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Molecular fossils of biological lipids are preserved in 2700-million-year-old 
shales from the Pilbara Craton, Australia. Sequential extraction of adjacent 
samples shows that these hydrocarbon biomarkers are indigenous and synge- 
netic t o  the Archean shales, greatly extending the known geological range of 
such molecules. The presence of abundant 2a-methylhopanes, which are char- 
acter i~t ic of cyanobacteria, indicates that oxygenic photosynthesis evolved well 
before the atmosphere became oxidizing. The presence of steranes, particularly 
cholestane and its 28- t o  30-carbon analogs, provides persuasive evidence for 
the existence of eukaryotes 500 million t o  1 billion years before the extant fossil 
record indicates that the lineage arose. 

Microfossils (I), st~omatolites (2). and sedi- (lowermost Hamersley Group). the underly- 
mentaiy carbon isotope ratios (3) all indicate ing Roy Hill and Warrie Members of the 
that microbial organisms inhabited the oceans -2690-Ma Jeerinah Formation (lo),  and the 
in Archean times [>2500 i~lillion years ago 
(Ma)]. But these lines of evidence are not very 
infomlative about what these microbes were or 
how they lived. Potentially. a better insight into 
piimordial biological diversity can be obtained 
fiom molecular fossils deiived fiom cellular 
and membrane lipids ("biomarkers"). Although 
such soluble hydrocarbons were first exaacted 
fiom Archean rocks more than 30 years ago. 
their significance was generally discounted af- 
ter amino acids of recent origin were found in 
the same rocks (4). Prevailing models of ther- 
mal maturation dictated that complex hydrocar- 
bons should not sun-ive the metamoiphism ex- 
perienced by all Archean teisains. However, 
indications of greater hydrocarbon stability ( 5 )  
and obsei~ations of oil in Archean fluid inclu- 
sions ( 6 )  suggest that these maturation models 
are ~l i~duly pessimistic and that biomarkers 
could indeed be preseived in low-grade Arche- 
an metasedimenta~ rocks. Furtheinlore. ~17s- 
tenlatic sampling strategies. improved analyti- 
cal techniques, and greater geochemical knowl- 
edge (7) should make their recognition easier 
and their inteipretation more rigorous. We now 
report molecular fossils in late Archean shales 
that have suffered only minimal metamor- 
phism. These nlolecular fossils reTeal that the 
Archean biota was considerably more complex 
than cuisently recognized and that the domains 
Eucaiya and Bacteria were already extant. 

Samples came from depths of around 
700 nl in diamond drill core WRL#l, collared 
near Urittenoom in the Pilbara Craton of north- 
nestem Australia (8). They represent the 
-2600-Ma Mal-ra Mamba Formation (9) 
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Fig. 1. Drill core WRL#l showing 
the gas chromatograms of extract- 
able hydrocarbons at different 
depths (in meters). The kerogen- 
poor samples on the left (white 
squares on drill core) yielded low 
quantities of extractable organic 
matter, whereas the kerogen-rich 
shales on the right (black squares 
on drill core) yielded relatively 
high concentrations. 
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-27 15-Ma Maddina Formation (Fortescue 
Group) (9). all of which have only been 
metamorphosed to prehnite-pumpellyite fa- 
cies in this area (11) (-200" to -300°C). 
The closely spaced sampling of different 
lithologies allowed comparison of rocks with 
varying compositions. porosities, and kero- 
gen contents but with identical postdeposi- 
tional histories. Most analyses were of finely 
laminated kerogenous shales from the Roy 
Hill Shale and Marra Mamba Formation that 
were deposited in a marine continental-slope 
environment below storm-wave base under 
suboxic conditions (12). Those from the 
Marra Mamba Formation were interbedded 
with oxide-facies banded iron formation. 
Black chert from the Warrie Member, quartz 
sandstone and vein dolomite from the Roy 
Hill Member. and teisestrial basalt fiom the 
Maddina Formation served as controls for 
laboratory procedures. 

Although these rocks are well-preserved 
by Archean standards, they are nevertheless 
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highly mature and therefore contain oilly 
small q~laiantities of extractable hydrocarbons. 
Hence, they are especially prone to lnodein 
contamination by petroleun~ products during 
drilling, storage, and analysis. Accordingly. 
each sample undei~vent three solvent rinses to 
ensure that extracted bihlnlmen Lvas intimately 
associated with the rock and not superficial or 

lining cracks. After each rinse was ailalyzed 
chromatographically, the rock was broken 
into smaller fragineilts to expose fresh bed- 
ding surfaces, fractures, and fissures. If the 
last rinse proved clean, the sample was then 
finely ground and exhaustively extracted. 
The kerogenous shales yielded >25 k g  of 
saturated hydrocarbons per gram of rock, 50 

Table 1. Kerogen and bitumen contents of WRL#I samples. TOC, total organic carbon, n.m., not 
measured. 

Sample 
AGSO Depth 

number (m) 
Lithology 

TOC Saturates 
(%) ( ~ g l g  of rock) 

Maml 
Roy I 
Roy2 
Roy 5 
Roy4 
Roy6 
Roy3 
War1 
Mad1 
Blank 

Sideritic brown shale 
Pyritic black shale 
Pyritic black shale 
Pyritic black shale 
Pyritic quartz sandstone 
Fibrous vein dolomite 
Pyritic black shale 
Massive black chert 
Amygdaloidal basalt 

*A 2-mm-th ick  layer o n  t o p  o f  Roy4. ?Referring t o  100 g o f  rock 

Table 2. Abundances and isotopic compositions of kerogens and individual compounds. Biomarker ratios 
were measured a~cording to  published methods (7, 15). Numbers in subscript refer to  the number of 
carbon atoms in the biomarker. 

Maml  Roy I Roy2 Roy 5 Roy3 

Depth (m) 665.4 679.4 681.9 696.9 718.2 
Acyclic hydrocarbons* 

Pristanelphytane 1.2 (0 . l ) t  1.3 1.3 1 .O 1.3 
Pristaneln-C17 0.2 (0.1) 0.3 0.4 0.5 0.3 
Phytaneln-C,, 0.1 (0.1) 0.2 0.3 0.5 0.2 

Hopanes: (ppm)? 230 300 75 - 110 
C Z ~ T S / ( C Z ~ T S + C Z ~ T ~ ) ~ ~  0.59 (0.01) 0.57 0.59 0.56 0.58 
C29Ts/C29~ 0.23 (0.04) 0.24 0.16 0.20 0.25 
( C Z ~ T ~ + C Z ~ T ~ ) / C Z ~  ,7 1.3 (0.40) 1.1 0.57 1 .o 1.82 
czg1c307 1.3 (0.20) 1.3 2.1 1.4 0.9 
c301c317 1.1 (0.16) 1.4 1.5 1.3 1.5 
2a-Methylhopane index 7. l  14 (1.4) 12 17 12 12 

SteranesIHopanes .7,** 0.79 (0.20) 0.95 2.6 0.61 1.1 
Steranes (ppm)% 180 280 190 - 120 

Dia- /Regular I1.7.tj- 0.58 (0.10) 0.91 1.33 0.77 0.87 
C2, 2OS/(2OS+2OR) 1 0.53 (0.04) 0.64 0.77 0.63 0.57 
c29  app/(aaa+app) l  0.54 (0.02) 0.58 0.63 0.61 0.57 
C271(C27+C28+C29)'I 0.52 (0.03) 0.54 0.57 0.50 0.55 
C28~(Cz7+C28+C29)~ 0.21 (0.04) 0.19 0.20 0.20 0.20 
C2~~(C2~+C28+C2~) ' I  0.28 (0.04) 0.28 0.23 0.30 0.25 

TA-I/(TA-I+TA-II) 11,:: 0.92 0.94 0.96 >0.90 0.96 
Carbon isotopes (613C per mil PDB) 

Kerogen 46.8a,C 3 9 . 5  3 9 . 6  - -41.1 

"'17 -26.21 1 1  -26.2 -26.0 - - 2 7.0 

n-C1e 2 6 . 5  2 6 . 1  2 7 . 4  - 2 6 . 3  

Pristane 2 8 . 8  2 9 . 4  2 9 . 8  - -28.9 
Phytane -29.6 -29.5 - 30.1 - -27.8 

'Ratios measured using GC-FID peak areas. *The value i n  parentheses is t he  max imum error o f  t he  particular rat io 
obtained in a series o f  repeat measurements, &,Ts = 18a(H)-22,29,30-trisnorneohopane: C,,Tm = 17a(H)-  
22,29,30-trisnorhopane; C,,Ts = 18a(H)-30-norneohopane; C,, = 17a,ZIP(H)-30-norhopane; C,, = 17u ,2 lp (H ) -  
hopane: C,, = 228 + 22R 17P,2lcr(H)-29-homohopane: 2aMeC,, = 2a-methyl-17a,21P(H)-hopane. SEstimated 
concentrat ion o f  hopanes (C,,Ts, C,,Tm, C,,Ts, C,,, C,,, C,,, 2a-MeC,,) and steranes (C,, t o  C,, 208 + 2OR 
13P,17a(H)-diasteranes and C,, t o  C,, 208 - 2OR 5 ~ , 1 4 a , 1 7 u ( H )  and 5a,14P,17p(H)-regular steranes) i n  the saturated 
fract ion o f  the b i tumen.  D,-20R-5a,14~,17a(H)-cholestane was used as internal standard. Indicates a parameter 
primari ly control led b y  degree o f  thermal  maturat ion.  7 Indicates a parameter primari ly control led b y  organic ma t t e r  
sources. $The 2a-MeC,,I(ZaMeC,,+C,,) is expressed as a percent. **Ratio measured using hopanes C,,Ts, 
C,,Tm, C,,Ts, C,,, C,,, C,, and t he  C,, t o  C,, dia- and regular steranes, ?*Ratio measured using C,, t o  C,, 208 + 
2OR 13P,17a(H)-diasteranes and C,, t o  C,, 208 - 2OR 5aI14a,1 7a (H )  and 5aI14P,1 7p(H)-regular steranes. Z ITr i -  
aromatic-sterane rat ios measured using SIR mlz 231 as defined in (7). BSCarbon isotope data measured b y  
combust ion o f  isolated kerogens (4). 1 Analyt ical errors for  GC-C-IRMS are w i t h i n  0 .4  per mil .  

to 500 tiines inore than the concentrations 
obtained from the chert and basalt and 50;000 
tiines greater than laboratoi-y system blaillts 
(Table l j .  The low hydrocarbon contents of 
the sandstone and vein doloinite represent 
traces of oil expelled from directly adjacent 
shales. Because modern petrocheinical con- 
tamination should produce similar hydrocar- 
bon distributions in all sainples; the marked 
variations in these (Fig. 1) indicate that the 
extracted hydrocarbons are indeed indigenous. 

There are three potential sources of an- 
cient but post-Archean organic contamination: 
local subsurface biological activity, ground- 
water cai~ying biolipids from the surface, and 
migrating petroleum can-ying geolipids. The 
first bvo are easily excluded. Hydrous pyrol- 
ysis at 350°C of kerogens isolated from the 
shales Roy3 and Main1 yielded iilsigliificant 
quantities of hydrocarbon, as expected from 
highly mature Precambrian organic matter 
(13). Hydrocarbolls extracted from these 
kerogens are also highly mature, based on the 
saturate and aromatic bionlarker parameters 
conventionally used to assess thermal evolu- 
tion (Table 2). This indicates that they were 
generated during the final stages of kerogen 
maturation, before or during peak metamor- 
phism at 2450 to 2000 Ma (14). Because the 
rocks have not experienced a subsequent 
thennal event capable of tuining immature 
biolipids into highly inatme geolipids, the ex- 
tracted hydrocarbons were not derived from 
post-Archean surface or subsurface biota. 

Adulteration from migrating Phanerozoic or 
Proterozoic petroleum is harder to discount. 
The youngest rocks in the depositional basin 
belong to the -2400-Ma Turee Creek Group. 
Younger petroleum-prone rocks were never de- 
posited over the top of the basin in sufficient 
thickness for hydrocarbon expulsion to occur. 
The LVrRL41 drill hole is located celltrally with- 
in the craton, at least 150 lun from the nearest 
post-Archean basin, so younger oils migrating 
laterally would have to travel long distances 
through deformed and metamoiphosed h c h e -  
an rocks without continuous cross-cutting frac- 
tures. Thusls; the only likely source for adulter- 
ating oil is from older; rather than younger, 
rocks. Moreover, bedding-parallel pelmeability 
of the black shale Roy3 and pyritic sandstone 
Roy4 Lvas below the detectioil liinit of 0.01 
inillidarcy. Thus; these rocks might have been 
sealed to hydrocarbon migration since they 
were last n~etamoq)hosed at 2450 to 2000 Ma. 
'41~0, higher yields of bihlmen from shales than 
from kerogen-poor rocks (Table 1: Fig. 1) are 
inconsistent with staining by migrated oil, 
which would have equally tainted all rocks of 
similar permeability. Notably, typical Phanero- 
zoic geocheinical characters, such as biomark- 
ers derived from higher plants, are absent. 
However, isoalkanes are abundant; as in inany 
Proterozoic bitumens (15: 16): and the n-alkane 
distribution has a diminution in relative abun- 
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dance at the n-C2, homolog (Fig. l), a pattern 
not observed in younger bihunens. 

The strongest argument for hydrocarbon 
syngeneity is the variation in biomarker dishi- 
butions behveen closely spaced shale samples 
(Table 2). The sterane:hopane ratio and 2a- 
n~ethylhopane index are both gauges of differ- 
ent biological inputs during sedimentation, as 
are the ratios of sterane and hopane hoinologs. 
These differences anlong bioinarker ratios can- 
not be explained by water washing; biodegra- 
dation. thenllal degradation, or geochroinatog- 
raphy of a hoinogeneous migated oil. The ob- 
served variation is instead consistent nith the 
diversity of syngenetic bitumen typically 
present widlin source rock facies. 

To provide clues about organic origins, 
carbon isotopic ratios were measured for bulk 
kerogen and for individual hydrocarbons. 
Kerogens are depleted in I3C as is typical of 
rocks of this age, nith values of SI3C falling 
between 4 0  and 4 7  per mil (Table 2). The 
S13C values for 12- to 22-carbon (C12-C,,) 
n-alkanes range from -26 to -29 per mil. 
This enrichment in I3C relative to kerogen is 
vely rare in Phanerozoic kerogen-bitumen 
pairs but typical of, though more extreme 
than, other Precambrian samples (1 7, 1%)- 
for example, the 600-Ma Pertatataka Folma- 
tion where C,,-C,, n-alkanes are up to 6 per 
mil heavier than kerogen (19). It indicates 
that the organisms forming inost of the kero- 
pen did not contribute significantly to the 
n-alkanes. The isoprenoids pristane and 
phytane are depleted in 13C relative to n-alkyl 
C1 and C I S  con~pounds by -3 per mil (Ta- 
blk 2). as in other analyses of Precambrian 
bitumen (IS). The 11-alkanes are probably the 
products of a diverse biota of primaly pro- 
ducers and heterotrophs. The isoprenoids are 
derived from photosynthetic microbes with a 
possible contribution from isotopically light 
methanogenic Archaea, which are known to 
yield only small quantities of pristane and 
phytane relative to total biomass and no n- 
alkanes when pyrolyzed (20). The contrasting 
depletion of I3C in the lterogen may be at- 
tributed to contributions from methanotrophs, 
as proposed by Hayes (21). However, n-al- 
kanes derived from isotopically depleted 
membrane lipids of methanotrophs could not 
be identified in our samples. Furthelmore, we 
cannot discount the possibility that the obsewed 
isotopic pattern could also reflect the products 
of an extinct biochemishy. 

More information about biological precur- 
sors can be obtained from the tetracyclic and 
pentacyclic terpane biomarkers in the hydro- 
carbon extracts (Fig. 2). Until now: evidence 
for cyanobacteria in the Archean has been 
equivocal, based on poorly preserved micro- 
fossils (22) and on indirect geochemical ar- 
guments (23). High concentrations of 2a-  
methylhopanes (Table 2): also obsewed in 
other Precambrian and early Paleozoic sedi- 

ments and apparently of cyanobacterial origin 
(24), are consistent with the early appearance 
of these organisms. Since oxygenic photo- 
synthesis is their preferred physiology, met- 
abolic oxygen excretion Lvas evidently occur- 
ring well before significant oxygen had accu- 
mulated in the atmosphere: at about 2000 Ma 
(25). The abundance of cyanobacterial bio- 
markers in the Maria Mamba Formation, a 
unit predominalltly consisting of oxide-facies 
banded iron fonnation, suggests that although 
Precambrian iron formations could have been 
produced by abiotic photocheinical processes 
(26j or anoxygenic phototrophic bacteria (27), 
those in the Harnersley Group probably fonned 
as a result of biogeric oxygen productioll (28). 

Steranes also occur in the exhacted bihl- 
mens (Fig. 2). They comprise inost of the 
known C,, to C,, pseudohomologs, their aro- 
matic counterparts, and A-ring methylated ster- 
anes that have been recorded in younger sedi- 
ments. The biosynthesis of these sterols is char- 
acteristic of eukalyotes. The only prokaryotes 
known to synthesize sterols have biosynthetic 
pathways that stop short of cholesterol (29) or 

A 
Diasteranes 

C2,(100) 
372-217 

Regular Steranes 

exclusively produce C,, cholestenols (30). Al- 
though it is possible that other yet unknown or 
extinct prokaryotes also produced sterols, the 
wide structural range of steranes, in relatiye 
abundances like those of younger bitumen, 1s 
convincing evidence for the presence of eu- 
karyotes in the late Archean. The phylogenetic 
posltion of these eukaryotes remains unclear. 
The curtailed n-alkane dishibution indicates 
that contributions froin polymethylenic chains, 
derived from algal cell wall components (al- 
gaenans), were much lower than obsel~~ed in 
younger marine sediments or were missing. \?'e 
conclude that the donlain Euca~ya first ap- 
peared before 2700 Ma and is at least 500 to 
1000 My older than indicated by current pale- 
ontological data (31). This age should provide a 
new calibration point for molecular clocks and 
the universal tree of life. 

The bioinarkers Lve report are the oldest 
known that are demonstrably indigenous and 
syngenetic. They are more than a billion years 
older than those from the -1640-Ma Barney 
Creek Folnlation (15), previously the oldest 
well-characterized molecular fossils. Their dis- 

c,, (50) 
371- 191 

, 
54 58 62 56 60 64 

T ~ m e  i m n )  T m e  (min) Id.ll,il 

Fig. 2. Distribution of (A) sterane and (B) hopane hydrocarbons from Royl. The data are MRM 
(multiple reaction monitoring) chromatograms obtained by gas chromatography-mass spectrom- 
etry (GC-MS) analysis of metastable molecular ions fragmenting to daughter ions at mass-to- 
charge ratio (mlz) = 217 for steranes, mlz = 191 for hopanes, and mlz = 205 for methylhopanes. 
Chromatograms are identified by carbon numbers, the relative height (abundance) of the most 
intense peak in the trace, and the reaction transition. 
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Grobler, I. R. Fletcher, ibid. 54, 231 (1992). 28. P. Cloud, Science 160, 729 (1968); Econ. Geol. 68, 

potentially offer new insights early micro- IS. R. E. Summons, T. G. Powell. C. I. Boreham. Geochim. 1135 (1973). 
bial life and its evolution 
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Josephson Persistent-Current 
Qubit 

J. E. M o ~ i j , ' ~ ~ "  T. P. Orlando,' 1. L e ~ i t o v , ~  Lin T i a r ~ , ~  
Caspar H. van der Wal,' Seth Lloyd4 

A qubit was designed that can be fabricated with conventional electron beam 
lithography and is suited for integration into a large quantum computer. The 
qubit consists of a micrometer-sized loop with three or four Josephson junc- 
tions; the two qubit states have persistent currents of opposite direction. 
Quantum superpositions of these states are obtained by pulsed microwave 
modulation of the enclosed magnetic flux by currents in control lines. A su- 
perconducting flux transporter allows for controlled transfer between qubits of 
the flux that is generated by the persistent currents, leading to  entanglement 
of qubit information. 

In a q~iantum computer, information is stored 
on quantum variables such as spins, photons, or 
atoms (1-3). The elementaiy unit is a two-state 
quanhim system called a qubit. Computations 
are performed by the creation of quanhlm su- 
perpositio~l states of the qubits and by con- 
trolled entanglement of the infoi~nation on the 
qubits. Quanhun coherence must be conserved 

to a high degree during these operations. For a 
q~iantum computer to be of practical value: the 
number of qubits must be at least lo4. Qubits 
have been implemented in cavity quantum elec- 
hodynamics systems (4 ) :  ion haps (5 ) ,  and 
n~~clear spins of large numbers of identical mol- 
ecules (6). Quantum coherence is high in these 
systems, but it seems difficult or impossible to 
realize the desired high number of interacting - - 
aubits. Solid state circuits lend themselves to 

'Department of Applied Physics and Delft Institute for ' 
Microelectronics and Submicron Technologies, Delft integation> but the of 
Universitv of Technoloev, post Office BOX 5046.2600 qLlantum degrees of fi.eedom leads in general to 
GA De1ft:~etherlands-;Department of Electrical En- short decoherence times. Proposals have been 
gineering and Computer Science, 3 D e ~ a r t m e n t  of put fol~\rard for funire implementation of qubits 
Physics and Center for Materials Science and Engi- 
neering, 4Department of Mechanical Engineering, 

with spins of i~ldividual donor atoms in silicon 
Massachusetts Institute o f  Technology, Cambridge, (7 ) ,  with spin states in quantum dots (81, and 
MA 02139, USA. with d-wave su~erconductors (9): the technol- ~, 

qo whom correspondence should be addressed, E- ogy for practical realization still needs to be 
mail: mooij@qt.tn.tudelft.nl developed. 

In superconductors~ all electrons are con- 
densed in the same macrosopic quantum 
state, separated by a gap from the many 
quasi-particle states. This gap is a measure 
for the strength of the superconducting ef- 
fects. Superconductors can be weakly cou- 
pled with Josephson tunnel junctions (regions 
where only a thin oxide separates them). The 
coupling energy is given by E,(1 - cos y), 
where the Josephson energy E, is proportion- 
al to the gap of the superconductors divided 
by the nornlal-state tunnel resistance of the 
junction and y is the gauge-invariant phase 
difference of the order parameters. The cur- 
rent through a Josephson junction is equal to 
I. sin y, with I. = (2ei6) E,, where e is the 
electron charge and A is Planck's constant 
divided by 2 7 .  In a Josephson junction circuit 
with small electrical capacitance, the num- 
bers of excess Cooper pairs on islands n,, n, 
and the phase differences y, y ,  are related as 

, , 
noncommuting conjugate quantum variables 
(10). The Heisenberg uncertainty between 
phase and charge and the occui-rence of quan- 
tum superpositions of charges as well as 
phase excitations (voi-texlike fluxoids) have 
been demonstrated in experiments (11). Co- 
herent charge oscillations in a superconduct- 
Ing quantum box have recently been observed 
(12). Qubits for quantum computing based on 
charge states have been suggested (13. 14).  
However, in actual practice. fabricated Jo- 
sephson circuits exhibit a high level of static 
and dynamic charge noise due to charged 
impurities. In contrast, the magnetic back- 
ground is clean and stable. Here, we present 
the design of a qubit with persistent currents 
of opposite sign as its basic states. The qubits 
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