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Pictogram illustrating a Mars-like planet in a prograde (counter clockwise) Mars-like heliocentric
orbit with a moderately large satellite, about 1/100 the mass of Mars, in a prograde orbit around the
Mars-like planet rotating in the prograde direction.

The general theme of the book is that regular tidal action (i.e., both rock and ocean tides)
operating over geologic time (in this case marologic time) keeps a planet “alive” by aiding the
processes that cycle and recycle planetary resources.

Note also that a satellite helps to stabilize the obliquity (tilt angle) of a planet over multi-
thousand-year cycles. The obliquity for this illustration is 30 degrees. The initial obliquity could be
more or less than this value but the main point is that it is stable over long periods of time. This
stability of obliquity results in a seasonal cycle that is very consistent from year to year, decade to
decade, and century to century. This stability of the seasonal cycle, along with other factors such as
the presence of liquid water on the surface of a planet, is very conducive to the origin and evolution
of life forms.

An extension of the tidal action concept is that the search for potentially habitable planets, in the
author’s view, should be refocused to the search for terrestrial planets with large satellites relative to
the mass of the planet. As with planet Earth, the “Goldilocks” principle can be applied. A satellite in
orbit around a Mars-mass planet must be large enough to do the tidal work associated with the
recycling of critical planetary resources but not so large that it “despins” the planet to a synchronous
spin-orbit condition over a short period of geologic (marologic) time.
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Preface

Planet Earth has many unusual features. It has oceans of water, an oxygenated
atmosphere, a complex biological system, an active magnetic field, a large satellite
relative to the mass of the planet, and a prograde rotation rate of about 24 hr/day. Our
“twin sister” planet, Venus, also has many unusual features. It has no oceans of
water, no free oxygen in the atmosphere, no biological system, no active magnetic
field, no satellite at present, and a very slow retrograde rotation rate. Planet Mercury
also has a set of special features. It has a very slow prograde rotation rate because of
tidal interaction with the Sun, that is, it is locked into a 3:2 spin-orbit resonance with
the Sun. It may have an active magnetic field and it definitely has a remnant magnetic
signature recorded in its ancient crust. Some of the crater-saturated crust of the planet
Mercury probably dates back to the very early history of the planet. Its “sedimen-
tary” rock record consists mainly of overlapping aprons of impact ejecta and it has
lava flows of various ages on its surface. Planet Mars has some special features as a
planet and, in my view, has the features of a normal terrestrial planet of its size and
mass. It has a transparent atmosphere; it has ice caps of a combination of water ice,
carbon dioxide ice, and methane ice that wax and wane with the seasons as well as
with the long-term obliquity cycle of the planet, and it has evidence of flowing water
at the surface. It has both water and wind deposited sediment units as well as a
variety of sedimentary rock complexes. It has a great variety of impact craters that
have accumulated over the history of the planet and it has some of the largest
volcanic constructs in the terrestrial planet realm. It also has two small satellites,
Phobos and Deimos, in prograde marocentric orbits. Mars has a prograde rotation
rate of about 24.6 hr/day.

A major question is: What are the common features of a terrestrial planet —
features to be on a checklist when searching for terrestrial exoplanets? A related
question is: How common are terrestrial exoplanets? (About 10/4000 as of August
2019; a reasonable definition of a terrestrial planet is a rocky planet with about two
times the mass of Earth or less.) Another unanswered question is: Will the common
features of a terrestrial planet yield habitable conditions on a typical terrestrial
exoplanet?
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X Preface

The only common feature of terrestrial planets in our Solar System is that they all
have rocky surfaces. Mars and Mercury have some portions of their surfaces that are
heavily cratered and those surfaces probably date back to their early history. In
contrast, Venus and Earth have no portions of their surfaces that go beyond 1 billion
years. So how can we attempt to create a story for terrestrial planets that may help us
in our search for habitable terrestrial exoplanets?

My basic premise is that moderately massive satellites (1/100 of the mass of the
planet, + or — a significant factor) are a necessary, but not sufficient, condition for the
development of a habitable terrestrial planet. Details about the mass of the satellite
and its direction of revolution are not as important as the presence of a sizeable
satellite!

My preliminary analysis of our terrestrial planet group is the following: Mercury
is too close to the Sun to yield any reasonable chance for habitability of biota. Our
twin sister, Venus, in my view, captured a one-half moon-mass satellite in a
sun-stabilized retrograde orbit early in its history and was potentially habitable for
about 3 billion years during which the satellite gradually despun the planet and
recycled most or all of the surface crustal features into the shallow mantle of the
planet. The result is a “Hades-like” planet with a dense carbon-dioxide-rich atmo-
sphere and a very slow retrograde rotation rate. Earth, in my view, captured a moon-
mass satellite in a sun-stabilized prograde orbit, and after about 4.0 billion years, we
end up with a lunar-mass satellite in a near circular prograde orbit at about 60 planet
radii. The prograde rotation rate of the planet over these 4.0 billion years changed
from a primordial rate of about 10 hr/day to the present 24 hr/day. The result is
something like a “paradise” planet that we have grown to know and love!

So the question of this book is: How could nature make a mars-like planet
(a normal terrestrial planet in a mars-like heliocentric orbit) into a planet that could
harbor a biological system of some sort for a significant span of geological time? The
answer, in my view, is to acquire a massive satellite relative to the mass of the planet
and a few chapters of this book suggest different scenarios for accomplishing this
task! In short, GEOFORMING MARS!

Chapter 1 introduces some special features of the terrestrial planets and the Solar
System as well as suggests a procedure for solving problems in the natural sciences.
Chapter 2 is about the early evolution of the Sun and the Solar System and why such
a model is very important for an explanation and analysis of the condition of the
terrestrial planets and asteroids. Chapter 3 discusses various models that have been
suggested for the origin of the current satellites of Mars, Phobos and Deimos, and
also discusses the origin of the only other extant natural satellite in the terrestrial
planet realm, the Earth’s Moon. Chapter 4 presents a prograde gravitational capture
model for Mars in which a 0.1 moon-mass planetoid is captured from a heliocentric
orbit into a prograde marocentric orbit early in the history of the Solar System. A
crucial issue for any capture model is to identify potential Solar System sources for
such a planetoid or family of planetoids. Chap. 5 presents a retrograde gravitational
capture model in which a 0.1 moon-mass planetoid is captured from a mars-like
heliocentric orbit into a retrograde marocentric orbit early in the history of the Solar
System. Certain features of prograde and retrograde capture scenarios are similar
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(both are gravitational capture scenarios) but the long-term effects are as different as
Dr. Jekyll and Mr. Hyde. Chapter 6 critiques the Giant Impact Model, which has
been a “ruling paradigm” in the Earth and Planetary Sciences for the past three
decades. Chapter 7 chronologically develops a Prograde Gravitational Capture
Model that appears to offer solutions for many of the outstanding problems of the
Earth-Moon system as well as for many other problems of Solar System Science.
Chapter 8 ventures into Comparative Planetology under the guise of the GEOME-
TRY OF STABLE CAPTURE ZONES (SCZs). The discussion focuses on how the
SCZ concept can be used to assess the probability of successful capture of satellites
of specific masses by terrestrial (and non-terrestrial) planets. In the author’s view,
stable gravitational capture of sufficiently massive satellites is a major key process
for the development of habitable terrestrial planets. Thus, the identification of large
satellites should be a major factor in the search for potentially habitable exoplanets.
Chapter 9 discusses the factors that are involved in making a planet habitable. There
appears to be two categories for habitability: (1) short-term habitability (i.e., 1 or
2 billion years) and (2) long-term habitability (i.e., over 2 billion years). Mars, the
normal planet, appears to be in the first category, and some of the features for a
normal terrestrial planet are (1) that it has large portions of its primitive crust after 4.6
billion years and (2) that it has no large satellite at present or evidence of the
existence of a large satellite in a stable orbit in its past. Planet Earth is in the second
category and is a terrestrial planet that (1) has a large extant satellite in a stable orbit
and (2) has very little rock, mineral, and chemical isotope evidence that could be
considered as relicts of a primitive crust after 4.6 billion years of geological history.
A major question emerging from this chapter is: WHAT WOULD PLANET
EARTH BE LIKE WITHOUT ITS MOON? A reasonable response is that it
would have a prograde rotation rate of about 12 hr/day and that it would have
large sections of its primitive crust surviving at or near the surface of the planet after
over 4 billion years of planetary evolution. The “normal” earth-like planet in an
earth-like heliocentric orbit would have no deep oceans, no mobile continents, and
no recycling system for volatiles (such as water, carbon dioxide, methane, and
others). Chapter 10 discusses the importance of large satellites being associated
with both our set of terrestrial planets as well as terrestrial exoplanets. The author
suggests that a “LARGE SATELLITE” paradigm should be added to the “CONTI
NENTAL DRIFT/PLATE TECTONICS” paradigm (i.e., the Wegener paradigm)
and the “PLANETARY AND ORBITAL PARAMETER VARIATION” paradigm
(i.e., the Milankovitch paradigm) for explaining the development of planet Earth. It
is the view of the author that these three major concepts (i.e., paradigms or revolu-
tions in thought) are all interrelated and are necessary for a reasonable scientific
explanation of the special features of our very habitable “paradise” planet that has
supported biological entities for at least 3.5 billion years.

Granville, OH, USA Robert Malcuit



Some Perspectives and Acknowledgments

This project is a progression of my long-term interests in the origin and evolution of
the terrestrial planets of our Solar System and of the Solar System in general. Getting
closer to home, we all know that the Earth-Moon system is very complex and its
origin is still a very debatable issue in the Earth and Planetary Science community.
Planet Venus, our sister planet, has a very stable, sun-centered orbit but apparently it
has a very complex evolutionary history that is essentially shrouded in mystery. In
my view, many scientists in the planetary science community are now only begin-
ning to appreciate the apparent complexities of these two large terrestrial planets as
well as the apparent long-term stabilities of their sun-centered orbits. On the inner
side of Venus is Planet Mercury with its high specific gravity, elevated eccentricity
relative to Earth and Venus, and many other unusual features. Mercury, however, is
of very little interest to the biological community because of its proximity to the Sun.
Planet Mars, on the other hand, also has many unusual characteristics but one
outstanding feature is that its crustal complex dates back to the early history of the
solar system. It has a decipherable rock and mineral record dating back some 4.5
billion years. Planet Mars has no serious complications like a large satellite that
potentially could have caused the destruction of the surface rock complex and
recycled much of it into the Martian upper mantle. Because of this lack of dynamical
complexity and a rotation rate that could be very near to its primordial rotation rate,
Mars is considered by some scientists, me among them, to be a “normal” terrestrial
planet, perhaps a “prototype” of a terrestrial planet to be used as an aid in our search
for terrestrial exoplanets.

The purpose of this book is to illustrate how an unusual process like acquiring a
large satellite (1) could change the Martian planetary story from fairly simple to
complex and (2) could theoretically convert a Mars-type planet into a habitable
world.

I want to acknowledge the excellent geological and general education back-
ground I received in my undergraduate and graduate years at Kent State University
and at Michigan State University. I am especially appreciative of the field work with
Richard Hemlich (KSU) in the Bighorn Mountains, Wyoming, which eventually led
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to my acquaintance through the geological literature and later in person with Preston
Cloud (UC, Santa Barbara). Many thanks to Tom Vogel (MSU) for his guidance
through the experiences of graduate school and for the permission to do an unusual
project in planetary science for a Ph.D. project. At MSU, I did get to meet Harold
Urey in person, although very briefly, after a talk he presented on campus on the
subject of the origin of the Moon. Harold thought that the body of the Moon was
formed away from the Earth and was later captured (somehow) by the Earth. A
“STELLAR” CONCEPT in my opinion. He also expressed on several occasions that
the Moon may eventually turn out to be a “Rosetta Stone” for interpretation of the
history of the inner solar system. I still think that his concept is very commendable.
At AGU and GSA meetings while I was a graduate student, I did meet with such
notables as Hannes Alfven, Fred Singer, Keith Runcorn, and Harold Masursky, all of
whom at some time in their professional lives were proponents of the capture model
for origin of the Moon. It is interesting to note that Al Cameron was friendly to the
capture model in the early 1970s because it was a “default” model (i.e., fission and
co-formation models did not seem to lead to a solution by Al Cameron’s reasoning).
Then Al went off on a 20-plus year excursion doing world-class computer simula-
tions and other calculations in support of the Giant Impact Model only to find that it
did not solve the lunar origin problem. OH WELL, SHUCKS!! Maybe the “default”
model of gravitational capture is a reasonable solution for the lunar origin problem
after all!

A recent pursuit of astronomers and planetary scientists is the search for
exoplanets, especially habitable terrestrial exoplanets. The general theme in the
search for potentially habitable planets is to “FOLLOW THE WATER.” The general
idea is that the presence of liquid water on a planet can lead to the development of
life forms. My advice for exoplanet investigators is, yes, look for a planetary
environment than can yield liquid water but of equal importance for long-term
habitability is the presence of a large satellite relative to the mass of the planet and
for a central star that is “not too hot” and “not too cold.” We now know that there are
many exoplanets out there but we also know that terrestrial exoplanets appear to be
rare and that terrestrial exoplanets with both liquid water and a reasonably large
satellite could be extremely rare. The bottom line, in my view, is that we humans and
our plant and animal friends may be “alone” in a large region of space. We must
realize that we live on a special planet and we as an “intelligent” species must
develop a “special” attitude toward our planet and its limited resources.

In graduate school I did projects with Gary Byerly (LSU) and Graham Ryder
(a long-term associate with the LPI before his premature death in 2002). In graduate
school and over the years I had many fruitful interactions at national and interna-
tional meetings with these two individuals.

Special thanks to Ron Winters (DU Physics and Astronomy) for collaboration on
planetary science projects over the years and for his work with physics and computer
science students, David Mehringer, Wentao Chen, and Albert Liau, in the late 1980s
and early 1990s.

Many thanks to Harrison Ponce, Cheryl Johnson, Leslie Smith, and Madelin
Myers (Denison ITS) for technical support and manuscript preparation. Thanks to
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Adam Weinberg, President of DU, and the personnel in the Office of the Provost
(Kim Coplin, Kim Specht, and Cathy Dollard and their very helpful assistant Jane
Dougan) for office space, computer equipment, and other assistance and supplies
since retirement. Thanks to Tom Evans (DU, Chemistry) for encouragement to
pursue this project and for sharing his knowledge of the resources of the Harold
Urey Collection in the archives of UC, San Diego Library. Thanks to my active
departmental colleagues and generations of geoscience students for the many ques-
tions and comments over the years. Thanks to Ron Doering, Clement Wilson, Aaron
Schiller, and others on the Springer team.

On a very personal level, special thanks to my wife, Mary Ann, for her patience
during the preparation of this book project and for her perusal of each chapter and for
her special advice and constructive criticism. The manuscript is much improved
because of her careful attention to detail.
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Chapter 1 ®)
Introduction Check or

Mars is believed to be lifeless, but it may be possible to transform it into a planet suitable for
habitation by plants, and conceivably humans. The success of such an enterprise would
depend on the abundance, distribution and form of materials on the planet that could provide
carbon dioxide, water and nitrogen. —From McKay et al. (1991, p. 489).

Mars is in some ways the type example of a terrestrial planet. It is neither geologically
stillborn, like Mercury or the Moon, nor so active that most of the geological record has been
destroyed, like Venus or the Earth. —From Nimmo and Tanaka (2005 p. 133).

We revisit the idea of ‘terraforming” Mars — changing its environment to be more Earth-like
in a way that would allow terrestrial life (possibly including humans) to survive without the
need for life-support systems — in the context of what we know about Mars today.

Recent observations have been made of the loss of Mars’s atmosphere to space by the Mars
Atmosphere and Volatile Evolution Mission probe and the Mars Express spacecraft, along
with analyses of the abundance of carbon-bearing minerals and the occurrence of CO, in
polar ice from the Mars Reconnaissance Orbiter and the Mars Odyssey spacecraft. These
results suggest that there is not enough CO, remaining on Mars to provide significant
greenhouse warming were the gas to be emplaced into the atmosphere; in addition, most
of the CO, gas in these reservoirs is not accessible and thus cannot be readily mobilized. As a
result, we conclude that terraforming Mars is not possible using present-day technology.—
From Jakosky and Edwards (2018, p. 634).

Planet Mars appears to be a normal terrestrial planet. It still has much of its
original (primitive) crust. Its prograde rotation rate, about 24.6 hour/day, is what is
expected for a planet of that mass and density (MacDonald 1963, 1964). It has a
rarefied atmosphere and a low mass hydrosphere mainly because the mantle of the
planet has not been degassed to any significant extent over the last few billions of
years. Figure 1.1 shows a typical view of planet Mars.

At this point I need to define some new terms to be used in this book. The
traditional term for “engineering” a planet like Mars is TERRAFORMING. By
traditional use the term “terraforming” is a project of engineering by humans to make
a planet like Mars somewhat habitable for biological forms. After consideration of
the information in Jakosky and Edwards (2018) it appears that the term
“terraforming” could also be used for the construction of semi-sealed geodesic
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2 1 Introduction

Fig. 1.1 Photo of Mars showing many of the surface features of the planet such as the north polar
ice cap, the three major volcanoes of the Tharsis plateau, and Olympus Mons (to the west of the
plateau), and Valles Marineris. The thin clouds of Mars are water vapor and the transparent
atmosphere is composed mainly of carbon dioxide. (Photo is courtesy of NASA/JPL)

dome communities or perhaps larger projects on Mars for human occupation.
Jakosky and Edwards (2018) conclude that planet-wide TERRAFORMING of
planet Mars may not be physically possible using current technology and resources
on Mars but, in my view, smaller scale projects as described above could be
constructed and operated using mainly local resources.

Here I am introducing the term GEOFORMING as a theoretical planetary
development process resulting in conditions on a planet or exoplanet that are similar
to those on Earth at the present time or at some time in the past or future evolution of
planet Earth. Other suggested theoretical planetological development terms are
Venoforming, Maroforming and Mercoforming. A VENOFORMED planet would
have conditions similar to those on Venus today or at some time in the past or future
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evolution of planet Venus. A MAROFORMED planet would have conditions
similar to those on Mars at the present time or at some time in the past or future
evolution of planet Mars. A MERCOFORMED planet would have conditions
similar to those on planet Mercury today or at some time in the past or future
evolution of planet Mercury.

Some terrestrial planets like Venus and Earth can evolve considerably over
geologic time. For example, conditions on planet Earth were significantly different
one billion years or two billion years ago than they are at the present time. The same
can be said for planet Venus. Other terrestrial planets evolve very little after the
initial stages of planet formation: examples of this category, in my view, are planets
Mercury and Mars.

The purpose of this book is to summarize the current state of conditions on Mars
and then to present some theoretical planetological development processes that could
have resulted in conditions similar to those of planet Earth today. In short, we want
to GEOFORM MARS.

Planet Earth, in contrast to Mars, has a large satellite that has had major effects on
the rotation rate and the degassing history of the planet. The primordial rotation rate
of about 10 hour/day (MacDonald 1963, 1964) has gradually changed by rock and
ocean tidal interaction with the Moon over geologic time to our present rate of
24 hour/day.

Planet Venus, in contrast to Mars, has undergone a global resurfacing event in the
past 0.5-1.0 Ga (billion years) (Herrick 1994; Herrick and Parmentier 1994), the
mantle has been degassed significantly [i. e., about 1.6 times that of Earth (Cloud
1972, 1974)], and the rotation rate has been changed, over geologic time, from the
expected primordial prograde rate of about 13.5 hour/day (MacDonald 1964) to the
present very slow retrograde rotation rate of about 243 earth days/year.

A major question is: Are there any major events in the history of planet Mars that
could have resulted in a more complex planetological evolution, an evolution that
may have been more favorable for the development of at least a relatively simple
biosphere?

In this book we will explore the theoretical ramifications of the gravitational
capture of a sizeable satellite of 1/100 the mass of Mars. This mass ratio is very
similar to that of the Earth-Moon system which is 1/81. We will also consider the
positive and negative effects of capturing an even larger satellite of about 0.02 of the
mass of Mars. Along the way we will discover:

* that both prograde and retrograde gravitational capture scenarios for these size-
able planetoids are physically possible for planet Mars,

e that any of these capture scenarios could have had profound effects on the
lithospheric, hydrospheric, and atmospheric evolution of planet Mars,

* that a major long-term effect for any stable capture scenario is a very significant
change in the rotation rate of planet Mars by way of the rock and ocean tidal
history of the planet,

 that any of these capture scenarios would have greatly increased the chances of
development of primitive life forms on Mars over geologic time.
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1.1 The Real Evolutionary History Versus ‘“What Could
Have Been” for Planet Mars

This book on geoforming Mars is partly a work of theoretical planetology but it starts
with a set of facts (and some interpretations) about planet Mars at the present time in
the scientific investigation of the planet. The early history of Mars (what I call in this
book, the pre-capture era) is the same for all five models discussed below because
any capture episode would probably occur within a few 100 Ma after the formation
of the planet. In general, there are five evolutionary scenarios to consider.

Scenario One: This model begins with a primitive Mars in a mars-like heliocentric
orbit with a primitive rotation rate of ~24.6 hr/day and no sizeable satellite
(Phobos and Deimos are much too small to make a difference here). This scenario
is essentially the Mars that we have today. If planet Venus or planet Earth would
undergo an evolution scenario like this it would be a Maroforming process.

Scenario Two: This model begins like Scenario One with a Mars-like planet in a
Mars-like heliocentric orbit. Then within the first few 100 Ma of its existence
Mars captures a 0.1 moon-mass planetoid from a mars-like heliocentric orbit. The
post-capture marocentric orbit circularizes in a few billion years during which the
prograde rotation rate of Mars changes from 24.6 hr/day to ~88 hr/day. The rock
tidal amplitudes at the time of capture are up to 9 km and rock tidal amplitudes up
to 6 km are common for the first few thousand years after capture. But during the
orbit circularization of the satellite, the prograde rotation rate of Mars is forever
decreasing because of angular momentum exchange with the satellite in prograde
orbit. The chances for life forms to evolve in the low to mid-latitude zones are
favored by the high rock and ocean tides and associated volcanic outgassing soon
after capture but the gradual decrease in rotation rate is not all that favorable for
life forms because of the increasingly long, cold nights on the planet. This
scenario if an attempt at Geoforming.

Scenario Three: This model is similar to the previous model in that it begins with a
Mars-like planet in a Mars-like heliocentric orbit. Then within the first few
100 Ma Mars captures a 0.2 moon-mass planetoid in a prograde marocentric
orbit from a Mars-like heliocentric orbit. The rock tidal amplitudes for this
capture scenario are about 18 km and the timescale for orbit circularization is
considerably shorter. The planet, however, loses much of its prograde rotation
rate via tangential tidal action over a much shorter period of time than in Scenario
two. Thus the time-frame for evolution of life forms is very favorable over that
brief period of marologic time. As in scenario one, the “long-night” syndrome
would probably make living condition intolerable within a few billion years of
time. This is another attempt at Geoforming.

Scenario Four: This model has a similar beginning to Scenarios one, two, and three
with a Mars-like planet in a Mars-like heliocentric orbit. However, in this case a
0.1 moon-mass planetoid is captured into a stable but highly elliptical retrograde
marocentric orbit. The timescale for retrograde marocentric orbit circularization is
very short relative to that for a prograde orbit and within a few 100 Ma the orbit is
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circularized to about 30 mars radii. The high rock tides and intense rock and
ocean tidal activity associated with the capture event and subsequent orbit
circularization would probably result in a large portion of the crust in the
equatorial zone of Mars being recycled into the martian mantle. All this rock
tide activity would result in massive volcanism and outgassing of mantle vola-
tiles. During this retrograde capture scenario, the rotation rate of Mars decreases
rapidly and any biological system on the planet finds itself in the “long night
syndrome” fairly rapidly but the rock and ocean tides are forever increasing in
amplitude and frequency as the orbit evolution proceeds. Eventually, after about
8 billion years of time (about 4 Ga in the future for Earthians), the satellite breaks
up in orbit at the Roche limit for a solid body. The final result is a mars-like body
with the environmental conditions of planet Venus today (see Malcuit 2015,
Chap. 6). This scenario is an attempt at Venoforming.

Scenario Five: This model is similar to that of Scenario Four but the captured
retrograde satellite is twice as massive. Thus the tidal amplitudes are twice as
high and the post-capture orbit circularization is somewhat shorter. The planet is
despun over a shorter period of time and there is a lengthy period of the “long
night syndrome”. Eventually the prograde rotation of the mars-like planet
decreases to zero and the planet begins to rotate in the retrograde direction.
There are high rock and ocean tidal amplitudes as well as a progressive increase
in both tidal amplitude and frequency. The increasing retrograde rotation rate of
the planet prolongs the lifetime of the retrograde marocentric orbit. THIS IS AN
UNUSUAL ORBITAL SCENARIO BUT IT IS THE MOST FAVORABLE
FOR THE DEVELOPMENT AND SUBSEQUENT EVOLUTION OF LIFE
FORMS ON A MARS-LIKE PLANET! In this scenario the satellite orbit
eventually evolves to the Roche limit for a solid body, breaks up in orbit, and
the particles, large and small, fall to the surface of Mars. The final rotation rate of
Mars, in this scenario, is about 11 hr/day retrograde and the environmental
conditions on Mars are similar to those on planet Venus today. This is another
attempt at Venoforming.

1.2 Discussion of the Primordial Planetary Rotation Rate
of Solar System Bodies

There appears to be two schools of thought to explain the rotation rates of both
terrestrial and gaseous planets. School One proposes that there is an “orderly
component of planetary rotation” and that this orderly component resulted from
the accumulation of small bodies from orbits of low eccentricity by a favored
planetary embryo on a circular orbit. Calculations suggest that planetesimals on
elliptical orbits from the outer regions of the accretion zone of the planet generally
induce a relatively rapid prograde rotation (i.e., prograde rotation rates like we
observe today for planet Mars) as well as prograde rotation rates that are in
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Fig.1.2 Plot of Angular Momentum Density vs. Mass for the planets of the Solar System as well as
for the Earth’s Moon and the Earth-Moon system. (Diagram adapted from MacDonald (1963,
Fig. 38, with permission from Springer.) The line was placed for the best fit of the information for
the rotation rates for the outer planets and Mars. The assumption, which is suggested by the plot, is
that Mars has a rotation rate very close to its primordial rotation rate (~25 h/day). If all the angular
momentum of the Earth-Moon system is placed in the Earth, the rotation rate would be ~4.5 h/day.
If the Earth is rotating ~10 h/day, the Earth would plot on the line between the position of the Earth-
Moon system and the Earth (the red square symbol on the right). This information suggests that the
original rotation rate for Earth was ~10 h/day. If the angular momentum of a lunar-mass body in a
30 earth radii circular orbit in a prograde direction is added to the prograde angular momentum of an
Earth rotating at 10 hr/day, then that combination plots in the position of the Earth-Moon system on
the plot. Likewise, if Venus is elevated to the line vertically above its position on the graph (the red
square symbol on the left), then the original rotation rate would be ~13.5 h/day. The primordial
rotation rates of the Moon as an independent planet and that of planet Mercury can be estimated
using the same procedure. (Diagram from MacDonald (1963, Figure 38) courtesy of Springer)

agreement with the observational plot in MacDonald (1963, 1964) (see Fig. 1.2).
These accretion schemes apply to both terrestrial planets and gaseous planets. Major
sets of calculations for this model are in Lissauer and Kary (1991) and Lissauer
et al. (1997).
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The MacDonald (1963, 1964) plot suggests a primordial prograde rotation rate of
about 10 hr/day for Earth and about 13.5 hr/day for Venus. These prograde rotation
rates are reasonable initial conditions for explaining a prograde gravitational capture
model for the earth-moon system and a retrograde gravitational capture model for a
Venus-satellite system. Thus, the history of the four terrestrial planets can be
explained in some detail using the “orderly component of planetary rotation”
(Lissauer and Kary 1991; Lissauer et al. 1997) in conjunction with the plots of
MacDonald (1963, 1964). Johansen and Lambrechts (2017) present a review of the
process of the formation of planets by way of the accretion of pebbles; in this review
they present calculations demonstrating how prograde rotation of a planetoid results
from the accretion of pebbles in a gaseous environment.

Additional support for this “orderly component of planetary rotation” school
comes from detailed calculations on the history of the Earth-Moon system when
starting with the present conditions of the system. Hansen (1982) did a traceback
calculation of the Earth-Moon system which included both the action of the ocean
tides and the earth tides. He presented a few different combinations of the positions
of the continents, dimensions of the continental shelves, and other characteristics
that might affect the tidal friction process. Regardless of the configurations used, he
could not get the lunar orbit much smaller than a circular orbit of about 30 earth radii
over 4.6 Ga of time which relates to a rotation rate for earth of about 10 hr/d. Webb
(1982) did a completely independent traceback calculation using somewhat different
assumptions for the parameters of tidal friction and arrived at a similar conclusion. Is
it ironic, or coincidental, that our (Malcuit et al. 1992; Malcuit 2015) most reason-
able post-capture orbit, after about 600 Ma of post-capture orbit circularization to
about 10% eccentricity has the angular momentum equivalent to a circular orbit of
about 30 earth radii? Indeed, the angular momentum of a 30 earth radii lunar orbit
plus the angular momentum of a primitive earth with a prograde rotation rate of
10 hr/day equals the angular momentum of the Earth-Moon system.

School Two proposes that any systematic (i.e., orderly) component in the plan-
etary accretion process is “overwhelmed” by the random process of accumulation of
bodies of various sizes. In this model it is the large impacting bodies that determine
both the rotation rate and obliquity (tilt angle) of the resulting planetary unit. Some
early calculations for this model are by Wetherill (1985), Tremaine (1991), and
Dones and Tremaine (1993a, 1993b). Major support for this stochastic process
model is from the promoters of the Giant Impact Model (GIM) for the origin of
the Earth’s Moon. A prograde rotation rate of about 4.5 hr/day is needed immedi-
ately following the tangential impact for the traditional model of the GIM that
features a mars-mass body impacting obliquely onto the primitive earth. Thus, for
nearly all of these stochastic impact models it is very important to have a large
planetoid to impact obliquely onto an earth-like planet. But the question is:
“WHERE DID SUCH A LARGE BODY COME FROM???” The place of origin
of Theia (the hypothetical mars-mass impactor in the GIM model) has not been
determined. Belbruno and Gott (2005) suggest an origin near either the L4 or L5
Lagrange point of the orbit of Earth as a source for the mars-mass body because of
the similarity of oxygen isotopes between Earth and Moon. Herwartz et al. (2014)
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suggest that Theia had the composition of enstatite chondrites which implies that the
body formed in the vicinity of the earth’s orbit. Meier et al. (2014) suggest that Theia
had an earth-like composition and formed in the vicinity of the orbits of Earth and
Venus.

Davies (2008) and Gillman et al. (2016) suggest that the present retrograde
rotation of Venus may have been caused by way of impacts with planetoids
associated with the Late Heavy Bombardment (LHB) of the inner part of the Solar
System. [Note that the LHB is about to become abandoned because of lack of
evidence in the rock records of the Earth and Moon (Mann 2018)]. The place of
origin for a large impactor, or a covey of smaller impactors, for a GIM model for
Venus to explain the retrograde rotation of Venus has not been suggested. The place
of origin of the TWO EARTH-MASS BODY to impact on Uranus (Slattery et al.
1992) to cause the obliquity to increase instantaneously to 98 degrees has not been
determined or proposed. Although there can be stochastic impactors postulated for
nearly all planetary obliquity and planetary rotation problems, not one of these
solutions explains the details of planet evolution or planet-satellite system evolution.
Furthermore, other solutions have been proposed that do not involve a mysterious
giant impactor. (Note: Various features of giant impact models for solving solar
system problems will be discussed extensively in Chap. 6.)

In a short note in SCIENCE Dan Clery (2013) summarized the Royal Society of
London Meeting on the Origin of the Earth’s Moon. The title of the article is “THE
IMPACT MODEL GOT WHACKED”. In my view the promoters of the GIM have
never recovered from that “whacking”. According to Mann (2018), the concept of
the Late Heavy Bombardment is heading toward the exit as well.

The stochastic impact model for planet formation looked like a very good
solution when the Giant Impact Model was presented at the Kona Conference (see
Hartmann et al. 1986, for the resulting Conference Volume) because the three
traditional models (fission, co-formation, and capture) had “fatal flaws”. The “fatal
flaw” syndrome is now “infecting” the GIM as well as its replacement, the Syenestia
model. As a historical note, it seems like the GIM is now having about as much
success for solving Solar System Problems as the STABLE CONTINENT PARA-
DIGM did in the earth science realm in the 1960’s. The continental drift/plate
tectonics model came up with much better solutions.

Returning to the problems of the evolution of the lunar orbit, Ross and Schubert
(1989) presented a model for the “forward” evolution of the lunar orbit. This
calculation was based on the evolution of the Earth-Moon system in the aftermath
of the GIM. The initial conditions for the calculation were (1) a lunar orbit just
beyond the Roche limit (about 3 earth radii) and (2) a rotation rate for earth of about
4.5 hr/d. Using their selected set of body deformation parameters they found that the
lunar orbit evolved out to about 50 earth radii in about 2 billion years. But they found
that it was very difficult to get the lunar orbit to expand beyond about 53 earth radii
in 4.6 billion years. They speculated that the tidal friction associated with the ocean
tidal regime must have increased significantly at about that time (i. e., when the lunar
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orbit was at about 50 to 53 earth radii and the rotation rate of earth was about 16.9 hr/
d; i. e., at about 50 earth radii). It is ironic that both Davies (1992) and Stern (2005)
suggest the thermal conditions of the upper mantle of earth would be conducive to
the initiation of “slab-pull” plate tectonics (i.e., modern style plate tectonics) at about
1.0 Ga ago. Perhaps deeper ocean basins and moderately wide continental shelves
would be conducive to increased tidal friction in the 1.0 Ga to recent eras of earth
history.
An interesting quote from Ross and Schubert (1989, p. 9540) is:

With the solid tide dissipation we adapted here, the Moon would never move beyond about
53 Rg were it not for the ocean tide.

On page 9540-9541:

In fact, numerical models of the ocean tide in backward evolution calculations suggest that
when the semimajor axis becomes less than about 40-50 Rg, oceanic dissipation falls
sharply and the Moon remains “stuck” at about 30 Rg [Hansen 1982; Webb 1982]. To
circumvent the problem, Hansen [1982] proposed a capture origin for the Moon with capture
at about 30 Rg! Our results show that such drastic proposals are not required to reconcile
formation of the Moon near the Earth with inactive oceanic tides inward of about 30 Rg.

This last quote is a comment against the Lunar Capture Model for the origin of the
Earth-Moon system and the authors refer to the Hansen (1982) and Webb (1982)
calculations. Hansen (1982) did say that he could not get the lunar orbit beyond
30 earth radii in his trace-back calculation and suggested that the Moon was captured
in the early history of planet earth. In my view, this speculation of lunar capture by
Hansen (1982) was a good one and our calculations suggest that a highly elliptical
post-capture lunar orbit has the orbital angular momentum of a 30 earth radii circular
geocentric orbit. Such a prograde lunar orbit in association with an earth-like planet
with a prograde rotation rate of 10 hr/d yields the angular momentum of the Earth-
Moon system.

A note on the term “drastic proposal” for a capture origin deserves a brief
comment. I point out that the standard Giant Impact Model is over 3000 times
more energetic than any capture model and the Synestia model is much more
energetic than the GIM. So which models are the “DRASTIC PROPOSALS”?

How do these contrasting models for initial planet rotation relate to Planet Mars?
Well, the rotation rate of 24.6 hr/d for Mars is very consistent with the Specific
Angular Momentum vs. Mass diagram of MacDonald (1963, 1964) in Fig. 1.2. This
rotation rate is also very consistent with the concept of Mars being a very normal
terrestrial planet (Nimmo and Tanaka 2005), essentially a prototype of a terrestrial
planet. Where Mars fits in with the stochastic approach to the problem of planetary
rotation is not at all clear.

A quote from Laskar is appropriate here (Laskar 1995, p. 104):

Mars is far from the Sun, and its satellites Phobos and Diemos have masses far too small to

slow its rotation, so that its present rotation period of 24 hours 37 minutes is likely to be close
to its primordial rotation period.



