


Formation of the Inner Solar System 

Sequence of processes 

Accretion, heating, differentiation 

Formation of solid crust  

Heavy cratering, 
widespread mare-like volcanism 

Reduced volcanism, 
Possible plate tectonics 

Mantle solidification, 
End of tectonic activity 

Cool interior, no activity 



Resurfacing Processes 
Planet surfaces are modified by meteor impacts and by escape of heat from the 

inside.   How much heat escapes depends on the size of the planet. 

 Impact Cratering 
Typical meteorites hit a planet at several tens of km/s.  Large ones have enough 
energy to vaporize many times their own mass of rock.  The vaporized material 
expands with the force of a hydrogen bomb and leaves behind an impact crater. 

In the early Solar System, every body was bombarded by meteorites.                         
On Earth, most traces have  been eroded away by weathering.                                  
But the cratered highlands of Mars record the intensity of the bombardment. 

Volcanic Eruptions 
Volcanism is common on Venus and Earth and was common on Mars.   

Large lava flows have resurfaced much of Venus in the past 500 million years.  
Smaller, more steady flows of lava and ash build up volcanic mountains such as 
Mauna Loa on Earth and Olympus Mons on Mars.  Such mountains are sometimes 
demolished by explosive eruptions.  Mount St. Helens is an example. 



Resurfacing Processes 
Tectonic Activity = Continental Drift 

The  crust  of  the  Earth  consists  rigid  plates  floating  on  partly  molten  rock.          
Driven by convection, the plates separate in rift zones, slide past each other in fault 
zones, and come together in subduction zones.  The resulting earthquakes trace 
the outlines of the plates. 

Spreading apart at underwater 
rift zones, Earth’s ocean floor 
has  been  resurfaced  in  the 
last few hundred million years.   

But the continents are thicker 
and more buoyant than ocean 
plates.   They  have  rocks  as 
old as 4 billion years.  When 
continental  plates  collide,  the 
rock  is  pushed  up  to  form 
mountain ranges such as the 
Rockies, Andes, & Himalayas. 



Internal Heat 
Tectonic activity & volcanism are caused by escape of heat from inside a planet. 

If the Earth had no source of internal heat, it would long ago have cooled off. 
Continental drift and volcanism would have stopped. 

Why is the Earth’s still hot inside? 

Radioactive heating 
Radioactive rock gets warm because the decay of unstable atoms gives off energy.  
The rock that makes up the Earth is only slightly radioactive, but the energy released is 
enough to keep it hot inside.  Radioactive isotopes of potassium, uranium, & thorium 
make most of the heat inside the Earth.   

Radioactive rocks are also present in other terrestrial planets.                           
Why don’t they show more volcanism and tectonic activity? 

Surface-to-volume ratios 
Heat from radioactivity is proportional to the mass of radioactive stuff.   The rate at 
which heat escapes is proportional to the planet’s surface area.  Mass is proportional 
to radius3; surface area is proportional to radius2, so the ratio of mass to surface area 
— in other words, the ratio of heat produced to heat escaping — is proportional to 
radius3/radius2  = radius.  Bigger planets have a more radioactive stuff per unit 
surface area.  Therefore a big planet like the Earth stays hotter inside and so is 
more geologically active than a small planet like Mars. 



The Inner Solar System 
Planet  Semimajor  Period    Diameter Mass  Composition  Atmosphere 
                   axis (AU)     (year)       (km)     (MEarth) 

Mercury         0.39            0.24         4878      0.055      metal, rock                — 
Venus            0.72            0.62      12102      0.814      rock, metal            CO2, SO2 
Earth             1.00            1.00      12756      1.000      rock, metal          N2, O2, H2O 
Moon                                               3476      0.012      rock                         — 
Mars             1.52             1.88        6787      0.107      rock, metal         CO2, N2, Ar 

                                                                                                  95.3 %    2.7 %    1.6 % 
Inclination = 24o                     Seasons like Earth                              O2:  0.13 % 
Day            = 24h 37m                    Days like Earth                            H2O:  0.03 % 

Surface temperature     ≈ 150 K to 300 K ≈ -190o F to 80o F       pressure < 0.01 Atmos 

Surface gravity = 0.379 Earth gravities 
Interesting Features:  Giant shield volcanoes (extinct?);  
                                   Evidence for abundant water long ago;  
                                   Life:  Near miss?  Possibly in the past?  Still hanging on? 



Geography of Mars 

Hellas Planitia 
(2000 km = 1200 miles 

in diameter and 
4 km = 2.4 miles “deep”) 

South polar cap 
(CO2 frost — seasonal; 
H2O ice — permanent) 

Syrtis Major 

Dark: Bedrock  
Red: Iron oxide sand 
White: South polar cap 



Vallis Marineris 
(3000 km long) 

Ascraeus Mons 

Pavonis Mons 

Arsia Mons 

Martian Volcanos: 
   ~ 350 — 500 km diameter 
   ~ 15 km high 
Hawaiian Volcanos: 
   ~ 120 km diameter 
   ~ 9 km above ocean floor 

Tharsis Bulge 



Hellas Basin 

Southern hemisphere 
is high 

and heavily cratered 
and old. 

Northern plains 
are low, smooth 

(ancient ocean?) 

Tharsis Bulge 
(including 4 shield volcanoes 

and Vallis Marineris) 

Colors: 
10 km high 

average level 
10 km low 



Tharsis Bulge with 4 shield volcanoes and Vallis Marineris 



The Tharsis Bulge  
was produced by convection in the molten interior. 

The convection was not quite strong enough 
to break crustal plates and move them: 

on Mars, there is no evidence of continental drift. 

Tharsis bulge 



On Earth, continental plates move around,  
pushed by convection in the molten interior. 

The motion is seen in laser measurements of the 
distance to the Moon.  The rift zones where  

ocean floor is being created are clearly seen. 



Four Giant Shield Volcanoes on the Tharsis Bulge  

Ascraeus Mons 

Arsia Mons 

Pavonis Mons 

Olympus Mons 



Four Giant Shield Volcanoes on the Tharsis Bulge  

The shield volcanoes grew huge 
(1) because the hot spots didn’t move, 
(2) because the crust is thick enough  

and the gravity is low enough 
 to support their weight, 

and (3) because the lava flow rate was large. 



Olympus Mons is similar to but 
much bigger than Mauna Loa and Mauna Kea (Hawaii) 



Olympus Mons 

600 km  

70 km  

25 km  

Olympus Mons has a volume  
50 — 100 times that of Mauna Loa! 



Vallis Marineris is a rift + water-erosion canyon 
almost 5000 km (3000 miles) long, 
up to 200 km (120 miles) wide and 

up to 6 km (4 miles) deep.  



Liquid water was abundant on Mars 
and 

Mars had a much thicker atmosphere 
1 — 3 billion years ago. 



Catastrophic Water Outburst Channels in Noachis Terra 



Streamlined mesas (formerly islands?) 





Catastrophic Floods 

The Chryse channels are similar to the largest known flood features on Earth,             
the channeled scablands of eastern Washington.  They are ~ 300 km square and were 

scoured by enormous catastrophic floods.   

The last flood happened ~ 18,000 years ago because of the collapse of a dam holding   
a lake formed when the glaciers of the last Ice Age melted.  The lake was 600 m deep.  

When the dam burst, water up to 120 m deep flowed down the Columbia plateau,  
almost completely burying all preflood valleys.  From depth estimates based on high 

water marks, the peak discharge was ~ 107 m3/sec.     This is 100 times bigger than the 
mean annual flow rate of the Amazon river.  At these high discharge rates, the lake 

drained in several days. 

Enormous amounts of erosion carved channels as deep as 200 m into the bedrock.  
Because the flood dwarfed the preflood drainage system, it was largely unconfined, 

splitting into numerous branches.   

The result is an “anastomosing pattern” of enormous scale,  
with partly streamlined islands separating the various branches.  



Erosion channels 



A temporary greenhouse atmosphere on Mars 
Baker et al. 1991, Nature, 352, 589 

“A variety  of  features on Mars may be explained by episodic  ocean and ice-sheet 
formation.  The formation of valley networks early in Mars’s history is evidence for a 
hydrological cycle that may have involved a persistent ocean.  Cataclysmic flooding 
triggered  by  Tharsis  volcanism  may  have  led  to  repeated  ocean  formation  and 
dissipation on the northern plains and associated glaciation in the southern highlands.” 

 This is a controversial but fascinating theory. 





There is evidence for 
recent flows 

of a small amount of water: 
we see fragile erosion features that can’t last long. 



Gullies suggestive of water seepage 
in a 3 km wide area of Noachis Terra 



Weeping Rock 



Weeping Rock in Newton Crater? 



Changes ⇒ Seeping Water 



If there is ice not far under the surface 
and especially 

if liquid water sometimes seeps out,  
then 

this improves the chance that 
life may survive now 

from earlier times when the climate was better. 



Water ice in a latitude 70o, 35 km crater on Mars 
(The ice may be as deep as 700 feet.) 



Viking Program: Our First Two Landings on Mars 



Viking 1 landed July 20, 1976. 



Frost on Mars 



Opportunity and Spirit Landing Sites (2004) 

Meridiani 
Planum Gusev 

Crater 



“Opportunity” Landing and Deployment 



Opportunity Final Descent Trajectory: 
A “Hole in One” 



“Opportunity” landed inside a small crater. 

Rocks in the crater rim are layered 
and contain hematite “blueberries”. 

Hematite (Fe2O3) is an iron oxide that is 
frequently deposited in standing water. 

The possibility that the blueberries 
might be volcanic was discarded 

because they appear to have formed         
within the layers and                              

because they do not show impact features. 



Spherical Granules or “Blueberries” 



Lots of blueberries … 



Bowl of Blueberries 



Spectra show that the blueberries are hematite. 

All this is       
further evidence for 

standing water     
on Mars                  

in the distant past. 



Endurance Crater 



Driving in was not exactly safe … but they did it anyway. 





More Hematite Blueberries 



Heading South on the Plains of Meridiani 



A Meteorite on Mars! 



Opportunity spent a year exploring Victoria Crater. 

(diameter = 0.5 mile; depth = 230 feet) 



Victoria Crater 
The vertical cliff is about 50 feet high. 



Looking back at Victoria Crater  
on the way to Endeavour 



Opportunity had driven a marathon distance 
of 26.221 miles effective 2015 March 24. 



Opportunity arrived at the rim of Endeavour crater  
(14 miles in diameter) on August 9, 2011 

and has been driving around the rim ever since.. 



Thanks to a miracle, Opportunity is still going strong. 
By 2017 January, it had driven more than 27 miles. 



Crater Heimdal (10 km wide) 
on the North polar plains of Mars  

(2008 May 25) 



Phoenix lander parachuting 20 km in front of the crater 
as seen from Mars Reconnaissance Orbiter               

310 km high and 760 km away. 



Phoenix landing site on Mars   Corresponding place on Earth 



View from Phoenix lander at 68° north latitude. 



Digging into the 
dirt under the 

lander revealed 
white water ice. 

Some of it 
evaporated over 
the next 4 days. 



Early winter days got shorter and colder 
until the batteries could no longer be charged. 
The last signal from Phoenix was received on  

Nov. 2, 2008. 



A hole in Mars about     
120 feet across and         

70 feet deep. 
We find many such holes.   

They imply that  
Mars as a network of 

underground caverns. 
They are among the best 

places to look for life. 



In summer, some equatorial regions of Mars 
emit methane gas.  It may have an inorganic origin,  although 

it is hard to understand why it happens mainly in summer. 
On Earth, methane is very commonly produced by life. 

Mars’s methane may be a sign of (lots of) underground life. 



Mars’s red color is due to iron oxide. 

Like the Moon and Mercury, Mars suffered torrential meteorite impacts more than 4 billion years ago.  Many craters 
cover the southern highlands.  Elsewhere they are visible, but the surface has been modified. 

The carbon dioxide atmosphere is thin: it is enough for planet-wide dust storms but probably not for life as we know it.  
The seasonal growth of polar ice caps is due to carbon dioxide ice. 

There is clear evidence for lots of liquid water in the past: channels and channel islands imply episodic catastrophic 
floods.  The largest channel, Vallis Marineris, is 5000 km long or 1/5 of the circumference of  Mars.  There may once 
have been an ocean encircling the northern hemisphere.  The Opportunity and Curiosity rovers have found lots of 
minerals that are deposited in standing water and lots of physical structures indicative of stream beds that once had 
flowing water. But now, water is locked up in polar ice caps and in permafrost. So the planet had a climatic runaway, 
presumably because it was not quite massive enough to hold onto a thick atmosphere. 

Huge shield volcanoes (e. g., Olympus Mons, qualitatively like Mauna Loa on Earth) formed in the past 2 — 3  billion yr.  
They grew so big because (i) lava flow rates were higher than on Earth, (ii) Mars's surface gravity is only 38 % of 
Earth's, (iii) the crust is thicker — Mars's interior has cooled more than Earth's — and (iv) there is no continental drift.  

There is no continental drift (“plate tectonics”).  But the Tharsis Bulge was a good attempt.  It is about 7 km high and 
about 5500 km in diameter.  Its origin is not completely understood, but swelling due to mantle convection is the best 
guess.  The Tharsis Bulge has been central to the planet's evolution: the biggest shield volcanoes are on its summit 
or flanks, and Vallis Marineris starts near its summit. 

The Viking landers did experiments to look for life. They found chemically active soil but no evidence of life. 

In the past, when free-flowing water was abundant, the atmosphere was almost certainly thicker and the temperature 
was almost certainly higher due to the “greenhouse effect.”  Life formed quickly on Earth once conditions allowed.  
Life may have formed on Mars; we don't know yet.  If it did, it is probably extinct.  Still, life is incredibly resilient.  So: 

If life exists now, the best bet is lichen-like growths inside rocks in the warmest and wettest canyons. 

Mars: Summary 



The Inner Solar System 
Planet     Semimajor  Period    Diameter      Mass     Composition     Atmosphere 
                 axis (AU)      (year)       (km)          (MEarth) 

Mercury       0.39             0.24        4878          0.055        metal, rock            — 
Venus          0.72             0.62      12102          0.814       rock, metal        CO2, SO2 
Earth            1.00             1.00      12756          1.000        rock, metal      N2, O2, H2O 
Moon                                              3476           0.012        rock                       — 
Mars            1.52              1.88        6787           0.107        rock, metal       CO2, N2, Ar 

Inclination = 177o    ⇒    “Retrograde” (backwards) rotation 
Rotation period = 243.01 Earth days!       

Surface temperature                   =   745 K or 882o F   (Note: lead melts at 621o F.) 
Surface atmospheric pressure = 1300 psi (90 Earth atmospheres!) 

Interesting Features:  atmosphere: runaway greenhouse effect;   volcanoes;  
                                   the Russian Venera landers took hard-won surface pictures 



Venus is completely covered by sulphuric acid clouds. 



The atmospheres of Venus and the Earth  
are similarly cold at high altitudes,  
but Venus gets very hot under its clouds.



The Greenhouse Effect 

The main  
greenhouse gas 

is 
carbon dioxide 

(CO2). 



The Magellan Radar Imager looked under the clouds. 



Topography of Venus 

Aphrodite Terra 

Ishtar Terra 

Sif Mons  Gula Mons 

There are two main continents (Ishtar Terra & Aphrodite Terra) 
and several smaller highland regions. 

Maxwell Montes on Ishtar is 12 km high. Everest is 8.8 km 
high. 

There is no sign of continental drift on Venus, but  there are  
shield volcanoes like Olympus Mons on Mars and Mauna Loa in Hawaii. 



Gula Mons is 1.9 miles high.  Sif Mons is 1.2 miles high.  They are 450 miles apart. 
Both are shield volcanoes. 

The lava flows from Gula Mons are hundreds of miles long. 



Pancakes are 
believed to be 
extrusions of 
viscous lava. 

These are 
16 miles  

in diameter  
and 

about 2500 feet 
high. 



Danilova Crater 

Impact craters are large — small meteorites burn up in the thick atmosphere. 
The modest number of craters implies that the planet has been resurfaced  

by lava in the past 500 million years. 



Venera 13 Image 

camera lens cover 



Another image from the hellish surface of Venus 



Venus has by far the thickest atmosphere of any terrestrial planet: the surface pressure is 90 Earth atmospheres.  
It shows us what happens when a planet suffers a runaway greenhouse effect.  The hint for us is: It is 
dangerous to add too much CO2 to Earth's atmosphere. 

The surface temperature is 745 K ≈ 882o F everywhere.  Therefore water, CO2, sulfur, etc., have all baked out of 
the rock and into the atmosphere.  Most of the atmosphere is CO2, which is an excellent absorber of infrared 
light (i. e., heat).  That’s how the greenhouse effect ran away. 

The surface is hidden by opaque sulfuric acid clouds.  What we know about the surface comes from radar maps 
and from Russian Venera landers.  The latter survived for only an hour or two before their electronics melted. 

The Venera landers showed slate-gray slabs of rock typical of iron oxides at high temperatures.  But they look 
orange because the thick atmosphere strongly filters sunlight. 

 Impact craters are common, but much of the planet has been resurfaced in the past 500 million years: 

There is abundant evidence for volcanism, including shield volcanoes, extruded domes, and “coronae” that are a 
bit like the Tharsis Bulge on Mars (or like a fallen soufflé in your kitchen). 

There is no continental drift (“plate tectonics”).  We would have easily seen the spreading and subduction zones. 

Venus rotates backward.  We do not know why.  One possibility is an almost-established resonance with Earth: 
Venus presents almost the same side to us every time it is closest to us. 

Venus: Summary 



Venus and Mars  
are opposite extremes of planetary evolution  

away from conditions that support life. 

Mars is a little too low in mass and a little too far from the Sun. 
It got too cold: It lost its air and water 

to space, 
to the soil, 

and 
to permafrost. 

Venus is a little too close to the Sun.  It got too hot: 
It baked too many gases out of the soil and into the atmosphere, 

producing a runaway greenhouse effect. 

Venus and Mars 


