redox state of Mars' silicate 
interior has so far remained contentious. 

Here, magmatic oxidation conditions for the 
basaltic shergottites were determined from the 
partitioning of Eu in the earliest crystallizing 
minerals. Eu is the only rare earth element 
(REE) than can exist in the divalent and triva- 
lent states under magmatic conditions (other 
REEs are trivalent). The Eu mineravmelt dis- 
tribution coefficient (D,,) for a particular min- 
eral is dependent on the Eu3+Eu2 + ratio in the 
magma, which in turn is predominantly a h c -  
tion of the prevailing redox condition during 
crystallization (1 7). Partitioning experiments 
for synthetic hlgh-Ca pyroxene (augite) and 
plagioclase with compositions similar to those 
in the angntes (a class of basaltic meteorites) 
have established the relation between DEUlDG, 
for these minerals (used as a proxy for the 
Eu3+/Eu2+ ratio in the melt) and oxygen h-
gacity (f,) (18). Although analogous experi- 
ments (that is, over a wide range of fo2 condi-
tions) have not been performed for the basaltic 
shergottites, the relation between D,,lD,, and 
fo2 for shergottite minerals may be similar to 
that for angrite minerals because (D,,/ 
Dcd)augitevalues from a set of experiments on a 
shergottite analog composition (19, 20) fall on 
the same curve as that defined by the data from 
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experiments on the angrite analog composition 
(18) (Fig. 1A). This is expected because taking 
the ratio 'of distribution coefficients removes 
most of their compositional dependence. 

Pyroxenes in the basaltic shergottites are 
particularly amenable to the application of a 
Eu oxybarometer because they show zonation 
in REE concentrations consistent with frac- 
tional crystallization from their parent mag- 
ma (21-23). This implies that they have re- 
tained their original magmatic EdGd ratios 
and remain unaltered by secondary processes. 
Additionally, high- and low-Ca pyroxenes 
(augites and pigeonites, respectively) are the 
first REE-bearing minerals to crystallize from 

the basaltic shergottite parent melt (10, 11). 
Therefore, their EdGd ratios are unaffected 
by prior crystallization of plagioclase (which 
scavenges Eu) and are predominantly a func- 
tion of (i) magmatic redox conditions and (ii) 
the EdGd ratio in the parent melt. Previous 
work has shown that the REE patterns of 
basaltic shergottite parent melts are parallel 
to those of their respective whole rocks (13, 
21,23,24). As a result, the EdGd ratio in the 
parent melt of a basaltic shergottite is approx- 
imated by the EdGd ratio in its whole rock, 
and thus DEu/DGd values for augites and pi- 
geonites can be readily calculated. However, 
unlike for augite, there is no experimentally 

. - - . - - - . - a m - - . - - -  

SHERGOTTY 

AIW (In log units) 

\ QUE 94201 

-a 

AlW (In log units) 

Fig. 1. (A) (D lDGd)augite and (B) (EuIGd) ,,,,,,,,, /(Eu/G~),,,,~~ versus foz (in log units relative to 
the IW bufferyfor the angrite basaltic sysfem; sofid black curves are theoretical best-fit curves to  
the experimental data of (78) [solid black circles in (A)]. Experimental data for shergottite augites 
(19, 20) are shown as solid blue squares in (A). The (D,ulDGd)au,ite value for Shergotty (solid blue 
Line) and (D,,lD, ), b,te and (EU/C~),,,~~ ,,,,el(Eu/Gd)augite values for QUE 94201 (solid red Lines) 
and Los Angeles $sol~d green Lines) are also plotted; 2a errors are shown as dashed lines. 

determined calibration curve of the relation 
between (DEUlDad) and fo2 for pigeonite. 
Therefore, of the two pyroxenes in the basal- 
tic shergottites, only the augite is used to 
constrain fo2 conditions. 

The following basaltic shergottite samples 
were studied here: Shergotty, Zagami, lithol- 
ogies A and B of EETA 79001 (25), Dar a1 
Gani (DaG) 476, QUE 94201, and Los An- 
geles. Augite, which began crystallizing be- 
fore plagioclase (10) in Shergotty, Zagami, 
EETA 79001, and DaG 476, records the ox- 
idation state at the earliest stage in the 
crystallization history of these shergottites. 
However,in QUE 94201 and Los Angeles, 
differentiation processes resulted in the re- 
moval of the earliest augites (and pigeon- 
ites) from their parent melts before em- 
placement and ,crystallization. As a result, 
the crystallization record of these two sher- 
gottites begins with cosaturation of augite 
and plagioclase (13, 26), and both these 
minerals reflect the magmatic redox state at 
this stage. Therefore, Eu and Gd concentra- 
tions were measured in augites in all of the 
basaltic shergottites and in plagioclase of 
QUE 94201 and Los Angeles, and DEulDGd 
values for these minerals were calculated 
(27) (Table 1). Magmatic redox conditions 
for each of the basaltic shergottites were 
estimated by comparing their respective 
(DEulDGJaugite values with the curve in Fig. 
1A. Additional constraints were obtained for 
the QUE 94201 and Los Angeles samples, us- 
ing the relation between (EU/Gd)p,agio,lase/ 
(Eu/Gd),,,,, and foz shown in Fig. 1B. The 
fo2 estimates obtained for QUE 94201 and 
Los Angeles using the augite data [from 

Table 1. Eu and Gd abundances in parts per billion (ppb) and chondrite- in which augite and plagioclase may have cocrystallized. D,,lDGd values for 
normalized Eu/Gd ratios in augite of basaltic shergottites. Data are also given augite and plagioclase are calculated by dividing Eu/Gd ratios in these 
for plagioclase (shocked to feldspathic glass) in Los Angeles and QUE94201, minerals by Eu/Gd ratios in the respective whole rocks [ (E~lGd)~a.  

Chondrite- Chondrite- 
normalized normalized D ~ ~ l D t d  

EuIGd* (Eu/Gd)w~t 

Estimated f,, 
(AIW) 

Shergotty 0.87 + 0.06 
Augiteg 58 + 3 315 + 16 0.65 + 0.05 0.75 + 0.07 +1.9 (+0.9/-0.7) 

Zagami 0.90 + 0.06 
Augiteg 103 + 8 670 + 59 0.54 + 0.06 0.60 + 0.08 +0.4 (+0.8/-0.7) 

Los Angeles 0.92 + 0.06 
Augiteg 140+11 946 + 79 0.52 + 0.06 0.57 + 0.07 +O.Z (+0.6/-0.7) 
Plagioclase§ 270 + 20 1 6 2 4  6 0 2  16 65 + 20 -0.1 (+0.7/-0.8)t 

EETA 79001A 
Augiteg 56 + 4 374 228 0.53 + 0.06 0.59 + 0.09 +0.3 (+0.9/-0.8) 

EETA 79001 B 
Augiteg 73 + 5 630 + 47 0.41 + 0.04 0.47 + 0.07 -0.7 (+0.6/-0.8) 

DaG 476 
Augiteg 62 + 5 607 + 46 0.36 + 0.04 0.50 + 0.07 -0.5 (+0.7/-0.6) 

QUE 94201 
Augiteg 56 + 4 552 + 28 0.36 + 0.04 0.44 + 0.08 -1.0 (+0.7/-0.9) 
Plagioclase§ 330 + 25 16 + 6 91 + 38 91 + 37 -1.5(+1.2/-1.0)$ 

*Errors are 2u from counting statistics only. ?Whole-rock data for Shergotty, Zagami, Los Angeles, DaC 476, and QUE 94201 are from (26,4647) and those for EETA 79001A 
and EETA 79001B are averages from whole-rock data sets compiled by (48); uncertainties are f 2s. $Estimated from the relation between angritic (Eu/Cd),,agloclare/(Eu/Cd)aU8,te 
and f,,. $The major element composition of analyzed augites is as follows: Shergotty (Wo,,En,,Fs,d, Zagami (Wo3,En,Fsz1), Los Angeles (Wo,,En,Fs,,), EETA 79001A 
(Wo,,En,Fs,,). EETA 790018 (WO,~E~,,F~,,), DaC 476 (Wo3,En5,Fs18), and QUE 94201 (Wo,,En,Fs,,J; that of analyzed plagioclase as follows: Los Angeles (Ans,gIb,Orl) and 
QUE 94201 (An,,Ab,,). 
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(DEU/D,d)au,,te] and using the augite and LEE-enriched component (13,28), was also mantle source on Mars having a redox state 
plagioclase data ( E u I G ~ ) ~ , , ~ ~ , , , ~ , ~[from I the most reduced of the basaltic shergottites. close (within -1 log unit) to that of the IW 
( E U I G ~ ) , ~ , ~ ~ ,  are withvalues] consistent 
each other (Table 1 and Fig. 1). This con- 
sistency provides further support for apply- 
ing the f,, calibration curves obtained by 
(18) (shown as the solid black curves in 
Fig. 1, A and B) for the angrite system to 
the shergottite system. 

The minimum and maximum (DEul 
D,,),,,,,, values in Table 1 translate to redox 
estimates relative to the iron-wiistite (IW) 
buffer of -1.0 (+0.71-0.9) and +1.9 (+0.91- 
0.7), respectively. These values are systemat- 
ically somewhat lower than those estimated 
from Fe-Ti oxides in shergottites (11-14, 16) 
which, for reasons noted earlier, may not 
record primary magmatic redox conditions. 
Nevertheless, the range of oxidation condi- 
tions recorded by the late-stage Fe-Ti oxide 
minerals (14) is, in fact, similar to that esti- 
mated here. Also, this variation in magmatic 
fo2 of -3 log units is likely to be robust 
because (DEulDGd)aug,te values estimated for 
each of the basaltic martian meteorites corre- 
late with their initial Nd and Sr isotopic 
compositions (Fig. 2). Specifically, QUE 
9420 1, which has the lowest (DEulDGd)augite 
value, also has the most positive initial E 

(143Nd) and lowest initial s7Sr186Sr ratio; 
whereas Shergotty, with the highest (DEul 
DGd)augitevalue, has the most negative initial 
E ( ' ~ ~ N ~ )and most radiogenic initial Sr isoto- 
pic ratio (and all other samples have interme- 
diate values of these parameters) (Fig. 2). 
This suggests that the Q U E  94201 parent 
melt, which represents a fractionated partial 
melt from a mantle source with a strong 
time-integrated light REE (LREE) depletion 
and was least affected by assimilation of a 

The redox state of a basaltic melt is inherited 
from its source and can subsequently be al- 
tered by processes such as assimilation, crys- 
tal fractionation, and volatile degassing. Fig- 
ure 2 indicates that the oxidation condition of 
the basaltic shergottites is dominated by mix- 
ing of the redox signatures of a reduced 
source and an oxidized assimilant. Therefore, 
thef,, condition estimated for the parent melt 
of QUE 9420 1, which was only minimally (if 
at all) affected by assimilation, probably re- 
flects the redox state of its source in the 
martian upper mantle. 

The fo2estimate for the QUE 94201 par- 
ent melt can be further constrained from the 
range given in Table 1 of -1.9 to -0.3 (rela- 
tive to the IW buffer) to a more plausible 
range of -1.0 to -0.3. This is because f,, 
conditions more than -1 log unit lower than 
the IW buffer for a relatively FeO-rich parent 
magma (as is assumed for QUE 94201) 
would result in saturation of Fe metal (29). 
Therefore, the redox state of the QUE 94201 
parent melt, and correspondingly of its source 
in the martian mantle, may be between -1W 
-1.0 and -1W -0.3 (that is, approaching that 
of the IW buffer). The higher f,, (by -3 log 
units) inferred for the Shergotty parent melt is 
then most consistent with assimilation of an 
even more oxidized component, which is also 

buffer. Subsequently, these parent melts in- 
teracted to different degrees with an oxidized 
component [with a redox state possibly high- 
er than or equal to that of the quartz-fayalite- 
magnetite (QFM) buffer], the isotopic char- 
acteristics of which are most consistent with 
it being the martian crust. QUE 94201 is least 
affected by the assimilation of this oxidized 
crustal component, Shergotty seems most af- 
fected, and the other basaltic shergottites are 
affected to intermediate degrees. 

The reason for the occurrence on Mars of 
two reservoirs distinct in their oxidation state 
(a reduced mantle source at -1W and an 
oxidized crust at 2 -QFM) is unclear. How- 
ever, an explanation may lie in the systematic 
variations seen in the redox conditions of 
terrestrial igneous rocks. On Earth, the oxi- 
dation state of a particular suite of rocks 
correlates strongly with the tectonic environ- 
ment (31-33). In particular, redox conditions 
for all but subduction-related magmas lie be- 
tween wiistite-magnetite and QFM, whereas 
magmas crystallizing in the more hydrated 
subduction terrains are more oxidized and lie 
between nickel-nickel oxide and magnetite- 
hematite. Furthermore, although the redox 
state of the Earth's "uncontaminated" mantle 
(unaltered by crustal recycling and hydrous 
alteration) is uncertain, it may be as reduced 

responsible for the negative initial E ( ' ~ ~ N ~ )  as several log units below QFM (34). 
value and radiogenic initial Sr composition of 
this basaltic shergottite. The crust of Mars is 
the most obvious candidate to fulfill the iso- 
topic and geochemical requirements for such 
a component (30). Therefore, the trends in 
Fig. 2 indicate that parent melts of all the 
basaltic shergottites originated from an upper 

By analogy, it can be inferred that the 
reduced conditions (close to -1W) estimated 
in the mantle source of the basaltic shergot- 
tites may reflect the primary redox state of 
Mars' upper mantle. Moreover, the crustlike 
component assimilated to varying degrees by 
these basalts is oxidized relative to this 
mantle source (by >3 log units), possibly 
through a process such as hydration and 
aqueous alteration. This is supported by 
recent work that shows that the parent mag- 
ma of Shergotty, the most oxidized of the 
basaltic shergottites studied here, may have 
contained as much as -1.8 weight % water 
(35). Other recent studies suggesting that 
the crust of Mars is more hydrated than 
previously estimated (36, 37) also support 
water as the main crustal oxidant. A corol- 
lary drawn from these arguments is that, in 
contrast to Earth, Mars did not have any 
substantial recycling of this oxidized crust 
and that its reduced upper mantle has, there- 
fore, remained uncontaminated by this crustal 
reservoir. 

Fig. 2. (D,,/D ),, ,,,versus (A) initial E (143Nd)(39) and (0) initial 87~r/86Sr ratios for Shergotty 
(a),Zagam, fd),tbs Angeles (+), 	 and QUE EETA 79001A (A), EETA 790018 (A), DaC 476 (a),
94201 (W). Errors are k2u.  Nd and Sr isotopic data are from (28, 40-44). Nd isotopic data for Los 
Angeles are from (44).The initial Nd and Sr isotopic composition for Shergotty, Zagami, EETA 
79001A, and EETA 79001B are calculated from their whole rock data, assuming a crystallization age 
of 180 million years ago. Initial Nd and Sr data for QUE 94201, DaC 476, and Los Angeles are actual 
measured values [except for the initial Sr isotopic value for DaC 476, which is a best estimate (44)]. 
Extrapolation of these data to 180 million years ago would only change the initial Nd and Sr 
isotopic composition marginally and would not affect the trends shown in these figures. 
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Impact Event at  the 
Permian-Triassic Boundary: 

Evidence from Extraterrestrial 
Noble Gases in Fullerenes 
Luann ~ecker,'* Robert J. Poreda,' Andrew G. Hunt,' 

Theodore E. B ~ n c h , ~  Michael   am pi no^ 

The Permian-Triassic boundary (PTB) event, which occurred about 251.4 million 
years ago, is marked by the most severe mass extinction in  the geologic record. 
Recent studies of some PTB sites indicate that the extinctions occurred very 
abruptly, consistent wi th  a catastrophic, possibly extraterrestrial, cause. 
Fullerenes (C,, t o  C,,,) from sediments at  the PTB contain trapped helium and 
argon wi th  isotope ratios similar t o  the planetary component of carbonaceous 
chondrites. These data imply that an impact event (asteroidal or cometary) 
accompanied the extinction, as was the case for the Cretaceous-Tertiary ex- 
tinction event about 65 million years ago. 

The extinction event that marks the Permian- 
Triassic boundary (PTB) [251.4 t 0.3 million 
years ago (Ma)] was the most severe in the past 
540 million years (I), killing off over 90% of all 
marine species, -70% of terrestrial vertebrate 
genera, and most land plants (2-5). Several new 
studies have shown that these extinctions were 
much more abrupt than previously thought (6 
8), with estimates of the extinction interval rang- 
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ing from <500,000 years (6) to -8000 years 
(8). Proposed catastrophic hypotheses for the 
PTB extinction event include bolide impact (as- 
teroidal or cometary) (9) and/or massive flood 
basalt volcanism (10). The radiometric ages of 
the Siberian Flood Basalt volcanism (25 1.2 t 
0.3 Ma) (6, 10) suggest that the volcanism was 
coincident with the time of the PTB extinction 
event. Other extinction mechanisms involving 
ocean anoxia as well as changes in sea level and 
climate have also been proposed (1, 11, 12). 

The suggestion by Alvarez et al. (13,14) that 
bolide impact was the ultimate reason for the 
mass extinction observed at the 65-million year 
Cretaceous-Tertiary boundary (KTB) led to the 
assumption that all such events were associated 
with an extraterrestrial (ET) cause. Despite a 
compelling ET scenario developed for the KTB 
(supported by the presence of iridium, shocked 
quartz, and microspherules), the cause of the 
PTB mass extinction remains unresolved. One of 
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