3.  Earth and other planets 

Carbon dioxide on the planets

Based on evidence from analysis of meteorites, many astronomers are convinced that a supernova explosion preceded the formation of our present sun.  With the birth of the solar system from gravitational condensation of a massive cloud of dust and gas, a primative solar nebula whose composition is thought to be like the sun was formed just under five billion years ago, when the universe was two-thirds of its present size.  From this, we got the sun and the planetary disk.  The inner planets that formed close to the massive sun were enriched in heavier elements.  Recently, evidence using the slow radioactive decay of 238U into Pb implies that the Earth may have accreted as early as 30 million years after the formation of the solar nebula.  And even more recent studies suggest this might have taken as little as three million years.  The initial atmospheres of the inner planets including Earth should have been similar.  The outer planets were endowed with light elements.  For the inner planets, volatile substances, those that remain gases at warm to moderately high temperatures were not incorporated into planet formation for the most part.  Exceptions would be those substances that could chemically react to form nonvolatile solids such as oxides and carbonates.  This accounts for the rarity of the noble gases on Earth, the eighth group in the Periodic Table.  Yet helium is modestly available (for balloons) and argon is the third most abundant gas in our atmosphere now.  These two anomalies are actually due to radioactive decay.  In the case of helium, its presence is as a relic of the radioactive decay of uranium- and thorium-containing substances, all of which are alpha-particle emitters.  As for argon, its origin is in the potassium (K) in the earth's crust.  Potassium, the nineteenth element, consists naturally of three isotopes, mostly 39K but with about 6.7% 41K and 0.012% 40K.  The latter is radioactive and decays most of the time to 40Ar, a stable isotope of the eighteenth element, by capture of an inner (negative) electron of the potassium by its nucleus converting the nineteen-proton system into an eighteen-proton system.  Almost all of the argon in the atmosphere is 40Ar and owes its abundance to the decay of 40K at a rate determined by its half-life of 1.4 billion years (or average lifetime of two billion years).  The amount of 36Ar, a nonradioactive isotope of argon, is some one million times relatively more abundant in the sun than in the atmosphere.  This part of the evidence that the earth did not retain a primary (original) atmosphere, for if it had, the relative abundances of the various argon isotopes would have been much more solar-like.  The comparison below shows solar system abundances of elements along side terrestrial abundances, all adjusted in comparison to 10000 for silicon, a very abundant element in both domains.

	Element
	Terrestrial abundance relative to Si = 10000
	Solar system abundance relative to Si = 10000

	H
	84
	350,000,000

	He
	.00000035
	35,000,000

	C
	71
	80,000

	N
	21
	160,000

	Ne
	0.0000012
	50,000

	Xe
	0.000000005
	0.015

	Na
	460
	462

	Al
	940
	882

	Si
	10,000
	10,000


The difference in relative abundances for the volatile elements is striking, especially for the noble gases He, Ne and Xe.  For all intents and purposes, these form no stable and nonvolatile compounds.  Their minor presence may be accounted for by recognizing that small quantities do stick to surfaces like those of dust.  The last three elements shown have the opposite properties.  Being extremely non-volatile when in compounds, as is usually their situation, they are referred to as refractory and, like most of the other refractory substances not shown, have relative abundances that mirror those in the primary nebular cloud from which the solar system arose.

There is little surviving evidence of the early accretion situation.  One model has a “blowoff” commencing about fifty million years after the sun finished contracting.  The amount of hydrogen required for this model amounts to some 88 oceans worth of hydrogen (from the H2O of water).  This seems like a huge amount, but the outer planets are known to still contain ~50% ice.   The hydrogen could have come from accreted gas or even water, the latter being broken down by energetic light hitting the atmosphere (photolysis).  Impacts leading to accretion are in competition with impacts that erode atmospheric constitutents, depending on the impact body and mass of the target protoplanet.  The more obvious picture of thermal escape of light gases from the hot early Earth is no longer the favored picture, although it could still be invoked for planetesimals as they accreted.  The “blowoff” is a rapid, hydrodynamic outflow of mostly hydrogen that carries along heavier gases.  

An early scene would be one of an airless Earth.  And cold.  In the absence of any atmosphere, temperature balance is due to input (solar radiation) minus reflection (albedo).  Using Mars’ measured albedo and assuming that the solar luminosity has been constant (so as to simplify the estimation), the Earth’s primitive surface temperature is calculated to be ~260 K (-13 (C or 9 (F).  The reflected radiation can be above 80% for thick clouds, or for uncompacted snow.  Water bodies have albedos around 10% and vegetated areas less than 20%.

A clever way of estimating what portion of the present atmosphere might be remnants of an original, primary atmosphere is to use the abundance of neon as a benchmark.  That is, use the current amount of neon in the air in conjunction with the abundances of other elements such as nitrogen and oxygen relative to neon and see how much nitrogen and oxygen has followed the neon.  You get less than 1% of the existing total.  Also, that value is a significant over-estimate because the neon now in the atmosphere was probably trapped in the earth’s interior eons ago.  What we’re saying is that much greater than 99% of the air is not the original atmosphere.

Belief that much of the water of the oceans and gases in the early atmosphere were dumped here by comets and meteors.  This may be answered in the near future when fly-bys of comets explore isotope rations in comparison to those on Earth.  The accretion of carbon is somewhat of a puzzle though.  This is because simple carbon compounds such as carbon dioxide, carbon monoxide, and methane (CH4) are ices at times of accretion onto the inner (warm) planets.  (?)  Hydrocarbons are a possible source of carbon since they could react with water to produce carbon dioxide and hydrogen, the latter of which would escape. 

All early planet formations were presumably at high temperatures, giving molten bodies.  The high temperatures were due to energy released as the planetary masses collapsed under their own gravity, to energy deposited from bombardments of massive meteors abundant during the early age of the solar system, and from radioactive heating, due to the much greater abundance of unstable elements. Evidence of the meteor impacts is easily noted by looking at the crater-scarred surface of the moon.  At high temperatures, not only was outgassing was probable, but the force of the exiting vapors could carry away any lingering atmospheric gases as well.  As the planet settled down, decreased frequency of impacts and slowing gravitational collapse allowed cooling to commence.  Gravitational collapse as a source of heat likely would have lasted only for some millions of years.  A stable crust would form and volcanic activity would be the major cooling phenomenon.  It gave rise to what we call our secondary atmosphere: methane, nitrogen, hydrogen, ammonia, water vapor, carbon monoxide and carbon dioxide were released and the order is believed to be in that sequence of decreasing abundance.  Ultraviolet light, with energy high enough to disrupt chemical bonds, could break down some of the hydrogen containing molecules, releasing hydrogen atoms.  Owing to their lightness, H atoms would escape the gravitational pull of a planet and leave the atmosphere.  Furthermore, the intense bombardment by extraterrestrial bodies during these early (millions of) years were an auxiliary source of volatile substances.  In a relatively short time, the atmospheric composition would change substantially, becoming mostly carbon dioxide and nitrogen.  This is also the case for the planets Venus and Mars and still is, for them, as indicated below.

	
	Venus
	Mars
	Earth

	Surface temperature
	745 K
	225 K
	280 K

	Atmospheric pressure 
	90 atm
	0.01 atm
	1 atm

	CO2 
	96.5 %
	95.3 %
	0.035 %

	N2 
	3.5 %
	2.7 %
	78 %

	O2 
	0.003 %
	0.13 %
	21 %

	Ar 
	0.003 %
	1.6 %
	0.9 %


Venus and Mars

Early Venus probably had as much water vapor and/or liqud as Earth.  But this water was lost due to a “runaway greenhouse effect”.  Venus receives about twice the solar heat that Earth receives. The humidity must have been huge due to vaporization of any liquid water into the atmosphere.  Water, like carbon dioxide, is actually an effective greenhouse gas.  With vast amounts of H2O in the atmosphere, photodissociation of the water would release hydrogen as atoms which would escape the atmosphere or combine with other atoms, perhaps another hydrogen to form H2 and that is still light enough to escape.  The temperature on Venus is still very high at 745 K as the above table shows.

Mars, being further from the sun, is at a lower surface temperature than Venus (or the Earth).  Condensation of water vapor occurs, but as ice and snow.  It is estimated that Mars originally had perhaps 30 atmospheres worth of water as evidenced by stream beds that are observed and from geological knowledge of how such remnants must have been formed.  The average temperature was not really higher than 220 K (-50 (C or –58 (F).  When the carbon dioxide pressure got high enough, CO2 ice could form in the (colder) polar regions.  Although carbon dioxide abundance is high at 95%, the total amount is low since the pressure, a measure of the total amount of atmosphere, is 1% of the atmospheric pressure on Earch.  Models suggest that the formation of carbonate minerals has stored much Martian carbon dioxide.  The phase diagram for water, ice and water vapor below emphasizes the differences among the three planets.
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Starting on the left of the figure near the bottom is the surface temperature of Mars at 225 K.  If the water vapor pressure grew from near zero to a few times 10-4 atmospheres, any additional water vapor would condense out as ice, since the vapor/ice equilibrium curve would be crossed (at the lower black square).  No liquid water would be present on the surface.  In contrast, with Venus starting out much warmer, at about 315 K, as the amount of water in the atmosphere increases, the greenhouse effect begins to set in above 10-3 atmospheres.  The surface temperature on Venus would rise.  If additional water were present, the vapor would never cross either the vapor/ice nor vapor/liquid equilibrium curve.  Earth sits delicately in between these extremes.   With increasing amounts of water vapor, the temperature would remain constant until the greenhouse effect emerges with about 10-3 atmospheres of water vapor pressure.  Of course, the temperature rises, but not as rapidly as the condensation equilibrium curve is rising with vapor pressure.  At just above the “triple point” for water, where vapor, liquid and ice can co-exist in equilibrium, the amount of water in the atmosphere saturates and condenses into liquid (at the upper black square in the figure at 280 K).
Earth and the Moon
The theory about the Moon is that it is the result of an impact with a Mars-sized body against the proto-Earth.  Amongst other things, this would account for the lack of an atmosphere on the Moon and probable loss of any atmosphere from the proto-Earth.  Earth was then resupplied by accretion from abundant comets.

As the water vapor pressure in the Earth’s atmosphere increases from (maybe) 0.01% of the present pressure, greenhouse warming begins and the temperature rises above that of the ice-liquid transition temperature.  Liquid condenses from the atmospheric vapor, that is, it rains, and additional water accretion gives more and more rain, leading to river formation and oceans, but not to more atmospheric pressure.
Earth's atmosphere, notable by comparison to the other two planets, is different...fortunately.  That the earth's temperature fell in the range of liquid water rather than vapor (Venus) or ice (Mars) allowed for an additional pathway to alter the atmosphere from its earlier composition.  We'll get to that later.  However, it is conceptually pretty well established by model calculations (Rind) that the Sun was roughly a quarter less luminous during these early ages enough so that, if this were the sole consideration, the planet should have been covered with ice for two billion years.  This expectation is countered by the effects of heavy concentrations of greenhouse gases in the atmosphere and evidence of mud cracks and ripple marks in sediments confidently dated to layers older than three billion years.  The atmosphere has allowed the temperature to be moderately warm at a very roughly constant level, except for the periods in antiquity when “snowball earth” pertained.  This will be discussed later.

Geologic change usually occurs extremely slowly, roughly on the scale of a millimeter per year.  Millions of years of accumulation of the results of moving and crashing geologic plates raise mountain ranges.  Rain, wind and chemistry reshape and recycle the mountains into clay, silt, and dissolved substances that find their way eventually into the oceans, depositing onto ocean bottoms.  Earth may be somewhat unique in that its solid crust is continuously being destroyed and regenerated.  Despite the sluggishness with which these processes usually transpire, there are those occasions on which events take place with explosive rapidity.  Besides the obvious volcanic activity, strikes by asteroids, meteors and comets smash into the earth at thousands of miles per hour.  Impacts can melt rock – even vaporize it.  Shockwaves can shatter crystal structures far away and can demagnetize some rocks.  Perhaps the best “known” of these phenomenal episodes involves Arizona’s Meteor Crater, blown out perhaps fifty thousand years ago.  It is 1.2 kilometers in diameter and two hundred meters deep.  Agreement is that the perpetrator of this incident was an iron-nickel meteorite perhaps forty-five meters in diameter.  That is roughly the size of the small whitish area in the picture below at the center of the crater bottom.
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Asteroid impacts during early stages of the planet's history are presumed to have been of such intensity and size as to evaporate oceans to 3 km depths or more and to sterilize the surface over and over.  The earliest surviving crust dates back to 3.8 Gy when the heavy asteroid bombardment likely ended (based on studies of lunar craters).  Complex life forms seem to have arisen a few hundred thousand years later.

Life
The origin of life had been ascribed to reactions involving methane and ammonia in the atmosphere.  This is what’s called a "reducing" atmosphere, the opposite of an oxidizing atmosphere.  Electric discharge experiments (lab lightening) by Miller in the 1950s illustrated the formation of complex mixtures of organic substances, some of which were amino acids, portending the likelihood of life.  Currently, it is argued and more widely accepted that the atmosphere was not reducing in which case methane and ammonia would have been scarce and carbon dioxide would have been plentiful.  

In the oceans, sulfate (the oxidized form of sulfur), would have been prevalent.  The abundance of sulfide emissions from hydrothermal vents would be ideal for organic synthetic reactions and such a counter-model is now seriously considered as an alternative to the atmospheric picture.

In 1970, analysis of “the Murchison meteorite” revealed the presence of extraterrestrial amino acids suggesting their synthesis during the early history of the solar system.

Geologic Periods

The period dating back from the present to about 570 million years ago is called the Phanerozoic era, a word whose Greek root is based on phanero- for “visible” referring to life forms that were large enough to be visible and to have left fossils.  The Phanerozoic era is further subdivided into three periods.  The first is the Cenozoic, dating back to 65 million years ago.  Its name derives from the Greek for “new”.  The next period is called the Mesozoic, after the Greek for “middle” and carries us back to 225 million years ago.  The third era is called the Paleozoic and extends our labels to 570 million years ago.  The word’s prefix comes from the Greek word for “old” or “ancient”.  However, since the earth is considerably older than this “ancient” era, the next era preceding the Phanerozoic is the Cambrian era, dating back to just over four billion years ago.  It is preceded by the Precambrian era.  The Cenozoic, Mesozoic and Paleozoic eras are further subdivided into periods and even epochs as summarized in the table in the chapter “The Atmosphere”.
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