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The minerals (Mg,Fe)SiO,-ilmenite and -perovskite were identified in the shock-induced 
veins in the Tenham chondritic meteorite. Both phases are inferred to have transformed 
from pyroxene at high pressures and temperatures by shock metamorphism. Columnar- 
shaped ilmenite grains, one of two types of morphologies, have a topotaxial relationship 
with neighboring pyroxene grains, indicating shear transformation. Granular-shaped 
perovskite grains showed a diffraction pattern consistent with orthorhombic perovskite, 
but these grains were not stable under the electron beam irradiation and became 
amorphous. The higher iron concentration in both phases compared with those exper- 
imentally,reported may suggest their metastable transition from enstatite because of 
shock compression. 

Pyroxene  w ~ t h  (h?g,Fe)SiO, composition, 
one of the  major minerals of Earth's crust 
and upper mantle, IS known to trans- 
form into modified spinel(P) + s t i sho~~i t e ,  
spinel(y) + stishovite, garnet (at  high tein- 
perature) or ilrnenite (at  low temperature), 
and perovskite structures in order of 111- 
creasiilg pressure (1-5). h4ost of these high- 
pressure phases are considered to  be the  
ina i~ l  constituent minerals of the  inantle 
transition zone and lower mantle. Among 
these high-pressure polymorphs of (Mg,Fe)- 
SiO, pyroxene, however, only garnet has 
been found to  occur naturally as majorite 
garnet (6-1 C) .  W e  report the  natural occur- 
rence of (Mg,Fe)SiO,-ilinenite and -perov- 
skite in the  Tenham chondritic meteor~te .  

These phases indicate the  generation of 
high pressures and  high teinperatures by 
shock coinpression related to  a n  impact 
event.  

Wi th in  two shock veins, we identified 
ilmenite adjacent to  clinoenstatite in  frag- 
ments. T h e  ilmenite formed aggregates, 
with each grain <1.4 pin in  length. W i t h  
d-spacings, angles, and systematic es t inc-  
tions of electroil diffraction patterns from 
several grains, all poss~ble  indexings by 
high-pressure polymorphs of pyroxene 
[inajorite, ilmenite, perovskite, cliiloen- 
statite (P2,/c),  and orthoenstati te (Pbcn)] 
were examined,- and  only ilmenite with 
space group ( R  3)  could explain all these 

diffraction patterns (Fig. 1 ) .  T h e  estimat- 
ed lattice paraineters from several select- 
ed-area electron diffraction (SAED)  pat- 
terns are a = 0.478 +- 0.005 nin and c = 

1.36 i 3.01 nin, assuining a hexagonal 
structure. These parameters agree with 
those extrapolatecl from the  s y n t h e t ~ c  
(Mg,Fe)SiO,-ilinenite within the  S A E D  
accuracy (15) .  Also, t h e  cia ratio of 2.85 is 
nearly equal to  that  of synthetic i l~nen i t e  
(cia = 2.87) .  Cheinical analyses of these 
grains x e r e  carried out with a n  energy- 
dispersive analytical system attached to  
t h e  A T E M  (Table I ) ,  and we found tha t  
the  ilmenite grains have similar composl- 
tions to  the  adjacent c l~noensta t i te  grains. 

Ilmenite grains in  the  Tenhain meteor- 
ite have two morphologies. O n e  is granular- 
shaped (<3.4  p m  in length) (Fig. 2A) ,  and 
the  other is columnar (< 1.4 p m  in  length) 
(Fig. 2B). Both types of grains do not  shoiv 
any microstructure excent a low density of 
dislocations. Granular grains occur x i th in  
the  interstitial glassy phase. Assemblages of 
coluin~lar grains have a brick-xall-like tex- 
ture, and each grain is elongated along the  
saine di rect~on.  Moreover, most of the  co- 
lumnar ilmenites have topotaxial relation- 
ships with adjacent clinoenstatite (Fig. 2C) .  
T h e  reciprocal c::' axis of ilinenite is parallel 
to the  a::: axis of clinoenstatite. T h e  ilinen- 
ite intergrown with clinoenstatite was ob- 
served in the  other vein, and they also have 
the  same topotaxial relationsh~ps. Clinoen- 
statite showed (100) tmln lamellae, proba- 

T h e  Tenham meteorite is ail oliviile- 
hypersthene-rich (L6) chondrite (1 1)  coin- Table 1. Average chemlcal composit~ons of cnoenstat~te, ilmenlte, and perovsklte. Compositions of 
posed of olix~ille, orthoellstatlte, diopslde, ilmenite and perovsklte were deiermned by ATEM and that of c~noenstatlte by electron mcroprobe 
olagioclase mllich has beell ,,artlv collverted analyss. The number In parentheses for each phase IS the nu~nber of analyses of the dfferent grains 

u L ,  

into glass (inaskelyn~te) in  a solid-state 
tra~lsforinatio~l at high pressure, Fe-Ni al- Oxide Cllnoenstatlte Imente" Perovsklte- 

(welght 3/01 
Ioy, and troil~te.  T h e  meteorite has a net- (81 (61 (31 

nork  of shock-~nduced veins (where the  
veins are <1 min thick),  and these veins 
enclose rounded fraginents of host in~nerals 
in  a black matrix. W e  examined three 
shock veins with a n  analytical transmission 
electron microscope (ATEM).  ATEM spec- 
imens were taken from the  optical th in  
section, milled by A r  ions into th in  foils, 
and coated with carbon. 

Olivine erains in  the  walls of the  veins cz 

and in  fragments are partially or totally 
transformed to  blue-colored ring\voodite 
( y  phase) (12)  or  wadsleyite (P  phase) 
(13) .  T h e  black matrix, which is consid- 
ered to  have been quenched from melt 
(14) ,  is doinmated by Al -bea r~ng  inajorite 
and a lesser amount of magnesio~viistite. 

Na,O 
MgO 
Al,O, 
SiO, 
CaO 
TIO, 
Cr203 
MnO 
FeO 
Total 

D ~ v ~ s ~ o n  of Earth and 3laneta-y Saences, Graduate Tota l  

School of Scelice, Hokkado Un\!ersty, Saoporo 360. Fe/(Mg + Fe! 

55.74 
0.78 
0.15 
0 16 
0.51 
13 51 
100.33 

Cation number (0 = 

Japar "iialues were calculated by use of the exoermentaly determred K-values w t i  synt ietc corundum (Al,O,)-merte 
'To whom corresoondence should be addressed. E-mail. :MgS 0,) a rd  slcate oero\!skte piases respect\!ely (78) K-\!sues of some cator  oars for m e r t e  were taker from 
to,nok&ep~ns i-okuda~ ac.10 t i e  average K-values cf oyroxene and slcate oerovsk~te 
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bly caused by transition from the original 
orthoenstatite (8). 

Perovskite has also identified in the 
same occurrence as granular ilmenite (Fig. 
3A). The SAED pattern of orthorhombic 
perovskite along the [OlO] zone axis (Fig. 
3B) is consistent only with perovskite 
(Pbnm) in its d-spacings, angles, and sys- 
tematic extinctions of the diffraction spots 
but could not be indexed by any other 
pyroxene polymorph. Estimated lattice pa- 
rameters from the diffraction pattern are 
a = 0.474 + 0.005 nm and c = 0.70 + 0.01 
nm, which is consistent with the values 
extrapolated from synthetic (Mg,Fe)SiO,- 
perovskite determined by x-ray diffraction 
(15). The lattice parameter b could not be 
estimated, because we could observe only 
the a*<*   lane of the reci~rocal lattice. 
The other indication that this phase is per- 
ovskite is its characteristic instabilitv in the 
electron beam; the grains easily converted 
into an amorphous phase during electron- 
beam irradiation. The chemical composi- 
tion is almost the same as those of adjacent 
clinoenstatite and ilmenite grains (Table 
1). The existence of perovskite in the shock 
vein means the generated pressure was at 
least -23 GPa (16). At  such high pressures, 
orthoenstatite is not stable and is converted 
into clinoenstatite. If the generated temper- 
ature around the pyroxene grains was high 
enough, they would have further trans- 
formed into higher-pressure phases. This 
occurrence of the pyroxene-ilmenite or py- 
roxene-perovskite pair seems to reflect the 
heterogeneity of the generated temperature 
in fragments during the shock event. 

We found majorite with 4.8 mole per- 
cent (mol%) of A1,0, component [in the 
(Mg,Fe)SiO,-Al,O, join] distributed in the 
black matrix but not in contact with pyrox- 

Fig. 1. SAED pattern of (Mg,Fe)SiO,-ilmenite in a 
shock vein in tee Tenham meteorite. Distances 
of 012 and 102 in the hexagonal setting from 
000 on the film correspond to the d-spacings of 
0.349 2 0.005 nm and 0.351 2 0.005 nm, re- 
spectively. This diffraction pattern can be in- 
dexed only by the ilmenite structure with space 
group (R 3). 

ene in the fragments. The granular-shaped 
majorite grains were larger (up to 2 p.m in 
length) than ilmenite or perovskite, and 
their interstices were filled with irregular- 
shaped magnesiowustite. Magnesiowiistite 
is reported to occur also as inclusions in 
Al-bearing majorite in the Tenham chon- 
drite (14). In contrast to this majorite, the 
ilmenite and perovskite do not have any Al. 
These differences in texture and A1 content 
involved between majorite and ilmenite or 
perovskite may be caused by different reac- 
tion processes. The ilmenite and perovskite 
may have been transformed from almost 
Al-free pyroxene by a solid-state reaction 
during the shock event, whereas the ma- 
jorite may have crystallized from the shock- 
induced melt, where most of the A1 in the 
majorite may have been derived from mol- 

ten plagioclase. We did not find any Al-free 
majorite as was previously reported for the 
Tenham meteorite (8, 14). 

Ito and Yamada (15) reported that the 
solubility limit of FeSiO, in Al-free ilmen- 
ite and perovskite is nearly 10 mol% at 
1 100°C, and Fei et al. (15) concluded that 
the solubility limit of FeSiO, in perovskite 
is about 12 mol% at 26 GPa from 1150" to 
1740°C. With the higher Fe content, Ito 
and Yamada (15) showed that single- 
phase ilmenite and perovskite are replaced 
by spinel + stishovite and perovskite + 
magnesiowustite + stishovite, respective- 
ly. Compared with these solubility limits, 
the FeSiO, content of 20 to 22 mol% of 
ilmenite and perovskite phases present in 
the Tenham meteorite is significantly 
higher. Nevertheless, we observed no de- 

Fig. 2. Transmission electron micrographs of (Mg,Fe)- 
30,-ilmenite (Ilrn) showing two different morphologies: 
(A) Granular type. The large grain on the left side is cli- 
noenstatite (Cen). (B) Columnar type. This is larger than a 
granular type and also adjacent to clinoenstatite. (C) The 
SAED pattern is shown for ilmenite superimposed on that 
of adjacent clinoenstatite from the circled area in (B). The 
direction of c' of ilrnenite is almost parallel to that of a' of 
clinoenstatite. 

Fig. 3. Electron micrographs of (Mg,Fe)SiO,-perovskite (Pv) adjacent to clinoenstatite. (A) Transmission 
electron micrograph. (B) The SAED pattern is shown along the [010] zpne axis. Distances of 200 and 
002 from 000 on the film correspond to the d-spacings of 0.236 ? 0.005 nm and 0.352 ? 0.005 nm, 
respectively. 
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composed phases around the illnenite or 
perovsltite grains. T h e  peak pressure pulses 
lnav be on  the order of lo-' to 10-I s in 
larie-scale meteorite impacts (17) ,  and 
the cooling rate will be very rapid. In such 
a short event, the decolnposition of pyrox- 
ene into spinel t stishovite or perovsltite 
t inagnesiowiistite + stishovite would be 
difficult to comnlete in the solid state. 
Therefore, pyroxene probably transformed 
metastably into high-Fe ilmenite and per- 
ovskite without producing these other 
uhases. 

The shock event inust also have affect- 
ed the transformation mechanism. For 
the topotaxial relationship of (lOO)c,,, // 
(0001),,,,, where subscripts Cen  and Illn 
denote clinoenstatite and ilmenite, respec- 
tively, both  lanes corresuond to the close- 

layer: of oxygen [or their respective 
phases (approximate cubic close-packed for 
clinoenstatite and hexagonal close-packed 
for ilmenite). Therefore, in the transition 
from clinoenstatite to ilmenite, the close- 
packed layers of oxygen are preserved, char- 
acteristic of shear transformation. Probablv. , , 

the rapid transformation by the shock event 
favored the shear transformation mecha- 
nism for the clinoenstatite-ilmenite transi- 
tion. This tovotaxial relation indicates that 
this process may have proceeded by the 
displacenlent of the close-packed layers of 
oxygen on (100) plane for clinopyroxene. 
The intergrowth of ilmenite with clinopy- 
roxene also suggests this mechanism. The  
granular ilmenite, which has no topotaxial 
relationship with clinoenstatite, would 
have formed by the nucleation and groli7th 
mechanism, probably under the slower 
cooling rates. 
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Size Variation in Middle Pleistocene Humans 
J. L. Arsuaga," J. M. Carretero, C. Lorenzo, A. Gracia, 
I. Martinez, J. M. Bermudez de Castro, E. Carbonell 

It has been suggested that European Middle Pleistocene humans, Neandertals, and 
prehistoric modern humans had a greater sexual dimorphism than modern humans. 
Analysis of body size variation and cranial capacity variation in the large sample from the 
Sima de 10s Huesos site in Spain showed instead that the sexual dimorphism is com- 
parable in Middle Pleistocene and modern populations. 

Sexual dimorphism is potentially a major 
source of size variation in a population (1 ,  
2) .  Most samples in the human paleonto- 
logical record consist of specimens that 
span large chronologic and geographic 
ranges; consequently, interpopulational 
variation, directional trends, or diachronic 
fluctuations can contribute more to the 
salnple variation (even if the sample is 
large) than sexual dimorphism. 

In the Sima de 10s Huesos site in Sierra 
de Atapuerca, Spain, there is a large sample 
of human fossils that cotnes from a single 
Middle Pleistocene biological population, 
which provides an opportunity to investi- 
gate intrapopulational variation (3,  4). All 
skeletal elenlents are revresented in the 
Sima de 10s Huesos human collection in 
large numbers, and the lnlnlmum number of " 

indiv~duals has been estimated at 32 on the 
basis of the dental sample (5). The  fossils 

J. L. Arsuaga, C. Lorenzo, A. Graca, 1. Martinez Depar- 
tamento de Paleontologia, lnst~tuto de Geologia Eco- 
nomlca, Facultad de C~enc~as Geologcas Un~versdad 
Complutense de Madr~d. C~udad Un~vers~tar~a 28010 
Madr~d Spa~n. 
J, M. Carretero, Depariamento de C~encias Histor~cas y 
Geografia, Facultad de Human~dades y Educacon, Unl- 
vers~dad de Burgos 09071 Burgos Span, and Labora- 
r o y  for Human Evolur~onary Stud~es. Museum of Verte- 
brate Zoology. 31 01 Vailey L~fe Sciences Build~ng, Berke- 
ley, CA 94720-31 60, USA. 
J. M. Bermudez de Castro, Museo Nac~onal de Ciencas 
Naturales, Consejo Superior de lnvest~gac~ones Cientifl- 
cas Jose Gutierrez Abascal 2, 28006 Madr~d, Spain, 
E. Carbonell, Laborator d'Arqueologa Unlvers~rar Rovra 
i V~rgili, Plaza mper~a  Tarraco 1, i3005 Tarragona, 
Spain. 

*To whom correspondence should be addressed. 

have been directly dated by Il-series and 
electroil spin resonance to more than 
200,000 years ago, and the probable age is 
>300,000 years ago (6) .  These dates are 
coinpatible with the faunal content of the 
site (7) .  The  Silna de 10s Huesos hoininids 
are attributed to Homo heidelbergensis and 
correspond to a population ancestral to Ne- 
andertals, exhibiting a mosaic of primitive 
traits, coinbilled with some (in general, in- 
cipient) Neandertal-derived traits (3,  4). 

Although many methods have been de- 
signed to evaluate the degree of sexual di- 
morphism (Z), their calculations are based 
on individuals of known sex or skeletally 
diagnosed sex. A problem in paleoanthro- 
pology is that sexual dimorphism is deter- 
mined on  the same feature (size) used for 
sex diagnosis and presupposes sexual dimor- 
phisin in order to estimate itself. Some re- 
searchers have concentrated instead on a 
statistical approach in which the likelihood 
of obtaining by chance a fossil sample with 
a give11 variation is calculated (8). It is in 
essence a hypothesis test in which the null 
hypothesis is the variation of a living spe- 
cies analog. If none or few samples random- 
ly generated from the extant species show a 
variation greater than that of the fossil Sam- 
ple, the null hypothesis (that is, the hy- 
pothesis that the variation of the fossil spe- 
cies is the same or less than that of the 
extant species) is rejected. Following this 
statistical approach we used the bootstrap 
method (9) to compare the intrapopulation 
variation between the Sima de 10s Huesos 
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