Transcript from Epic of Evolution:  Life, the Earth and the Cosmos (BEP 210A)

March 22, 2000 - Lecture by Michael Wysession

Let me just start off this class with a bit of a transgression. The rocks and minerals that I have been talking about have a scientific fascination to geologists in that they are clues to the history of our planet.  They therefore have a certain intrinsic scientific beauty to them because of the information that they carry.  Rocks and minerals, however, also have an aesthetic beauty to our human eyes.  I showed you a ruby and an emerald last class, and here are some other examples of attractive minerals that occur naturally: flourine, amazonite, smoky quartz, pyrite, and petrified wood. They all have different colors, weights, and shapes.  The petrified wood is a former tree trunk that’s many tens of millions of years old. The constant flow of fluids through it has replaced all of the wood cells with minerals, and it’s now a fossil, and it’s primarily quartz.  There are many artistic uses for rocks and minerals.  Sculptures are made of alabaster and jade.  Buildings are made with various colors and textures of marble, granite, malachite, and other rocks. Take a walk through an Italian palace one day, and see all the inlaid stones there of all different colors.  We have, in Wilson Hall, a small set of rocks and minerals displayed in the hallways.  Sometime, just take a minute or two, and walk up and down in the two main halls in Wilson Hall and look at them.  Halfway up the landing is an interesting display of over 100 different types of marble, which is the metamorphosed form of limestone.  These forms of marble come in a wide variety of colors and textures, so that it is hard to imagine that they haven’t been painted or created: they occur naturally.  

I mentioned last class that you can get a lot of different types of minerals, and that there are over 3,800 mineral names, with more coined all the time.  However, there’s really an infinite number of compositions of minerals, and here is just one example.  Here is an example of feldspar. I mentioned that one type of feldspar was the red rock that forms in the granite that’s on the outside of all the buildings here at Wash U.  That red feldspar is this particular rock (the name is not important, it’s called orthoclase), and it has a lot of potassium in it.  Well, you can get other types of this rock, feldspar, forming that have, instead of potassium, calcium,  aluminum, or sodium. So one stable combination of atoms is for the silicon-oxygen tetrahedra to combine with some combination of potassium, calcium, aluminum, or sodium, but there is continual spectrum of the relative amounts of these additional elements. As the rock is forming, essentially freezing, from a liquid magma, the rock is going to grab whatever elements are around and try to stick them into the forming atomic structure in the best way possible, just like stacking up those tennis balls I talked about on Monday.  Certain compositions are not possible.  They are too unstable.  This is called a ternary diagram, and it shows the spectrum of feldspar compositions. There are three end-member minerals, which is why the chart is shaped like a triangle. If you are at this corner of the diagram, the mineral is called albite, which is the name we give when the extra element added to the silicon and oxygen is sodium. And if you’re in this corner, you have 100% anorthite, which has the calcium.  And if you’re smack in the middle here you have one-third equal of all three compositions.  So as you move in this triangle, it means your mineral has more or less of these atoms (calcium, sodium or potassium).  At different temperatures you actually get a whole band of possible compositions, and so when we find rocks in nature we find them all along these bands.  There are some atomic combinations that are not stable, however, and that’s represented by this empty area here.  You will never find a feldspar that has half calcium and half potassium.  It just can’t occur.  The structure is not stable and it breaks apart.  But you can find other combinations where the atoms will all just fit in nicely within that atomic structure.  So that’s important to remember: that we have a whole spectrum of compositions.  The key is, and this is going to be really important at the end of this class, that because different minerals are more or less stable, they melt and freeze at different temperatures.  This is what is going to allow all the unusual geology in terms of different compositions.  All minerals are not equal.  Some of them are really nice and stable, but some of them aren’t, and the ones that are least stable will be the first minerals to melt if you’re starting with a solid and heating it.  Or going in the opposite direction, if you have a liquid magma and you’re cooling it, you’re going to freeze out the stable minerals first and the very last things to crystallize will be the least stable atomic structures. 

This shows that if you go to different parts of the Earth you get different types of bulk compositions of materials.  The types of rocks you can end up with are different because the types of elements, and therefore minerals, that are available to you vary.  If we look at the continental crust we can see that it is about 60 percent silicon and oxygen.  Notice, however, that in the ocean crust and the mantle we still have a lot of silica, but it’s greatest in the continental crust.  The mantle and crust are primarily made of silicate rocks, and even the heavy, dense mantle rocks are still 50 percent silicon and oxygen.  But let’s look at some of the other components.  If you look at the continental crust, it also has a little bit of magnesium and iron, heavier metals, which often combine with oxygen.  And it also has amounts of calcium, aluminum, sodium, and potassium.  If you look at the ocean crust, the amount of this lighter material (the sodium and potassium) has dropped out.  We have a bit more calcium, but noticeably more iron and magnesium so we end up with a reduced amount of silica.  If you look at the mantle, which is most of the Earth, we see it’s about half silica, half magnesium and iron combined with oxygen, with the rest mostly calcium and aluminum.  The iron core is totally different.  It’s mostly (80 percent) iron and nickel.  The rest of the outer core is some lighter material, likely to be primarily sulfur and oxygen. We will talk in a minute about how it got down there.

This gives the basic idea of how the chemical material changes as we go down in depth throughout the Earth.  We know what the dominant minerals are at various depths, but there are some very interesting complications.  If we look at mantle minerals, for the most part they consist of two minerals that go by the names of olivine and pyroxene, and these have atomic structures of Mg2SiO4 and MgSiO3.  About 10% of the magnesium (Mg) is replaced by iron (Fe). All the way down to a depth of about 410 kilometers, the olivine exists as a mineral structure called alpha olivine.  At 410 kilometers down it converts to beta olivine.  There is a boundary there that our seismic waves reflect off of, which is how we know that this transition occurs.  We also recreate it in the lab using diamond anvil cells.  We actually take small bits of olivine and squeeze it to ultrahigh pressures to recreate the conditions of these depths. There is a professor in our department, Anne Hofmeister, who does this in the basement of Wilson Hall. She uses a diamond anvil press, consisting of two diamonds, placed together.  She cuts the tips off of the diamonds, puts a tiny amount of olivine in between them, and presses them tightly together.  Because diamond is the hardest mineral, the diamonds don’t usually shatter, though it’s a fairly expensive project, because sometimes the diamonds do shatter from the pressure.  So she squeezes the diamonds to pressures equal to the deep interior of the Earth, and then, because diamond is transparent, she zaps the olivine sample with a laser and heats it up to several thousand degrees. Because the diamond is so transparent, the diamond itself doesn’t heat up, so she is able to recreate the conditions that exist deep into the mantle. From experiments like hers we know what happens to minerals at these conditions, and we see the evidence from patterns of reflected seismic waves.  At 520 kilometers down, the beta olivine changes into a spinel structure. That was one of the gems that I showed you, a spinel.  It is a mineral that likes high pressures, and it forms at very great depths.  Beneath 660 kilometers this spinel converts to something called perovskite. 660 kilometers down is the boundary between the upper mantle and the lower mantle. The rearrangement from spinel to perovskite involves a very big change.  The atoms totally reorganize themselves.  The perovskite is considerably heavier.  It’s a much more efficient way to pack the atoms together.  The pyroxene does something a little different.  It doesn’t cause any sharp boundaries.  It undergoes a set of gradual transitions.  The pyroxene gradually transfers into garnet, and then the garnet gradually transfers also to perovskite.  But the result is that the whole lower mantle is mostly perovskite.  There’s some other stuff down in there, but the single most abundant material in the Earth is perovskite (because the lower mantle takes up the majority of the volume of the Earth). If you’re ever at a cocktail party and somebody asks you what’s the most abundant material in the Earth, you’ve now got the answer. 

The transition of olivine and pyroxene to perovskite has some interesting implications. The most significant is the this phase change presents a barrier to subduction.  I’ve previously showed you the picture of the sinking oceanic slabs, traveling from the surface all the way to the base of the mantle.  But it doesn’t always get there smoothly, and the reason is the boundary between the upper and lower mantles at a depth of 660 km.  The phase transition from spinel to perovskite absorbs energy.  The technical name is an endothermic reaction.  The phase transition has to occur in either warmer rock or higher pressure.  You’ve got to give it more heat or higher pressure.  Two things can happen when the subducting ocean lithosphere comes into contact with this boundary.  If the slab is sinking fast enough, if it’s very cold and heavy, it can punch right through into the lower mantle.  This ends up distorting the transition from spinel to perovskite, and the transition actually occurs at a much greater depth.  We manage to metastably push the spinel rock of the upper mantle slab into the lower mantle.  Remember, the upper mantle is less dense, it’s more buoyant.  The perovskite of the lower mantle is normally denser and heavier, but if the sinking slab is cold enough, then it is still heavier than the lower mantle, and it sinks through.  However, if the slab isn’t cold enough, then something more complicate occurs.  The subducting slab becomes draped across the top of the lower mantle, and turns to move horizontally at the 660 km discontinuity. This will sit there for a while – a few tens or hundreds of millions of years - until it warms up.  Ironically, when it warms up enough, it can sink down into the lower mantle. Now, think about it.  Why is the subducted ocean lithosphere sinking in the first place?  It is sinking because it’s cold and it’s heavy.  Colder things are heavier, so they sink.  However,  it can’t sink anymore because even if it’s cold it’s still not heavier than the rock of the lower mantle.  It’s the same composition, but it’s in the wrong phase.  So what happens is that the rock of the subducted slab sits there at a depth of 660 km until it warms up.  When it warms up enough, the phase transition to perovskite can occur, because you need to give it added heat in order for this transition to occur.  The slab absorbs all the heat coming in from the hotter mantle around it.  When it warms up, it is now cold perovskite, so it sinks down through all of the warm perovskite.  Once the phase transition occurs, there’s no difference between the old slabs the rock of the lower mantle, except that the slabs are now colder, and therefore heavier.  So the slabs turn the corner and plunge down into the lower mantle.  Sometimes this may occur as an avalanche of material.  The former slabs rapidly flush right down through to the core-mantle boundary.

This can all happen because heat passes very slowly through rock, which I talked about in my first week.  It takes hundreds of millions of years for the subducted ocean plate to equilibrate to the temperature of the mantle.  And once it reaches the base of the mantle, it may still sit there for a couple hundred more million years before it warms up enough that it’s ready to rise back up again as a mantle plume.  There is a historical side to this, in that for decades within our field there was a big debate as to whether the upper and lower mantles convected separately.  A lot of people thought that the upper mantle had its own cycles of convection and the lower mantle did its own thing, and there was no intermixing.  Slabs came down to a depth of 660 kilometers, and then they eventually came back up.  Part of their evidence was that they saw slabs coming down and laying here on this 660 km-deep boundary.  The other side says no, the whole mantle is part of the mixing process that goes from the surface to the core, and recent seismic evidence has shown this to be the correct answer.  The upper mantle and lower mantle likely have slightly different compositions, and behave slightly differently, but they are linked together as part of a whole cycle. And it is certainly more complicated than the simple example of convection-in-a-box that I showed 3 weeks ago. 

Let me switch gears talk about a new kind of rock cycle.  Up until now, when I’ve talked about the rock cycle I’ve talked about the large-scale motion of ocean crust sinking to the core-mantle boundary and coming back up again.  But there is a second rock cycle that takes place at the surface, and it starts with magma.  It starts with molten rock.  Molten rock is liquid, but it’s not like water.  It has a consistency that’s somewhere in between wet concrete and thick oatmeal, so it’s kind of sluggish, and often has little pieces of rock in it as well.  This is our starting point in the rock cycle. When the magma solidifies, it forms an igneous rock.  That igneous rock, however, doesn’t usually last forever.  It will usually become subjected to the forces of erosion, which will either break it into lots of small pieces, like beach sand, or will chemically dissolve it.  The resulting sediments will then be transported away, and then deposited, and then compacted to form a new sedimentary rock.  But rock doesn’t stay as sedimentary rock forever either, because it can go and be exposed at the surface and be eroded again.  Or you can take that rock and you can stuff it down deep in the Earth, and it can then be subject to metamorphism, and become a metamorphic rock.  The factors determining this are temperature and pressure, and I’ll talk more about that on Friday.  Metamorphic rock doesn’t always stay that way either.  It can be exposed at the surface and be eroded, or it can be brought up to the surface and pushed back down again and metamorphosed again.  We actually see rocks that have undergone several episodes of metamorphism.  Or you can heat it up enough that it melts again and you get magma, which then cools to form a new igneous rock.  Now, of course we can also take igneous rock and push it down deep, and turn it into a metamorphic rock as well.  So there is a cycle here, and it’s not a simple cycle, because we can take different routes through it.  Some of them are simple.  If you have a magma and it freezes it becomes igneous rock.  But igneous rock can either go up or down.  If it goes down, it gets metamorphosed and altered into a new rock.  If it goes up, it gets eroded, and the sediments get redeposited and form a new sedimentary rock, and again that rock can go up or down.  If it goes up it gets eroded.  If it goes down into the Earth it gets altered.  And for the metamorphic rock, the same thing happens.  It can go up or go back down, and if it goes up and stays up it will eventually get eroded.  For today and Friday, everything that I’m going to say is going to fit into this scheme somewhere, and the message to take away from this is that the rock on the surface of continents is constantly in motion.  The atoms are constantly being reused in a new way.  They rarely just sit the way they are for billions of years.  In the deeper parts of the continental crust they probably are happily being metamorphosed into some strange structure that we don’t have any idea what it looks like because we’ve never been able to drill down that deep. But rock in the top 10 kilometers of the continents goes up and down enough, and the sea level goes up and down enough, so that rock is constantly being eroded or redeposited.  

Igneous rock has two different forms that it can take.  It can cool underground, or it can cool above ground.  We tend to divide up igneous rocks into four boxes, and they are basalt, gabbro, rhyolite and granite.  I’ve got these four rocks here on the desk, and when I explain them enough, I will hand them around, and you will see the differences between them.  We can divide these up a couple different ways.  First of all, we can break them up by region.  Granite and rhyolite tend to be on continents, and basalt and gabbro tend to be in the oceans.  So this is ocean crust (basalt and gabbro), and this is a large part of continental crust (rhyolite and granite).  We can also do the division by composition.  Basalt and gabbro tend to be magnesium, iron and calcium-rich, and as a result they tend to be heavy.  The granite and rhyolite of the continents tend to be silicon, aluminum, potassium and sodium-rich, and therefore they tend to be light.  The basalt and the rhyolite, however, have something in common.  They are both extrusive rocks. They both formed from lava that erupted at the surface.  The gabbro and granite are both intrusive rocks – they formed underground.  The only difference between magma and lava is that as the molten rock is coming up, it’s magma, and when it comes out at the surface, it’s lava.  It’s just the name that we give to it.  Lava is magma that comes out at the surface.  Sometimes the magma doesn’t make it to the surface, and it cools underground, and it therefore cools much more slowly. This gives it a very different appearance.  Intrusive rocks have a slow crystallization and the extrusive rocks have a very fast crystallization.  It takes a long time to grow crystals.  These crystals in this granite took millions of years to grow as large as they are.  Why is that so?  To form a crystal you have to have time to place every atom in just the right place in the atomic lattice structure.  It’s like musical chairs.  If the music stops suddenly, everybody’s going to sit down wherever they are.  And if you bring magma up to the surface, it’s going to cool from 1,500 degrees to 0 degrees centigrade in a matter of minutes or seconds.  If it’s seconds, it turns into glass.  Glass is silica that has a totally random distribution.  There’s no atomic lattice structure.  If you give it a little bit more time to cool,  like minutes or hours, it may begin to form crystals, but you can’t see them.  As a result, basalt and rhyolite have invisible crystals.  The crystals are all there, just like with the granite or gabbro, but they’re so small that you can’t see them because there just wasn’t enough time as that lava bubbled out on the top of Hawaii for the crystals to form.  However, let the magma sit down there 10 kilometers down for millions of years, and there’s time for all of the atoms to arrange themselves nicely in the best possible structure that minimizes the energy of the system, and gives you large crystals.  

Here are the four rocks.  Let me start with granite, because it’s the nicest in the sense that it’s got different colored crystals, and you can see all the crystals.  The outsides of our buildings are made of granite. Notice is that it is a little lighter than the black rocks that I’m going to hand around.  It has a variety of different compositions, and these have different colors.  The white colored mineral crystals are sodium feldspar, the pink is potassium feldspar, the clear is quartz, and the black is biotite.  Don’t worry about the names of the minerals.  You just need to know that they’re different, and they’re visible.  This granite formed deep enough within the continents for those crystals to slowly grow.

[Q: How do we get different colors?  Is that just from their composition?]

Right, the composition and the particular way that the lattice structure forms.  The different structures absorb different wavelengths of the electromagnetic spectrum, and re-emit them at different frequencies.  This is why my shirt is blue.  The dyes of the shirt absorb electromagnetic radiation and re-emit it at particular wavelengths, and in this case those wavelengths correspond to blue light.  

This next rock is a rhyolite.  Now, there are some visible crystals that did form here.  Sometimes you do get some crystals that form as the magma is coming up to the surface, but then as soon as it erupted on the surface, it quenched.  This is from the St. Francis Mountains, 2 hours south of here, as was the granite.  Most of the rock has a dull reddish material, and that material is made up of lots of little crystals but you can’t see them without a microscope.  The crystals are the same as that of the granite, because they share the same composition. Take all of the different colored minerals of the granite and blend them together, and you get the dull red color of the rhyolite. 

The last two are the basalt and gabbro samples.  The basalt is pretty dull looking. It’s not shiny, it’s not pretty, it’s just a dull rock.  But at a microscopic level it’s actually a fascinating combination of these quenched crystals that have had enough time to begin to form crystals, but then had to freeze exactly they were.  The gabbro had much more time to cool, and you can actually see the individual crystals.  In fact, there are two different types of crystals in here.  They are, no surprise, the olivine and pyroxene I spoke about earlier. The olivine has a greenish color, and the pyroxene has a black color.  Some of you may have been to Hawaii and seen the rare phenomenon of green beaches. After volcanic eruptions reach the sea, the rock can get eroded in such a way that you get olivine accumulating on the beach, and you can actually get a dark green color to the sand.

Now, I have to warn you that things are never as simple as they seem.  There is really a full transition between these igneous rock compositions.  We don’t really have just four boxes.  We break them up that way for simplicity, but here’s a picture that shows the gradual transitions between them. Here is granite, with potassium feldspar, quartz, sodium feldspar, biotite (muscovite is another type of biotite – they are both forms of mica) and another rock called amphibole.  The gabbro is primarily calcium-rich feldspar, pyroxene with some olivine.  But notice that there is a full transition between them, and you can find a rock anywhere between them occurring in nature.  The gabbro and basalt are the two parts that make up oceanic crust.  Here’s a picture of a mid-ocean ridge where we have the magma coming up to fill the gap that’s left there as the ocean plates move apart.  The material that comes out and erupts onto the seafloor makes up this jumbled layer of what’s called pillow basalt. We’ve seen it squirt out of the ocean floor, and it squirts out like toothpaste and forms funny pillow shapes.  Beneath that there is a layer of vertical sheets, or dikes, of basalt, and that also cools very quickly, but beneath it you get a 4 kilometers thick layer of gabbro that forms very slowly.  We have drilled down through here in many places and seen this transition from basalt to gabbro.

As I mentioned before, it is very important that different minerals crystallize at different temperatures.  This solves some unusual riddles within the Earth. For example, why is there so little sulfur in the crust and mantle of the Earth?  We know how much sulfur there should be because people like Claude understand the physics by which the elements are created, and based on cosmic abundances we know how much silicon, sulfur, oxygen, etc., we should have had when our solar system formed.  We also have meteorites that formed at the start of the solar system, and they contain a lot of sulfur. We know there was a lot of sulfur around, but there’s very little sulfur in the surface of the Earth, so what happened to it?  Well, it turns out that it’s probably in the core.  This diagram is another form of a phase diagram where the vertical axis is temperature, and the horizontal axis is composition.  The left side is pure iron, and the right side is pure FeS, a mineral called troilite.  In between, you have a mixture of pure iron and of troilite.  Now, imagine that you’re around at the time of the early Earth.  Imagine that you’re one of the characters in Calvino’s book, and you’re hanging around the Earth 4½ billions years ago, and things are beginning to warm up.  Everything is still solid, but you’ve got these planetesimals hitting the planet, it’s beginning to heat up, and it’s getting hotter and hotter.  Something is eventually going to melt, but what is going to melt first?  Well, if you’re a piece of pure iron you’re not going to melt till you’re 4,000 degrees, so that’s not the first thing that’s going to melt.  But if you are a piece that’s half iron and half iron sulfide, you’re going to melt at just below 2,000 degrees.  So the first little blob of melt in the Earth is going to have a lot of sulfur mixed in with the iron.  The liquid is heavy, it’s heavy iron and sulfur, and it’s going to begin to sink down.  But when it sinks, it’s going to pull that sulfur down with it.  You’re not going to melt pure iron and sulfur (FeS) over here, because that’s also at a very high temperature. But there is an ideal point where you get liquid occurring at the coldest possible temperature, and that’s the composition that you’re going to begin to melt, and you’re going to pull out just enough iron and sulfur to keep that ratio as you melt the material.  We know that the core of the Earth is too light to be pure iron.  The force of gravity at the surface would be significantly greater.  It would be even harder to get up in the morning if it were all iron in the core.  But we have a lot of lighter stuff in there, and it is probably sulfur and oxygen, which behaves in a similar way. As the iron sank, it pulled all that sulfur and oxygen down with it.  

What does the fact that different minerals form at different temperatures mean in terms of mantle rock?  It means that if you take a big pool of magma and begin to crystallize it, you’re going to crystallize out the stablest materials first. This happens in a couple different ways.  We call this the mineral reaction series, and it is the order in which we crystallize minerals.  The very first thing to crystallize out of the melt is olivine. Once the olivine gets used up, the magnesium and iron will crystallize into pyroxene, and then amphibole, potassium feldspar, mica and quartz.  Simultaneously, the feldspars are also crystallizing, but they go in a continuous gradation. The calcium-rich feldspars crystallize out first, and eventually go to a sodium-rich feldspar.  The names, again, are not important.  The important idea is that the composition of what’s crystallizing out changes.  We have proof of this. We see it around the world.  I mentioned once before the Palisades Cliffs of New Jersey, right across from Manhattan.  The Palisades Cliffs are a 50-mile long layer of rock that is about 1,000 feet thick.  They formed 200 million years ago.  They were actually formed by magma squirting in between layers of rock.  They weren’t extruded at the surface.  They formed underground in a sort of broad table.  The very bottom layer is olivine, because the olivine crystals crystallized first and then sank to the bottom. If you ever drive down to the Hudson River there, you will see that the rock has a greenish tint to it.  Next, above the olivine is a layer of pyroxene, because it crystallized next, and then sank on top of the olivine. Moving towards the top of the cliff you can see a progression of minerals that mirror the reaction series.  
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