
lation it remains to  be seen what the effects 
~vill be lvhen the starting model contains 
large intrinsic errors. Moreover, tbr struc- 
tures successfi~lly refined at high resolution 
by classical procedures, the occurrence of 
large errors is most unlikely, and these struc- 
tures are therefore good starting points to 
s t ~ ~ d y  the anisotropy and anharmonicin of 
the atomic distributions in the moleculc b!. 
the method we present. 

Time-averaged cnstallographically re- 
strained ML> sho\vs that phospholipase A: is 
more flexible than single sire isotropic mod- 
els obtained by classical cnstallographic re- 
finenlcnt techniques would suggest. Large 
deviations from the main confor~l~ation are 
obsen-ed, and these are likely to  be impor- 
tant for the fi~nctioning of the molecule. 
Time-averaged cn.stallographica11y re- 
strained MD, when applied to structure 
refinement, allo\vs for more mobilin and 
better searching of the conformational 
space, in comparison to least-squares meth- 
ods and M D  refinement procedures (5, 6). 
and provides a more complete representa- 
tion of a biomacromolecule by calculating 
the ensemble of structures based on the 
experimental data. Accurate kno\\,ledge of 
molecular dynamics may prove useful in 
various fields of biochemistn.. 
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Possible Early Pennsylvanian Ancestor 
of the Cycadales 

A specimen of  Lesleya, previously known only as isolated sterile foliage, has been 
found with two rows of  ovule-bearing receptacles on opposite sides of  the petiole. This 
specimen is from the Lower Pennsylvanian (Namurian B or C) of  western Illinois. The 
fertile portion of  this specimen is similar to Phasmatocycas kansana Mamay from the 
Lower Permian of  Kansas and Texas, which Mamay interpreted as an ancestral form to 
cycads. Phastnatocycas was found attached to the base of  Taeniopteris by Gillespie and 
Pfefferkorn. The foliar portions, Lesleya and Taeniopteris, have many features in 
common; the major m o ~ h o l o g i c  difference is curvature of the veins. &sleya and its 
attached fertile petiole are proposed as ancestors of  Taetriopteris and Phasnratocycas, 
and ultimately, the ancestors of  modern qcads. This extends the age of  known 
precursors of  cycads back from the Early Permian to Early l'ennsylvanii (about 320 
million years ago), approximately 35 million years earlier. 

D URING THE PAST 20 YEARS. SEVER- that cycads nere derived from plants Ivith 
a1 fossil discoveries have 5hed light entire leaves ,~nd  that compound leaves nere 
on the question of the origin of derived as suggested by Mamay [figure 11 

?cads. Delevon,as ( 7 1  suggested an origin of (511. 
within the n~edul los~~n pteridosperms. H e  Several sites in \vestern Illinois have yield- 
suggested that c!.cads atid cycadeoids \\,ere ed significant information about '~arl! 
derived from slender plants bearing com- Penns!,lvanian nons\\.amp floras, both on 
pound leaves. He (21 compared the Pennsvl- their o\.erall composition and on individual 
\.anian pinnately c o n ~ ~ o u i l d  Errtiroprcrii ='I- taxa n-ith~n the -floras (6, 71. The Allied 
rtrroidt~s (Berrrand) Kidston and Permian Stone Company q u a r n  in kIilan, Illinois, 
Tir1~1i.ya rt7satia Manlay to compound early (8) has been a major collecting site for nearly 
'?cad foliage. 15 years and continues to produce nen- 

X l ~ ~ ~ l a y  (-31, on the other hand, in describ- species and genera as \yell as ne\v data on 
i n  r l c y - I  a d  P I ~ I I S .  u g g c t e  h l o ~ v n  t a d .  
that c!,cads \\.ere derlved from plants \vith Specimens described here nere collected 
entire leaves. This \vas borne out by Gilles- from Lo~ver  Pennsyl\.anian sedimentan 
pie and Pfetferkorn ( 4 )  \\.I10 found '1;lr.trrq- rocks \vhich fill channels eroded in the De- 
icrrz attached to P i 1 ~ ~ ~ t t r i 1 i o i ) ~ i n s .  The material vonian Cedar \'alley Limestone 18). The 
described here pro\.ides additional evidence fossil-bearing str'lta conslst of \hale, silt- 

I)cpamilcnt clt-Gcol I l l l n  (,], SrJtc hlllscum, Spring. stone. sandstone, and occ'~sion'~l thin con- 
field. II 61706 glomerate. 
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Stratigraphically, the age of the fossil- 
bearing shale is diflicult to determine. The 
shale is underlain by upper Middle Devoni- 
an Cedar Valley Limestone and overlain by 
basal Atokan sandstone, probably the Baby- 
lon Sandstone Member of the Abbott For- 
mation. 

The age of the fossil-bearing beds can be 
determined through the megaflora as proba- 
bly Namurian B with a possibility of a 
Namurian C age (6, 8). This result is based 
on concurrently occuning taxa, and the 
uncertainty ariscs from the incomplete 
knowledge of the range of a f&v species. 
Palynological investigations also indicate a 
Namurian B or C age (11). 

Among the abundant and well-preserved 
h i 1  plants from the Lower Pennsylvanian 
strata of the Allied quarry deposits are Les- 
leya, Megalopteris, Lcoea, ~alaeopteridium, 
Alethopteris, Sphenopteris, Cordaites, Meswla- 
mites, and Lepidodendron. These f i i l s  repre- 
sent plants growing in both wet and drier, 
w e l l - b e d  areas. - 

Specimens of several previously unde- 
scribed fructifications have been fbund in 
the Allied quarry deposits. Among these are 
stout, coali6ed axes with two rows of 
ovules, similar to Phasmatocyw Mamay (3). 
These compression and impression fossils 
represent the earliest known ancestors of 
modem cycads and further link this group to - - 

early pddospemu. 
Mamay (3,9, 10) discussed fossil evidence 

fbr a Late Palaozoic origin of cycad5 and 
named two new genera ofmegasporophylls, 
Archaeocyw and-~hasmatocyw, from lower 
Leonardian strata of Kansas and Texas. He 
interpreted these &I as links in the cycada- 
lean -heage. 

Mamay (1 1) postulated that Phasmatocyw 
krtile axis was borne at the base of Taeniop- 
teris. This was shown to be correct by 
GiUespie and Pf&rkom (4) who tbund 
attached Phasmatocyw and Taenioptetis. 

Specimens described by Mamay (3, 5, 9, 
10) are from lower Leonardian (Lower Per- 
mian) rocks of Texas, Kansas, and Oklaho- 

ma. The specimens described by Gillespie 
and Pfdtierkorn (4) are from the Wellington 
Formation of Leonardian age in Kansas. 

Specimens fiom Illinois have o d e r o u s  
receptacles arranged in two rows on oppo- 
site sides of the axis and are similar to 
Phamratocyw Mamay. Ovules are borne in 
receptacles attached to the petiole of Lesleya 
by broad, stout bases (Figs. 1 and 2). Re- 
ceptacles are alternate to subopposite. Re- 
ceptacle bases are decurrent on the petiole, 
curving outward to terminate nearly perpen- 
dicular to the petiole. Like the petiole, the 
receptacle base is thick, coalified, and coarse- 
ly smated. Because the specimens are coali- 
fied, it is unclear whether each receptacle 
bore one or several seeds. 

A lamina is present on only one specimen 
(ISM 41 7064) (Fig. 1). The attached speci- 
men consists of a fiagment of fertile axis 6 
an long and basal portion of a leaf 8 an 
long. The leaf is fblded so only one half is 
visible. Based upon venation patterns and 
details of associated foliage, the leaf is idcnti- 
fied as Lesleya cheimarosa Leary & PfeEer- 
korn. 

The W e  material consists of seven fiag- 
ments. Ovuliferous fragments range fiwn 4 
anto9minlengthandlOmmto18mm 
in width. The central axes average 5.5 mm 
wide, the thick midribs average 1.8 mm 
wide, and the projecting ovuhfemus recep 
tacles average 3 mm long. The coali6ed axes 
are up to 1 mm thick. The midrib is charac- 
terized by closely spaced longitudinal ribs. 
The outer ribs depart at a low angle, gradu- 
ally curving outward into the receptacles. 

The taxa described here are so similar that 
a relation is most likely. However, it is not 
certain that they were all directly related. 
They might have represented oflihmts of a 
general heage that is incompletely known. 

Because the Lower Pennsylvanian materi- 
al tiom western Illinois predates Spennopteris 
as well as Phasmatocyw and Archaeocyw, it is 
possible Archaeocyw and Phamratocyw were 
derived from the fbrm described here. This 
would mean that Spennopteris is not an an- 

Fb. 1. Lesleya with ovule-bearing petiole. Arrowheads indicate receptades. Sample is 10.8 an long. 

Fig. 2 Drawing of spec- 
imen showing (A) patt 
of lamina folded under, 
(6) ovules on right side 
(those on I& arc not vis- 
ible), and (C) second 
f& petiole. 

FIQ. 3. Venation of (A) Lesleya and (B) Taeniop- 
reric. 

cestor of Phasmatocya or Archaeocyw. 
Another possibility is that a Spennopteris- 

like ancestor existed during the Early Car- 
boniferous. Lower Carboniferous upland 
floras are even less well known than Upper 
Carboniferous upland floras, leaving open 
the question of an earlier existence of Sper- 
mopteris. 

The Illinois material tesolves, in part, 
another question raised by Mamay (5, p. 
44), the origin of taeniopterid fbliage. Les- 
leya and Taeniopteris are rnorphologicaUy 
similar, and several katures have suggested a 
relation. They dittk morphologically in the 
curvature of the veins (Fig. 3), and a change 
from arched to perpendicular would not 
seem unreasonable. 

Specimens of Lesleya often possess min- 
ous spots similar to the glands reported 
fiom Taeniopteris. Such glands were reported 
on Taeniopteris specimens associated with 
Phasmatocyw (5) and on the fertile specimen 
described by Giespie and F W k k ~ r n  (4). 

The Illinois specimens of Lesleya push the 
origin of the cycadales &om the Early Per- 
mian (Leonardian) back to the Early Penn- 
sylvanian (mid-Namurian), approximately 
35 million years earlier. The presence of 
these ancestors in a mesophilous flora which 
grew on a well-drained extra-basinal surface 
(8) adds M e r  evidence that major evolu- 



tionan. events occurred outside the peat and 
alluvid~ depositional areas in \vhich plants 
are most often prcsen.ed. 
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Cumulate Xenolith in Oahu, Hawaii: Implications for 
Deep Magma Chambers and Hawaiian Volcanism 

The maximum depth at which large (>lo00 krn" terrestrial mafic magma chambers 
can form has generally been thought to be the Moho, which occurs at a mean depth of 
about 35 kilometers beneath the continents and 8 kilometers beneath ocean basins. 
However, the presence of layers of cumulus magnesium-rich spinel and olivine and 
intercumulus garnet in an unusual mantle xenolith from Oahu, Hawaii, suggests that 
this rock is a fragment of a large magma chamber that formed at a depth of about 90 
kilometers; Hawaiian shield-building magmas may pond and fractionate in such 
magma chambers before continuing their ascent. This depth is at or near the base of the 
90-million-year-old lithosphere beneath Oahu; thus, rejuvenated stage alkalic magmas 
containing mantle xenoliths evidently also originate below the lithosphere. 

H E  DEEPEST LEVEL AT W H I C H  A 

large mafic magma chambcr can 
form depends upon the cstcnt of 

dynamic cquilibriuni maintained benvecn 
magnu  in the chamber and the \vall rock 
and the balance benveen tlie deviatoric stress 
and lithostatic pressure in the mantle tvhere 
the magma chamber may be located. hIagnia 
chambers beneath the ocean ridges are not  
thought to  form belo\v the petrologic 
Moho, that is, 8 t o  1 0  km below sea level 
(1-3). Seismic studies  ha\^ been able to  
detect shallo\v niagnia chan~bers  and magma 
pathtvays (.I), but  so  far have failed to  detect 
deep (-100 knl), large magma chambers 
beneath the oceari basins, perhaps because 
of  resolution problems. The  deepest conti- 
nental magma chambers arc generally 
thought to  occur near the Moho  [mean 
depth -35 km (1  11. Inferences o n  pliysical 
and chemical attrihutcs o f  terrestrial magma 
chdmbers ha\,e emerged largely thro~rgh 
studies of  v e n  large (2 1000 lull') layered 
intrusions. \vliich represent frozen magma 

- 

C; Sm, Gcolnp Deputmrnt. Florida Intcr1i.iti~11.11 1.111- 
\.crslm. 5li,lrni, FI. 33199. 
R. F.. Jones, 1)cpartmcnt (it' Earth aici S p x c  S~icnccs. 
Cnnersim (it '  C ~ l ~ c i ~ r n l ~ .  I.os ;\ngclcs. Cr\ 90024. 

c h m b e r s  exposecl at the surface (2). These 
chambers contain a characteristic rock F p e ,  
cumulates. \vhich formed b!. cnstallization. 
accumulation, and segregation of  early c n s -  
tallizing minerals (cumulus) from the mag- 
mas ( I ) .  In this report we suggest that a 90- 
km-deep magma cliamber \vas present be- 
neath the island o f  Oahu  on the basis o f  a 
garnet-bearing cumulate scnolith with lay- 
ered texture. 

The evolution o f  a r!,pical Halvaiian vol- 
can(> is marked by four ditti-rent stages (j). 
111 the initial preshicld stage. di\.crsc lava 
t\.pes (basanitc to  tholciitc) crupt. Nest, in 
the shield stage (tlie main stage), volunii- 
nous eruptions of dominantly tholeiitic la1.a~ 
occur and a caldera de\.elops. The shield 
stagc is usually follon.ed b!. postshield stage 
\vlicn alkalic basalt (and its differentiates) 
cnlpts. fills the collapsed caldera. and f o r ~ ~ i s  
a thin cap olrer the sl~icld.  In the rcju\,enated 
stage, t\,pically foIlon.ing a period of  quics- 
cence and e r ~ s i o n .  s~ilall \.olunles of  alkalic 
niagnl'xs, many ca rn ing  mantle xenoliths. 
erupt through sn-la11 vents scattered across 
the shield. 

Tlic eastern part o f  OLIIU is built o f  ,I 

large. tliolciitic shjeld \.olcano, kno\vn as the 
Koolau volcano (.i), that formed 1 . 8  to 2 . 7  

million vcars ago. Follo\ving cessation o f  
tholeiitic basalt eruption. rcju\.enated stage 
alkalic lavas of  the Honolulu Volc,mics 
(HV) erupted 0 .3  t o  0 .6  million !.ears ago 
through se\.eral vents that cut across the 
volcano ( 6 ) .  The  H V  lavas contain a largc 
number o f  ~nant le  and crustal senoliths tko111 
a range o f  depths ( 7) ;  spinel lhcrzolites are 
the most 'xbundalt upper mantle xenoliths. 
Garnet-bearing pvrose~litcs. ~vclirlites, tveb- - .  

stcrites, a i d  Ilicrzolitcs arc much less com- 
mon  ,md occur only at [lie Salt Lake crater at  
the south\vcstern Hank o f  the Koolau shield 
\rolcano (8). The  spillel l l~erzol~tes  are sam- 
ples o f  \ ar~abl l  enr~ched mantle I~thosphcre. 
k d  the garnet-bearing rocks are fragnlcnts 
of  60-  to 80-lull-deep dikcs ( 9 ) .  Dunite 
xenoliths are also common. and the!. repre- 
sent cumulates that formed in crustal niag- 
ma chambers (m,~xiniurn depth - 15 km) o f  
the Koolau \ olcano ( 1 0) 

i\'e ~ d e n t ~ f i e d  a garnet- and sp~ne l -bea r~ng  
cumulate d u n ~ t e  [sa~nplc  no. N S I N H  
114881-8, Dale Jackson Collection, Snilth- 
sonian Institution] that \v'xs h u ~ i d  to  occur 
as ,m inclusion ( scno l~ th )  in H\- la\.as ti-oni 
the Salt Lake crater. In this rock. discontinu- 
ous layers of cumulus spinel grains are inter- 
lavered \vith cumulus oli\ ine grains. Garnet 
occurs as an intercumulus phase in both 
layers and in the transition zone ( n i i ~ c d  
olivine and spinel la\.er\ ben\.een adjacent 
spincl anci olicinc la!.ers (Fig .  1 ) . Grain sizes 
of  the cumulus phases v a n  cons~dcrabl!~ 
e\,en in a single layer (Fig.  1 A ) .  Small (0 .25  
mm2) round sninel inclusions are common 
in olivine grains of  the niised olivine ,md 
spinel layer. but olivilie grains of  the olivine- 
rich layers arc generally free of spinel inclu- 
sions. Spinel grains in the spinel layers are 
coarse to  medium size 12 to  7 nun') and 
euhedral t o  round. Cumulus olivine cnstals 
arc mostly rounded, a tcstllre suggesting 
that they were a r c a c t i ~ n  rel'xti~n ~ v i t h  the 
niagm'~. O~thopyrosenc  forms ,I thin rim 
benvcen spinel a i d  garnet, ancl it m'xv ha\,e 
formed b< some latc re,lction bcni een gar- 
net, spinel. and tlic magma, suc11 as spincl 
t magma = garnet t orthopyroxene. Large 
(2  mni)  pl~logopitc grains also occur inter- 
stitially in one area of  the xenolith. A'licthcr 
the phlogopitc cnstallizcd from tlie intersti- 
tial melt ( that  is, p r i m a n )  or  n,as a later 
product ofnictasoniatic cnst'11lization is not 
clear. The  petrograpli~c obscn,ations suggest 
that ( i )  initially spinel ,lnd oli\.ine cnstal-  
lized together as cumulus phases (spinel may 
have started earlier i and (ill intercumulus 
garnet later formed ~ n t e r s t ~ t ~ a l l \  The lavcr- 
Ing ma\ have fornlcd bv In sltu osclllaton - .  

cnstallization processes of  the n.pe pro- 
posed for layercd intrusions ( I  ) .  111 sc\.cral 
continental lavered intrusions, such '1s the 
S t~ l ln  ater Intrusion, alternate la\.ers ofsplncl 
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