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How did we arrive at a theory of solar system formation? 
A successful theory must explain four major features of our solar system: patterns of motion, the existence of two types of planets (terrestrial and jovian), the presence of asteroids and comets, and exceptions to the rules. Developed over a period of more than two centuries, the nebular theory explains all four features and also can account for other planetary systems. 

Where did the solar system come from? 
The nebular theory holds that the solar system formed from the gravitational collapse of an interstellar cloud known as the solar nebula. This cloud was the product of recycling of gas through many generations of stars within our galaxy. This material consisted of 98% hydrogen and helium and 2% all other elements combined. 

8.2 Explaining the Major Features of the Solar System 

What caused the orderly patterns of motion? 
As the solar nebula collapsed under gravity, natural processes caused it to heat up, spin faster, and flatten out as it shrank. The orderly motions we observe today all came from the orderly motion of this spinning disk. 

Why are there two major types of planets? 
The inner regions of the solar nebula were relatively hot, so only metal and rock could condense into tiny, solid grains; these grains accreted into larger planetesimals that ultimately merged to make the terrestrial planets. Beyond the frost line, cooler temperatures also allowed more abundant hydrogen compounds to condense into ice, building ice-rich planetesimals; some of these grew large enough for their gravity to draw in hydrogen and helium gas, forming the jovian planets. 

Where did asteroids and comets come from? 
Asteroids are the rocky leftover planetesimals of the inner solar system, and comets are the ice-rich leftover planetesimals of the outer solar system. These objects still occasionally collide with planets or moons, but the vast majority of impacts occurred during the heavy bombardment in the solar system’s first few hundred million years. 

How do we explain “exceptions to the rules”? 
Most of the exceptions probably arose from collisions or close encounters with leftover planetesimals. Our Moon is most likely the result of a giant impact between a Mars-size planetesimal and the young Earth. 




8.3 The Age of the Solar System 

How do we measure the age of a rock? 
Radiometric dating is based on carefully measuring the proportions of radioactive isotopes and their decay products within rocks. The ratio of the isotopes changes with time in a steady and predictable way that we characterize by an isotope’s half-life, the time it takes for half the atoms in a collection to decay. 

How do we know the age of the solar system? 
Radiometric dating of the oldest meteorites tells us that accretion began in the solar nebula about 4.55 billion years ago, with the planets forming by about 4.5 billion years ago.

9.1 Connecting Planetary Interiors and Surfaces 

What are terrestrial planets like on the inside?
 In order of decreasing density and depth, the interior structure consists of core, mantle, and crust. The crust and part of the mantle together make up the rigid lithosphere. In general, a thinner lithosphere allows more geological activity. 

What causes geological activity? 
Interior heat drives geological activity by causing mantle convection, keeping the lithosphere thin, and keeping the interior partially molten. All the terrestrial interiors were once hot, but larger planets cool slowly, retaining more interior heat and staying geologically active longer.

Why do some planetary interiors create magnetic fields? 
A planetary magnetic field requires three things: an interior layer of electrically conducting fluid, convection of that fluid, and rapid rotation. Among the terrestrial planets, only Earth has all three characteristics. 
















9.2 Shaping Planetary Surfaces 

What processes shape planetary surfaces? 
The four major geological processes are impact cratering, volcanism, tectonics, and erosion. 

How do impact craters reveal a surface’s geological age?
More craters indicate an older surface. All the terrestrial worlds were battered by impacts when they were young, so those that still have many impact craters must look much the same as they did long ago. Those with fewer impact craters must have had their ancient craters erased by other geological processes. 

Why do the terrestrial planets have different geological histories? 
Fundamental planetary properties, especially size, determine a planet’s geological history. Larger worlds have more volcanism and tectonics, and these processes erase more of the world’s ancient impact craters. Erosion depends on a planet’s size, distance from the Sun, and rotation rate. 

9.3 Geology of the Moon and Mercury 

What geological processes shaped our Moon? 
The lunar surface is a combination of extremely ancient, heavily cratered terrain and somewhat younger lava plains called the lunar maria. Some small tectonic features are also present. The Moon lacks erosion because it has so little atmosphere. 


What geological processes shaped Mercury? 
Mercury’s surface resembles that of the Moon in being shaped by impact cratering and volcanism. It also has tremendous tectonic cliffs that probably formed when the whole planet cooled and contracted in size. 

9.4 Geology of Mars 

What geological processes have shaped Mars? 
Mars shows evidence of all four geological processes. It has the tallest volcano and the biggest canyon in the solar system, evidence of a period of great volcanic and tectonic activity. It also has abundant craters and evidence of erosion by wind and flowing water. 

What geological evidence tells us that water once flowed on Mars? 
Images of dry river channels and eroded craters, along with chemical analysis of Martian rocks, show that water once flowed on Mars. Any periods of rainfall seem to have ended at least 3 billion years ago. Mars still has water ice underground and in its polar caps and could possibly have pockets of underground liquid water. 

9.5 Geology of Venus 

What geological processes have shaped Venus? 
Venus’s surface shows evidence of major volcanic and tectonic activity in the past billion years, as expected for a planet nearly as large as Earth. This activity explains the relative lack of craters. Despite Venus’s thick atmosphere, erosion is only a minor factor because of the high temperature (no rainfall) and slow rotation (little wind). Venus almost certainly remains geologically active today. 

Does Venus have plate tectonics? 
Venus appears to have undergone planetwide resurfacing, but we do not see evidence of ongoing plate tectonics. The lack of plate tectonics probably means that Venus has a stiffer and stronger lithosphere than Earth, perhaps because the high surface temperature has baked out any water that might have softened the lithospheric rock. 

9.6 The Unique Geology of Earth 

How is Earth’s surface shaped by plate tectonics? 
On Earth, the lithosphere is broken into plates that move around in the special type of tectonics that we call plate tectonics. Plate tectonics works much like a giant conveyor belt. New seafloor crust emerges from midocean ridges and is recycled into the mantle at subduction zones, near which lower-density continental crust can erupt to build up the continents. Over time, the shifting of plates rearranges the continents on Earth’s surface. 

Was Earth’s geology destined from birth? 
It seems likely that the geological histories of Earth and the other terrestrial worlds were indeed destined from birth by the fundamental properties of size, distance from the Sun, and rate of rotation.





10.1 Atmospheric Basics

What is an atmosphere? 
An atmosphere is a layer of gas that surrounds a world. It can create pressure, absorb and scatter sunlight, create wind and weather, interact with the solar wind to create a magnetosphere, and cause a greenhouse effect that can make a planet’s surface warmer than it would be otherwise. 

How does the greenhouse effect warm a planet? 
Greenhouse gases such as carbon dioxide, methane, and water vapor absorb infrared light emitted from a planet’s surface. The absorbed photons are quickly reemitted, but in random directions. The result acts much like a blanket, slowing the escape of heat from the planet’s surface. 

Why do atmospheric properties vary with altitude? 
Atmospheric structure is determined by the way atmospheric gases interact with sunlight. On Earth, the basic structure consists of the troposphere, where most greenhouse warming occurs; the stratosphere where ozone absorbs ultraviolet light from the Sun; the thermosphere, where solar X rays are absorbed; and the exosphere, the extremely lowdensity outer layer of the atmosphere. 

10.2 Weather and Climate

What creates wind and weather? 
Global wind patterns are shaped by atmospheric heating and the Coriolis effect caused by a planet’s rotation. Convection in the troposphere can lead to the formation of clouds and rain, hail, or snow. 

What factors can cause long-term climate change? 
The four factors that cause climate change are solar brightening (noticeable only over many millions of years), changes in axis tilt, changes in reflectivity, and changes in greenhouse gas abundance. 

How does a planet gain or lose atmospheric gases?
Three sources of atmospheric gas are outgassing, vaporization of ices and liquids, and—on worlds with little atmosphere—surface ejection by tiny impacts of particles and photons. Four loss processes are condensation, chemical reactions with surface materials, the stripping of gas by the solar wind, and thermal escape. 

10.3 Atmospheres of the Moon and Mercury

Do the Moon and Mercury have any atmosphere? 
The Moon and Mercury have only very thin exospheres consisting of gas particles released through surface ejection by micrometeorites, solar wind particles, and high-energy solar photons. 


10.4 The Atmospheric History of Mars 

What is Mars like today?
Mars is cold and dry, with an atmospheric pressure so low that liquid water is unstable; however, a substantial amount of water is frozen in and near the polar caps. Martian weather is driven largely by seasonal changes that cause carbon dioxide alternately to condense and vaporize at the poles, creating pole-to-pole winds and sometimes leading to huge dust storms. 

Why did Mars change? 
Mars’s atmosphere must once have been much thicker with a stronger greenhouse effect, so change must have occurred due to loss of atmospheric gas. Much of the gas probably was stripped away by the solar wind, which was able to reach the atmosphere as Mars cooled and lost its magnetic field. Water was probably lost as ultraviolet light broke apart water molecules in the atmosphere, and the lightweight hydrogen then escaped to space. 

10.5 The Atmospheric History of Venus 

What is Venus like today? 
Venus has a thick carbon dioxide atmosphere that creates a strong greenhouse effect, explaining why the planet is so hot. It rotates slowly and therefore has a weak Coriolis effect and weak winds, and is far too hot for rain to fall. Its atmospheric circulation keeps temperatures about the same day and night, and its lack of axis tilt means no seasonal changes. 

How did Venus get so hot?
Venus’s distance from the Sun ultimately led to a runaway greenhouse effect: Venus became too hot to develop liquid oceans like those on Earth. Without oceans to dissolve outgassed carbon dioxide and lock it away in carbonate rocks, all of Venus’s carbon dioxide remained in its atmosphere, creating its intense greenhouse effect. 

10.6 Earth’s Unique Atmosphere 

How did Earth’s atmosphere end up so different? 
Temperatures on Earth were just right for outgassed water vapor to condense and form oceans. The oceans dissolve carbon dioxide and ultimately lock it away in carbonate rocks, keeping the greenhouse effect moderate. Nitrogen from outgassing remained in the atmosphere. Oxygen and ozone were produced by photosynthesis, which was possible because the moderate conditions allowed the origin and evolution of abundant life. 

Why does Earth’s climate stay relatively stable? 
Earth’s long-term climate is remarkably stable because of feedback processes that tend to counter any warming or cooling that occurs. The most important feedback process is the carbon dioxide cycle, which naturally regulates the strength of the greenhouse effect. 

How is human activity changing our planet? 
Human activity is releasing carbon dioxide and other greenhouse gases into the atmosphere, and scientific evidence confirms that this is causing global warming. This warming may have many consequences, including a rise in sea level, an increase in severity of storms, and dramatic changes in local climates.
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