
indicate albedo features o n  I'luto, these de- 
vi:itions have yet to  be confirnled. 

In conclusion, we have already learned a 
great deal about the l'luto systcrrl from just 
the first 2 years of events. The next 2 years 
are critical for determining the individual 
radii of I'luto and <;baron :ind the mean 
density of the systern. Total superior events 
offer the opportunit!r t o  s t ~ ~ d y  l'luto uncon- 
taminated by the light of <;baron with both 
spectroscopic and colorimetric techniques. 
Sinlilar observations of the combined light 
of l'luto and Charon immediately preceding 
or  following a total event can be diferenced 
with the observations of  I'luto alone to  yield 

i the corresponding information on (:hason 
alone. 

Fig. 2. Surhcc albedo distribution of thc I'luto- 
Charon s!.stcm. 'The unmarked albedo valucs \\,ere 
dctcrmincd from the Icast-squares fit to the obscr- 
vations. If the valucs in parcnthcscs arc assumed, 
thc u~ldcrlincd valucs can be derived. 

systerrl object with strikingly different hemi- 
spl~rically sized geologic units. The cxis- 
tence of this hemispherical color difference 
does not necessarily imply 311 albedo differ- 
cnce, which w o ~ ~ l d  invalidate the uniforn~ 
surface albedo assurned earlier, but the pos- 
sibility docs admittedly exist (Y).  

Small-scale surface albedo features on ei- 
ther object should manifest themselves as 
snlall deviations frorn a smooth event light 
curve. A comparison of the 5 April and 2 7  
June superior events shows a burnp early in 
both events. The relative tirrles of these 
bumps are shifted slightly, but this c f ic t  is 
expected, because the orientation of  the 
lirrlb of  l'luto was diffkrent for these two 
events. The time shift information is essen- 
tial to  localize the albedo feature; given only 
one cvent, the loc:ition could be anywhere 
along the intersection of  Charon's disk :ind 
Pluto's lirrlb at the corresponding time. We 
feel confident that real :ilbedo features have 
been detected on Charon. Although similar 
deviations have been seen in some high- 
quality ir~fcrior cvent data, which would 
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An Invariance in the Isoheptanes of Petroleum 

Four isoheptanes in petrole~irn display a remarkable invariance in a ratio of  sums of  
concentrations. The isoheptanes are not at thermodynamic equilibrium, nor are they 
fixed to some constant composition. The four isomers display coherent change in 
relative amoutlts but maintain invariance in the ratio of  sums. Within sets of  
genetically related petroleum samples, invariance reaches levels that approach the 
lilnits of  our analytical precision. The invariance is inconsistent with a chemical origin 
that involves the thermal fragnlentation of  natural products or their derivatives. It 
suggests a reaction process at steady state, in which relative rates of  product formation 
are constant. A mechanism is proposed in which the four isohept,mcs are formed 
painvise and sequentially through two intermediates in a catalytic process that 
operates at steady state. 

T H I S  R E P O R T  F O C U S E S  O N  T H E  

chemical origin of the light hydro- 
carbons in petroleum. Are light hy- 

drocarbons derived, for exanlple, fro111 bio- 
logical prccursors that were somehow struc- 
turally altered in the process of kcrogen 
synthesis? O r  are they fornled through other 
chemical processes unrelated to  specific or- 
ganic compounds in the geosphcre? The 
existence of  structural precursors to  the light 
hydrocarbons in kcrogen and the generation 
of light hydrocarbons through the thermal 
breakdown of kerogcnous sedirrlents (1 )  is 
not questioned. Intrrest is centered o n  the 
chemical events that precede thernlal gener- 
ation. The stimulus that directed attention 

to these questions rests in the structurlil 
variations that esist in the light hydrocar- 
bons, their dissirrlilarities to  natural prod- 
ucts, and their widespread occurrence in 
petroleum. 

It was suggested nearly 30 years ago that 
the overall compositional mix of light iso- 
paniffins in petroleum was constant (2). 
However, later work seerrled to  indicate that 
this view was only approximate (.?), and the 
idea failed to  gain currency. In this analysis 
of the isoheptanes rather strong linear rela- 
tions have emerged, particularly when ccr- 
rain isomers arc analyzed in specific compo- 
sitional configurations. For example, the 
isohepc~nes &$play a striking proportionali- 
ty between the four isorners: 2-rnethylhes- 

Slicll l>cvclopmcnt Compdny, l<cll.iirc Rcse.irc11 Center, 
ane (2-!MH), 3-mcthylhcxane (3-MI-I), 2,3- 

I<ouston, I'X 77001 dimethylpcnmne (2,3-l>MI'), and 2,4-di- 
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Table 1. Invariance data for scvcral homologous scts of oils. Means, regression slopes, ,xnd root-llicali- 
square errors for the ratio [(2-MH) + (2,3-I)M1')11[(3-MH) + (2,4-1>M1')1. The scts arc ldcntificd in 
Fig. 2; 7% is the nutnbcr of 011s in wch set. 

Set Mean + S1) 

Sab~nc  13 10 9  + 0 02 
Rcc 10 1 12 + 0 103 
Houston 11 1 0 9  + 0 0 4 1  
Ofi\ho~c 18 10 7  2 0 0092 
M~dl~xnd 22 0 786 + 0 0 2 3  

nlethylpcntane (2,4-1)MI'). Reglirdlcss of 
their absolute concentrations in oils, their 
relative arnounts lire such that the ratio of 
S L I I ~ ~ Sof concentrations 

remains approximately one (Fig. 1). The 
concentrations of these four isohcpmncs 
vary from 0.001'Yo by weight to  lo%,  with a 
me:in of  0.9% total oil. This database of  
approximately 2000 oils was constructed 
without discrirnination. Thus it includes 
samples believed to have experienced sonle 
postgeneration form of cornpositional altcr- 
ation, such as biodcgraciation (4 ) ,thermal 
cmcking, o r  possibl!r mineral-cat~ly.zed deg- 
radation (5). 

The p o ~ ~ o r t i o ~ ~ l i t y  in Fig. 1 relates to  all 
ptroleum, rcgardlcss of source or  degrees 
of alteration. Unaltered oils believed to be 
genetically related (referred t o  as "homolo- 
gous") can express an cxtraordinasy invari- 
ance in the ratio of sums. One exanlplc is 
that of 13  hornologous oils from Sabine 

Fig. 1. A plot of  In[(2-
M H )  + (2,3-1)Ml')J as a 
function of In[(3-MH) + 
(2,4-DMP)] for the dat'~-
base of 1880 oils. (The uni-
ty-slope line, for w h ~ c h  the 
ratio of S L I I ~ ~ Sis exactly o ~ i c ,  
is shown for clarity.) A lin-
car rcgrcssion of the data 
givcs a slopc of 0.978 i 
0.003 SE and intercept of 
0.0072 + 0.006 SE. The 
mean of the ratio of sums is 
1.06 + 0.336 S1>. T o  con- 
struct this database, oil dc- 
posits from all of the pro- 
ducing stratigraphic hori-
rons w c ~  sampled, from the 
early l'alcozoic to  the Iatc 
<:cno;.oic. Oil selection in- 
cluded hc'x\~ oils, in which 
the light hydrocarbons were 
in trace amounts, t o  light 
Eas condensates, in which 

Kcgrcssion slope Root-nlcan-
+ SE square error 

1 12 + 0 0053 0 00366 
1 1 3  + 0 0 2  0 0382 
1 18 + 0 029 0 015 
1 OX * 0 0023 0 0033 
0 837  2 0 015 0 0 1  

I'arish, Louisiana (Fig. 2 and Table 1) .  A 
linear regression of  the Sabinc oils gives 

(Z~nsidering errors in sampling, transport, 
and a~~ilytical procedure, d3t3 variatlcc in 
the Sabine set is within overall analytical 
error. 

? 7l h e  Sabinc set reveals nvo additional 
characteristics that are significant. The first 
is a consmnt value in the ratio of methylhex- 
ane to  dimetl~ylpentane. A least-squares lin- 
ear regression of the Sabinc data gives 

Seconci, although this ratio rernains fixed at 
3.85, for exponentiall!~ increasing isohep- 
tanc concentration the logarithms of the 
ratios (2-MH)/(3-MH) :ind (2,4-l)MI')/ 
(2,3-IIMI') increase in concert (Fig. 3).  
Figure 3 illustrates a tirndamental charactcr- 
istic of  invariancc within hornologous sets, 
namely, that invariance in the ratio of  sums 

is p c x w c d  while the two ratios, (2-MH)/  
(3-MH) '~nd (2,4-1)M1')1(2,3-1)Ml'), un-
dergo coherent change .I hc linear relattons In the SaLxnc set take 
on  aciditional importance in that the isohep- 
tanes lire 'is fro111 thernlodynamic equilibri- 
um for all the terrlperatures that generally 
occur in subsurface petrolcurn habitats. The 
reported equilibrium values for the ratios 
(2-MH)/(3-MH) and (2,4-l)MI')/(2,3-
1)Ml') are 1.99 and 2.48 at 300 I< and 1.16 
and 0.84 at 500 I<, respectively (6). In the 
dataLxisc of  pctrolcurn sarnplcs, these ratios 
range between 0.5 to  1.2 and 0.03 to 0.8, 
respectively. 

Thus invariance in the Sabinc set does not 
reflect some static, fixed distribution of  iso- 
rners. It indicates a dynamic systcnl that 
displays two compositional constmints that 
require exp1,lnation: 

[ (2-MH) + (3-MH)] 
[ (2,3-1)Ml') + (2,4-DMI') I = constant (4)  

r.I he nlost reasonable pathway to the gen- 
eration of isohepmnes appears to  be the 
simple thermal fragmentation of  natuml 
poducts  o r  their kerogcnous derivatives. 

Fig. 2. ,417 invariancc plot (percent by weight 
total oil) of 13  h o ~ i i o l o g o ~ ~ s  oils fro111 Sabinc 
Parish, Louisiana. Thcsc oils, rcscn.oircd in the 
Uppcr <:retaccous (Sar'xtoga Chalk), wcrc sdm- 
pled in 1977 fro111 thrcc fields, n'xmcly, Pcndlc- 
ton-Many, Fort Jcssup, ,und %\vollc. Four addi- 
tional samples were talzcn in 1983, and proved to  
be compositionally similar to  their counterparts 
sampled in 1977. A significant number of ho-
mologous scts have heen identified that csprcss 
invariancc '1s sho\?r~l here (Tahlc 1).In the Gulf of  
Mexico, for example, scts k o m  lice <:ounty, south 
Texas (Eoccnc) (10 oils), H o ~ ~ s t o n  cast< :o~~nty ,  
'Tcsas (Eoccnc) (1 1 oils), and offshore Louisiana 
(Uppcr Tertiary) (1 8 oils) display Sahinc-lilzc 
Invarlancc, whcrcas a set (22 oils) from the Mid- 
land Basin, Tcsas (Spr'xhcrt-y, Permian), sho\vs an 
invarlancc ratio that is distinct from the S'xbinc- 

;hey wcrc the compo- -8 r 

ncnts. Each sample w'xs an'x- -8 -6 -4 -2 0 2 

ly;.~d by high-resolution gas In[(3-MH) + (2,4-DMP)] 

chrom'xtography by using a 

-----, --.& .-----., 

proccciul-c that givcs baseline resolution of all hydrocarbons that boil below 115°C (14). like sets (15). 
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Likely precursors in the biosphere should 
contain the C7stnlctilres as terminal units so 
that products could be ge~lerated through 
thc cleavage of a si~lgle carbo~l-bond. Sur- 
prisi~lgly no single family of ~latural prod- 
~lcts  contains all four isoheptane structures 
as ther~iiallp fragmentable units. The meth- 
ylhexanes can be generated from the so-
called iso- and anteisohept?ll units in tlie 
lipid family. Since 3-MH contains the more 
common head-to-tail isoprene stmcture, it 
could also be a cleavage product of the 
acyclic isoprenoids. I~Iowever, the 2-lnethyl- 
hexane isomer cannot. Although 2,3-DMl' 
may be a thermal product of certai~l polpcy- 
clic isopre~loids (fils example, the 24-meth- 
pl- and 24-cthplcholestaties), the 2,4-DMl' 
stnlcture, which is a rare moiety in any 
family of ~latural products, cannot. If one of  
the four isomers were ge~lerated to  a signifi-
cant degree from some natural source (for 
example, 3 -MH from phytane), then oils 
rich in that source should contain dispro- 
portionate concentrations of that isomer. 
However, in the oil set allalpzed n o  such 
relation was found. 

The strongest argument against biological 
precursors is the proportionality between 
the four hydrocarbons in virnlally all of  the 
pett")leum saniplcs analyzed. A similar pro- 
portionality should exist in the distribution 
of their precursors in the biosphere. More- 
over, since the invariant isolieptanes repre- 
sent about 1% of the carbon in petroleum, 
their precursors must be conspicuous con- 
tributors to  the sedimentary biomass. Ef-
forts to  identify an appropriate family of 
prec~~rx)rsfro111 the geochemical fossils 
fou~ld in petroleum were not successful. 

Fig. 3. A lot of In (percent by wcight isohcp- 

When i~lvaria~lce is viewed in Sabine-like 
sets, the case for biological precursors weak- 
ens further. In thermal-cracking models, 
rates of product formation are controlled by 
activation e~lergies and reactant concentra- 
tions. Irrespective of what the precursors to  
the isolieptanes might be, their relative 
amounts at the onset of thermal cracking 
and the respective activatio~l energies will 
affect the composition of thermal products 
over time. For any set of acti\iation e~lergies 
o r  initial concentrations, a thermal cracking 
scheme could not be co~lstructed that over 

seen in the Sabine set. 
A chemical process that yields an invariant 

composition of products suggests steady- 
state kinetics, in which the relative rates of 
product formatio~l are constant. A catalytic 
scheme co~lsiste~lt with the Sabine data is 
shown in Ecls. 6 and 7. 

continuously regenerated and products are 
continuously formed to define a catalytic 
process at steady state. 

Cyclopropanes, such as the ring systcms 
in X and Y, are ring-strained, thermally 
u~lstablcstmctures that can ring-open along 
pathways a o r  b in Ecls. 6 and 7 to givc the 
respective skeletally isomerized products. 
Catalytic intenrention is inferred since skele- 
tal rearrangements like these arc generally 
high-energy processes that are rarely unas- 
sisted. Cyclopropanes are involied because 
they are reported to  intenrene u~lder  mild 
c o n d ~ t ~ o n sin a number of skeletal rearrange- 
ments. In acid catalysis, for example, tlie so- 
called protonated cyclopropa~le is the indi- 
cated intermediate (8 ) . In free-radical sys- 
tems, cyclopropanes are intermediates in 
1,2-~inpl migrations (9). Cation radicals, 
which are generated by irradiating olefins, 

...-- [...A j 
yield cpclopropanes and skeletally rear-
ranged olefins, and the rearranged structures 
are venr likely products of internicdiate cy- 
clopropyl ion radicals (1 0). 

"'̂ r-2.3-DMP 

(7) 


1_1;
.,.DM.... 
This is a ge~eralized scheme that focuses 
primarily on  steady-state liinetics and the 
req~lisite rearrangements of carbon chains. 
N o  assumptions are made about the possible 
degrees of  unsaturation of the participants 
or the charge state of the activated interme- 
diates X and Y. Since the catalytic species is 
unknou~n, it is left unspecified in the 
scheme. 

Reactions occur in a kerogenous matrix at 
the end-units of  the straight-chain parafin, 
which is the hydrocarbon in petroleum that 
can be traced to biological parents that are 

At steady state (that is, dl X]!dt and 
d[Y]!dt are both zero) the ratio of internie- 
diates jX]ij Y ]  will remain fixed t o  some 
constant value. Since the four isohe~>t.lnes 
are to  a first approximatio~l pair\vise propor- 
tional t o  their respective intermediates, their 
~~a i r \ i~ i se  should collstalltratio remain 
throughout steady state, so that the ratio in 
Eq. 4 is a constant. 

Since the q~clopropanes in X and Y are 
asy~nmctric, the e~lergies of bonds a and b 
may ditfer. In this case the logarithms of 
the two ratios of products would become 
h~nc t~ol i sof temberature in accordance 
with the Arrhenius expression h = A 
exp--AEVl<T), where A E q s  the activatio~l 
energy, 1< is the gas constant, T is the 
tet~~pcrature,a ~ l dA is the preexponential 
filctor. The slopes of  the fi~nctions will be 
prq>ortion.ll to  the diKerences in activation 
e~lergies for ring-opening along the two 
pathways, namely, AAE,*in EL]. 6 and AAE: 
in Eq. 7. Because of the different structures 
in X and Y, AAE? should not equal AAE; 
and thus the logarithms of the two ratios (2- 
MH)I(3-MH) and (2,4-DMP)l(2,3-DMP) 
become difirent linear fitnctions of  tem- 
perature. If the Sab~ne  oils were generated 
over a temperature span, tl le~l the second 
req~lisite to  invariance is obtained, namely, 
that 111(2-MH)i(3-MH) and In(2,4-
l)Ml')i(2,3-DMP) have incrcased wit11 tem- 
perature (11) along ditferent slopes (Eq. 5).  
In this general kind of model, the changing 
ratios in Ecl. 5 will not significantlv alter the 
inv~riancc in Fig. 2 o r  the relation in liq. 4 
since any change in tlie anount  of one 
product is made in concert vvitll a compen- 
u t ~ n g  change In the dmount of 1t5 partner 
product (12). 
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taor) r s  a fkrtion of In[(2,4-l)h.1~)/(2,3-1>~~)]abundant throughout the biosphere. Pair- 
(@) and ln[(2-MH)/(3-MH) I (A) for thc ho- \vise products are formed secl~lentially with 
~noiogous set of Sabine Parish oils in Fig. 2. the 2-metliylliex~~l unit in Eq. 6 serving as 
Linear rcgressions give: 	 the rcactmt in Ecl. 7 (7). I'roducts arc 

generated through the thermal cracking of 
cashon-carbon bonds, which is the kinetic 
step that regenerates the end-unit to  repeat 
the catalytic cvclc. Rc~ctants  (end-units) re 



If the log~ritlims of the isoheptane ratios 
.Ire fitnctions of tcnmper~ture as suggested 
above, then some rcl~t ion bet\veen these 
fi~nctions and the rate of tlicrnm~l cr.lcking 
should exist. 'rhc concentr~tion of light 
hydrocarbons in petrolcunm has been sug- 
gested as Ln index to the r.lte of tIicrm.ll 
cracking (13). As temperature increases, the 
rate of thcrm.ll craclting should incre.lse 
cxpo~~entially.The Sabitle oils show the 
predicted exponenti~l relation bct\vcen iso- 
h e p t ~ n e  concentration . ~ n d  the postul.lted 
temperature filnctions (Fig. 3).  
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Guam Amyotrophic Lateral Sclerosis-Parkinsonism- 
Dementia Linked to a Plant Excitant Neurotoxin 

The decline in the high incidence of amyotrophic lateral sclerosis, parkinsonism, and 
Alzheimer-type dementia among the Cha~norro population of the western Pacific 
islands of Guam and Rota, coupled with the absence of de~nonstrable viral and 
hereditable factors in this disease, suggests the gradual disappearance of an environ- 
mental factor selectively associated with this culture. One candidate is seed of the 
neurotoxic plant Cycas civcinalis L., a traditional source of food and medicine which 
has been used less with the Americanization of the Chamorro people after World War 
11. Macaques were fed the Cycm amino acid P-N-methylamino-1,-alanine,a low- 
potency conw~lsant that has excitotoxic activity in mouse brain, which is attenuated by 
N-methyl-maspartate receptor antagonists. These animals developed corticomoto- 
neuronal dysfunction, parkitlsonian features, and behavioral anomalies, with cllro- 
matolytic and degenerative changes of motor neurons in cerebral cortex and spinal 
cord. In concert with existing epidemiological and animal data, these findings support 
the hypothesis that cycad exposure plays an important role in the etiology of the Guam 
disease. 

AMYOTROI'IIIC IATBRAI, SCLEROSIS 

(ALS) is .I progrcssi\,c, htal disorder 
of .ldults stemming from dcgcner.l- 

tion of anterior horn cells in the spinal cord, 
cert.lin motor tluclei of the brain stem, ~ n d  
neurons in the motor cortex. Elucidation of  
the etiology of ALS has been sought for 
over 35 ycxs through intensive longitudin~l 
study of the indigenous (C11,lmorro) popu- 
Idtion of the M~ri.lnas isl~tlds of G~iatn and 
Rot.1, among \vhonm the dise.lse . ~ n d  J par-
kinsonism-demctiti.~ (1'1)) clinical variant 
tl~ereof h u e  been renlarkabl!~ common (I). 
In the 1950s, ALS pre\,.llcnce r.ltios . ~ n d  
death rates fixCh.lmorro residents of Guam 
or  Rota were 50 to 100 times the estimates 
fix t l ~ c  continental United S t ~ t c s  and other 
developed countries (2). The declitle of ALS 
aker 1955 on  Guam (3) ,and the abscncc of  
demotlstrable inherited (4) o r  viral (5) hc-
tors in this disease, has leci to  the search for 
cn\~irolunental agents that have been de-
crcasirlg as the C:liamorro popitlation has 
hecome Atilericanized. An early suggestion 
(6) irlcrimirlated the highly toxic seeci of the 
fillse sago palm (Cycas civci~alis I,.), which 
was used in food and traditional medicine 
(7) until the acculturation of this people 
after World War I1 to  the contemporary 
practices of the contincntal United States led 
to a decline in cycad itse (8 ) .1)cscriptions of 
a degenerative locomotor ciisease in aniinals 
grazirlg cycad species (9) fueled illterest 
in the possible etiologic role of  this plant in 
Guarn A1,S-PD. Laboratov investigation of  
C. c.l,ci9zalis the pr&.cllce of 
glycosides, including cycasin ( I O ) ,  and an 
"un~~sua l 'nonprotein amino acid, a-atnillo- 
P-methylaminopro~>ior1icacici (synonynm, P-

N-metlmylamino-~.-al.~nine or  1.-BMAA) 
(11), .lgcnts that possessed certain neurotox- 
ic properties but fiiled to induce an cxpcri- 
mcnt.ll disorclcr akin to  AI,S-1'11 (12). Cy- 
cad rcsc~rch in rel~t ion to Gu.lm ALS-1'1) 
was then abandoned ( I . ? ) ,  even though pro- 
longed feeding of "cyc.lsin-free" flour (L-

BMAA content unknown) l i ~ d  been noted 
(14) t o  induce limb muscle atrophy, nonrc- 
.~ctivc degeneration of anterior horn cclls, 
~ n ddegeneration . ~ n d  p.lrti~l loss of pyrami-
dal neurons of  motor cortex in .I sitlgle 
rhcsus monkey (Mncnca nzulatta) . Wc report 
licrc that rcpc~tcd oral ~dniinistration of I.-

BMAA to macaques (i2lacaca jascicula~~is) 
produces sigtls of motor-neuron, cxtra-
pyramidal, ~ t l d  bchavior,ll dysfiinction, con- 
duction deficits in the central motor path- 
way, anci neuropathological changes of  giant 
Wctz cclls in motor cortcx and of ailtcrior 
horn cells in spinal cord. 

Thirtecn 1-year-old male cynomolps 
monkeys in six groups rccei\wi by gavage 
varying cioses of synthetic I.-BMAA identi- 
cal in composition to  the natural free amino 
acid in C. civci~zalis seed (15).Treated and 
control animals were inspected ciaily, clini- 
cally cxamined weekly, e\~aluated neuro- 
physiologically before anci ciitring the period 
of  treatment (16), and subjected t o  neuro- 
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