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Week 2: Sedimentary Environments

« \Water and Life

e \When did the earth cool?

e Oldest sedimentary rocks and what they
tell us



The Habitable Zone

‘Goldilocks Metaphor’



Image courtesy of NASA.
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Habitable Zone (Ecosphere)

Region around a star where planet temperature allows
liquid water to exist

273 =T, =373 K

distance of the habitable zone from the star will vary
depending on the type of star

water boils

Stellar mass (Mgyp)
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Figure by MIT OpenCourseWare.




What Keeps the Earth Warm?

The power received
from the Sun 1s
balanced by heat

emission from the
Farth. Light from Sun




Equilibrium Temperature

Power absorbed by the planet 1s:

where R 15 radius of planet, a the radius of its orbit and A 1s
the albedo (reflectivity). If star and planet emit like black bodies:

P = 45’:1{55 T; SR — 4z R o T,

where G 1z Stefan’s Constant. Equating P, =P_ . we find

J0th Mowerrber 2001 | itroduction to A stronommy
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Other Considerations Influencing HZ

Caveat: We are relegated to only considering life as we know
It & to considering physical conditions similar to Earth

Greenhouse effect: Increases surface T
(e.g., Venus, at 0.72 AU, is within HZ, but T~745 Kl)

Lifetime of star: larger mass = shorter lifetime
(must be long enough for evolution)

UV radiation emission: larger mass = more UV
(deleterious to life... as we know it)

Habitable zone moves outward with time
(star luminosity increases with age)



Characteristics of the Habitable
one




The Drake Equation

Q: What is the possibility that life exists elsewhere?
A: |[N=N,f nffff |~1000

g'p''e'l'i’'c

N,=# of stars in our galaxy ~ 4 x 10** (good)

f,=fraction of stars with planets ~ 0.1 (v. poor)

n,=# of Earth-like planets per planetary system ~ 0.1 (poor)

fi=fraction of habitable planets on which life evolves

f.=probability that life will evolve to an intelligent state

f.=probability that life will develop capacity to communicate over
long distances f,f; f.~ 1/300 (C. Sagan guess!)

f_ =fraction of a planet’s lifetime during which it supports a
technological civilization ~ 1 x 10 (v. poor)

“An estimate of the # of intelligent civilizations in our galaxy with
which we might one day establish radio communication.



Origin of Earth’s Volatile Components
Atmosphere, Oceans & Carbon

*Arrived with the planetesimals, partly survived the
accretion process and outgassed during volcanic

activity (Hogbom 1894, Rubey 1951-5). volcanic gases

vary in composition; not primordial and may have been recycled many
times. No record of the time and conclusive answers about this scenario
(Turekian, 1972; Delsemme, 1997).

*Arrived with comets during the late bombardment -
late veneer hypothesis (Delsemme, 1997)

*Arrived with one or more hydrated planetesimals
from the outer asteroid belt (Morbidelli, 2001)

*Arrived with comets and mixed with accreted water



Composition of Comet Halley

Volatiles (modeled)

78.5 % H,O 2.6% N, 1.5% C,H, 0.1% H,S
4.0% H,CO 0.8% NH3 0.5% CH, 0.05% S2
4.5% HCO-OH |1.0% HCN 0.2% C.H, 0.05% CS,
1.5% CO 0.8% N,H,

0.4% C,H,N,
92% with O [|5.6% with N |2.6% H/C 0.2% S




Early Composition of the Atmosphere

100 P—

— . Oxygen
. § 75
,5 5 Atmosphere Carbon Dioxide
=y
X Unknown
— &
g ?D 50 - . Water
L2 o
§ E . Methane, Ammonia
5 &
29 254 .
S) g Nitrogen
O =

0 T T T

4.5 4 3 2 1
Time (Billion of years ago)

Atmospheric composition, shown by the relative concentration of various gases, has been greatly influenced by life on the earth. The early
atmosphere had fairly high concentrations of water and carbon dioxide and, some experts believe, methane, ammonia, and nitrogen. After the
emergence of living organisms, the oxygen that is so vital to our survival became more plentiful. Today carbon dioxide, methane and water
exists only in trace amounts in the atmosphere.

Figure by MIT OpenCourseWare.




Early Earth History

Earth accretion, core formation and
degassing over first 100 million years.
Possible hot dense atmosphere.
Magma oceans. Little chance of life.
Cooling of surface with

loss of dense atmosphere.

Earliest granitic crust and liquid water.
Possibility of continents and primitive life.

Bombardment of Earth could have repeatedly
destroyed surface rocks, induced widespread
melting and vaporized the hydrosphere.

Life may have developed on

more than one occasion.

Stable continents and oceans.
Earliest records thought to
implicate primitive life.
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Sun and accretionary
disk formed (4.57)

Some differentiated
asteroids (4.56)

Mars accretion
completed (4.54)

The Moon formed during
mid to late stages of
Earth's accretion (4.51)
Loss of Earth's early
atmosphere (4.5)

Earth's accretion, core
formation and degassing
essentially complete (4.47)
Earliest known

zircon fragment (4.4)

Upper age limit of most
known zircon grains (4.3)

Earliest surviving
continental crust (4.0)

End of intense
bombardment (3.9)

Figure by MIT OpenCourseWare.




The Jack Hills Zircons:
Age of Surface Water and Sedimentary
Processes on Earth

Text removed due to copyright restrictions.

Scientific American October 2005
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http://earthobservatory.nasa.gov/Features/Zircon/

http://news.rpi.edu/update.do?artcenterkey=720

A single Hadean zircon shows ion-probe age
(1); crystallization temperatures (2); and
internal chemical structure (3).

Courtesy of E. Bruce Watson, Rensselaer
Polytechnic Institute


http://earthobservatory.nasa.gov/Features/Zircon/
http://news.rpi.edu/update.do?artcenterkey=720

Jack Hills Zircons

e environmental conditions on early Earth,
within 200 million years of solar system
formation, were characterized by liquid-
water oceans and continental crust similar
to those of the present day. The
researchers (Bruce Watson et al)
developed a new thermometer that made
the discovery possible.



Basics of Geology



Lithosphere & Asthenosphere

Mantle and Crust
Lithosphere/Asthenosphere
Outer 660 km divided into two layers based on mechanical properties
Lithosphere
Rigid outer layer including crust and upper mantle
Averages 100 km thick; thicker under continents
Asthenosphere
Weak, ductile layer under lithosphere
Lower boundary about 660 km (entirely within mantle)
The Core
Outer Core
~2300 km thick
Liquid Fe with Ni, S, O, and/or Si
Magnetic field is evidence of flow
Density ~ 11 g/cm3
Inner Core
~1200 km thick
Solid Fe with Ni, S, O, and/or Si
Density ~13.5 g/cm3




Earth’s Surface

Principle Features of Earth’s Surface

Continent

Shield--Nucleus of continent composed of Precambrian rocks
Continent-Ocean Transition

Continental shelf--extension of continent

Continental slope--transition to ocean basin

Ocean basin--underlain by ocean crust

Why do oceans overlie basaltic crust?
Mid-ocean ridge

Mountain belt encircling globe

Ex: Mid-Atlantic Ridge, East Pacific Rise
Deep-ocean trenches

Elongate trough

Ex: Peru-Chile trench



Earth’s Crustal Evolution: 2

3°Crust = Formed from slow, continuous distillation by volcanism on a
geologically active planet (I.e., plate tectonics).

*Results 1n highly differentiated magma distinct from basalt--the low-
density, light-colored granite.

*Earth may be the only planet where this type of crust exists.

*Unlike 1° & 2° crusts, which form in <200 M.y., 3° crusts evolve over
billions of years.
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CRUSTAL GROWTH has proceeded in episodic fashion for billions of years. An important growth spurt lasted from
about 3.0 to 2.5 billion years ago, the transition between the Archean and Proterozoic eons. Widespread melting at
this time formed the granite bodies that now constitute much of the upper layer of the continental crust.

Figure by MIT OpenCourseWare.




The Crust
Ocean Crust
3-15 km thick
Basaltic rock
Young (<180 Ma)
Density ~ 3.0 g/cm3
Continental Crust
35 km average thickness
Granitic rock
Old (up to 3.8 Ga)
Density ~ 2.7 g/cm3
Crust "floating™ on "weak" mantle
The Mantle
~2900 km thick
Comprises >82% of Earth’s volume
Mg-Fe silicates (rock)
Two main subdivisions:
Upper mantle (upper 660 km)
Lower mantle (660 to ~2900 km; "Mesosphere")




Structure of
Earth

Image removed due to copyright restrictions.
Cutaway image of Earth, showing crust, mantle, outer
and inner core layers. Figure 1-14 in Stanley textbook.

From Stanley (1999)

Image removed due to copyright restrictions.
[lustration of the structure of Earth’s crust and mantle.
Figure 1-15 in Stanley textbook.



Why Is Continental Crust “Elevated
Relative to Oceanic Crust?

*High-density Basalt sinks into mantle
more than low-density Granite.
*\/olcanism continually produces highly
Image removed due to copyright resrictions differentiated continental crust on Earth.
et Tow and the Chemical Componiion ot * VENUS SUrface appears to be all basalt.
Continental Crust.™ J G0l 104 (1996): 369- Plate tectonics & volcanism do not
appear to be happening on Venus (or
Mars, Moon).
S0 Earth may be unique in Solar
System. And plate tectonics &
volcanism likely critical in determining

habitability.

Taylor & McLennan Sci. Am. (1996)



8 large plates (+ add’l. small ones)

*Average speed: 5cm/yr

3 types of motion result in 3 types of boundaries: sliding toward (subduction
zones), sliding away (ridge axes), skiding along (transform faults)

Image removed due to copyright restrictions.

[llustration of lithospheric plates. Figure 1-17 in Stanley text.



Convection Drives Plate Movements

Image removed due to copyright restrictions.

Figure 1-18 from Stanley textbook.

From Stanley (1999)



Tectonic Activity in the South Atlantic

Image removed due to copyright restrictions.

Figure 1-19 from Stanley textbook.

From Stanley (1999)



Image removed due to copyright restrictions. B aS I CS

Figure 1-7 in Stanley textook.

From Stanley (1999)



The Rock Cycle

Igneous Rock

Image removed due to copyright restrictions.

Figure 1-9 in Stanley textook.

From Stanley (1999)



Image removed due to copyright restrictions.

Photographs of basalt and granite rocks. Figure 2-10 in
Stanley textbook.

Stanley (1999) Il;/IEE valu



Plate Tectonics
& the Rock
Cycle

Image removed due to copyright restrictions.

Figure 1-20 from Stanley textbook.

From Stanley (1999)



Sedimentary
Rocks

Image removed due to copyright restrictions. R e p re Se nt
[lustration from Taylor, S. Ross and Scott M. McLennan. "The
Evolution of Continental Crust." Scientific American, 1996. H O m O g e n O u S
Mixture of
Continental

Crust



Geologic Time

A major difference between
geologists and most other scientists
IS their attitude about time.

A "long" time may not be important
unless it is > 1 million years.
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Comparing Individual 206pp,238yy analyses for SHRIMP and ID-TIMS
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Figure by MIT OpenCourseWare.
Precise analyses on single grains permits evaluation of scatter in data
prior to calculating weighted mean dates from n analyses.

This example from the Neoproterozoic Doushantuo Formation illus-
trates how the inability of the lonprobe to detect subtle amounts of
Pb-loss (resulting in slightly younger *Pb/?*8U dates), and reliance
upon calculating weighted means from imprecise high-n datasets,
can result in inaccurate **Pb/?*¥( dates which are younger than the
true age.

The advent of pre-treatment techniques (such as CA-TIMS) permits
increased concordance for ID-TIMS datasets which combined with
the higher precision results in precise and accurate dates.

Time (millions of years)



Absolute Calibration: Geochronology

o Add numbers to the stratigraphic
column based on fossils.

e Based on the regular radioactive
decay of some chemical
elements.



Image removed due to copyright restrictions.

Rubidium-87 parent nucleus begins with 37 protons and 50
neutrons. One neutron decays into a constituent proton
and electron, creating strontium-87, with 38 protons and 49

neutrons in its nucleus.

Radloactive
Decay of
Rubidium to
Strontium

Fig. 9.14
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Figure by MIT OpenCourseWare. F | g . 9 . 15



Isotopic dating

 Radioactive elements (parents) decay to
nonradioactive (stable) elements (daughters).

e The rate at which this decay occurs is constant
and knowable.

* Therefore, If we know the rate of decay and
the amount present of parent and daughter,
we can calculate how long this reaction has

been proceeding.



Isotopic dating

 Radioactive elements (precursors) decay to
nonradioactive (stable) elements (products).

 The rate at which this decay occurs is constant
and knowable.

* Therefore, If we know the rate of decay and
the amount present of parent and daughter,
we can calculate how long this reaction has

been proceeding.



Major Radioactive Elements Used

In Isotopic Dating

ISOTOPES

PARENT

DAUGHTER

HALF-LI FE

OF PARENT
(YEARS)

EFFECTIVE
DATING

RANGE (YEARS)

MINERALS AND OTHER
MATERIALS THAT
CAN BE DATED

Uranium-238 Lead-206 4.5 billion 10 million- Zircon
Potassium-40 Argon-40 1.3 billion 50,000 - Muscovite
4.6 billion Biotite
Hornblende
Whole volcanic rock
Rubidium-87 Strontium-87 47 billion 10 million - Muscovite
4.6 billion Biotite
Potassium feldspar
Whole metamorphic or igneous rock
Carbon-14 Nitrogen-14 5730 100 -70,000 Wood, charcoal, peat

Bone and tissue

Shell and other calcium carbonate
Groundwater, ocean water,

and glacier ice containing dissolved
carbon dioxide

Table 9.1

Figure by MIT OpenCourseWare.




Two ways to date geologic
events

1) relative dating (fossils,structure)
2) absolute dating (Isotopic, tree

rings, etc.)



Uniformitarianism

— James Hutton



Oldest rocks on Earth

Slave Province, Northern Canada

e Zircons in a metamorphosed granite dated
at 4.03 Ga by the U-Pb method

Yilgarn block, Western Australia

e Detrital zircons Iin a sandstone dated at 4.4
Ga by U-Pb method.

Several other regions dated at 3.8 Ga by
various methods including Minnesota,
Wyoming, Greenland, South Africa, and
Antarctica.



The geologic
timescale
and absolute ages

Isotopic dating of interbedded
volcanic rocks allows assignment of
an absolute age for fossil transitions



The big assumption

The half-lives of radioactive
Isotopes are the same as they
were billions of years ago.



Test of the assumption

Meteorites and Moon rocks (that are thought to
have had a very simple history since they
formed), have been dated by up to 10
iIndependent Isotopic systems all of which have
given the same answer. However, scientists
continue to critically evaluate this data.



World’s Oldest Rock: Acasta Gneiss




Acasta Zircon (Ages in My)

SAB94-134
- Grain1 #




The Geologic time scale



Image removed due to copyright restrictions.
lllustration: “Eras of the Phanerozoic”, a graph of geologic time versus biodiversity,
based on work by John Phillips, 1860.
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Image removed due to copyright restrictions.



http://earth-time.org/index.html



http://earth-time.org/index.html
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Generalized
Stratigraphic
Section of Rocks
Exposed In the

Grand Canyon

Image removed due to copyright restrictions.

lllustration from Beus, Stanley S., and Michael Morales.

Grand Canyon Geology. New York, NY: Oxford University Press, 1990.
ISBN: 9780195050141.

after: Beus & Moral (1990)
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Messages

New understanding: Earth was ‘habitable’, made possible by
the presence of liquid water, very early in it's history,
perhaps as early as 4.4 to 4.3 billion years ago

If life had appeared by then it would have to endure the
tumultuous ‘late heavy bombardment’

Crust first formed by differentiation of accreted material and
‘evolved’ by processes of melting, recrystallisation, eruption,
uplift, erosion and recycling of sediment.

This process, tectonism, driven by heat loss from the inner
Earth, and continues to this day

Sediments (like biology) record a history of life on Earth
from 3.8 billion years to present

This knowledge embodied in geochemistry, geochronology
and sedimentary geology



Origin of Earth’s Volatile Components
Atmosphere, Oceans & Carbon

*Arrived with the planetesimals, partly survived the
accretion process and outgassed during volcanic

activity (Hogbom 1894, Rubey 1951-5). volcanic gases

vary in composition; not primordial and may have been recycled many
times. No record of the time and conclusive answers about this scenario
(Turekian, 1972; Delsemme, 1997).

*Arrived with comets during the late bombardment -
late veneer hypothesis (Delsemme, 1997)

*Arrived with one or more hydrated planetesimals
from the outer asteroid belt (Morbidelli, 2001)

*Arrived with comets and mixed with accreted water



Arrived with comets and mixed with accreted water

U51A-05 Origin of Earth's Volatiles: The Case for a
Cometary Contribution : Owen, T C

D/H show comets could not have delivered all the Earth's water.
84Kr/132Xe and the isotopic composition of Xe show that chondrites
did not deliver the atmospheric noble gases. The existence and
extent of a cometary contribution to the Earth's oceans and
atmosphere can be sought through studies of isotopic ratios and
noble gas abundances. Because its atmosphere is so thin and it
lacks plate tectonics, Mars provides a useful control on models for
volatile delivery. Here we find evidence for a cometary-delivered
hydrosphere decoupled from a lithosphere that contains xenon with
solar isotope ratios. The Martian atmosphere reveals krypton and
xenon relative abundances and isotope ratios remarkably similar to
Earth's, despite obvious evidence for atmospheric escape. An
external source seems necessary to satisfy both Martian and
terrestrial data with the D/H result pointing toward comets. This
result requires that Earth formed with its own water, to mix with the
cometary component. The ratios of 15N/14N on Mars and Earth (in
the atmosphere and rocks) are also consistent with cometary
delivery of nitrogen in the form of N-compounds.



Arrived with one or more hydrated planetesimals from
the outer asteroid belt (Morbidelli, 2001)

U51A-04 The Formation of a Water-Rich Earth Morbidelli, A

The radial extent of the primordial population of planetary embryos | not known.
In principle, a system of embryos originally within 2 AU from the Sun could
form terrestrial planets on time-scales compatible with geochemical
constraints (4). However, an even better agreement with the geochemical
time-scales is achieved if one postulates that the formation of the embryos
occurred also in the asteroid belt (5). This scenario has additional
advantages: (i) the original presence of planetary embryos explains the
presently observed properties of the asteroid belt (6); (ii) in % of the cases a
terrestrial planet accreted at least one embryo coming from the outer
asteroid belt, which was presumably heavily hydrated, on the basis of
meteorite analyses and modeling of the solar nebula. This could have
brought to the Earth up to 10 times the present amount of water in the crust,
with the correct isotopic composition (7). The amount of water carried to the
Earth by small asteroids and comets is negligible with respect to that
acquired through the accretion of an hydrated embryo, and it would not be
enough to explain the current budget of water on Earth. Nevertheless this
contribution may be important, because it occurred since the very beginning
of the planet's formation. Selected references: (1) Wetherill and Stewart,
1989, Icarus 106, 190 (2) Weidenschilling et al., 1997, Icarus, 128, 429 (3)
Wetherill, 1992, Icarus, 100, 307 (4) Chambers and Wetherill, 1998, Icarus
136, 304 (5) Agnor et al., 1999, Icarus, 142, 219 (6) Petit et al., 2001,
Icarus, in press (7) Morbidelli et al., 2000, Meteoritics, 35, 1309



Arrived predominantly with comets — late
veneer (Delsemme 1997)

Cratering record of the Moon, and Mars confirms massive
bombardment at the tail of the main accretion — would have
dissipated any volatiles

Modeling of cometary diffusion is consistent and predicts a
subsiding flux of bolides

A 1% volatile fraction of Earth coming from comets explains
the right proportions of siderphile elements present in the
crust. They were not ‘scavenged’ by the core confirming that
they must be from a later veneer.

D/H ratios ‘consistent with quenching’ of water-snow at
200°K from the nebular gas, stored in comets and then
brought into the oceans

Improved knowledge of the chemical compositions of comets
will help to constrain the hypotheses



Why the big deal with water?

The countdown to Rosetta’s rendezvous in space began on 1 March 1997. At the
end of February 2004, seven years and not a few headaches later, the European
Space Agency (ESA) probe will at last be setting off on its journey to meet

Comet Churyumov-Gerasimenko. The long-planned get-together will not however
take place until the middle of 2014. A few months after arriving at the

comet, Rosetta will release a small lander onto its surface. Then, for almost

two years it will investigate Churyumov-Gerasimenko from close up.

Rosetta will be waved off on 26 February when it lifts off from the space centre in Kourou,
French Guiana, aboard an Ariane 5 launcher. Shortly after the spacecraft’s release, its solar
panels will be deployed and turned towards the Sun to build up the necessary power reserves.
Its various systems and experiments will be gradually brought into operation and tested. Just
three months into the mission the first active phase will be over, followed by final testing of the
experiments in October 2004. Rosetta will then spend the following years flying a lonely path to
the comet, passing by the Earth, Mars, the Earth and the Earth again.



Water Elsewhere in the Solar
System Ice - Rafts on Europa




Water Elsewhere in Solar System

CO2 + Water Ice on Mars
http://photojournal.jpl.nasa.gov/

Mars - February 1995 HST - WFPC2

PR95-17 - ST Scl OPO - March 21, 1995
P. James (U.Toledo), S. Lee (U.CO), NASA



http://photojournal.jpl.nasa.gov/

Water Elsewhere in Solar System

Flat topography of Mars Northern Hemisphere
http://photojournal.jpl.nasa.gov/



http://photojournal.jpl.nasa.gov/

Water Elsewhere in Solar System
Evidence of recent water flow on Mars

http://www.msss.com/mars_images/moc/june2000/age/index.html
Apron Covering Dunes Apron on Polygons Fresh, Dust-free Surfaces

Images courtesy of NASA.



http://www.msss.com/mars_images/moc/june2000/age/index.html

Water Elsewhere in Solar System
Evidence of recent water flow on Mars

http://www.msss.com/mars_images/moc/june2000/age/index.html

Gullies seen on martian cliffs and crater walls in a small number of high-
resolution images from the Mars Global Surveyor (MGS) Mars Orbiter
Camera (MOC) suggest that liquid water has seeped onto the surface in
the geologically recent past. The gully landforms are usually found on
slopes facing away from mid-day sunlight, and most occur between
latitudes 30° and 70° in both martian hemispheres. The relationship to
sunlight and latitude may indicate that ice plays a role in protecting the
liquid water from evaporation until enough pressure builds for it to be
released catastrophically down a slope. The relative freshness of these
features might indicate that some of them are still active today--meaning
that liquid water may presently exist in some areas at depths of less than
500 meters (1640 feet) beneath the surface of Mars. The evidence for
recent water activity is described in a paper by MGS MOC scientists being
published in the June 30, 2000, issue of Science. The gullies are rare
landforms that are too small to have been detected by the cameras of the
Mariner and Viking spacecraft that examined the planet prior to MGS.


http://www.msss.com/mars_images/moc/june2000/age/index.html

This picture (left), acquired by the Mars Global Surveyor
(MGS) Mars Orbiter Camera (MOC) in May 2000 shows
numerous examples of martian gullies that all start—or head--
In a specific layer roughP/ a hundred meters beneath the
surface of Mars. These features are located on the south-
facing wall of a trough in the Gorgonum Chaos region, an area
found to have many examples of igullles proposed to have
formed by seepage and runoff of liquid water in recent martian
times.

Images courtesy of NASA.



	nn.pdf
	Early Earth History

	nn.pdf
	Structure of Earth
	Why is Continental Crust “Elevated Relative to Oceanic Crust?
	Lithospheric Plates
	Convection Drives Plate Movements
	Tectonic Activity in the South Atlantic
	Rock Basics
	The Rock Cycle
	Igneous Rocks 101
	Plate Tectonics & the Rock Cycle
	Sedimentary Rocks Represent Homogenous Mixture of Continental Crust
	Geologic Time
	Absolute Calibration: Geochronology
	Radioactive Decay of Rubidium to Strontium
	Proportion of Parent Atoms Remaining as a Function of �Time




