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Early Earth History & Time Scale 
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O'Neil et al. (2008) Science, Vol. 321: 1828-1831 (Sept. 26, 2008) 
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Summary of Geologic Evidence for the 
Antiquity of Life 

  Earth formed 4.567 Ga 

 Oldest minerals - zircons 4.4 Ga 

  Evidence for liquid water 4.3 Ga - 18O/16O in zircons 

  Oldest terrestrial rocks 4.28 Ga; cooked 

  Oldest microfossils 3.5 Ga - Western Australia’s 
Pilbara Craton (Warrawoona); contentious  
  Next oldest known & convincing microfossils from a 
3.2 Ga hydrothermal vent setting in Pilbara craton 
  Oldest molecular fossils (“biomarkers”) 2.7 Ga 

  Humans begin to ask this question 0.00001 Ga ? 



Origin and Early Evolution of Life 
•  The lost record of the origin of Life? 
•  Few crustal rocks from > 3 Ga 
•  Half life of sediments 100-200 Ma so most destroyed 

Taylor & McLennan (1996) 



The Inhospitable Hadean Eon (4.6-3.8 Ga) 
It is more useful to define the Hadean Eon as the time when impacts ruled the Earth 
than to define it as the time before the rock record. For decades now it has been obvious 
that the coincidence between the timing of the end of the lunar late bombardment and 
the appearance of a rock record on Earth is probably not just a coincidence. I doubt I 
am pointing out something that the reader hasn't long ago given thought to.  While the 
Moon was struck by tens of basin-forming impactors (100 km objects making 1000 km 
craters), the Earth was struck by hundreds of similar objects, and by tens of objects  
much larger still. The largest would have been big enough to evaporate the oceans, and 
the ejecta massive enough to envelope the Earth in 100 m of rock rain. Smaller impacts 
were also more frequent. On average, a Chicxulub fell every 105 years. When one 
imagines the Hadean one imagines it with craters and volcanos: crater oceans and 
crater lakes, a scene of mountain rings and island arcs and red lava falling into a 
steaming sea under an ash-laden sky. I don't know about the volcanos, but the picture 
of abundant impact craters makes good sense --the big ones, at least, which feature 
several kilometers of relief, are not likely to have eroded away on timescales of less 
than ten million years, and so there were always several of these to be seen at any time 
in various states of decay. The oceans would have been filled  with typically hundreds 
of meters of weathered ejecta, most of which was ultimately subducted but taking with 
them whatever they reacted with at the time --CO2 was especially vulnerable to this sort 
of scouring. The climate, under a faint sun and with little CO2to warm it, may have 
been in the median extremely cold, barring the intervention of biogenic greenhouse 
gases (such as methane), with on occasion the cold broken by brief (10s to 1000s of 
years) episodes of extreme heat and steam following the larger impacts. In sum, the age 
of impacts seems sufficiently unlike the more familiar Archaean that came after that it 
seems useful to give this time its own name, a name we already have, and that, if 
applied to the Hadean that I have described, actually has some geological value.

Zahnle (2001) The Hadean Atmosphere, EOS, AGU Fall Mtg, U51A-10
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•  δ13C = [(13C/12Csmpl-13C/12Cstd)/ 13C/12Cstd] * 1000‰
• 12C = 98.93%, 13C = 1.07%

• Plants & Phytoplankton preferentially take up 12C relative to 13C when they use CO2 & HCO-

Span of modern values



Carbon Isotopic Evidence for Life >3.85 Ga 

Mojzsis et al. (1996) Evidence for life on Earth before 3,800 million years ago. Nature, Vol. 384: 55-59. 



Mojzsis et al. (1996), “Evidence for life on 
Earth before 3,800 million years ago” …

based on isotopically light carbon in graphite 
from apatite in rocks on Akilia Island, SW 

Greenland. 

Hayes (1996) Nature Vol. 384: 21-22. Mojzsis et al. (1996) Nature, Vol. 384: 55-59. 



3.85 Ga Akilia 
Rocks 

Mojzsis et al. (1996) Nature, Vol. 384: 55-59. 

Partially metamorphosed 
Banded Iron Formation 

(BIF) 

•  Carbonaceous 
(graphite) inclusions 

within grains of 
apatite (calcium 

phosphate) 
•  Organic carbon? 
•  Remnant of life? 



•  Hematite (Fe2O3) & 
magnetite (Fe3O4) :  

Fe2+ --> Fe 3+

O2 --> H2O
•  Requires free O2 to 

oxidize Fe(II)

http://www.geo.utexas.edu/courses/381R/images/381Rphoto3.jpg; http://www.riotinto.com/library/reviewmagazine/common/images/77/article1-1.jpg

Iron Ore Mine, W. Australia



Low 13C/12C Ratios in >3.85 Ga Graphite 
(Carbonaceous Inclusions) from Akilia BIFs 

Mojzsis et al. (1996) Evidence for life on Earth before 3,800 million years ago. Nature, Vol. 384: 55-59. 



S.J.Mojzsis et al. (1996), 
“Evidence for life on Earth before 
3,800 million years ago” …based 

on isotopically light carbon in 
graphite from apatite in rocks on 

Akilia Island, SW Greenland.

But …
Sano et al. ’99 report the apatite 
had U/Pb and Pb/Pb ages of 
only ~ 1.5 Ga.   

And…



Geology Matters: 1

Fedo & Whitehouse (2002) Science, Vol. 296:1448-1452.

•  Re-mapping of Akilia 
Island & new petrologic & 
geochemical analyses do not 
support sedimentary origin 
for these rocks.
•  They appear instead to be 
metasomatized ultramafic 
igneous rocks (not BIFs).
•  Therefore highly 
improbable that they hosted 
life at the time of their 
formation.



Geology Matters: 2 Fedo & Whitehouse (2002) 
Science, Vol. 296:1448-1452.

•  Quartz-pyroxene outcrop originated as igneous rock, compositionally modified during repeated 
episodes of metasomatism (= hot rock + water) & metamorphism (= high T +P)
•  Deformational petrologic features inconsistent with BIF

• Quartz
• Pyroxene
• Amphibole



Geology 
Matters: 

3

Fedo & Whitehouse (2002) Science, Vol. 296:1448-1452.

•  REE pattern, elemental ratios & mineralogy all 
consistent with Akilia rocks being igneous & not 
sedimentary BIFs

•  Geochemical evidence against 
Akilia rocks being BIFs

Isua BIF, SW 
Greenland 

(3.7-3.8 Ga)



X
> 3.85 Ga Akilia rocks were igneous (not 

sedimentary) & unlikely to have hosted life



(Lepland, A.,  van Zuilen, M.,  Arrhenius, G)
The principal method for studying the earliest traces of life in the metamorphosed, oldest (> 3.5 Ga) terrestrial rocks involves 
determination of isotopic composition of carbon, mainly prevailing as graphite. It is generally believed that this measure can 
distinguish biogenic graphite from abiogenic varieties. However, the interpretation of life from carbon isotope ratios has to be 
assessed within the context of specific geologic circumstances requiring (i) reliable protolith interpretation (ii) control of 
secondary, metasomatic processes, and (iii) understanding of different graphite producing mechanisms and related carbon 
isotopic systematics. We have carried out a systematic study of abundance, isotopic composition and petrographic associations 
of graphite in rocks from the ca. 3.8 Ga Isua Supracrustal Belt (ISB) in southern West Greenland. Our study indicates that most 
of the graphite in ISB occurs in carbonate-rich metasomatic rocks (metacarbonates) while sedimentary units, including banded 
iron formations (BIFs) and metacherts, have exceedingly low graphite concentrations. Regardless of isotopic composition of 
graphite in metacarbonate rocks, their secondary origin disqualifies them from providing evidence for traces of life stemming 
from 3.8 Ga. Recognition of the secondary origin of Isua metacarbonates thus calls for reevaluation of biologic interpretations 
by Schidlowski et al. (1979) and Mojzsis et al. (1996) that suggested the occurrence of 3.8 Ga biogenic graphite in these rocks. 
The origin of minute quantities of reduced carbon, released from sedimentary BIFs and metacherts at combustion steps > 700°C 
remains to be clarified. Its isotopic composition (δ13C = -18 to -25‰) may hint at a biogenic origin. However, such isotopically 
light carbon was also found in Proterozoic mafic dykes cross-cutting the metasedimentary units in the ISB. The occurrence of 
isotopically light, reduced carbon in biologically irrelevant dykes may indicate secondary graphite crystallization from CO2 or 
CH4- containing fluids that in turn may derive from bioorganic sources. If this were the case, trace amounts of isotopically light 
secondary graphite can also be expected in metasediments, complicating the usage of light graphite as primary biomarker. The 
possibility of recent organic contamination, particularly important in low graphite samples, needs also to be considered; it 
appears as a ubiquitous component released at combustion in the 400-500°C range. A potential use of the apatite-graphite 
association as a biomarker has been proposed in the study by Mojzsis et al. (1996). Close inspection of several hundred apatite 
crystals from Isua BIFs and metacherts did, however, not show an association between these two minerals, moreover graphite is 
practically absent in these metasediments. In contrast, apatite crystals in the non-sedimentary metacarbonate rocks were found 
commonly to have invaginations, coatings and inclusions of abundant graphite. Considering that such graphite inclusions in 
apatite are restricted to the secondary metasomatic carbonate rocks in the ISB this association can not be considered as a 
primary biomarker in the Isua Supracrustal Belt 
References: Mojzsis,S.J, .Arrhenius,G., McKeegan, K.D.,.Harrison, T.M.,.Nutman, A.P \& C.R.L.Friend.,1996. Nature 384: 55 
Schidlowski, M., Appel, P.W.U., Eichmann, R. & Junge, C.E., 1979. Geochim. Cosmochim. Acta 43: 189-190. 

Tracing Life in the Earliest Terrestrial Rock Record, Eos Trans. 
AGU, 82(47), Fall Meet. Suppl., Abstract P22B-0545 , 2001



Van Zuilen et al (2002) Nature Vol. 418:627-630

• Carbonate in 3.8 Ga Isua 
(SW Greenland) rocks occurs 
in 3 distinct phases
• Likely formed during 
multiple injections of fluid 
across contacts between 
igneous ultramafic rocks and 
their host rocks.

Isua BIF, SW Greenland (3.7-3.8 Ga)

Know Thy Rock: 1



Know Thy Rock: 2

Van Zuilen et al (2002) 
Nature Vol. 418:627-630.

•  Graphite is associated primarily 
with the metacarbonate rocks, NOT 
with metasedimentary rocks.

•  This suggests the reduced carbon 
formed by thermal 
disproportionation of the 
carbonates. E.g.,

6FeCO3 --> 2Fe3O4 + 5CO2 + C

Metasomatism:  introduction 
of elements into rock by 
circulating fluids



Know Thy Rock: 3

Van Zuilen et al (2002) Nature Vol. 418:627-630.

• Most of the reduced C (graphite) in the 
3.8 Ga Isua rocks is in the 
metacarbonate phases and not the 
metasedimentary phases & likely 
formed by thermal disproportionation of 
the carbonate minerals at a later time.

• Most of the reduced C does not 
have the large 13C-depletion 
expected from biological materials.
• The isotopically-depleted C is only 
found in the metasedimentary 
rocks, where it’s concentration is 
very low & it may be 
contamination….





*** Ended here - 10/17/08 ***





Van Zuilen et al (2002) Nature Vol. 418:627-630.

•  The isotopically (13C)-depleted carbon in this 3.8 Ga Isua sample (of 
presumed biological origin) combusts at low T, suggesting it is 
unmetamorphosed recent organic material (i.e., contamination)

Know Thy 
Rock: 4

Isua BIF, SW Greenland 
(3.7-3.8 Ga)



Bottom Line: No evidence for a 
Biogenic Origin of Reduced Carbon in 

3.8 Ga Isua (SW Greenland) Rocks

Van Zuilen et al (2002) Nature Vol. 418:627-630
6FeCO3 --> 2Fe3O4 + 5CO2 + C



> 3.85 Ga Akilia rocks were 
igneous (not sedimentary) & 
unlikely to have hosted lifeX

The ~3.8 Ga Isua graphite formed by thermal disproportionation 
of FeCO3 at a later time than the host rock

X
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Revised C Isotope Evidence for Life’s Antiquity 



With the carbon isotopic evidence for life >/
= 3.8 Ga now seriously challenged….�

It’s time to look at some fossil evidence for 
early life….�

But don’t be surprised to find plenty of 
controversy there too!�

So jump ahead 300 Myr to 3.5 Ga…



WARRAWOONA PROKARYOTIC MICROFOSSIL PILBARA CRATON WA ~ 3.5 Ga  
(J.W. SCHOPF, 1983) 

Morphological Evidence for Antiquity of Life 



Schopf’s 
Apex 

‘microfo
ssils’ #1

Schopf’s Apex ‘microfossils’ #1

Schopf et al. 
(2002) 
Nature, vol. 
416:73-76.

• Photo-
montages of 
inferred 
microfossils 
from rocks 
ranging in 
age from 
0.7-3.5 Ga.



Gee (2002) Nature, 416:28.  Brasier et al. (2002) Nature, 416:76-81. 

•  Schopf’s “microfossils” seem to 
have formed hydrothermally (hot 

water + rock) 

Non-biologic 
Origin of 3.5 Gyr 
“Microfossils”? 



Brasier et al. 
(2002) Nature, 
Vol. 416: 76-81.

•  Rather than 
emanating from a 
sedimentary rock, the 
Schopf ‘microfossils’ 
came from a 
hydrothermal rock 
vein created by the 
interaction of hot rock 
+ H2O 

Questioning the 
authenticity of 
3.465 Ga Apex 

fossils: 1 



Questioning the authenticity of 
3.465 Ga Apex fossils: 2 

Brasier et al. (2002) Nature, Vol. 416: 76-81. 

“Many of these filamentous structures 
[from the apex chert] are branched or 

formed in ways not shown in the 
original descriptions because of the 

choice of focal depth and/or illustrated 
field of view.” 



Questioning the authenticity of 3.465 Ga Apex fossils: 3

Brasier et al. (2002) Nature, Vol. 416: 76-81.

Focal planes used to create montage of most sharply focused images in (a)



Schopf et al. (2002) 
Nature, vol. 416:73-76.

•  Raman spectra & 
spectral maps (G 
band) of 0.7-3.5 Ga 
‘microfossils’
•  Indicates presence 
of reduced carbon 
(graphite) associated 
with ‘microfossils’.

D       G



•  Unfortunately for 
Schopf et al., 
Raman spectra of 
dark specks within 
surrounding host 
(quartz) rock of 
Apex ‘microfossils’ 
give same Raman 
spectrum.

•  The spectroscopic 
results therefore 
provide no support 
for the “biogenicity” 
of Schopf’s 
‘fossils’.

Brasier et al. (2002) Nature, Vol. 416: 76-81.



•  Morphology is at 
best an ambiguous 
indicator of 
biogenicity.

•  Evidenced here by 
inorganic aggregates 
precipitated from a 
simple solution of 
BaCl2, Na2SiO3, 
NaOH

(a)

   
(b)              (c)

  
(d) (e) Garcia Ruiz et al. (2002) Astrobiology, Vol. 2(3):353-369.

Abiotic origin of 
microfossil-like 

structures #1



Abiotic origin of microfossil-like structures #2

Garcia-Ruiz et al. (2003) Science Vol. 302: 1194-1197.

a,b:  Apex chert (3.5 Ga, WA) microfilament images from Schopf et al (2002) & Brasier et al. (2002), respectively 
(10 µm and 40 µm scale bars, respectively).

c,d:  SEM micrographs of self-assembled silica-carbonate aggregates (scale bars = 40 µm)



Above:  Optical micrographs of silica-carbonate 
‘biomorphs’ taken under same illumination (scale bars 
= 50 µm)
(a) As prepared; (b) after hydrothermal absorption of 
organics; (c) baked after exposure to organics (as in b).

Right: Raman spectra of (Top) heat-cured biomorph and 
(Bottom) Schopf et al. (2002) 3.5 Ga Apex 
microfilament.

Garcia-Ruiz et al. (2003) Science Vol. 302: 1194-1197.



Animal, 
Vegetable or 

Mineral 
(“Biomorph”) 

#1 ?

(a-c)

(d-g) Garcia Ruiz et al. (2002) 
Astrobiology, Vol. 2(3): 

353-369.



Animal, Vegetable or Mineral #2?

(h-i)

(j-l)

Garcia Ruiz et al. (2002) Astrobiology, Vol. 2(3):353-369.



Garcia Ruiz et al. (2002) Astrobiology, Vol. 2(3):353-369.

Animal, Vegetable or Mineral #3?

(m-p)

(q-s)





What are Stromatolites & how do they form?

Stanley (1999)

~2 Ga Stromatolites, Slave 
Province, Canada





*** Ended Here - 10/20/08 ***





Stromatolites

• Hofman et al. (1999) Geol. 
Soc. Am. Bull. Vol. 111(8): 
1256-1262.
• http://www.dme.wa.gov.au/
ancientfossilsLiving stromatolites, W. Aust.



Stromatolites-1

http://www.stlcc.cc.mo.us/fv/
geology/text/25.html

•  1.5 Ga 
stromatolite 
from Ozarks



Stromatolites-2

•  Stomatolites are colonial structures formed by photosynthesizing cyanobacteria and other 
microbes. Stromatolites are prokaryotes (primitive organisms lacking a cellular nucleus) that 
thrived in warm aquatic environments and built reefs much the same way as coral does today.

http://www.wmnh.com/wmel0000.htm

•  Kona Dolomite 
(Michigan) 2.2 Ga 
stromatolite

•  Mary Ellen Jasper 
(Minnesota) 2.1 Ga 
stromatolite

•  Schematic of 
stromatolite structure



Oldest Microfossils on Earth?
Warrawoona 
Group, N. Pole 
Dome/ Marble 
Bar, WA;  
3.5 Ga 

Lowe & Hoffman stromatolite Courtesy Joe Kirschvink, CalTech 



Grotzinger & Knoll ’99  
argue that Archean stromatolites could  

be simple inorganic precipitates! 

Warrawoona Stromatolites May be the Oldest 
Convincing Evidence for Life on Earth* 

*My opinion & that of many geologists 



Examples of 800 million year-old stromatolites�
from the Officer Basin, Western Australia.�

  LEFT: Acaciella australica - a form with narrow 
columns in bioherms up to 1 metre in diameter. 

ABOVE: Baicalia burra - a form with 
broad, irregular branching columns  



LEFT: Detail of a branching column 
formed on the side of a stromatolite cone. 
Complex structures such as these rule 
out formation by means such as the 
folding of soft sediments.  

BELOW LEFT: The outcrop of "egg-carton" 
stromatolites when first discovered, before removal of 

the overlying rocks. 
BELOW RIGHT: The "egg-carton" rock face after the 

overlying rocks were removed. Although today the 
"egg-cartons" are tilted at an angle of about 70 

degrees, they were originally flat lying. 

More W. Australian Stromatolites 



CONOPHYTON  STROMATOLITES �
McARTHUR BASIN, AUSTRALIA ~ 1.6 Ga  (M.R. WALTER)

Macroscopic Remains of Proterozoic Stromatolites 



•  Seems statistically feasible that the 
morphology of stromatolites can occur 
through non-biological processes. 

Grotzinger & Rothman (1996) “An abiotic model for stromatolite 
morphogenesis,” Nature, Vol. 382: 423-425. 



•  Hamelin Pool’s stromatolites result from the 
interaction between microbes, other biological 
influences and the physical and chemical 
environment.
•  The cyanobacteria trap fine sediment with a 
sticky film of mucus that each cell secretes, then 
bind the sediment grains together with calcium 
carbonate which is separated from the water in 
which they grow. Because the cyanobacteria 
need sunlight to grow and they have the ability 
to move towards light, their growth keeps pace 
with the accumulating sediment.

http://www.sharkbay.org/terrestial_enviroment/page_15.htm

A Modern Analog, though, 
provides support for the 

interpretation of 
stromatolites as fossil life 

forms:�
Modern Living 

Stromatolites in Shark Bay, 
Australia





Time Ga 

δ3
4 S

 

4 3 1 0 

Microbial Activity 
~3.47 Ga Suggested by 

Sulfur Isotopes

Shen et al (2001) Nature, Vol. 410:77-81

Microbial sulphate reduction?
SO4

2- + 2CH2O = S2- + 2CO2 + 2H2O
•  Sulfide is depleted in heavy isotope (34S) relative to 
sulfate precursor when biological enzymes reduce it.

H2S in Barite = BaSO4





Rasmussen (2000) Nature, Vol. 405:676-679.

“A biogenic origin is inferred for the filaments 
from their sinuous morphology, length-wise 

uniformity and intertwined habit…”



Location & Images of 3.2 Ga hydrothermal microbes 

Rasmussen (2000) Nature, Vol. 405:676-679.



By 2.7 Ga there is 
excellent evidence for 

both microbial life, 
eukaryotes & oxygenic 

photosynthesis from 
molecular fossils.



WRL#1 

“Archean Molecular Fossils  &
The  Early Rise of Eukaryotes”

Jochen J. Brocks, Graham A. Logan, 
Roger Buick & Roger E. Summons

Science, 285, 1033, 1999

PILBARA CRATON 
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• GEOCHEMISTRY vs STRATIGRAPHY 



Steranes Hopanes 

C27  100% 

C28  26% 

C29  33% 

C30   5% 

Diasteranes 

Regular Steranes C27  50% 

Me-C31 12% 

C31  26% 
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C29  100% 

Ts 
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22S 22R 
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2α-Methyl- 

 Time (min) 54 58 62 64 60 56 

Brocks, et al. (1999)
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