Chapter 9. Planetary Geology: Earth 
and the Other Terrestrial Worlds

This chapter begins our true comparative planetology with a general introduction to planetary geology. Note that, while the initial focus is on processes, we still use features on Earth (and occasionally on other worlds) to give concrete examples of each process at work. Once students learn the basic ideas, we apply them to each of the terrestrial planets in the “geological tour” sections (9.3–9.6) that conclude the chapter. 

•
If you are more accustomed to teaching with a planet-by-planet approach than the comparative planetology approach, you may wish to emphasize Sections 9.3 through 9.6, which go through a geological tour of the terrestrial worlds. Indeed, you can feel free to use the earlier sections only as references, focusing on the worlds individually if you wish. 

•
Throughout this chapter, it is useful to ask “what if” questions in class. For example, ask how terrestrial planets would be different if they were larger, older, younger, and so on.

•
Note that we do not introduce jargon that will not be useful elsewhere. For example, we do not use the terms scarp, graben, or regolith—instead, we describe such things using familiar words from everyday English. 

As always, when you prepare to teach this chapter, be sure you are familiar with the relevant media resources (see the complete, section-by-section resource grid in Appendix 3 of this Instructor Guide) and the online quizzes and other study resources available on the MasteringAstronomy Web site. Information on recent discoveries in planetary science can be found at http://dps.aas.org/education/dpsdisc/ in PowerPoint format suitable for classroom presentation.
Teaching Notes (By Section)

Section 9.1 Connecting Planetary Interiors and Surfaces

This section presents the key features of planetary interiors that are important to understanding surface geology. 

•
Note that most students are familiar with Earth’s structure in terms of core, mantle, and crust, but are unfamiliar with the important term lithosphere. You should check to be sure your students understand this term clearly before continuing.
•
Most students have heard of seismology but do not know how it can be used to explore a planet’s interior. This is discussed in a Special Topic box.

•
Note that this is the first section in which we introduce the idea of convection—
a topic that will come up again and again throughout the remainder of the book. 

•
The discussion of planetary cooling might benefit from a simple demonstration of large and small objects—potatoes, rocks, ice cubes, or whatever is handy—cooling down or warming up.
•
The discussion of magnetic fields also lends itself to a demonstration with iron filings and magnets. 

Section 9.2 Shaping Planetary Surfaces

This section introduces the four basic geological processes—impact cratering, volcanism, tectonics, and erosion—with concrete examples of each. A key intention in this section is to enable students to connect the presence or absence of the geological processes to basic planetary properties such as size, distance from the Sun, and rate of rotation.

Sections 9.3–9.5 Geological Tours: The Moon and Mercury, 
Mars, and Venus

These sections provide an up-to-date and fairly comprehensive geological tour of each of the terrestrial worlds, except Earth. Please remember that our key objective is for students to understand the features we see on each world, not to memorize the names or characteristics of these features. 

Section 9.6 The Unique Geology of Earth

This final section covers Earth’s geology, with particular emphasis on the specific ways it differs from the other planets. The topic of plate tectonics is well covered, so that students are well prepared to appreciate its importance in maintaining Earth’s atmosphere as covered in the next chapter.

Answers/Discussion Points for Think About It/See It For Yourself Questions

The Think About It and See It For Yourself questions are not numbered in the book, so we list them in the order in which they appear, keyed by section number. 

Section 9.1

•
(p. 247) The pressure from the textbook will squash a 2-centimeter ball of Silly Putty at room temperature to about 1 centimeter in 5 seconds. A warmer ball of Silly Putty will squash to about 0.5 centimeter in the same amount of time, and a chilled ball to about 1.5 centimeters. Actual measurements may vary due to the temperatures used and the size of the ball. Opinions may vary as to whether the differences are large or small effects, although we feel they are large given the small range in temperatures used. The geological connection is that warmer rocks deform more easily than cooler rocks.
•
(p. 249) This is a good question to ask in class, to check that students can recall examples from their everyday experiences. Guide them to the concept of surface area-to-volume ratio.
•
(p. 250) The smallest: It has lost the most interior heat, and thus its lithosphere has thickened the most. Note that a smaller planet will have a thicker lithosphere both in relative terms (percentage of radius) and in kilometers.

•
(p. 251) Faster rotation.

Section 9.2

•
(p. 251) Typical globes have relief of one-to-several millimeters, which is out of proportion to their size—a factor of several too large. If the bumps were to scale, they would hardly be discernable. 

•
(p. 253) For the lava plains, runny liquids such as shampoo or juice would be appropriate. For shield volcanoes, less runny substances like yogurt or hair conditioner. For stratovolcanoes, the least runny substances would be needed, such as toothpaste or whipped cream. If discussing this in class, probe deeper by asking what would happen if these substances were heated or cooled.

Section 9.3

•
(p. 255) Mercury, with more ancient craters, has an older surface. The planets are the same age—that is, the planets as a whole formed roughly simultaneously. Geological processes have been active on Venus, remaking the surface over billions of years.

•
(p. 260) NASA’s ambitions for lunar exploration are uncertain at the present time. This question encourages student to go beyond the uncertainty to think about the cost and the value of lunar exploration. This question also highlights the increasing role that other nations are playing in planetary exploration.

Section 9.4

•
(p. 262) Size. Earth’s large size has sustained widespread, global, and ongoing volcanism and tectonics, preventing any part of the surface from still showing the scars of the heavy bombardment. Erosion, indirectly a result of size, has been just as important in keeping the surface “young looking.”

Section 9.5

•
(p. 266) Volcanism and tectonics ought to be essentially unchanged, as they depend primarily on planetary size. But fast rotation would create winds in Venus’s thick atmosphere, leading to more erosion.

Section 9.6

•
(p. 272) Earthquakes are common in these areas because they are near plate boundaries, where plates interact with one another and can therefore slip in ways that cause earthquakes. 

•
(p. 273) This question will require students to investigate some local geology. You may wish to do this for your school locality, and discuss notable geological formations in class.

Solutions to End-of-Chapter Problems (Chapter 9)

1.
Planetary geology is the extension of geology on Earth: It’s the study of the surface and interior of any solid world. A brief summary of the geology of the solid worlds: 
Mercury—Heavily cratered with some evidence for volcanism and tectonics.

Venus—Young surface, with much volcanism tectonics but little cratering or erosion present.

Earth—Young surface, with evidence for tectonics, volcanism, and erosion. Little impact cratering apparent.

The Moon—Much like Mercury, with many craters and some evidence for volcanism in the past.

Mars—Lots of evidence of volcanism and easily visible evidence of tectonics. Lots of craters in the southern hemisphere particularly. Some erosion apparent.

2.
Differentiation is the process by which dense material sinks to the bottom of a fluid and the less dense material floats up to the top. Since the solid worlds were all probably fluid early on in their lives, differentiation likely happened on all of them. This leads to dense, metallic cores and less dense, rocky mantles. The crusts on some of the worlds (like Earth) are made up of mantle material that was even less dense than the average so that it floated to the top.

3.
A lithosphere is a planet’s outer layer of relatively rigid rock. We did not list it in the core/mantle/crust distinction because the lithosphere is composed of the crust and part of the mantle so that it is a separate distinction.

Among the five terrestrial worlds, the largest, Venus and Earth, have the thinnest lithospheres. The smallest, Mercury and the Moon, have the thickest lithospheres. Mars lies in between.

4.
Planets can heat up in three ways: differentiation, accretion, or radioactivity. In differentiation, the gravitational potential energy released when the denser material sinks is converted into heat. Accretion also uses gravitational potential energy, but in this case the energy comes from bodies falling down onto the planet from outside. Radioactivity uses the nuclear potential energy released when unstable isotopes of some elements decay.

Planets can get the heat out in three ways as well: conduction, convection, and radiation. In conduction, the heat is transferred by physical contact. In convection, the hotter material in Earth rises, carrying the heat with it, and the cooler material sinks. And in radiation, the heat is taken away by photons due to black body emission.

Because all of the heat must be radiated away from the surface of the planets eventually, the rate at which a planet can get rid of its heat is proportional to its surface area. But the amount of heat that a planet has is proportional to its volume. Since volume is proportional to radius cubed and surface area goes like radius squared, large planets have to get rid of more heat per square meter of surface, so they take longer to cool.

5.
Earth’s magnetic field requires that its interior be made of an electrically conducting fluid that convects and rotates. Apart from Venus, most of the other terrestrial worlds should have cooled to the point where their interiors are no longer convection fluids, so we would not expect to see magnetic fields there. In the case of Venus, the planet spins very slowly, which probably keeps any magnetic field from occurring on that planet. (Why Mercury has a magnetic field at all is something of a mystery. Apparently, the core is still molten.)

6.
The four geological processes are volcanism, tectonics, impact cratering, and erosion. Volcanism is the process in which hot material from inside a planet is leaked out onto the surface. The Hawaiian Islands are an example of this process. Tectonics is a disruption of the planet’s surface from stresses. An example of tectonics in action is the Rocky Mountains. Impact cratering is the process by which bowl-shaped craters are created due to outside impacts. We can see craters all over the Moon’s surface. Finally, erosion is the process by which features are worn down by wind or water. The Grand Canyon on Earth is an example of such a feature.

7.
Outgassing is the process in which gases from a planet’s interior are expelled through volcanism. This process is very important to our existence since it probably supplied most of the water on our surface and in our atmosphere.

8.
The fact that the Moon is much more heavily cratered than Earth tells us that the Moon’s surface is much older. This is because the Moon is long dead geologically, except for impact cratering. Earth, however, continues to have volcanism, tectonics, and erosion. All of these processes renew the surface and erase impact craters, making the surface young and relatively uncratered. Since impact cratering occurs on planets at known rates, we can tell the age of a planetary surface by counting how many craters it has in a given area. If there are more craters, we know that the surface is older. 
9.
Size: Larger planets are able to stay warm inside longer than smaller planets. Thus, on these worlds we see volcanism and tectonics for much longer into their lives than the smaller worlds. Larger planets are also better able to retain atmospheres, making erosion more important there.

Distance from the Sun: This affects only erosion. The closer a planet is to the Sun, the warmer it will be and therefore the more weather it should have. Also, planets that are warm enough to have liquid water will have much more erosion than ones that are not that warm, since water can do a lot of erosion (assuming everything else is the same, of course).

Rotation rate: Planets that spin faster have faster winds. This results in more erosion.

10.
The Moon’s history begins with its birth 4.55 billion years ago. At this time, it was still hot enough from accretion that it must have had a liquid interior. Thus, it was capable of volcanism and tectonics. Early in its life, the Moon experienced many large impacts. These impacts left enormous craters and also triggered volcanism. The runny lava that seeped into the giant craters filled the craters in, forming the lunar maria. The maria also show evidence of tectonic stress features, the only tectonic features known on the Moon. 

Even though the heavy bombardment has ended, impact cratering continues on the Moon. Since the Moon is a small world, most of its heat was quickly lost and the interior became solid. At this time, volcanism and tectonics stopped. And with no atmosphere to drive erosion, there has been nothing to erase the craters. The Moon’s surface today shows many craters.

11.
When Mercury was young, it still retained heat from its accretion. Thus, volcanism and tectonics were still possible. Indeed, we do see evidence of lava flows, although they are not as large as the lunar maria. During this time, the planet cooled and contracted. As it did so, the surface also had to shrink, meaning some parts of it had to shift to compensate. In these areas we see long cliffs. Since it cooled, Mercury has become a dead world, with no volcanism or tectonics left. Because it has never had an appreciable atmosphere, erosion has never been a major factor in Mercury’s geology. Like the Moon, this left impact cratering as the dominant geological process for most of its life, leaving us with the heavily cratered world we see today.

12.
Olympus Mons—A large stratovolcano formed from extensive, long-term volcanic activity.

Tharsis Bulge—A volcanic feature formed by the extensive and long-term volcanic activity. Evidence of its volcanic nature can be found in the presence of three large volcanoes on the bulge.

Valles Marineris—A tectonic feature formed from the stress due to the heavy Tharsis Bulge sitting on the planet at the west end.

Southern hemisphere—Heavily cratered due to impacts. This part of the planet was not resurfaced like the north was, so the craters are much more obvious here.

Pathfinder landing site—Appears to be an eroded area where water may have once flowed out of the canyon system to the south.

13.
Liquid water is not stable on the surface of Mars today because of the cold temperatures and the low atmospheric pressure. The low temperature means that water is almost always frozen on Mars today. However, if it did warm enough to thaw, the low pressure would cause the water to almost immediately evaporate off of the surface. Water might exist below the surface, however, where the planet is still warm enough for it to exist in liquid form.

We see lots of evidence for liquid water in the past. Evidence includes networks of what look like river channels, lots of erosion of features like craters, layers in rocks seen by landers, and chemical evidence indicating that some of the rocks were formed in water.

14.
Coronae—These circular tectonic features were probably formed by rising mantle plumes pushing on the crust from below.

Shallow-sided volcanoes—Formed by runny lava.

Steep-sided volcanoes—Formed by thicker lava.

Craters—Due to impact cratering, of course. However, the small number of craters points to a young surface. There is also a lack of small craters due to the thick atmosphere destroying them before they hit the surface.

15.
We think most of Venus’s surface may have been repaved around 750 million years ago because most of the surface appears to be this age. 

Venus’s lack of plate tectonics is perhaps due to its lithosphere being stronger than Earth’s. A stronger lithosphere would be harder to break up into plates, preventing plate tectonics. We think that Venus’s lithosphere may be stronger because of the lack of water in the rocks due to the extreme surface temperature, since water tends to soften rocks.

16.
Earth’s lithosphere is broken up into plates that float on the underlying mantle. The tops of the mantle’s convection cells drag the bottom of the plates, making them move. This movement causes spreading in some places (where the plates are moving apart) and subduction in others (where one plate is diving under another). The plate tectonics force the surface material to be reprocessed and expelled back out onto the surface in volcanic eruptions. Every time a bit of rock is subducted and expelled, its chemistry changes, making it lighter. The lighter rock becomes the continental plates, while the relatively unprocessed rocks are the seafloor plates.

17.
Seafloors—Formed in the spreading zones where upwelling material pushes out and forces two seafloor plates apart.

Continents—Formed by crustal material that has been recycled, forming less dense rocks.

Islands—Formed by undersea volcanoes erupting over many years. This builds up undersea mountains that eventually protrude above sea level.

Mountain ranges—Formed where two plates are colliding. The stress on the surface causes the crust to buckle upward, forming a mountain range.

Rift valleys—Formed by two continental plates pulling apart.

Faults—Places where two plates are sliding sideways relative to each other. These are areas that are often prone to earthquakes.

18.
The geological controlling factors (size, distance from the Sun, and rotation rate) probably set the planet’s geology almost entirely. There is some question about why Earth has plate tectonics and Venus does not, but that may well be explained by Venus’s distance from the Sun.

19.
The next mission to Mercury photographs part of the surface never seen before and detects vast fields of sand dunes. This discovery would be a big surprise, because Mercury never had an atmosphere sufficient for significant erosional activity.
20.
Seismographs placed on the surface of Mercury record frequent and violent earthquakes. This would be surprising, as the kind of tectonic activity responsible for earthquakes occurred very long ago.
21.
A future orbiter observes a volcanic eruption on Venus. This would not be surprising. Venus is thought to be sufficiently active for new eruptions to occur and create lava flows.
22.
A Venus radar mapper discovers extensive regions of layered sedimentary rocks, similar to those found on Earth. This discovery would be very surprising. Erosion is virtually negligible on Venus, due to the lack of liquid water and significant winds. Even if Venus had more water early in its existence, more recent geological activity has wiped out every trace of such ancient surfaces.
23.
Radiometric dating of rocks brought back from one lunar crater shows that the crater was formed only a few tens of millions of years ago. This would not be surprising. Craters are continuing to form throughout the solar system, as there are still plenty of impactors around. Meteor Crater is an example of a recent crater—only a few tens of thousands of years old.
24.
New, high-resolution orbital photographs of Mars show many crater bottoms filled with pools of liquid. This would be surprising. Under the current conditions of Mars’s atmosphere, pools of liquid water should rapidly freeze and/or evaporate.
25.
Drilling into the surface, a robotic spacecraft discovers liquid water beneath the slopes of a Martian volcano. This would be exciting, but not surprising. Geothermal heat from Martian volcanoes may well be enough to melt water under the Mars surface.
26.
Clear-cutting in the Amazon rain forest on Earth exposes vast regions of ancient terrain that is as heavily cratered as the lunar highlands. This would be surprising. Erosion has been so strong in that region that no ancient terrain would be recognizable. Furthermore, Earth had little continental crust so long ago that South America wouldn’t even have existed as a large land mass at that time.
27.
Seismic studies on Earth reveal a “lost continent” that held great human cities just a few thousand years ago but that is now buried deep underground off the western coast of Europe. This is not plausible. Plates move only a few centimeters per year, so a continent could not be subducted in a few thousand years. Neither could erosional processes bury a continent on the time scale of human civilization.

28.
We find a planet in another solar system that has Earth-like plate tectonics; the planet is the size of the Moon and orbits 1 AU from its star. This would be surprising because we expect only a larger world to have plate tectonics. However, it might be possible if the planet is young and still hot inside.

29.
We find a planet in another solar system that is as large as Earth but as heavily cratered as the Moon. This would be surprising. Such a large planet would be expected to have extensive geological activity from volcanism, tectonics, and probably erosion.
30.
We find a planet in another solar system with an Earth-like seafloor crust and continental crust but that apparently lacks plate tectonics or any other kind of crustal motion. This would be surprising—we do not know of any process for creating different kinds of crust that does not involve plate tectonics.

31.
b; 32. b; 33. a; 34. c; 35. b; 36. c; 37. a; 38. b; 39. c; 40. b

41.
Hershel made a “leap of faith” in inferring the existence of life on Mars based on a few similarities with Earth. Schiaparelli’s leap was smaller, concluding that vaguely linear features were channels filled with water—but it was not his conclusion that the Martians had made them. But Lowell’s was the greatest, inferring the history of a distant civilization from these vague features. It’s possible that the influence of these early scientists still has an effect promoting the search for life on Mars, although, of course, we now know there are no canal-building Martians.

42.
Students should briefly relate the ideas behind Figure 9.16. While a planet’s general tendencies are predictable, no specific feature (crater, volcano, or canyon) could be predicted with our current level of understanding. These can be tied to random events in the planets history—where an asteroid struck, or where the crust fractured.

43.
Students should take advantage of this very open-ended question to research their favorite planet.

44.
Radiometric dating is usually considered more reliable than measuring crater abundances, partly because it is much more precise. In addition, cratering is somewhat random and more likely to be misleading. Moreover, the precise time at which the early bombardment ended is not well known. Crater abundances are easier to measure on other planets, because it is much cheaper to take photographs than to land on the surface and analyze rocks for radioactivity—either with an intelligent robot or by returning the sample to Earth.

45.
Mars has had the greatest erosional activity, because it once had liquid water on its surface and it now has wind and dust storms. Its size—large compared to the three other words considered—is the main reason. Mars outgassed more, and was able to retain its atmosphere due to stronger gravity.

Mercury has a negligible atmosphere from the point of view of erosion, primarily due to its high temperature related to its distance from the Sun. Its relatively small size also led to only a small amount of outgassing to form an atmosphere in the first place. 

The Moon also has a negligible atmosphere, primarily related to the inability of such a small world to create or retain an atmosphere.

Venus has a great deal of atmosphere but very little erosion. Water erosion doesn’t occur because the planet is too hot, a condition related to its distance from the Sun. More straightforwardly, it lacks significant wind erosion because its slow rotation rate leads to very slow winds.

46.
If Mars were smaller, it would have undergone less volcanic and tectonic activity because its interior would have cooled more. With less atmosphere from less outgassing, it is likely that erosion would be less important as well. As a result, craters would be more widespread on the Martian surface. With less atmosphere, Mars would have been a less hospitable place for life.

47.
Essay question. Grading should reflect inclusion of a logical discussion of observed features on the Martian surface, the known geological processes, the history of water, and time scales for change on Mars.

48.
Sample solution: If Earth had been closer to the Sun, the warmer temperatures might have forced more water vapor into the atmosphere. This would have increased the greenhouse effect, leading to further warming, evaporation of the oceans, and possible escape of all the water to space (as with Venus). Without liquid water on the surface, life as we know it would not have arisen on Earth.

49.
Extrapolating from the Moon to Earth and beyond, we would predict very high rates of volcanic and tectonic activity that would have completely erased evidence of past cratering. We’d expect it to have a substantial atmosphere, and with Earth’s rotation rate there should at least be substantial wind erosion. Water erosion might be possible, given the distance, but students could argue that the extra atmosphere might make the planet too hot for liquid water.

50.
a.
The spacecraft should include a magnetic field detector, because the size and rapid rotation of the planet would be expected to cause a magnetic field if the core is metallic. The spacecraft should also measure the gravitational pull of the planet on the spacecraft (giving the mass) and the size of the planet; together these quantities provide the planet’s density.

b.
Given the planet’s size and rotation rate, erosional features should be present if there is an atmosphere. 

51.
Answers will vary depending on the size and shape of the containers used. Complete freezing will normally take hours. Measurement of the “lithospheric thickness” will be difficult in some cases. The main result—that larger containers take longer to freeze—should be quite obvious, and its relationship to small bodies cooling off faster than larger bodies should be clear.

52.
Observations of the Moon should be feasible with virtually any small telescope. Answers will vary depending on the phase of the Moon and the interest of the student, but virtually any attempt that has engaged the student’s mind in active observation should be considered a success.

53.
First, we will need an expression for the surface area-to-volume ratio. For spherical objects, this is just:
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We can simplify this by canceling terms to get:
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For Mars, where r = 3397 km (from Appendix E), the surface area-to-volume ratio is 8.83 ( 10–4 km–1, while for the Moon, where r = 1738 kilometers (Appendix E), the ratio is 1.73 ( 10–3 km–1. Since the rate of cooling of a planet is proportional to this ratio, we would expect Mars’s interior to be much warmer than the Moon’s.

54.
First, we will need an expression for the surface area-to-volume ratio. For spherical objects, this is just:
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We can simplify this by canceling terms to get:
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For Venus, where r = 6051 kilometers (from Appendix E), the surface area-to-volume ratio is 4.96 ( 10–4 km–1, while for Earth, where r = 6378 kilometers (Appendix E), the ratio is 4.70 ( 10–3 km–1. Since the rate of cooling of a planet is proportional to this ratio and since these numbers are pretty close, we would expect that the two planets should have comparable interior temperatures.

55.
a.
Waist size is a length, so it should be proportional to my height. I would expect that doubling my height should double my waist size.

b.
Since clothes cover my body area, I would expect the amount I need to increase like my surface area. My surface area should increase like my height squared (just like a sphere’s surface area is proportional to the radius squared). Doubling my height should increase my area by a factor of 22 = 4.

c.
Weight is proportional to volume, which depends on my height cubed (just like a sphere’s volume depends on the radius cubed). Doubling my height should increase my volume (and thus my mass) by 23 = 8. 

d.
We are told that the pressure on my joints goes like the total mass over the area of the joints. Now, the area of the joints should increase by the same factor as the surface area. We already worked out that the mass increases by a factor of 8 while the area increases by a factor of 4. The pressure increases by a factor of 
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. By doubling my size, I’ve doubled the pressure on my joints. (This is why larger animals like elephants require such massive legs relative to their bodies while small animals like insects have tiny little legs.)

56.
We will have to begin by finding how many micrometeorites hit every square centimeter of the Moon’s surface. We are told that 25 million micrometeorites hit the Moon’s surface each day, so we just need the Moon’s surface area to get the rate per area. We know that the surface area of a sphere is:
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and that the Moon’s radius is 1738 kilometers (Appendix E). We can calculate the surface area of the Moon. First, however, we should convert the radius to centimeters since we want the rate per square centimeter:
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Applying the formula for surface area:
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The impact rate is given by:
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Now, we are told that it will take 20 impacts to destroy a footprint. We just need to know the area of an astronaut’s footprint. We will approximate their boots as rectangles that are 10 centimeters by 30 centimeters. The area, therefore, is 
10 cm ( 30 cm = 300 square centimeters. How long does it take to get 20 impacts in that area? The rate of impacts in 300 square centimeters is given by the rate per area times the area, so:
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There are 1.98 ( 10–8 impact per day in the footprint.

Finally, we can find how long it takes for 20 impacts to hit this footprint. Using the usual rule for rate:
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we solve for time and use our values for rate and number of impacts:
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This is clearly a long time, a billion days. But we had better convert to years since this number is difficult to gauge:
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It would take about 2.77 million years to obliterate those footprints on the Moon.

57.
The 26-kilometer height of Olympus Mons corresponds to (26/3397) = 0.8% of Mars’ radius, and its 600-kilometer width to 18%. Valles Marineris’s depth and length are 0.2% and 120% of Mars’ radius, respectively. By contrast, Mt. Everest’s 9-kilometer height corresponds to only 0.15% of Earth’s radius, and the Grand Canyon’s depth and lengths to only 0.03% and 7%, respectively. Clearly Mars’s geological features are more dramatic, in absolute dimensions and even more so in proportion to their smaller planet.

58.
To get the average power emitted per unit area due to internal heat, we will need to compute the surface area of Earth. To do this, we will use the relation:
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The radius of Earth is 6378 kilometers (from Appendix E). Converting this 
to meters:
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The surface area is:
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We are told that 3 trillion watts of energy leak out of Earth due to internal heat. Dividing the energy leak rate by the area, we get the power area:
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5.87 ( 10–2 watt per square meter of internal heat energy escape Earth. The power per area received by Earth due to the Sun is much larger than this, telling us that Earth’s surface temperature is set by solar radiation and is not internal. However, the internal heat has to work its way out of Earth. It is in this working its way out of Earth’s interior that heat drives geological activity. (Solar heating occurs at the surface, so it does not have to work its way there to escape. Thus, it does not drive tectonic and volcanic activity.)

59.
This is a simple rate problem. We are told that the continents are 3000 kilometers apart and that they move at 1 centimeter per year. Using:
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and solving for time, we get:
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All that we need to do is convert either the rate or the distance so that they have the same units. We will convert the distance to centimeters, although it does not really matter which we do:
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Applying our formula for the time:


[image: image21.wmf]8

8

310 cm

time310 yr

1 cm/yr

´

==´


The two continents would take about 300 million years to collide.

60.
This is another rate problem. The area produced in some time is:
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We will need the rate of crust production. We are told that the spreading center spreads about 1 centimeter per year over its 2000-kilometer length. First converting centimeters to kilometers so that we can find the area per year:
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The area is the width of new crust times the length:
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The rate is 1 ( 10–2 square kilometer per year. Thus, in 100 million years, we get:
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The spreading center produces 1 million square kilometers of new crust every 
100 million years.

61.
a.
This is clearly a ratio problem. Density is mass over volume. The volume of a planet is proportional to 
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 so the density is:
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where m is the mass of the planet.

The ratio of the densities is:
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Canceling like terms in the numerator and denominator:
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Finally, we can use a little algebra to rearrange things to:
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At this point, we need numbers. By definition, radius is half the diameter, so if the Bearth has twice the diameter of Earth, then it has twice the radius as well. Mathematically: rBearth = 2 rEarth. Meanwhile, Bearth’s mass is eight times Earth’s, so mBearth = 8 mBearth. The ratio becomes:


[image: image31.wmf]3

3

EarthEarth

EarthEarth

8 18

81

2 28

mr

mr

æö

æö

===

ç÷

ç÷

èø

èø


Bearth has the same density as Earth.

b.
Surface area goes like 
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 so the ratio of surface areas is:
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Canceling leaves the simpler expression:
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From part (a), we know that rBearth = 2 rEarth, so the ratio of the surface areas is:
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Bearth has four times the surface area of Earth.

c.
Bearth is probably made of the same material as Earth, so it probably produces about as much internal heat per mass as Earth. However, with eight times the mass but only four times the surface area, Bearth has a harder time getting rid of its heat. The interior is probably hotter and it probably has more tectonic and volcanic activity as a result.


14

_1252933270.unknown

_1317706767.unknown

_1317706898.unknown

_1319006809.unknown

_1321175294.unknown

_1317706915.unknown

_1317706923.unknown

_1317706862.unknown

_1252933557.unknown

_1252933684.unknown

_1252933750.unknown

_1252933673.unknown

_1252933524.unknown

_1251179254.unknown

_1251179299.unknown

_1251185291.unknown

_1251185356.unknown

_1251185373.unknown

_1251185387.unknown

_1251185336.unknown

_1251185260.unknown

_1251185278.unknown

_1251179303.unknown

_1251179314.unknown

_1251179286.unknown

_1251179292.unknown

_1251179284.unknown

_1251179245.unknown

_1251179250.unknown

_1251179252.unknown

_1251179247.unknown

_1251179233.unknown

_1251179235.unknown

_1251179230.unknown

