
11, 541 (1984). CPY; spectral vallles at higher frequencies (UP to  the lized mineral assemblage that has undergone 
7. R. F.  Chao, J .  Ceophys. Rex. 93, 7709 (1988). Nyquist frequency of 6 cpy) may not be realistic 
8. The data are based on measurements published by because spectral energy decreases rapidly with in- in s ' ' ~  cataclasis' (An93) 

RIH (Bureau International de I'Heure, Paris) to- creasing frequency, especially after the data have occurs in coarse-grained, twinned frag- 
gether with those obtained by LAGEOS satellite been low-pass filtered. ments, <0.9 mm long, that are bordered, in 
laser ranging; sec E. C. Pavlis, M.  H. Terrence, R. 13. For example, P. Bloomfield, Fo~rrirr Analysis of T i n ~ e  
Kolenkiewicz, Eos 68, 1245 (1987). Seria: A n  lrrrrod~tction (Wiley, New York, 1976). instances, crushed 

9. J .  K. Angell, Man.  Weather Rev .  114, 2272 (1986). 14. I thank J .  K. Angell, V. Kousky, and E. Pavlis for the same composition. Cordierite occurs in 
10. Angular momentum is converted to equivalent providing the data used in this study. I particularly equant grains, one of which displays the 

LOU with the conversion factor of 0.0168 ms per thank K. S. Chiu for his assistance in data prepara- 
kg m2 S- '  (Fig. 4) .  tion and computation. A more complete description hexagonal sector twinning characteristic of 

11. Indications of a link between the stratospheric QBO of the analysis is in R. F. Chao, NASA-Goddard the mineral (Fig. lC) ,  and in anhedral 
and a tropospheric QBO in the Southern Hemi- Space Flight Center Lab. Terrest Phys. Pro/ Pub1 
sphere was reported by K. E. Trenberth [Mon .  (1988). grains between other mineral pairs (Fig. 
Weather Rev.  108, 1370 (1980)l. ID). The spinel and olivine also occur in 

12. Figure 3 shows only the frequency range from 0 to 3 3 October 1988; accepted 23 December 1988 two habits: as large euhedral to subhedral 

Cordierite-Spinel Troctolite, a New Magnesium-Rich 
Lithology from the Lunar Highlands 

A clast of spinel troctolite containing 8 percent cordierite (MgZ.A14Si5018) has been 
identified among the constituents of Apollo 15 regolith breccia 15295. The cordierite 
and associated anorthite, forsteritic olivine, and pleonaste spinel represent a new, Mg- 
rich lunar highlands lithology that formed by metamorphism of an igneous spinel 
cumulate. The cordierite-forsterite pair in the assemblage is stable at  a maximum 
pressure of 2.5 kilobars, equivalent to  a depth of 50 kilometers, or  10 kilometers above 
the lunar crust-mantle boundary. The occurrence of the clast indicates that spinel 
cumulates are a more important constituent of the lower lunar crust than has been 
recognized. The rarity of cordierite-spinel troctolite among lunar rock samples 
suggests that it is excavated only by large impact events, such as the one that formed 
the adjacent Imbrium Basin. 

R ARE SPINEL-BEARING TROCTO- 

lites and cataclasites among lunar 
highland samples have provided ev- 

idence that spinel cumulate layers occur near 
or below the lunar crust-mantle boundary. 
A small white clast of spinel troctolite con- 
taining crystals of red spinel and grains of 
cordierite up to 0.3 mm long (Fig. 1, A and 
R)  was found during an investigation of 
Apollo 15 regolith breccias. Electron micro- 
probe analyses (Table 1) show that this 
mineral is essentially pure magnesium-cordi- 
erite, with <1 weight percent of FeO and 
no evidence of HzO, which generally equals 
0.5 to 3.0 weight percent in terrestrial cordi- 
erites. The troctolite is composed of 75% 
plagioclase (anorthite), 11% olivine (for- 
sterite), 8% cordierite, 6% sp~nel (pleo- 
naste) and <0.5% accessory minerals (Table 
2). The accessories include small, sparse 
grains of magnesiurn-ilrnenite, rutile, troi- 
lite, metal, and two minute particles of a 
calcium-phosphorous-bearing phase (apa- 
tite?) that are too small for quantitative 
analyses. The Ni and Co concentrations 

U. B. Marvin, Harvard-Smithsonian Center for Astro- 
physics, Cambridge, MA 02138. 
J. W. Carey, Department of Earth and Planetaty Sci- 
ences, Harvard University, Cambridge, MA 02138. 
M. M. I,indstrom, National Aeronautics and Space 
Administration, Johnson Space Center. Houston, TX 
77058. 

( ~ N i ~ ~ c o ~ . ~ )  in the metal grains (Table 2) 
are markedly higher than those that have 
been measured in metals of either meteoritic 
or lunar provenance from most lunar rocks 
and soils, but they are comparable with 
concentrations re~orted in metals of certain 
spinel-bearing lunar rocks of deep-seated 
origin, including spinel troctolite 67435 (1) 
and dunite 72415 (2). The calculated bulk 
composition shows that the cordierite-s~inel 
troctolite is corundum- and nepheline-nor- 
mative (Table 3).  

The small clast of cordierite-spinel trocto- 
lite in sample 15295,101 has a well-crystal- 

" 
crystals, and as small grains aligned along 
grain boundaries in the clast and between 
;he clast and breccia matrix. Pleonaste is 
present as euhedral grains up to 0.25 mm in 
diameter and also in rows of tiny <O.Ol-mm 
crystals (Fig. 1D). Some of the larger pleo- 
naste crystals are lustrous and smooth 
whereas others have pitted surfaces, sugges- 
tive of alteration. However, all of the pleo- 
naste grains, large and small, are unzoned 
and similar in composition. Forsterite (Fogo 
to Fog2) occurs in subhedral grains (<0.15 
rnm) with an optically patchy mosaic texture 
and in thin stringers along grain boundaries 
(Fig. ID).  The composition is essentially 
uniform within grains and from grain to 
grain. 

The significance of the textural relations is 
uncertain. We believe, for reasons discussed 
below, that this cordierite-spinel troctolite is 
a metamorphic assemblage. Two genera- 
tions of olivine, spinel, and cordierite (ol-sp- 
crd) grains may be present, consisting of 
large crystals that formed early, and small, 
interstitial ones that formed later. Alterna- 
tively, the growth patterns may reflect an 
increasing geometric confinement of the 
modally subordinate ol-sp-crd assemblage to 
edges and interstices of the plagioclase 
grains during a single, extended period of 
crystallization. 

Spinel-bearing troctolites and cataclasites 
are among the rarer rock types in lunar 
highland samples. The spinel troctolites 

Table 1. Bulk rock and mineral compositions of the cordierite-spinel troctolite clast in weight percent. 

Com- Bulk* Cordierite Spinel Olivine Plagioclase 
ponent rock (20) t (18)t (24) t (20)i- 

Si02 38.58 50.85 0.02 40.30 45.08 
A 2 0 3  29.85 34.26 56.61 0.05 34.34 
FeO 3.15 0.84 9.97 8.72 0.02 
Mi@ 13.79 
CaO 12.25 
Na20 0.41 
K2O 0.09 
T i02  0.06 
Cr203 1.62 
iMnO 0.03 
pzO5 0.17 
Total 100.00 

*Bulk composition calculated from mode (Table 2) and assigning all Fe to FeO. tNumbers in parentheses give 
number of points analyzed and averaged from six o r  rnorc grains of each mineral. 
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have igneous textures and generally have spinel cataclasite consist of anorthite, oliv- rich in iron (Table 4), which indicates that it 
been considered as cumulate rocks (1). The 
spinel cataclasites are gently to severely 
crushed and partly mixed with foreign mate- 
rials so that their original textures have been 
obscured. These include certain white clasts 
in Apollo 15 breccia 15445, which were 
originally classified as peridotites (3), and 
five clasts in Apollo 17 soil samples. When 
first discovered, these five clasts were de- 
scribed as high-pressure (3 to 7 kbar) assem- 
blages possibly derived from the lunar man- 
tle (4). Five of the six known samples of 

ine, spinel, and aluminous orthopyroxene 
(enstatite). The sixth, in Apollo 17 sample 
72435, contains the same assemblage plus a 
single 0.03-mm inclusion of cordierite (5). 
That minute inclusion in spinel was the only 
cordierite reported from lunar rocks. 

The coexisting magnesium-rich spinel and 
aluminous-orthopyroxene of the spinel cata- 
clasites are stable at pressures of >2 kbar, 
equivalent to depths exceeding 40 km in the 
moon (6). However, the cordierite-bearing 
spinel cataclasite from 72435 is relatively 

Fig. 1. Some textural relations in the cordierite-spinel troctolite. (A) Fragment A, the centermost of 13 
fragments into which the clast broke during processing. (Photomicrograph taken in partially cross- 
polarized light, cut out and mounted on black background to eliminate images of bubbled and 
discolored epoxy from exposure to electrons during electron microprobe analyses.) (B) Sketch map of 
components in fragment A. Two euhedral crystals of pleonaste spinel (Sp) lie in twinned plagioclase 
feldspar (Plag). Wavy lines are cordierite (Crd). (C) A grain of cordierite with hexagonal sector 
twinning in fragment E. The crushed material around the grain is also cordierite; white material at left 
and bottom is anorthite. Dots mark sites of electron microprobe analyses (photomicrograph in cross- 
polarized light). (D) Details of the Fo-Sp-Crd-PI grain boundaries in fragment M, showing large grains 
of forsterite (Fo) and plagioclase separated by grains of cordierite, a series of minute spinel crystals, and 
a thin band of forsterite (photomicrograph in plane polarized light). 

was most likely derived from relatively shal- 
low levels and is associated with the ferroan 
anorthosites rather than the magnesium-rich 
suite of highland norites, troctolites, and 
dunites (Fig. 2). Herzberg and Baker con- 
cluded that the spinel cataclasite in breccia 
72435,8 formed at pressures of <l kbar in 
the outer 16 km of the lunar crust (7). In 
contrast, the cordierite-spinel troctolite of 
15295,101 is highly enriched in MgO, more 
so than any other sample of the magnesium- 
rich suite (Fig. 2). This composition allies it 
with the high-pressure spinel cataclasites. 
The cordierite-forsterite pair equilibrates at 
a maximum pressure of 2 5 kbai, equivalent 
to a depth of 50 km (6), permitting a 0.5 
kbar (10 km) overlap with the spinel catacla- 
sites. Thus, the cordierite-spinel troctolite 
must have originated in the uppermost re- 
gion where spinel-bearing cumulates occur, 
or from still shallower levels. 

The association 01-sp-crd is uncommon 
even in terrestrial rocks. I t  is not known in 
igneous mafic or ultramafic rocks but occurs 

1 .o 

15295,101 crd * 1 
avg F'--. 

O l /  * 
0.9 .- 

0.8 -- Mg Suite 

/ ' 72435,8 
,# : * 

0.7 -- / ~ e  .' 
i Norites.' 

. . . .  . . ...- 
Suite 

Fig. 2. Positions of the two cordierite-bearing 
lunar rocks with respect to the ferroan anorthosite 
suite (Fe An suite) and the magnesium-rich suite 
(Mg suite) of norites and troctolites of the high- 
lands crust. Points 15295,101 01, crd, and avg 
mark the Mg' values [Mg/(Mg + Fe), atomic] of 
the forsteritic olivine (0.91), cordierite (0.97), 
and a weighted average of the two (0.93), plotted 
against Ang3 in the plagioclase of the cordierite- 
spinel troctolite. Solid lines outline the composi- 
tional range of the Mg and Fe An suites (13); 
dashed lines show the extension of the Mg suite 
field to include the cordierite-spinel troctolite; 
dotted limes outline the area occupied by iron 
norites (Fe norites) (14). Point 72435,8 repre- 
sents the Mg' value in the olivine (Fo,~) versus 
Ann in the plagioclase of the cordierite-bearing 
spinel cataclasite. 
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in a contact metamor~hic aureole in olivine- 
chromite ores in the Tara-Misaka ultramafic 
complex of Japan (8). Only a single occur- 
rence of a cordierite-bearing assemblage has 
been reported in meteorites. It is a 1-mm 
inclusion consisting of anorthite, spinel, cor- 
dierite, aluminous enstatite, sodalite, and a 
trace of olivine in the Allende carbonaceous 
chondrite [ (9 )  Table 41. The sodic composi- 
tion of the Allende assemblage (Table 4) 
indicates that the meteoritic and lunar cordi- 
erites formed in significantly different geo- 
chemical environments. 

The mineral assemblage of the cordierite- 
spinel troctolite apparently was in equilibri- 
um. We base this conclusion on the well- 
crvstallized texture of the rock and homoae- ., 
neity of the mineral compositions. The ele- 
ment partitioning among the cordierite, 
olivine, and spinel is similar to that in the 
Tara-Misaka aureole (8), and to that among 
olivine and spinel in lunar spinel cataclasite 
15445 (3). If the troctolite of 15295,101 is 
an equilibrium assemblage, it must represent 
either a recrystallized differentiated magma 
or a recrystallized igneous cumulate. These 
two possibilities may be distinguished by 
examination of liquidus relations in the 
CaO-Mg0-A1203-Si02 (CMAS) system 
(Fig. 3). The inset in Fig. 3 depicts the 
CMAS tetrahedron, which contains the tho- 
leiite phase volume defined by silica (tridy- 
mite) 1 forsterite- dio~side- anorthite (Si - Fo - 
~ i - A ) .  Because of ks corundum-ndrmative 
composition, the cordierite-spinel troctolite 

Table 2. Mode and average mineral composi- 
tions; An, anorthite; Ab, albite; Or, orthoclase; 
Fo, forsterite; tr, trace. 

Phase 

75% Plagioclase 
11% Olivine 
8% Cordierite 
6% Spinel 

tr Mg-ilmenite 
Rutile 
Troilite 
Metal 

Composition 

b2-9db~-70r0.5-1.3 
Fo90-92 

Mg2A4Si5018 
(Mgo.78Feo.22) 

(&,87cr0.13)?04 
(Mg0,36beiJ.~)T103 
T i02  (Nb, Zr not detected) 
FeS 
(F~~~~SN~S~-SSCOI.~-I.~S), 
(Fe4547Ni49-52Co2.5-3.7) 

Table 3. CIPW norm in weight percent, calculat- 
ed from bulk composition (Table 1). 

Olivine 
Nepheline 
Anorthite 
Albite 
Orthoclase 
Corundum 
Ilmenite 
Chromite 
Apatite 
Total 

lies outside the tholeiite volume, below the 
An-Fo-Si join and away from the Di apex. 
The critical question is whether normal lu- 
nar magmas that originated in the tholeiite 
volume could have evolved through the An- 
Fo-Si join to corundum-normative compo- 
sitions. 

Experimental work on the CMAS system 
indicates that the An-Fo-Si join is a thermal 
divide that separates basalts from corun- 
dum-normative liquids (1 0). In projection 
[(I 1) Fig. 31 the join is defined by the Si-Fo 
tieline with corundum-normative com~osi-  
tions lying to the left, and the tholeiite 
volume appears as the triangle Si-Fo-Di. A 
liquid that could produce the cordierite- 
spinel troctolite of 15295,101 is represented 
by the conmdum-normative peritectic point 
"a" (where cordierite, spinel, forsterite, an- 
orthite, and liquid are in equilibrium). The 
only possible access to this peritectic point 
for tholeiitic liquids is along the Sp-Fo-(An) 
reaction line. However. even with fractional 
crystallization, tholeiitic liquids are forced to 
leave the reaction line before they can ever 

pass out of the tholeiitic volume (12). Thus, 
the thermal divide effectively prevents the 
derivation of mineral assemblages such as 
that of the cordierite-spinel troctolite by the 
evolution of normal tholeiitic magmas. The 
rock texture and mineral chemistry bear out 
this conclusion. The cordierite-spinel trocto- 
lite is made up of unzoned minerals, and 
shows no evidence of late-stage mesostases 
or other distinctively igneous textures. 

The most probable explanation for the 
assemblage in 15295,101 is that it arose 
from a multistage process, beginning with 
the formation of a corundum-normative, 
spinel-rich cumulate by crystal settling in a 
mafic or ultramafic magma. If the cumulate 
formed at pressures <2.5 kbar, subsolidus 
recrystallization could have produced cordi- 
erite in situ. If the pressure were >2.5 kbar, 
the cumulate would have to have been trans- 
ported to higher levels in the crust before 
being metamorphosed and recrystallized to 
a cordierite-bearing assemblage. As a varia- 
tion of this theme, cordierite could have 
crystallized from a partial melt of a corun- 

Fig. 3. Llquldus relat~ons in s 
the Ca0-Mg0-A1203-S102 
(CMAS) system at 1 bar as 
projected from anorth~te 
onto the plane A-S-CM 
The Inset shows the CMAS 
tetrahedron wlth the projec- 
uon plane shaded, as well as 
the tholel~te phase volume 
defined by slllca-forster~te- 
anohte-dopslde (4-Fo-An- 
Dl) The projected hqul- 
dus d~agram shows the ther- 
mal d~vlde Fo-An-S1 as the 
l~ne  Fo-S1, and the tholel~te 
phase volume as the trlangle 
SI-Fo-Dl Polnt "a" repre- 
sents a corundum-normatwe 
perltectlc that would pro- 
duce a cordlerlte-bearlng 
sp~nel troctohte from a tho- 
l e ~ ~ t ~ c  Iiqu~d. Pol~lt 15295 1s 
the projected composltlon A 
of the cordler~te-splnel troc- 
tollte, [from (1 ?)I  Cord 
and Enst are the primary 
hquldus fields of cord~er~te 
and eilstatlte (En) A 

Table 4. Extraterrestrial cordierite-bearing rocks in modal percent except for AUende meteorite (mode 
not published); SP, spinel; Fo, forsterite; An, anorthite; Crd, cordierite; tr, trace. 

Apollo 15 
15295, 101 

Crd-Sp troctolite 

Apollo 17 
72435 (5) 

Sp cataclasite 

75% A@3 74% An969, 
11% Fog, 20% Fo73 
8% Cordierite tr Crd (4% FeO) 
6% Sp pleonaste 5% Sp pleonaste 

1% Al-enstatite 

Meteorite AUende (9) 
Crd nodule 

0.5 nun 

Ang0 inclusio~l 
Fog, trace in rim 
Crd (4% Na20) 
Spinel inclusion 
Al-enstatite inclusion 
Sodalite [Na4(AlSi04)3CI] in rim 
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Molecular Modeling of the HW-1 Protease and 
Its Substrate Binding Site 

with 2 A x-ray data. Two P R  subunits 
interact to  form a symmetric dimer ~ 7 i t h  an 
active site that is similar to  the highly con- 
senred active sites of monomeric cellular 

IRENE T. WEBER, MARIA MILLER, MARIUSZ JASK~LSKI," proteases such as pepsin ( 9 ) ,  rhiwpuspepsin 
JONATHAN LEIS, ANNA MARIE SKALKA, ALEXANDER WLODAWER (lo), and endothiapepsin (1 1).  The root- 
- - .. -- -.. . - - - - - - - . . . - - - . -. - - - . -. -- - -- . . - - -- -- mean-square (rms) deviation in the posi- 
The human immaxnodeficiency virus (HIV-1) encodes a protease that is essential for tions of 36 superimposed CLY atoms near the 
viral replication and is a member of the aspartic protease family. The recently active site is about 2 A between rhizopus- 
determined three-dimensional structure of the related protease from Rous sarcoma pepsin (10) and the RSV P R  dimer (5) .  
virus has been used to model the smaller HIV-1 dimer. The active site has been There are alsoconsiderablesimilarities in the 
analy~xd by comparison to the stnlcttire of the aspartic protease, rhiwpuspepsin, overall shape of the two molecules. For 170 
complexed with a peptide inhibitor. The HIV-1 protease is predicted to interact with Ca atoms aligned in both structures (out of 
seven residues of the protein substrate. This information can be used to design protease 232 placed in the current RSV P R  model), 
inhibitors and possible antivirual drugs. the total rms deviation is only 3.2 A (12). 

Retroviral proteases, however, are simpler 

T HE LIFE CYCLE OF RETROVIRUSES triplet, Asp-ThriSer-Gly, ulhich, together than the cell-derived pepsin-like proteins. 
such as HIV, the pathogen of AIDS, with known biochemical properties of these The dimer of the retroviral P R  consists of 
requires a specific protease (PR)  that enzymes, indicates that they are members of 200 to 250 amino acids, whereas a single 

processes the precursor , q q  and pol polypro- the aspartic protease family (6-8). This rela- molecule of a cellular protease is about 325 
teins into mature virion components (1-3). tion mias confirmed by the three-dimension- amino acids long and exhibits intramolecu- 
If the P R  is absent or inactive, noninfectious a1 structure of the RSV P R  (S), which has lar quasi-symmetry. The stnlctural elements 
virus particles with aberrant structure are now been refined to an K-factor of 0 .16 of cellular aspartic proteases are conserved 
produced (4). Therefore, spccific inhibitors 
of retroviral proteases are potential thera- 

.----- a------ ---..--.-h----------- - - - - -. - . 
peutic agents for blocking H I V  infection. Fig. 1. Amino acidsequence 10 2 0 3 0 

HO\vevcr, rational dnlg design requires d e  dignmcnt for the pmteascs as- A M T M E H K D R P L v R v I L T N T G s H P v I Q R s v Y 
10 

fromHI\ ' -1andRSV(22).  HI,., ; Q I T L w Q R P L v T I K I ,  tailed knowledge of the three-dimensional The secondar). structural el- 
G Q L  

structure of the target. Rsccntly we solved clnellts of RSV 1 ' ~  arc 
-.c-----.-.... ---.-*----. --.h--- -..-.-.a' .----- the crystal structure of the P R  from Rous indicated on top of the ami- 4 0 5 0 6 0 

sarconla (RSV), p r a g u e - ~  strail, (5). no acid sequences and are ~ s v  2 I 0 T A r, L D s G A D 3 I o T I I s E E D w P 4 T 0 D w  P v M E A A N P 

hbeled according to the HI,, K  , . L 1, D  T  , . D  D , v L , , . s L  , , R  . K  , . M I , We have used this structure to  construct a schelnc proposed by BILln- * * *  
model of HIV-1 P R  and present details of cieli pt ( I , ) ,  A cl,le., n,rtl a 
the proposed substrate-binding site of the helix is labeled I r  helix, and a " f l a p s '  ..-..---..---.------...------------.. -- - - - - - -  

7 0  8 0 9 0 
HIV- 1 enzyme. longer a helix is labeled h'. RSV Q I H G I G G G I P M R K s R D M I E L G v I N R D G s L E R 

5 0 6 0 
All of the retrovir'11 proteases contain a The fl''p lies ,,"-I G I G G F I K V R Q Y  D Q I L I E I C  G  H 

-- " meen p stratlds u' and h ' ,  . , . . . . . . 
I. T. Weber, M. w miller, IM. Jask6lslu, A. Wlodawer, and residues 63 to 70 were 
Crystallography Labraton;, NCI-Fredcrlck Cancer R e  not in electron .. ..C8 ..-d8.-. -.-..-.h,------ -..-q...-. 
search Facility, BKI~Rasic Research Program, Frederick, 100 110 1 2 0  

MD 21701. densit) map for RSV 1'K R S V  , L L , , F P A V A M V R G S I L G R D C L Q G L G L R L T N L  
7 0  80 9 0 9 9 

J. Ixi,, Department of B~orhzmistry, (',ax Western line). . A I , , , I I T Q  I G c T L N F 

Reserve IJniversity, Cleveland, 0 1 1  44106. ~ n c n t  conserves the topolo- * * *  

A. M. Skalk.1, Fox Chase Cancer Center, Instin~te for gy,  so thnt dcletiotis arc po- 
Cancer Research, Philadelphia, PA 191 l l .  -- .- .-. .-... - sitioned in surface loops of thc threc-dirncnsional structure. The active-site triad Asp-ThriScr-Gly is 
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