The solar condensation sequence

The processes of vaporization and condensation are of major
importance in the solar nebula. In order to systematize this process,
Grossman (1972) used thermodynamic equilibria to calculate the
composition of phases in equilibrium with a gas with cosmic element
concentrations, at a pressure of 103 atm, and as a function of
temperature.

This work has subsequently been developed by others and is
systematized in Lewis (2004). It is worth noting that in detail it is likely
that the assumption of equilibrium conditions will not always apply to
the condensation sequence (Wood, 1988).

Nevertheless, observations of this type are invaluable in providing a
first pass at interpreting the processes of planetary formation.



The solar condensation sequence may be described as a series of steps which describe
the formation of phases, and subsequent reactions between phases, during the
condensation of the solar gas (Lewis, 2004). These steps explain the main sequence of
mineral phases forming in a solar nebula in relation to temperature and distance from
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The temperatures presented here are
indicative only, as they are
dependent upon the size of the disc
and the thermal model used (after
Boss, 1998).



The temperatures indicated are taken from the adiabatic curve of Lewis (2004):

1 Formation of the refractory siderophiles. (The metals W, Os, Ir, and Re —
although in reality concentrations are so low that these phases do not nucleate.)

2 Formation of refractory oxides (ca. 1700 K). (Al, Ca, and Ti oxides such as
corundum, spinel, perovskite, and some silicates. The phases also include the
REEs and U and Th.)

3 Formation of iron—nickel metal (ca. 1450 K) (also included are the minor
elements Co, Cu, Au, Pt, Ag and may include the nonmetals P, N, C).

4 Formation of magnesium silicates (ca. 1420 K) (the principal components are
olivine and Mg—pyroxene).

5 Formation of alkali metal silicates (ca. 1020 K) (the major component is
plagioclase feldspar).



6 Formation of the moderately volatile chalcophiles at 670 K (FeS, with Zn, Pb,
and As).

7 Formation of silicates with mineral-bound OH (ca. 430 K; this group includes
the hydrated silicates — the amphibole tremolite, serpentine, and chlorite).

8 Formation of ice minerals (ca. 140 K) (to include water ice, solid hydrates of
ammonia, methane, and rare gases).

9 A residue made up of permanent gases (gases which under natural
conditions will not condense are H2, He, and Ne).

This condensation scheme provides a valuable framework for understanding
the mechanisms behind the formation of the different components found in
primitive meteorites and a basis for understanding the differentiation of the
Earth.




Evidence from Meteorites

Meteorites are extremely important to our understanding of solar system evolution,
because, in their most primitive form, they are our most ancient samples of the solar

system.

As such they provide valuable information about the condensation of the solar nebula
from which our solar system formed. Whilst they represent, to date, our most abundant
sample of extraterrestrial material, we have no idea how representative this is of the
solar nebula material as a whole.

Meteorites, as rocks produced in a solar nebula, have formed through a
range of processes, some of which are quite different from those observed
on Earth. Thus while igneous differentiation processes and metamorphism
are recognized in meteorites, there also other processes operating which
are not observed in terrestrial rocks. These include evaporation and
condensation events related to melting in a gas-rich medium, impacting
events, and metal-silicate fractionation.




Meteorites and the dramatic fireballs that announce their arrival have long instilled both
fear and wonder in the human imagination. Yet scientists did not begin to understand
meteorites until fairly recently. It wasn't until the early 1800s—after researchers
investigated a series of dramatic meteorite falls in both Europe and the United States—
that most scientists accepted that rocks actually fall to Earth from space. Today, better
technology allows researchers to study meteorites in new ways and unlock their many
secrets.

A 500-year-old fall

Around 11:30 A.M. on November 16, 1492, a
young boy saw a large stone plummet from
the sky and land in a wheat field near the town
of Ensisheim in Alsace, France. This fall is the
earliest one witnessed in the Western world
from which meteorite samples have been
preserved.

The Ensisheim meteorite was considered a sign
of good luck from God. Immediately after it
fell, people began chipping off pieces as sacred
souvenirs. Fragments of Ensisheim can be
found in museum collections all over the
world.




The only surviving original of
Sebastian Brant's first
broadsheet describing the fall
of the 'donnerstein' at
'Ensisshein' in 1492.

The Latin and German verses
describing the fall are followed
by an address to Maximilian,
the Roman King. The inked
lines and notations are of
unknown authorship.
(Reprinted by courtesy of Ueli
Dill, Keeper of Manuscripts at
the Offentliche Bibliothek der
Universit/it Basel.)
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A depiction in ink and wash of the fall
of the stone at Ensisheim mounted
above a handwritten copy of the first

12 lines of Brant's Latin poem in
Sigismondo Tizio's History of Sienese.
In a strange shift of perspective,
Brant’s mountainous skyline in figure
is replaced by a meandering river. The
inscription above the clouds reads:
'Amsam (Ensisheim) is a city in upper
Germany which falls under the
Emperor's jurisdiction and is one day's

journey above Basel'. (With thanks to

Don Rafaelle Farina Prefect of the
Biblioteca Vaticana, for permission to

reproduce this illustration from MS
Chigi G.11.36.)



Rocks from space?

When the Krasnojarsk meteorite was found in
1749, no one believed that rocks came from
space. But after Ernst Chladni, a German
physicist, analyzed this meteorite's unusual
mixture of stone and iron, he began to
convince skeptics that meteorites did indeed
originate far from Earth. For his innovative
work, Chladni became known as the father of
meteoritics—the study of meteorites.
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Evidences of celestial origin

The Wold Cottage meteorite made quite a splash when it landed in Yorkshire, England, on
December 13, 1795: a farmhand standing near the impact site was splattered with mud.
Many other villagers also watched the fall. Analysis of the stone's composition by
scientists at the Royal Society provided additional evidence that meteorites do indeed
have extraterrestrial origins.
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Final proof

On April 26, 1803, meteorites rained down on
the town of L'Aigle in Normandy, France. A
number of people, including French officials,
witnessed this shower of stones, which firmly
established that meteorites can and do drop
from the sky. After L'Aigle, museums and
private collectors began to include meteorites
in their collections.

America’s first fireball

As scientists in Europe continued to debate the
extraterrestrial origins of meteorites, their
counterparts in the United States discounted
the theory—until a meteorite landed in their
backyard. In 1807, astonished residents
watched a fireball explode in the skies above
Weston, Connecticut.
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Antarctic meteorite

Since 1976, the Antarctic Search for Meteorites
Program, or ANSMET, has found more than
10,000 meteorites. The sample of  Allan Hills
76009, was one of the first Antarctic meteorites
collected by ANSMET. Discoveries made by the
ANSMET program have revolutionized the
science of meteorites. For instance, meteorites
found in Antarctica helped prove that these
objects could come from Mars and the Moon.

_ The meteorite ALH 81005 from the Allan Hills,
Antarctica, the first lunar-sourced meteorite to be
identified. The cube has sides of 1 cm.
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February 12, 1947, 10:30 a.m.: A woodsman
stacking logs in the frozen forest of eastern
Siberia stopped working when he noticed a
sudden flash of light, brighter than the Sun,
streaking across the sky. Dozens of others in the
area saw the flash too, and they described a
huge fireball that exploded, bursting into smaller
pieces that fell to Earth with cracking and roaring
sounds. A huge, red-tinged column of dark dust
hung in the sky for several hours, marking the
fireball's path.

An iron meteorite weighing perhaps 100 tons,
more than three times as much as Ahnighito—
displayed at the center of this hall—had
exploded in the dense lower layer of Earth's
atmosphere. It shattered into tens of thousands
of fragments that crashed into the thick forest,
tearing apart and uprooting trees and digging
hundreds of craters in the snowy ground.
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Sikhote-Alin crater

Anniversary stamps

When the Sikhote-Alin fireball appeared in the
sky, artist P. I. Medvedev was painting at his
easel in the nearby town of Iman. He
immediately began to paint the image that was
later featured on this Russian stamp, issued in

1957 to commemorate the 10th anniversary of
the meteorite shower.

The meteorite mass that formed this crater weighed roughly 1,300 kilograms (2,870 pounds) before it broke apart
upon impact. The crater, one of the larger ones at Sikhote-Alin, measures 11 meters (37 feet) across. Uprooted trees
and shattered pieces of rock lie strewn around the crater rim.
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BENEDETTA,
AMALIA

PRINCIPESSE DI MODENA
Dae

DOMENICO TROILI
Della Compagnia di Gesd

LEEA

IN MODENA MDCCLXVYI.

" Per gli Eredi di Bartolomeo Solisni Scamp, Ducali,

The title page of
Domenico Troili's book of
1766: About the Fail of a
Stone From the Air,
Explanation.

Dedicated to their most
serene highnesses,
Benedetta and Amalia,
Princesses of Modena, by
Domenico Troili of the
Company of Jesus. (By
permission of the
Houghton Library,
Harvard

University.)
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In 1794 Ernst F.F. Chladni (1756-1827)
of Wittenberg, a physicist who already
was winning fame for himself as the
'Father of Acoustics', published a 63-
page book titled On the Origin of the
Mass of Iron found by Pallas and of
Other Similar Iron masses, and on a
few Natural Phenomena Connected
Therewith. The "few natural
phenomena" were meteors, fireballs,
and falls of stones and irons.

In his opening paragraph, Chladni
declared, forthrightly, that fireballs
form around masses of heavy,
compact matter, which enter the
atmosphere from outer space and fall
as meteorites.
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Edward King: the first
book in English on
meteorites, 1796

REMARKS CONCERNING STONES SAID TO HAVE
FALLEN FROM THE CLOUDS, BOTH IN THESE
DAYS, AND IN ANTIENT TIMES: An Attempt to
account for the Production of a Shower of
Stones, that fell in Tuscany, on the 16th of June,
1794; and to shew that there are Traces of similar
Events having taken place in the highest Ages of
Antiquity. In the course of which detail 1s also
inserted, an Account of an extraordinary
Hailstone, that fell, with many others, in
Cornwall, on the 20th of October, 1791.



Meteorite classification from [ Meteorites ]
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Meteorites may be subdivided into two main categories — unmelted meteorites, that is
those which come from a parent body which has not been fractionated since its aggregation
early in the history of the solar system, and melted, or differentiated meteorites. Unmelted
meteorites are stony meteorites, the chondrites, and are made up of the same silicate
minerals that are found on Earth. Melted meteorites are of three types. They include some
stony meteorites (the achondrites), the iron meteorites, whose composition is dominated
by a metallic iron—nickel alloy, and stony iron meteorites, meteorites which are made up of
approximately equal proportions of silicate minerals and iron—nickel metal (Grady, 2000).



Chondrites. Chondrites are stony meteorites
and are the most abundant meteorite type
(87% of all meteorites). Their radiometric ages
are around 4.56 Ga and these ages are thought
to define the time when the solar system
formed. Chemically their element abundance
patterns, apart from the very light and/or
volatile elements, are the same as that of the
sun and other stars, and for this reason they
are thought to represent undifferentiated cosmic
matter. Chondrites therefore are thought to
represent the most primitive material in the
solar system. They are the “stuff” from which
all other rocky materials were built.

Chondrites are ultramafic in composition
and contain the minerals olivine, pyroxene,
and metallic iron. They are composed of
three main components, each of which
represents a different component of
primitive solar nebula material.




Chondrites are subdivided into carbonaceous (C), ordinary (O), and
enstatite (E) varieties. Carbonaceous chondrites are volatile rich and
contain abundant carbon in their matrix. Because they have a high
volatile content they are thought to be the most primitive of all

A slice of the
Allende meteorite
showing rounded
chondrules, a large

white CAl and a
dark (fine grained)
matrix.

Photo & Collection
ALLENDE, CV3, MEXICO Harald Stenlik




@hondrul@— spheroidal ultramafic melt

droplets a millimeter or so in diameter, which
tend to dominate the texture of their host and
from which chondrites take their name.

Ce CAIl's —refractory inclusions, or Ca-Al-
Inclusions, up to 2 cm across, enriched in Si-
poor, Ca—Al-rich minerals. The most abundant
source of CAls is the Allende meteorite, which
fell in 1969.

e Matrix > porous, fine grained mineral matter

that fills the space between the chondrules and
CAls.




Chondrules are the principal constituent of
many chondritic meteorites and their
formation represents a major, pervasive, high-
temperature process in early solar system
history.

They are made up of silicate, metal, sulfide,
and glass phases and in detail show a wide
variation in chondrule composition, extending
from iron-poor to iron-rich and silica-poor to
silica-rich varieties. Some chondrules are
composite and show high temperature rims on
older cores.

There are two possible explanations for the
chemical variability of chondules. One
emphasizes variations in the mix of precursor
solids. In this model compositionally different
chondrules reflect different starting materials.

Alternatively, chondrules vary in composition
because of the chondrule-forming process, and
record a reaction between chondrules and the

ambient gases.




Achondrites. Achondrites are stony meteorites
formed by the melting of their parent body.
They are ditferentiated meteorites which have
lost their original metal content. Generally
they do not contain chondrules. There are a
number of different categories of achondrite
representing melted chondrites, basaltic igneous
rocks, and planetary regolith breccias.

Petersburg
Eucrite, achondrite

5% NWA 725
e o sraa e \ Acapulcoite,

achondrite




Iron meteorites. Iron meteorites are thought
to be derived from the segregated metallic iron
cores of small planetary bodies, which were
originally a few tens to hundreds of kilometers
in diameter. They demonstrate that metal-
silicate fractionation was a fundamental process
during the evolution of the solar nebula.
Mineralogically they are composed of the
minerals kamacite (Fe-Ni metal with a low
< 7% Ni content), and taenite (Fe-Ni metal
with a high Ni content, 20-50%). Iron
meteorites are subdivided into magmatic irons,
iron meteorites that have solidified by fractional
crystallization from a melt, and nonmagmatic
irons, iron meteorites which do not seem
to have completely melted. There is also a
chemical classification based upon the
concentration of Ge and Ga (Wasson, 1985).

Tamentit Iron
Meteorite, found in
1864 in the Sahara,

weight about 500 kg.



Stony irons. Stony-iron meteorites are those

which contain equal proportions of silicate
minerals and metallic iron. Pallasites are made
up of olivine and Fe-Ni metal and are thought
to represent samples from the core-mantle
boundary of their parent body. Mesosiderites
are brecciated mixtures of silicates and Fe-Ni
metal.

A slice of the Esquel
meteorite showing the
mixture of meteoric
iron and silicates that is
typical of this division.




Physical properties of the planets showing the three groups of planets. The Asteroids lie
between Mars and Jupiter at 2.7 AU.

The terrestrial planets The giant The outer icy planets
planets
Body Sun Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune Pluto

Increasing mean distance from Sun (Earth to Sun = 1.0 AU)
Distance from 0 0.39 0.72 1 1.52 5.2 9.55 19.2 30.1 39.5
the sun (AU)

Mean density (Terrestrial planets > Jovian planets)

Actual Density 1.41 543 5.25 5.52 3.95 1.33 0.69 1.29 1.64 2.03
(g cm™)

Radius (Terrestrial planets < Jovian planets)

Radius 109 0.38 0.95 1 0.53 11 9 4 4 0.18
(Earth = 1.0)
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The ratio of volatile (K, Rb) to
refractory elements (U, Sr) in planetary and solar
system objects (after Halliday & Porcelli, 2001).
The relationships show the volatile depleted nature
of the Moon relative to the Earth and the Moon
and the Earth relative to primitive CI chondrites.
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Depletion factors for siderophile
elements in the Earth’s mantle and the Moon
relative to C1 chondrite, using the median Earth
and Moon values from the compilation of Kramers
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Rare Earth element (REE) diagrams

The REEs are the lanthanides, elements 57 to 71 (La
to Lu) in the periodic table. They are of particular
interest because geochemically they are very similar.
All carry a 3+ charge and they show decreasing ionic
radii from La to Lu. They are expected therefore to
behave as a coherent group and to show smooth, sys-
tematic changes in geochemical behavior through the
series. Hence REE diagrams are plotted to show the
elements of the group in order of increasing atomic
numbers (from La (57) to Lu (71)) from left to right.
REE concentration in rocks are normalized to the
concentrations in chondritic meteorites and there
are a number of recommended chondrite concentra-
tions in use. One widely used set of chondritic nor-

Rock concentration/chondrite

1,000

100 -

10

1

Light Heavy
REE REE

1 Ll I 1 1 1 1 1 1
La Ce PrNd SmEu Gd Tb Dy Ho Er Tm Yb Lu

An REE plot for granitoids from the Baltic Shield, showing the REEs in order of their
atomic number on the x-axis and concentrations, normalized relative to abundances in
chondritic meteorites, shown on the y-axis, using a log scale. The graph shows that in
these rocks all the REE have higher concentrations than in chondritic meteorites (all
values 1.0) but that the light REE (low atomic number, at the left) have much higher
abundances than the heavy REE (higher atomic number, at the right). The reason for this

“fractionation” is important to determine.




Siderophile element diagrams

The siderophile elements are those which have a
strong affinity for metallic iron. These are the elements
therefore that preferentially partition into the Earth’s
core during planetary formation. Understanding the
distribution of the siderophile element concentration
in the Earth’s mantle can provide important clues
about the origin of the Earth’s core. There are a range
of different siderophile element diagrams using differ-
ent groups of siderophile elements. The features that
they have in common are that they order the
siderophile elements according to their siderophile
affinity. This is normally in order of increasing
siderophile nature from left to right. Concentrations
are normalized according to abundances in chondritic
meteorites

Relative to chondrile
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A chondrite normalized plot for siderophile elements in the Earth’s mantle. The
elements are arranged in order of increasing siderophile affinity from left to
right and show decreasing element abundances with increasing siderophile
character, commensurate with core formation.



Summary of elemental behavior in the silicate Earth relative to chondrites.

Concentration relative to

Element group chondrite Fractionation process

Light gases — H, He, N, and C depleted during planetary accretion

Inert gases depleted during planetary accretion

Volatile lithophile elements — depleted during planetary accretion

Mg, Si, Fe, O, Ni, Na, K, Rb,

Cs, S, Cu, and Pb

Silicon depleted during differentiation of solar nebula
Refractory lithophile slightly enriched or in the core excluded from the
elements — Ca, Al Ti, Sc, Sr, core and so ca. 1.6 times chondrite
Ba, Zr Mo, REE, Hf Th, U

Weakly siderophile — V weakly depleted core formation

Moderately siderophile
elements — W Co, Ni, and Mo
Highly siderophile elements —
Au, Re, Os, PGE

moderately depleted

strongly depleted

core formation

core formation




A chronology for the accretion of the Earth.

Time from T,
Event Time (Ma) (Ma) References
Formation of the solar system (T) 4567.2 = 0.6 0 Amelin et al. (2002)
(4569.5 = 0.2) Baker et al. (2005)
CAI formation 4567 0 Amelin et al. (2002)
Bizzarro et al. (2004)
Krot et al. (2005)
Chondrule formation 4567-4563 4 Amelin et al. (2002, 2004)
Bizzarro et al. (2004)
Haack et al, (2004)
Krot et al. (2005)
Core formation (Earth 64% formed) 4,556 11 Yin et al. (2002)
4,537 30 Jacobsen (2005)
End of core formation
End of main growth stage 4,557 10 Jacobsen (2005)
End of accretion 4,537 30
Differentiation of the mantle —
predates formation of Moon > 4,537 <30 Boyet and Carlson (2005)
(see Chapter 3, Section 3.2.3.1)
Moon formation 4,537 30 Schoenberg et al. (2002)
?? Late Veneer Becker et al. (2005)
Oldest terrestrial materials 4,404 163 Wilde et al. (2001)
(see Chapter 1, Section 1.4.3)
Late Heavy Bombardment 3,800-3,900 770-670 Kring and Cohen (2002)

(see Chapter 6, Section 6.3.1)




