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Hadean--name for 
Earth’s first 600-800 my

We know little about it 
directly , because there 

is a lack of rocks to read
Mark Garick

Heat from gravitational 
accumulation
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Loss of early volatiles from Earth:
:the frost line

The terrestrial planets formed close to the Sun where temperatures 
were well suited for rock and metal to condense. The jovian planets 
formed outside what is called the frost line, where temperatures 
were low enough for ice condensation.



First Atmosphere

	

 •	

 Composition - Probably H2, He
	

 •	

 These gases are relatively rare on Earth compared to 

other places in the universe and were probably lost to 
space early in Earth's history because

	

 ◦	

 Earth's gravity is not strong enough to hold 
lighter gases

	

 ◦	

 Earth still did not have a differentiated core 
(solid inner/liquid outer core) which creates 
Earth's magnetic field (magnetosphere = Van 
Allen Belt) which deflects solar winds.

	

 •	

 Once the core differentiated the heavier gases could 
be retained

Second Atmosphere

Produced by volcanic out gassing.
 
Gases produced were probably similar to those created by 
modern volcanoes (H2O, CO2, SO2, CO, S2, Cl2, N2, H2) and 
NH3 (ammonia) and CH4 (methane)
No free O2 at this time (not found in volcanic gases).
	

 •	

 Ocean Formation - As the Earth cooled, H2O 

produced by out gassing could exist as liquid in the 
Early Archean, allowing oceans to form.

	

 ◦	

 Evidence - pillow basalts, deep marine seds in 
greenstone belts.



Zircon Crystal from Hadean 4.4 Ba, Jack Hills W Australia
J Valley, Univ Wisconsin Madison

Tiny zircons (zirconium silicate crystals) found in ancient stream deposits indicate that Earth developed continents 
and water -- perhaps even oceans and environments in which microbial life could emerge -- 4.3 billion to 4.4 billion 
years ago, remarkably soon after our planet formed.
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A cataclysmic collision between a Mars sized body 
scientists have come to call Theia and a proto-Earth is 
the best model that fits the conditions of our 12,700 km 
planet having a relatively large 3500 km moon. The 
impact theory was first proposed in the 1940’s and 
gained new life after rock samples were brought back to 
Earth.

Planetary 
embryo 
collisions
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• Abundant pillow lavas in greenstone belts 

• indicate that much of the volcanism was under 
water, probably at or near a spreading ridge

• Pyroclastic 
materials 
erupted where 
large volcanic 
centers built 
above sea level

Pillow lavas in Ispheming greenstone  at Marquette, Michigan

Greenstone Belt Volcanic Rocks



•  Heat production 
4 billion years 
ago was 3 to  
6 times as great 
as it is now 

Radioactive heat, which drives the earth’s tectonic 
system, declines markedly in the Hadean and Archean



►Once a core-generated magnetic field 
protected Earth, gases released during 
volcanism began to accumulate 

 Called outgassing 

►Water vapor is the most common volcanic 
gas today

 also emitted carbon dioxide, sulfur dioxide, 
hydrogen sulfide, carbon monoxide, 
hydrogen, hydrogen chloride, nitrogen

Outgassing associated with volcanism



Tsu-Ming Han, Cleveland Cliffs Inc.

Gene L. LaBerge

Gracefully coiled filaments are easily seen by the 
naked eye in these 2.1-billion-year-old fossils 
from the Upper Peninsula's Empire iron mine. 
They are possibly the oldest "megascopic" 
formations of life forms ever found.

A microscopic cross section of columnar stromatolite at the 
Mary Ellen Mine, Biwabik, Minnesota.

Traces of life forms are found in Archean rocks.  
Life may have begun before 3.8Ba and photosynthesis 

started by 2.7 Ba



The picture above is a short chain of cyanobacterial cells, from the Bitter Springs Chert of northern 
Australia (about 1 billion years old). Very similar cyanobacteria are alive today; in fact, most fossil 
cyanobacteria can almost be referred to living genera. Compare this fossil cyanobacterium with this 
picture of the living cyanobacterium Oscillatoria

UCBerkeley

http://www.ucmp.berkeley.edu/precambrian/bittersprings.html
http://www.ucmp.berkeley.edu/precambrian/bittersprings.html
http://www.ucmp.berkeley.edu/bacteria/cyanofr.html
http://www.ucmp.berkeley.edu/bacteria/cyanofr.html
http://www.ucmp.berkeley.edu/bacteria/cyanofr.html
http://www.ucmp.berkeley.edu/bacteria/cyanofr.html


The Great Oxygenation Event (GOE), also called the oxygen catastrophe or oxygen 
crisis or Great Oxidation, was the appearance of free oxygen (O2) in Earth's atmosphere. 
This major environmental change happened around 2.4 billion years ago.

O2 build-up in the earth's atmosphere. Red and green lines represent the range of 
the estimates while time is measured in billions of years ago (Ga).

http://en.wikipedia.org/wiki/Oxygen#Allotropes
http://en.wikipedia.org/wiki/Oxygen#Allotropes
http://en.wikipedia.org/wiki/Earth%27s_atmosphere
http://en.wikipedia.org/wiki/Earth%27s_atmosphere


Banded Iron Formations--BIF

Hematite layers 
alternate with shale 

and chert

Formed in sea water from 
dissolved ferrous iron 

because of oxygen

Seasonal? or cyclic 
oscillation

Most voluminous 
BIF is about 2.4 

Ga

BIF does not form now



Lunar Maria formation

Indicates a period of large 
impact events which are 
late, long after the mostly 

much more energetic 
Hadean

Mostly Archean;  between 
3 and 3.5 Ba



1.875 Ga was a significant impact event, at Sudbury, 
Ontario, and this event produced a widespread fall 

deposit which overlies the major BIF deposits



Horseshoe Harbor

At 1.1 by before present, there were no large plants 
or animals.  The fossil record in the Keweenaw is very 
limited, but there are spectacular fossil cyanobacteria 

colonies preserved in the sandstone and 
conglomerate.

stromatolites



If the early earth developed an ocean from condensation of a part of 
the residual primordial gas, it would have had a very acid ocean, 

accumulated quickly.  Instead if gas bleeds out of earth gradually, the 
acid rain falls on the earth and is neutralized during weathering, 

which brings cations to the sea also and makes change in 
compositions of the sea more moderate and gradual.
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Radiogenic isotopes

Sr and Nd isotopes
mixing between mantle & crustal components (compare to MORB and OIB)
mass balance of Sr and Nd: source contaminationsource contamination vs. crustalcrustal assimilationassimilation
terriginous sediment in source of Lesser Antilles & Sunda arcs 

JOIDES Resolution

Ocean
basalt
array

lower
older 
crust

upper
younger

crust

Radiogenic isotopes

Pb isotopes
Pb contents (>20 ppm) and isotopic ratios of sediments very high
Pb content  (< 1 ppm) and isotopic ratios of mantle are low 
Thus Pb is a sensitive tracer of sediment involvement in magma source 

JOIDES ResolutionJOIDES Resolution

Lesser Antilles arc lavas
Pb ratios both higher and 
lower than Atlantic sediments

source contamination and
crustal assimilation?



9

Radiogenic isotopes

Sr and Nd isotopes
mixing between mantle & crustal components (compare to MORB and OIB)
mass balance of Sr and Nd: source contaminationsource contamination vs. crustalcrustal assimilationassimilation
terriginous sediment in source of Lesser Antilles & Sunda arcs 

JOIDES Resolution

Ocean
basalt
array

lower
older 
crust

upper
younger

crust

Radiogenic isotopes

Pb isotopes
Pb contents (>20 ppm) and isotopic ratios of sediments very high
Pb content  (< 1 ppm) and isotopic ratios of mantle are low 
Thus Pb is a sensitive tracer of sediment involvement in magma source 

JOIDES ResolutionJOIDES Resolution

Lesser Antilles arc lavas
Pb ratios both higher and 
lower than Atlantic sediments

source contamination and
crustal assimilation?



10

Beryllium isotope data

The isotope 10Be
produced by cosmic ray induced rxns in atmosphere
transported to surface pelagic sediments via rain & snow
half-life is 1.5 x 106 yr
tracer for young marine sediment in arc magma source

JOIDES ResolutionJOIDES Resolution

10Be contents of basalts
below detection in MORB, OIB
high in basalt from some arcs

thus in some arcs:
uppermost, young sediments are 
not accreted, they subduct and
either melt or release 10Be rich
fluid to the mantle in < 10 myr

General model of island arc magmatism
JOIDES ResolutionJOIDES Resolution

Major element, trace element and 
isotopic ratios indicate that at 
most a very small weight %of arc 
magma comprises subducted
crustal elements.

Thus most of the subducted crust 
bypasses the arc and descends 
into the deeper mantle.

Perhaps in cases like the Farallon
plate crust travels all the way to 
the core-mantle boundary
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a–c, Accretion and core formation (4.567 billion to about 4.5 billion years ago). a, Siderophiles are removed from the 
silicate mantle to the metallic core. b, Moon-forming impact and end of Earth's main accretion. c, Final segregation of the 
core: mantle is depleted of highly siderophile elements, now concentrated in the core; εW (ε182W) denotes tungsten-
isotope enrichment as parts per 10,000 relative to the modern terrestrial mantle. d,e, Late accretion (about 4.5 billion to 
3.8 billion years ago) following core formation. d, Highly siderophile elements are replenished in the mantle by a late 
veneer of chondritic meteorites. e, Addition of the late veneer reduces mantle 182W enrichment to an εW of zero. Willbold 
et al.2 propose that rocks from Isua in Greenland have the same 182W enrichment (εW ≃ 0.15) as the mantle had before 
the late veneer formed, indicating that some domains within Earth's mantle may have escaped addition of the late veneer.

A 'late veneer' of 
meteoritic 
material, added 
after Earth's core 
had formed, may 
be the source of 
our noble metals. 
Its absence from 
some parts of 
Earth's mantle will 
now force a 
rethink about this 
late accretion.

T Kleine, 2011, 
Nature 477: 

168-9

http://www.nature.com/nature/journal/v477/n7363/full/477168a.html#ref2
http://www.nature.com/nature/journal/v477/n7363/full/477168a.html#ref2


Albarede, 2009, Nature 461: 1227



Kr isotope measurements of well gases show a clear, nonsolar primordial component. (A) Individual analyses 
of all sample aliquots (n = 125) are plotted. Uncertainties in well gas data and primordial end-members are 
1σ. Data are compared with those from solar-Kr, AVCC-Kr, Kr-Q, and Air-Kr (31). The dashed line represents 
the solar mass fractionation line. (B) Averages of each sample are plotted both as uncorrected data (black) and 
as crustal fission corrected (blue) (see fig. S4 for corrections involving both U and Pu fission). The bold line is 
a York fit (32) freely fitted through the data. Thin black lines are 1σ error envelopes to the data. The dashed 
line represents the solar mass fractionation line. Fission correction is based on crustal U fission determined 
from 136Xe excesses over air and assumes no Kr/Xe fractionation. Uncorrected data do not pass through air 
because of a crustal U fission component to Kr as observed previously in Xe isotopes (16); when corrected for 
fission, extrapolation of the best fit line passes through atmosphere. A summary of primordial end-members 
is presented in table S4.

Holland et al., 2009, Science 326: 1522



Nonradiogenic Xe isotope measurements of well gases show a primordial component that is 
completely consistent with Kr data. (A) Reduced scale view to show Xe nonradiogenic isotope data, 
plotted as 124Xe/130Xe versus 128Xe/130Xe with errors at 1σ uncertainty. The bold line is a York fit (32), 
freely fitted through the well gas data presented in table S2. Thin black lines are 1σ error envelopes. 
Open squares are Harding County and Caroline well gases (19). Open diamonds are MORB averages 
computed from (21). The open circle is modern atmosphere (atm). (B) Expanded scale view to 
incorporate possible end-members, plotted as 124Xe/130Xe versus 126Xe/130Xe. The bold line is the 
error-weighted best fit, freely fitted through the data. Thin black lines are error envelopes of 1σ. 
Uncertainties in the primordial end-members are 1σ. Isotopic compositions of solar Xe, AVCC-Xe, Xe-
Q, and Air-Xe are tabulated in (31) and table S4.

Holland et al., 2009, Science 326: 1522



Why do we 
care about this 

idea?

Is volcanism 
compatible with life?

Earth the water planet is 
very poor in volatiles.  The 
ocean is only 0.02 % of its 

mass. Because of the need of 
life for liquid water, we need 
to understand how Earth got 

the way it is.



Many unresolved questions:

Is earth’s hydrosphere still receiving significant masses of 
new volatiles from inside the deep earth, from recycled 

subduction and from small comets?


