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 Okay.  We are now changing our subject slightly.  We are beginning to discuss the 

solar system.  We’ve been talking about ancient astronomy.  We’ve been talking about 

slightly less ancient astronomy.  We’ve been talking about physics.  Now we’re gonna get 

more into geology.  So you thought we were gonna start talking about astronomy.  But, no.  

For the first chapter or two it’s actually gonna be as much geology as anything else.  And 

the reason is, although we’re now beginning to talk about the solar system, the first planet 

we’re going to look at is the Earth.  And so what we’re going to be doing is discussing very 

briefly the geology of the Earth. 

 One of the first things we want to discuss when we talk about the Earth is the age 

of the Earth.  Because if we know the age of the Earth, then we probably know the age of 

the other planets.  And since we’re on the Earth, we can study the Earth in a lot more 

detail than we can study the other planets.  And so we use the Earth, when we’re talking 

about the solar system, as our laboratory for finding out details about the solar system 

that are particular to the Earth and then seeing if they relate to the rest of the solar system.  

And so we try to find out the age of the Earth. 

 A couple of hundred years ago, a scientist named the Count de Bouffant was trying 

to figure out how old the Earth was and he had an interesting although flawed method for 

figuring out how old the Earth might be.  He first made an assumption -- he wasn’t positive 

it was correct, but he thought it might be — that the Earth started out as very hot.  Now, 

why did he think that?  Because we have volcanos on the Earth.  The inside of the Earth is 

obviously still hot because lava can come out from under the ground and it’s hot.  So it 

must be hot down there.  And so he said, “Okay.  Maybe the Earth started out very hot and 
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it cooled down.”  And so his idea was to do some experiments on cooling off of objects to 

see how long it took them to cool down.  Then he could try to extrapolate those studies to 

the Earth itself and maybe calculate how long it took the Earth to cool down. 

 So what he did was took some steel spheres of different sizes and he heated them 

up.  Then he hung them and watched them and measured their temperatures to see how 

long they took to cool down from a specific temperature.  And what he discovered pretty 

quickly was that the larger the sphere, the longer it took to cool down.  Now, he knew that 

was the case already.  What he wanted to find out was how much larger a sphere takes 

how much longer to cool down.  Did a sphere this big take twice as long as a sphere this 

big, or was it 10 times as long? 

 And so he took spheres of different sizes and he cooled them down.  Now, you 

have to make them out of something so he made them out of steel.  Is this a good choice?  

Well, if you look at the surface of the Earth, it’s not made out of steel so this may not be a 

good choice.  But he had to work with something so he just chose steel.  And it turns out 

the interior of the Earth is mainly iron, so he was actually closer than he realized. 

 But he cooled these spheres down and saw how long each one took to cool down.  

And from his experiment in his laboratory, he then extrapolated it.  He said, “Okay.  A 

sphere that’s small takes a certain amount of time, a sphere that’s bigger takes a certain 

amount more, a sphere that’s even bigger takes even more,” until he got to where he 

could calculate how long would it take the Earth if it were just a big steel ball to cool down 

from molten to the temperature we see on the surface.  And he worked it out and found 

that it was millions of years. 
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 Now, this doesn’t mean that he could immediately say the Earth is so many million 

years old.  Because this was just an experiment, he used steel spheres, but at least he got 

an idea that if the Earth had started out as very hot, it would not cool down in a hundred 

years or a thousand years.  It literally would take millions of years to cool down.  And, in 

fact, since at least the surface of the Earth is made more out of rock than it is steel, and 

rock is less conducting than steel, he realized that it would actually take the Earth longer 

to cool down than it would if it were all made out of steel. And so he sort of figured a 

minimum age for the Earth, millions of years old.  But, again, this was not an accurate way 

of doing it.  It was just an experiment to get sort of a feel for the numbers.  Today we 

wouldn’t use that method because we know it’s got too many flaws.  We actually use a 

method that has to do with nuclear physics. 

 I talked a little bit earlier about atoms and in the centers of atoms there are nuclei, 

and those nuclei are made of protons and neutrons.  And I mentioned that hydrogen has 

one proton and maybe one neutron, helium has two protons and two neutrons, and I also 

mentioned that when you get to very large nuclei that have 80 or 90 protons, that they 

always have more neutrons than protons.  And the reason is, if you try to make a nucleus 

with 90 protons and 90 neutrons, it would fly apart.  There’s not enough glue in the 

neutrons to hold 90 protons together if you’ve only got 90 neutrons.  And so all very heavy 

elements have many more neutrons in the nucleus than they have protons. 

 Even then, those nuclei are not very stable.  There are so many protons near each 

other and they all repel each other that there are tremendous forces to blow that nucleus 

apart.  And it’s only the extra neutrons that are holding it together and sometimes they’re 
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not holding it together very well.  And so we do have cases of nuclei that are unstable.  

They are barely being held together.  All they need is a nudge and they will blow apart.  

Sometimes they will get a nudge just randomly.  They don’t need much.  And so we call 

these elements unstable or radioactive. 

 Radioactive nuclei break apart all by themselves.  They don’t need an excuse.  

They are so weakly held together, the nuclei just have to get into the wrong arrangement 

and, boom, they come apart.  Now, some radioactive nuclei are much more unstable than 

others.  So if you get a radioactive nucleus that’s extremely unstable, it might blow apart in 

one second.  Well, you can imagine if all of a particular kind of nuclei break apart in one 

second, after a little while we don’t have any left. 

 And so those kinds of elements don’t tend to exist in nature because they’re all 

gone.  They’ve all blown apart.  But we have other nuclei that literally may last millions of 

years — or even in some cases billions of years — and they only break apart very slowly.  

And so we would still expect to see some of them around, even though some of them 

have already broken apart. 

 Now, I have an overhead to show you to show you the technique we use for 

determining ages using that.  Okay.  In the top part of this overhead we have nuclei.  Now, 

this overhead is not made to be realistic.  It’s actually using helium nuclei as the test case.  

Helium nuclei are very stable.  They do not break apart.  But this is just to make a simple 

nucleus that you can look at without going blind -- having 90 protons and 125 neutrons 

you wouldn’t be able to see any detail.  And so we make a very simple nucleus with just 2 

protons and 2 neutrons. 
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 And so over here at times equals zero we start out with 8 nuclei, each having 2 

protons and 2 neutrons.  And after what we call a half-life, we have half of those turning 

into something else.  Notice that what we’ve made something else is 3 somethings — 

maybe 3 neutrons and 1 proton — just to show it’s different.  This is not a realistic case, 

but it’s just to show that the nucleus changed in some way.  And so a half-life is defined as 

the amount of time it takes for half of those nuclei to change. 

 So if you start off with 8 of them all being the same and after a certain amount of 

time 4 of them have fallen apart or changed in some way, we call that amount of time it 

takes the half-life.  It’s just a way of measuring.  And so any time you’re talking about 

radioactive materials, we want to know how long it takes for half of that material to decay, 

to have radioactive decay and have the nuclei change their structure. 

 Now, the change in structure can be subtle.  It can be a proton turning into a 

neutron.  That’s pretty subtle.  It can be a piece of the nucleus breaking off.  Maybe a 

couple of protons coming out or a couple of protons and a couple of neutrons which would 

be a helium nucleus.  Maybe a helium piece breaking off the rest of the nucleus.  Or it 

could be the nucleus completely disintegrating and blowing apart into many small pieces.  

So there are different kinds of decay.  What we’re saying is after half of that material has 

changed, we call that a half-life regardless of what the change was. 

 If you then watch that same material and you watch it for the same amount of time, 

what you will discover is that after another half-life, another million years of whatever, half 

of the remaining material will undergo a change.  So over here you only have 4 nuclei that 

are still the originals and after that same amount of time you will find that there are only 2 
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nuclei that are still like the originals.  Then after another equal amount of time, of those 2 

nuclei one of them will probably break apart and so you’ll have half again as much of the 

original material. 

 So that’s why we refer to it as a half-life.  After the same amount of time, only half of 

whatever’s left is left.  And then after that same amount of time, only half of the remaining 

is left.  And so this decay actually goes on quite a while.  If this was a million years, then 

this would be a million and this would be a million.  You’d still have some of the material 

left.  Because after each length of time, half of the remaining material changes into 

something else.  So it all doesn’t decay at the same time.  Why?  Because it’s a random 

process.  You never know, looking at those original 8 nuclei, which one is going to break 

apart.  It’s random.  All we know is that statistically speaking, after a certain amount of 

time, half of them will be broken apart. 

 This works for all of the radioactive nuclei.  You take a certain amount of material, 

you watch it for a certain amount of time, and randomly the nuclei break apart.  It’s a 

statistical process and so you can follow it statistically.  So if I start out with, let’s say, 

uranium 235 and I have 100 percent of uranium 235, that means there are 235 particles in 

the nucleus.  At some point one of those nuclei will break apart just spontaneously.  Now 

I have less than 235.  I’ve got something else.  The product that it turns into is lead.  So as 

this uranium 235 is breaking apart, one of the final products — and there are several 

because you get helium nuclei and things like that out — but the final stuff that’s left sitting 

there will be lead.  And so I start out with uranium, I wind up with lead. 

 Now, if I happen to look at a rock and I analyze what the rock is made of, I grind it 
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up and I find out what it’s made of, and I discover that there’s an equal amount of uranium 

235 and the lead that it turns into in that rock, my first guess would be, “Aha!  Half of the 

uranium 235 has turned into this lead.  That means that that rock has been sitting there for 

its half-life.  Whatever the half-life of uranium 235 is, that rock has been there for that long 

because I find the same amount of uranium 235 as I find lead.” 

 So we can date the age of that rock by how much of the original material and its 

final product material is together in the  rock.  You start out with pure uranium, at some 

point in the distant future you will have almost pure lead.  But in the meantime you have 

some uranium and some lead, and as time goes on you have more lead, less uranium.  

 And so in the bottom graph it shows you how much of the original material you will 

have left after a certain amount of time and it’s listed in half-lives.  But we also have to 

worry about the product it’s turning into.  And so I have this other overhead which is very 

similar, but it now talks about what we call the daughter atoms.  You might say this is the 

mother stuff or the parent, the uranium.  The daughter material would be the lead.  And so 

it turns into something else. 

 As the uranium decays and there’s less and less of it, you’re going to see more and 

more of the daughter product, more and more lead.  So if I plot it on a graph like this and 

I measure how much lead and how much uranium is in a particular rock, I can take the 

ratio of the two measurements and see how long that material has been in that rock — in 

half-lives.  Now I have to do some nuclear experiments to see how fast uranium really 

decays.  How long is its half-life, and that’s actual measurements ‘cause we don’t know 

offhand.  You could try to calculate it theoretically, but that’s a very difficult process, so 
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you really want to measure it.  You want to start off with some uranium and watch it decay 

to see how long it takes. 

 Now, there are many radioactive materials.  These are some that are used for 

determining ages.  You have the parent and we have many different elements.  Notice 

potassium 40.  We always give a number to the element because it tells us which kind of 

a certain element.  There might also be potassium 41 or potassium 39.  We’re interested 

specifically in the nucleus that has 40 nuclei, 40 protons and neutrons in the nucleus.  So 

we want to be very specific about which material we’re talking about.   

 So we have potassium 40, rubidium  87.  Some of these elements you’ve probably 

never heard of because they’re not very common.  Thorium 232.  Here’s uranium 235.  

Notice it turns into lead 207, a specific kind of lead.  Notice that thorium 232, which is 

almost the same weight as uranium, turns into a different kind of lead, 208.  So we can 

actually tell them apart.  It’s not like a whole bunch of materials all turning into the same 

kind of lead.  That would confuse our measurements.  Turns out that they actually turn 

into different kinds of lead.  Uranium 238, another kind of uranium, turns into lead 206.  So 

you have to be very careful which lead you’re measuring to make sure you know which is 

the daughter product for which radioactive material. 

 And notice that the ages, the half-lives, are all over the place.  For potassium, 1.25 

billion years.  Half of the potassium changes to argon in one and a quarter billion years.  

It’s pretty slow.  But that’s not half as slow as rubidium turning into strontium.  That takes 

48.8 billion years.  That’s ridiculous.  Who’s gonna wait around to measure that, huh?  

Actually, notice that this is one of those very subtle changes.  The weight of that nucleus 
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doesn’t even change.  It just goes from rubidium 87 to strontium 87.  That’s just a change 

of a neutron to a proton, or a proton to a neutron.  Very subtle.  Whereas the uranium 

starts out 235 and drops all the way to 207.  It loses a lot of particles as it decays. So 

sometimes the decay is dramatic, sometimes it’s extremely subtle. 

 Sometimes it’s interesting because it changes the kind of material.  For example, 

potassium 40 turns into argon 40.  Potassium is a solid, argon is a gas.  And so it changes 

its element but it also changes what kind of material it is, whether it’s solid, liquid or gas.  

And so that can be a tricky one.  Because if the rock ever melts, the gas will all bubble off 

and escape.  So you can only measure its age using this technique since the last time it 

became hard rock.  If it ever melts, you lose the age because the gas will leave.  And so 

you have to be very aware of what’s turning into what because that limits what kind of age 

you can determine. 

 And then we have down here carbon 14 turning into nitrogen 14.  Again, a subtle 

change.  Still the same number of particles in the nucleus but just a different 

proton/neutron ratio.  Notice that that’s very short, less than 6,000 years.  And so if you’re 

trying to measure short time intervals, you’re trying to determine whether some 

archaeological dig is 8,000 years old or 2,000 years old, you would probably want to use 

carbon 14.  You would not want to try to worry about rubidium 87 because none of it will 

have changed in a few thousand years. And so your daughter product is gonna be so 

minuscule you won’t even able to make good measurements. 

 So if you’re trying to measure something that’s a few thousand years old, you want 

to use a radioactive material that has a half-life of a few thousand years so that you can 
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see, you know, pretty good measurements.  Should have about half and half after about 

6,000 years.  If we’re talking about the Earth, we’re talking about an object that turns out 

to be several billion years old.  And so the ones we would want to use, uranium — the 

half-life for uranium, 238, is almost exactly the age of the Earth.  So any time you look at 

uranium in a uranium mine, you should find about equal amounts of uranium 238 and lead 

206.  If that rock has been there for a long time, the age of the Earth, then there should be 

about an equal amount. 

 And so that would be a good choice of element to use because then you have 

about equal amounts to measure.  If you’ve only got a tiny amount of one material and a 

lot of the other, your error in measurement goes up.  So you want to have it as close to 

equal as possible.  So depending upon the ages you’re trying to determine, you would use 

these different elements.  And actually if you’re trying to make an accurate determination, 

you would want to use more than one.  It would not make sense to use only uranium 238 

when probably mixed in with it is gonna be uranium 235.  So you might as well measure 

both, knowing they have different half-lives.  They should have different amounts of each 

in the rock and so you can check one age against the other.  They should both give you 

the same answer.  And if they don’t, then you know you’ve got a problem. 

 And so usually if you’re trying to measure the age of a rock or the age of a 

mountain or something like that, you have to do more than one of these to make sure 

they’re consistent.  And if they’re not consistent, then you’ve got a problem.  You’ve gotta 

figure out why they’re not, what could be different.  If you have a case where only the 

potassium is way off, then you might say, “Aha!  This rock must’ve become liquid at some 



ASTRO 114 Lecture 16 11 
 
point and the argon bubbled off because it’s a gas.  And so I lost those measurements.”  

Then you wouldn’t use the potassium. 

 But we can use this technique — this is really a 20th century technique — for 

determining ages of anything that has those materials in it.  And these are just some of the 

radioactive materials.  There are actually many more, some of which have fairly short 

half-lives that would not be good for determining the age of the Earth but they might be 

good for determining the age of a lava field that might be 10,000 years old or 50,000 years 

old.  You might be able to determine the age of something that had formed fairly recently 

with a material that doesn’t stay around that long.  Any questions on that?  Okay. 

 So what do we come up with?  Well, the latest number that I heard, using uranium 

mainly, is that the age of the Earth is about 4.6 billion years old.  Now, actually the latest 

number has more decimals, more numbers after the decimal, 4.54-something.  But if you 

round it, it’s about 4.5, 4.6.  And that’s pretty well established from all the radioactive 

dating techniques.  We use this for any objects we can get our hands on.  If we find a rock 

on the moon, we can age-date the rock using the same technique and when it’s been 

discovered.  Astronauts brought back many rocks from the moon and they found that the 

oldest rocks they found were about 4.5 billion years old, same age as the rocks on the 

Earth, give or take a little bit. 

 And so that number seems to be a common age, although we have not measured 

it for every planet.  We’ve measured it for the Earth, we’ve measured it for the moon.  We 

have a few rocks from Mars.  And when we date those, they came up — I think the oldest 

one was 3.8 billion years old.  Not as old as the oldest rocks on the Earth, but then we 
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don’t have as much of a choice.  The rocks from Mars, we didn’t actually go to Mars and 

pick up.  They landed on the Earth.  How did they land on the Earth from Mars?  Well, 

that’s a story we’ll talk about more later. 

 But essentially, asteroids have hit Mars and when they hit the planet, they hit with 

such violence they blow rocks off into space.  And those rocks then become weapons, if 

you want to look at it that way, from Mars and they fly toward the Earth.  Sooner or later 

they run into the Earth and we find ‘em lying on the ground.  Fortunately, they’re mostly 

small rocks so they haven’t done anybody in, that I know of.  But we do find rocks that 

have the identical composition of Martian rocks. 

 And how do we know the identical composition of Martian rocks?  We have landed 

landers on Mars that have done geological experiments on the surface and have 

determined the composition of the surface material.  So we know that it’s different from 

the Earth and that it has a certain chemical composition.  And we find a rock like that 

sitting on Antarctica on the icecap a mile above any Earth rocks.  There’s just this funny 

looking rock sitting there on the ice.  We know it’s not an Earth rock.  It came down 

through the atmosphere, hit the Earth, and has been sitting there waiting for somebody to 

pick it up.  We’ve actually found more than a dozen of ‘em, most of ‘em in Antarctica. 

 Because it’s very suspicious if you see a rock sitting on the top of a mile of ice.  You 

start to think, “Hm, it doesn’t belong there.”  And so finding meteorites is easier in 

Antarctica than anywhere else.  And there are scientists that just walk along the surface in 

Antarctica, looking for meteorites.  So we can find pieces of other planets — well, I 

shouldn’t exaggerate.  We’ve only found pieces of Mars and the moon.  That’s it.  We 
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have not found any pieces that we could say were from Venus or Mercury or anyplace 

else.  We may have them, but we have not been able to identify them as such.  But those 

rocks we have gotten from elsewhere are quite old, at least 3.some billion years old. 

 Now, the next thing I want to talk about is the interior of the Earth.  We’ve never 

been there but we’ve never been to Mars, either, but we know something about it.  But 

we’ve never been to the interior of the Earth because it’s kind of hard, digging a hole 4,00 

miles down.  It’s tough enough trying to put a drill down a few thousand feet to get some 

oil.  So we really don’t have any direct evidence of what’s down in the center of the Earth.  

All the evidence we have is somewhat indirect, but we have massive amounts of it. 

 And so the general structure of the Earth that we have determined looks like this.  

We’re on the surface, so there are the continents drawn in on the surface.  There is a thin 

crust, relatively thin.  Thin when you look at the entire Earth but it’s still miles thick.  Below 

this thin crust we have a region of solid rock which we call the mantle.  It’s mainly rock.  

Some of it’s dense, but it’s rock.  We then get down to this lighter orange region which we 

now realize is mainly iron — or, if you want to be more technical, nickel iron; there’s some 

nickel mixed in with the iron — and it’s liquid.  It’s not solid. 

 We then have a central region that’s labeled in yellow, that is solid nickel iron.  Now, 

when you think about this structure, you might wonder why it seems backwards.  Why is 

the center solid and a region around the center liquid?  If you were thinking of, you know, 

being hottest at the center, you might think, “Well, it should be liquid at the center and then 

solid on the outside.”  But it’s not.  It’s solid at the center, liquid farther out, then solid again, 

and then — I was talking about volcanos, right?  Liquid rock coming up to the surface.  
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Right near the border or line between the crust and the mantle, some of the mantle and 

some of the lower crust, is again liquid.  So whether it’s solid or liquid varies tremendously 

with position inside the Earth. 

 Now, how do we know this?  We’ve never been down to the center of the Earth to 

determine that it’s solid or liquid.  But we have measurements from the center.  And I’ll just 

show you the beginning of it and then we’ll talk about it some more later.  The amazing 

thing about the Earth is that we have earthquakes a lot.  Turns out we can use 

earthquakes to determine the structure of the Earth.  During any earthquake we have 

vibrations.  Those vibrations are called seismic waves.  And there are two kinds of seismic 

waves.  They are usually referred to as P and S, which means primary and secondary.  So 

on this overhead you see a primary wave and a secondary wave.  And they’re different 

kinds of waves.  A primary wave is a vibration like this.  A secondary wave is an up and 

down vibration. 

 So during an earthquake you have a primary vibration, a shock, and then the 

ground starts to roll and you have the secondary waves.  Well, they go through the Earth 

differently.  If we look at the entire Earth inside, we discover that the P waves can go 

through anything but the S waves do not go through the core.  There’s a shadow where — 

if you’re trying to measure these waves on the other side of the Earth, you measure the P 

waves but not the S waves.  They don’t go through the Earth.  They can go through the 

mantle, but they don’t make it through the core.  Why?  Because S waves can’t travel 

through liquid. 

 And so because the P waves do go through and the S waves can’t, we can tell 
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there’s a liquid.  And so we’re able to determine where that liquid core is by actually 

mapping where the waves go through the Earth.  We have stations all around the Earth 

that measure earthquakes on a regular basis.  And so any time an earthquake occurs — 

if one occurs in San Francisco, we could measure it here in Springfield.  And those waves 

have gone across the surface but some of ‘em have gone through the Earth.  And if you’re 

on the other side of the Earth, the waves that go through only come through as P waves.  

No S waves.  So we know that S waves have hit the liquid and didn’t make it through.  So 

that’s how we can tell whether it’s solid or liquid way down inside. 

 Okay.  We’ll continue this tomorrow. 

 


