Hadean Earth
Welcome to the Hadean Eon. In this lesson we will learn how the Earth transformed from essentially a big ball of accreted meteorites into a differentiated planet capable of plate tectonics. Of particular importance to our story, will be the formation of the oceans and the first continental crust.

Often portrayed with incandescent lava lakes and sulfurous clouds, the mythical image of Hades is befitting of the Hadean Earth. Although we’ll have to remove all notion of charred trees, tortured souls, sadistic demons and the like, the Hadean Earth would surely have been pure hell to any carbon-based life form. 

Not only would a denizen of the Hadean Eon have to cope with a sweltering, oxygen less, greenhouse atmosphere thick with carbon dioxide, water vapor, methane and ammonia, …

…lava lakes and incessant heavy meteorite bombardment, …

… but the Earth was also highly radioactive! Remember that the supernova created a lot of short-lived radioactive elements which, being very young at the time, had not yet decayed into more stable elements. 

Heat from the decay of radioactive elements, combined with heat from intense meteorite impact, gravitational compression and solar energy, was sufficient to melt the young Earth. 

Melting permitted density stratification to take place and led to what is informally referred to as the "iron catastrophe“. When the temperature of the planet reached, and passed, the melting point of iron (1538°C), droplets of liquid iron flowed toward the planet’s interior under the pull of gravity. Molten compounds of silicon (Si), oxygen (O), and other light elements that were also molten (i.e., Al, Na, Ca, K) floated toward the surface. 

Ultimately this led to the present internal structure of Earth.

As the first great tide of molten iron moved slowly through Earth, friction from the movement created heat that further raised the temperature another 2000C. This had a dramatic effect and caused the planet surface to develop…

… a deep magma ocean. Portions of its surface may have cooled below the solidification temperature at times, …

… but the huge amounts of heat produced by the sinking iron would have vigorously stirred the magma ocean by convection and re-melted the thin, unstable crust.

Later, as Earth cooled, this molten rock solidified to form the first solid crust and mantle. 

We can see the profound effect that the iron catastrophe and density stratification had on the Earth in this chart. The Earth’s overall composition reflects the average composition of meteorites, comets and other primordial space junk from which it was made. If we compare that to the Earth’s crust, see that …

… iron, magnesium, sulfur and nickel sank towards the core leaving the crust depleted in these elements…

While silicon, aluminum, calcium, sodium and potassium floated upwards and became enriched in the crust.

We can date the “molten period” from two observations: 1) the oldest meteorites and lunar rocks are about 4.4 - 4.6 billion years old, putting the time of terrestrial accretion at about 4.56 bya;
...and 2) the oldest known Earth rocks are about 3.8 - 4.1 billion years old (although zircon grains from Australia date to 4.4 billion years old). The difference in these two ages, almost half a billion years, may represent the period when Earth was molten. Early in this molten period an incredible event took place.

A Mars-sized object slowly drifted into the Earth’s gravitational field and ...
...smashed into the Earth about 4.5 billion years ago.

Actually the collision may not have been as spectacular as one might think, …

… because both objects were probably molten so that …

… the Earth rather smoothly assimilated the new object.

Nonetheless, the collision flung about 10% of the Earth’s mass into orbit, …

where gravitational accretion eventually gathered the debris into the moon.

The collision left the space around our planet littered with debris.

During which time the Earth had Saturn-like rings.

Because the impact volatilized the Earth’s dissolved gaseous components, and the moon lacked sufficient gravity to contain them, the moon ended up without an atmosphere or oceans. Without these crucial components the moon could muster no weathering or plate tectonic processes and was essentially geologically dead. These were the perfect conditions to preserve impact history. The massive crater in which Mare Oriental lies is a good example of a crater which formed early in the Moon’s history – roughly 4.45 billion years ago.

In general, the larger craters are older than the smaller ones and reflect the more intense bombardment of the Moon’s early history.

The largest craters, or lunar “Mare” (Latin for sea), are covered with basalt, a dark volcanic rock rich in Fe and Mg but poor in silica (SiO2). Basalt is the same rock type that underlies the Earth’s oceans and is produced by decompression melting of mantle rocks. Here, large impacts blasted out huge quantities of the lunar surface, thereby reducing the pressure on the underlying lunar mantle. Because decompression lowers the melting point of rocks, the hot but initially solid mantle would then have melted. The basaltic magma produced in this manner would then rise from the lunar mantle to fill the crater. Decompression melting also forms Earth basalt but not usually by impact, except for the oldest basalt. 

Like the lunar Mare, the Hadean Earth would have also been covered with basaltic seas. Furthermore, because the moon was far closer to the earth at the time, these would have been sloshed about by enormous magma tides which would have made the fragile basaltic crust even more unstable.

Size and tidal differences aside, modern day lava lakes, like this one in Hawaii, are reasonable analogues to the Hadean Mare.

First up they have a thin, unstable, basaltic crust.

Convection breaks up the fragile crust into pieces analogous to the global-scale tectonic plates we will soon study. The pieces, and plates, interact in three fundamental ways.

Where convection brings incandescent lava to the surface the plates spread away from one another. This type of plate boundary is called divergent.

Note that there are often offsets in the divergent plate boundaries and that in these places the plates will move sideways relative to one another - not apart. These kind of plate boundaries are called transform.

In places where cooling and thermal contraction has sufficiently increased its density, the basaltic crust may sink back into the lava lake and re-melt. The plate tectonic equivalent is called subduction and such plate boundaries are know as convergent. If we take a closer look at the process…

… you can see that although only the cooler crust subducts, both “plates” are bent downward here, producing a long, lowered region which on the ocean floor is called a deep ocean trench. 

But this of course is a lava lake - not the ocean floor. The absence of an overlying ocean changes the way subduction works. Here, like the early Hadean crust, there is a much smaller difference in temperature between the basaltic crust and the underlying lava, compared to when a cool ocean lies above the crust. Without an ocean, the crust will melt close to the surface soon after it’s subducted and obviously no water will be subducted. The important result is that there is little opportunity for subduction-formed magma to undergo “fractionation”, that is, the separation of magma into different components due to the different melting points of earth materials. Basically, we just end up recycling basalt here. On the other hand, with an ocean, we not only get water subducted, but we get much deeper subduction, and much more opportunity for fractionation to occur. That means continent formation and true plate tectonics.

Now that the image of a lava lake is firmly etched into your brain, we need to remove it!!

That’s because information obtained from tremendously old zircons suggests otherwise. Zircons are special minerals because they have a very high melting point and can therefore often remain solid after their host rocks have melted. Thus zircons tend to be very old. 

The oldest zircon ever dated from a terrestrial source is this 4.404 billion year old geezer from the Jack Hills of Western Australia. Jack Hills zircons also show another interesting feature; their oxygen isotope and rare earth element composition has been interpreted to indicate that more than 4.4 billion years ago there was already water on the surface of the Earth! The importance and accuracy of these interpretations is currently the subject of scientific debate. It may be that these compositional features record more recent hydrothermal alteration of the zircons rather than the composition of the magma at the time of their original crystallization. 

Its hard to imagine an ocean forming on the Hadean Earth, but the impact that formed the moon may have volatilized enough gas and thickened the Earth’s atmosphere to the point where atmospheric pressure could keep the hot oceans from boiling away. Whether or not the zircon’s origin is linked to the presence of an ocean or to hydrothermal alteration, either case underscores the importance of water in magma formation. Like decompression, hydration lowers the melting point of rocks. 

So perhaps only 50 million years after the moon’s formation, we had oceans, weathering, and sedimentation.

Without water we’d resemble Venus.

And although Venus has volcanoes, it lacks plate tectonics because water is essential to the formation of continental crust.

With water we get plate tectonics. That will be the focus of the next lesson on the Wilson Cycle.
