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fronl a cooling solar nebula1 gas has been M ide- 

Origin of Graphitic Carbon and these ly accepted oli\ines as (12, the 13) most Howe\el. plausible this ollglll oilgin fol 

Pentlandite in Matrix Olivines 
in the Allende Meteorite 

requires condensation under more o~idizing 
coilditions than that of a gas of solar conlposi- - 
tion, in regions of the nebula where the dust-to- 
gas ratio is enhanced (12). Under such condi- 
tions, calculated condensation teillperatures of 

Adrian J. Brearley FeO-rich olivine are 1200 K at a gas pressure of 
10-Qars or 1400 K at loM3 bars (12). 

Matrix olivines in the Allende carbonaceous chondrite are believed to have The presence of PGC and pentlaildite in- 
formed by condensation processes in the primitive solar nebula. However, clusions within Allende inatrix olivines is not 
transmission electron microscope observations of numerous matrix olivines consistent with this model. During condensa- 
show that they contain abundant, previously unrecognized, nanometer-sized tion from a cooling nebular gas, troilite (FeS), 
inclusions of pentlandite and poorly graphitized carbon. Neither of these phases rather than peiltlandite, is the stable sulfide 
would have been stable at the high-temperature conditions required to con- phase that forrns at temperatures <710 K, by 
dense iron-rich olivine in the solar nebula. The presence of these inclusions is reaction of Fe illeta1 with H,S (14), altl~ough 
consistent with formation of the olivines by parent body processes that in- pentlandite, instead of troilite, can foiln dur- 
volved overgrowth of fine-grained organic materials and sulfides in the pre- ing this reaction if the inetal is Ni-bearing 
cursor matrix materials. 

Carbonaceous chondrites are a primitive groul3 
of meteorites that fornled 4.56 billioil years ago 
within the solar nebula, a dynamic. disk-shaped 
region of dust and gas M it11 the protosun at its 
center (I).  Carbo~laceous chondrites contain a 
number of diverse components, including 
chondrules. calcium-aluminum-rich inclusions 
(CAI), matrix, and organic compounds. Each of 
these components provides infoilnation about 
the composition. pressure, temperature, and 
lifetime of the solar nebula. The origin of the 
carbonaceous material in these meteorites; in 
particular. has received considerable atte~ltion 

(<3 ym), subrounded olivine grains occur 
interstitially to the larger olivine grains (7) .  

Several minor phases occur; illcluding neph- 
eline, Ca-rich clinopyroxene, pentlandite 
[(Fe,Ni),S,], and awari~ite (Ni,Fe) (6). In this 
study. nunlerous (-100) matrix olivine 
grains from several different regions of a thin 
section of Allende were examined in detail by 
TEM (19). Many more grains (-200 to 300) 
with the same microstluctural features de- 
scribed below were observed but were not 
studied in detail. The olivines all contain 
abundant submicrometer i~lclusio~ls and nu- 

(15). Pelltlandite is only stable at tempera- 
tures <883 K (16) and hence would not be a 
stable phase in the ilebula at the conditions 
required to condense FeO-rich olivine. 

This conclusion is suppoi-ted by consider- 
ation of the origin of the PGC inclusions. PGC 
is follned by the theinlal processing of gaphi- 
tizeable carbons (1 7) that are typically com- 
plex, ~nacro~nolecular organic conlpounds such 
as kerogens (18). Graphitization is a thei~nally 
activated, irreversible thei~~~odynamic process 
that is sluggish and involves the progressive 
loss of H, N, and 0 konl the organic material. 
This process results in the progressive folma- 
tion of ordered domains pit11 the two-dimen- 

because many of the compou~~ds present are the merous features that appear to be voids (Fig. sional struch~re of nongraphitic carbons (1 7; 
building blocks of life. An understanding of the 1A); microstiuch~res that have been noted 19). Ciystalli~le graphite is fo~lned when this 
spatial distribution of organic matter in chon- previously (9) but not described in detail. process has gone to coi~lpletion (1 7). 111 teiues- 
dritic meteorites can help to explain the oligiil High-resolution TEM (HRTEM) studies, x- trial metan~oiyhic rocks, gaphitiratio11 occurs 
of this material. its distribution in interstellar or ray microanalysis. and electron diffraction between -200" and -500°C (20); and the PGC 
nebular dust, and hop it pas  processed in me- show that the dominant inclusion phase is passes tl~rougl~ a range of degrees of ordering. 
teorite parent bodies. Here I present in situ pentlandite (Fig. 1B); pith grain sizes <50 Within a nebular enviroimlent; the macromo- 
obseivations of carbonaceous material in ~llahix nm. The pentlandite grains are distributed lecular material, ~ h i c h  is the precursor to PGC, 
olivines in the Allende CV3 carbonaceous randoinly within the olivine grains, and their forms at lop teillperatures because above -600 
chondrite that are consistent with a complex abundance varies fiom one olivine grain to K at lop' atnl; CO is the stable carbon com- 
parent body history for this meteorite. another. The pentlandites are not crystallo- pouild at solar C/O ratios (-0.6) (21). At tem- 

The bulk of the organic carbon in carbona- graphically oriented wit11 respect to the host perahlres below -400 K; organic molec~~les 
ceous chondrites is a inacromolecular material olivine. Most pentlandite grains are rounded can foim by several different mechanisms (21). 
containing H; N, 0 .  and S (2). However; the to subrounded in shape, but sonle grains have Thus, if the FeO-rich olivilles Mere prod~lced by 
Allende meteorite contains an extremely low well-developed facets (Fig. 1B). HRTEM of condensatioil uilder oxidizing conditions, tem- 
abundance of this material: Of the 0.25 weight pentlandite grains s h o ~  s that they are always peratures would have been too high to stabilize 
% carbon in Allende (3),  most appears to be associated with fine-grained crystals of PGC coinplex organic inolecules. Hence, they would 
elemental carbon (2). Transmission elech.011 (10) (Fig. 1B). The PGC typically occurs as not have been available to be incorporated into 
microscope (TEM) studies (4) of Allende acid small. isolated crystallites, a few nanometers the condensate olivine. 
residues have s h o ~ n  that the dominant carbon in length. along the interface betpeen the An alteinative scenario is that the olivines 
foi~n present consists of fine-grained (C0.1 pentlandite and enclosing olivine. It can also were produced by evaporation of preexisting 
km), poorly graphitized carbon (PGC) that oc- occur as continuous rims around individual carbon-bearing dust, which then recon- 
curs as tangled crystallites of a few unit cells in grains. HRTEM studies of the voidlike fea- densed. In this case, the inclusioils of carbo- 
thickness. tures show that they are partially to complete- naceous material would represent material 

The matrix of Allende consists mainly of ly filled by PGC clystallites a few unit cells that suivived the evaporation event and was 
platy FeO-rich (Fa,,.,,) olivine (5-7) with a in thich~ess (Fig. 1C) and pentlandite is ab- captured within the olivine grains. However, 
range of grain sizes-(<3 to 20 ym). Smaller sent. Some voids are lined by rims of PGC it seems iinplausible that carbonaceous mate- 

that is associated pith a ~ n o i ~ h o u s  carbon rial would survive in the hirrh-tenmerature - 
Department of Earth and Planetary Sciences, Univer- (Fig. ID). oxidizing ellvironnlellt required to form FeO- 
sity of N~~ plexico, ~ l b ~ ~ ~ ~ ~ ~ ~ ~ ,  NM 87131, USA, The origin of matrix olivines in Allende is rich olivine, because stepwise coinbustion 
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carbon decomposes below 973 K (22). Pent- 
landite would certainly not have survived 
either. Furthermore, during condensation, 
more common refractory minerals, such as 
forsteritic olivines and pyroxenes, should be 
captured by the olivine grains, but none have 
been found as inclusions. Such phases would 
certainly have been present in nebular dust (6, 
23). There does not appear to be a viable 
mechanism for concentrating carbon in oli- 
vine grains during condensation while ex- 
cluding more common nebular phases. 

Alternatively, it has been proposed that F a -  
rich matrix olivines in Allende (24-26) formed 
by a complex sequence of parent body processes 
involving an episode of aqueous alteration fol- 
lowed by metamorphism. This aqueous alter- 
ation event is recorded in chondrules by the 
presence of hydrous phases that have replaced 
enstatite (27). On the basis of the upper thermal 
stabilities of the hydrous phases present, the 

metamorphic event took place at temperatures 
<400°C (27). In this scenario, the Fa-r ich 
olivines formed by dehydration of phases such 
as Fe serpentines, with cornpositions similar to 
those found in CM carbonaceous chondrites 
(28). This model provides a plausible explana- 
tion for the characteristics of matrix olivines in 
Allende. Insoluble macromolecular carbon con- 
stitutes -70% of the organic carbon in CM 
carbonaceous chondrites (2) and was probably 
the precursor of the PGC in Allende. In chon- 
drites with hydrated matrices, this material is 
probably intimately mixed with phyllosilicate 
phases. If matrix olivines in Allende formed by 
dehydration of hydrous phases, then they would 
have overgrown grains of carbonaceous materi- 
al as they developed, forming inclusions, be- 
cause this macromolecular component cannot 
be incorporated into the growing olivine. Graph- 
itization of the macromolecular carbon probably 
occurred during the metamorphic event. 

y, 
20 nr.. 

Fig. 1. Transmission electron micrographs of Allende matrix olivines. (A) Electron micrograph of a 
typical platy matrix olivine. The olivine contains numerous voids (V) and inclusions of pentlandite 
(Pent) and graphitic material (PCC). (0) HRTEM image of a faceted pentlandite inclusion within a 
matrix olivine. The pentlandite is partly rimmed by a thin layer of PCC, with a relatively high degree 
of order indicated by the way ,  continuous (002) lattice fringes. (C) HRTEM image of an inclusion 
of PCC and pentlandite within a matrix olivine (OL). The PCC has a high degree of disorder 
indicated by the short, subparallel, w a y  (002) lattice fringes with basal spacings ranging from 0.35 
to 0.39 nm. The central part of the inclusions consists of three nanometer-sized pentlandite grains. 
(D) HRTEM image of a carbonaceous inclusion in a matrix olivine (OL). The central part of the 
inclusions is a hole (V) that is surrounded by a region of amorphous carbon and finally a layer of 
PCC immediately adjacent to the olivine host. The PCC lines the whole inclusion. 

Pentlandite inclusions in the olivine can 
be explained by the dehydration of Ni- and 
S-bearing Fe-enriched serpentines (28). Nei- 
ther Ni or S is readily accommodated into the 
olivine structure and will be released to form 
pentlandite when the serpentine dehydrates. 
The presence of voids within the olivine is 
also consistent with such an origin. In Ya- 
mato 82162, a thermally metamorphosed car- 
bonaceous chondrite, olivine grains formed 
by dehydration of hydrous phases contain 
numerous voids analogous to those in Al- 
lende matrix olivines (29). Observations on 
Yamato 793321 (30) also show that the 
breakdown of serpentine grains to produce 
olivines results in grains with platy, elongate 
morphologies that are similar to those of 
Allende matrix olivines. 

One objection to this model is that the 
oxygen isotopic composition of Allende ma- 
trix lies exactly on the carbonaceous chon- 
drite anhydrous mineral (CCAM) mixing line 
(slope = 0.94) in a three-isotope oxygen plot 
(11, 31). The CCAM was believed to repre- 
sent the primitive oxygen isotopic composi- 
tion of components in Allende; any parent 
body alteration of Allende matrix would have 
displaced its isotopic composition from this 
line (31). However, recent high spatial reso- 
lution oxygen isotopic data for CAIs in Al- 
lende (32) indicate that the primitive oxygen 
isotopic composition of components in Al- 
lende actually lies along a line with slope of 
exactly 1. Therefore, the CCAM line proba- 
bly represents an artifact produced by mixing 
of a primitive oxygen reservoir with a frac- 
tionated component near the terrestrial frac- 
tionation line. Matrix does not, therefore, 
have a primitive oxygen isotopic composi- - - 
tion, and its displacement from the slope = 1 
line is consistent with parent body alteration. 
Furthermore, the composition of matrix lies 
along a mass-dependent fractionation line of 
slope = one-half, defined by altered regions 
of CAIs and chondrules (32,33), that is most 
readily explained by interaction with an aque- 
ous fluid in a parent body environment. 
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Equatorius: A New Hominoid 
Genus from the Middle Miocene 

of Kenya 
Steve Ward,' Barbara Brown,' Andrew Hill,3 Jay ~ e l l e y , ~  

Will DownsS 

A partial hominoid skeleton just older than 1 5  mil l ion years f rom sediments in 
the  Tugen Hills of north central Kenya mandates a revision of t he  hominoid 
genus Kenyapithecus, a possible early member of the  great ape-human clade. 
The Tugen Hills specimen represents a new genus, which also incorporates all 
material previously referable t o  Kenyapithecus africanus. The new taxon is 
derived w i t h  respect t o  earlier Miocene hominoids but is primitive w i t h  respect 
t o  the  younger species Kenyapithecus wickeri and therefore is a late member 
of the  stem hominoid radiation in t he  East African Miocene. 

An important issue in hominoid systematics 
concerns the origin of the great ape and human 
clade. Estimated divergence times among the 
lineages of extant great apes and humans based 
on comparative genetics suggest that the last 
common ancestor of this clade may have lived 
during the Middle Miocene (about 16 to 11 
million years ago) (1). The African Middle 
Miocene hominoid Kenyapithec~rs has been 
considered to be either an early member of the 
clade or its sister taxon (2-4). Most recent 
analyses, however, consider Kenyayitheczrs to 
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be too primitive to be closely related to extant 
great apes and humans (1, 5-7). 

Two species of Kenyapithecus are cur- 
rently recognized: K. wickeri, from the type 
locality at Fort Ternan in western Kenya, and 
K afiicanus, from several localities in west- 
ern Kenya, the Tugen Hills, and Nachola in 
the Samburu region (Fig. 1). All sites produc- 
ing fossils referable to the genus range in age 
between 15.5 and -14 million years ago. The 
fossils from Fort Ternan, at -14 million 
years, are younger in age than all known K. 
afiicai7us specimens. The genus Kei~yapithe- 
clrs has been controversial since its initial 
diagnosis 18). in oart because of the small ,,, A 
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Here we describe a partial hominoid skel- 
eton from locality BPRP 122 at Kipsaramon, 
a Middle Miocene site complex in the Mu- 
nlyur Formation that is exposed along the 
northern crest of the Tugen Hills, west of 
Lake Baringo in central Kenya. The skeleton, 
KNM-TH 28860. ~rovides  new evidence re- , A 

garding the taxonomic diversity and phyloge- 
netic relationships of Middle Miocene homi- 
noids in Africa. 

KNM-TH 28860 is the first Middle Mio- 
cene hominoid with associated teeth and 
postcranial remains (Figs. 2 and 3; Table 1). 
The speciinen includes most of a mandible 
preserving all teeth except the right central 
incisor, right canine, and right second molar. 
Also included are the left maxillary central 
incisor and both lateral incisors. Postcranial 
elements include oortions of the sca~u la  and 
sternum, a clavicle, numerous rib fragments, 
most of the right humerus and the head of the 
left humerus, a complete right radius, half of 
the right ulna and parts of the left ulna and 
radius, five carpal bones, and portions of 
several fingers. Also preserved are one com- 
plete lower thoracic vertebra and other frag- 
mentary thoracic vertebrae. Regressions of 
dental and long bone dimensions on body 
mass in a variety of extant primates (15) 
suggest a body mass of approximately 27 kg. 

The maxillary central incisor crown is 
relatively broad mesiodistally in proportion 
to its height (Fig. 2). There is a low but 
distinct basal lingual tubercle and a distinct, 
continuous lingual cingulum on the mesial, 
distal, and basal margins. The 12 crown is 
highly asymmetrical, with a lingual cingulum 
that "spirals" apically from the mesial to the 
distal margins of the crown (Fig. 2). The 
mandibular canine is low-crowned relative to 
basal crown dimensions, and its size and 
morphology indicate that KNM-TH 28860 
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