
Introduction to Geochemistry
Geochemistry is the study of the chemical aspects of naturally occurring materials in the earth such as rocks, ore bodies, minerals, soils, water, sediments, air and dust. Geochemistry is a branch of geology, whose development in the last century has benefitted from advances in chemistry.  Since its establishment in the first half of the 20th century it has evolved to a stage where it is subdivided into branches or sub disciplines such as
1. Analytical geochemistry

2. Geochemical thermodynamics
3. Petroleum geochemistry

4. Isotope geochemistry

5. Geochemistry of igneous and metamorphic processes

6. Geochemistry of surface processes

7. Environmental geochemistry

8. Exploration geochemistry

9. Cosmo chemistry

Scholars who have contributed greatly to the development of geochemistry include Vernadsky (Russian), Goldschmidt (Norwegian), Clarke (American) and Washington (American).

The early geochemists defined/outlined the objectives of geochemistry as follows:
· To establish the distribution of chemical elements in naturally occurring materials.
· To establish the factors controlling the distribution and migration of chemical elements in naturally occurring materials.

COSMIC ABUNDANCES AND NUCLEOSYNTHESIS

Estimates of the abundances of chemical elements in the solar system have been made (figure1). The estimates are based on spectral analysis of solar radiation and chemical analysis of meteorites. It is very difficult to determine the abundances of chemical elements in the solar system due to high degree of chemical differentiation. The evaluation of data on the abundances of chemical elements in the solar system may lead to the following observations:
1. The most abundant elements are hydrogen and Helium

2. The abundances of Li, Be and B are anomalously low. 

3. The abundances of the elements decrease with increasing atomic number in a somewhat     exponential fashion.

4. Pronounced peaks occur at O and Fe.
5. The abundances of elements that have even atomic numbers are higher than those of the neighboring ones that have odd atomic numbers (Oddo-Harkins Rule)   

6. The abundance of iron is greater than expected from an extrapolation of the abundance curve and may be caused by the maximum in the binding energy curve at A=56.
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Siderophile Chalcophile

Fe Co Ni Cu Zn Ga
Ru Rh Pd Ag Cd In
Os Ir Pt Hg Tl

plus plus
Mo (Ge) As S
(W) Re Au (Sn) Sb Se

Pb Bi Te

and and
C

P (Cr) (Fe)
Ge (As) (Mo)
Sn
(Pb)

Lithophile Atmophile
Li Be B ©) (0] F H He
Na Mg Al Si P Cl © N ((e)] Ne
K Ca (Ga) (Ge) Br Ar
Rb Sr 1 Kr
Cs Ba (Th Rn
plus

Sc Ti v Cr Mn (Fe)

¥ Zr Nb

La Hf Ta w

REE Th 8]

and
(H)

a The elements in parentheses occur primarily in another class.

understanding the distribution of trace elements
but do not give enough emphasis to the charac-
ter of the site of replacement in the crystal lattice.

The extent to which replacement of ions takes
place is described by the terms camouflage,
capture, and admission. Trace clements whose
ions closely resemble those of major elements in
terms of size, charge, and electronegativity are
camouflaged in the crystals formed by the major
clements. Trace clements that are captured
during the crystall on of a magma are con-
ted into ¢ ned  cryst and are
depleted in the resi liguid. lons that are

initially enriched in the residual magma and sub
sequently enter late-forming crystals.
Substitution of AI** for Si** in silicate stiu
tures causes a charge imbalance in the laf
that is neutralized by the complementary
duction of certain cations that arc compal
with the particular lattice sites. This phen
non of coupled substitution accounts
chemical composition of the feldspar:
other aluminosilicate mineral groups.
The distribution coefficient s a quantitiative
of ionic substitution. The numencal
ues ol distr

ol  merenae

nts must be deter
unction ol

ution coell

ant

v NN 1





Figure 1 the abundances of chemical elements normalized to Si= 106 atoms, in the solar system.  

The abundances of the elements in the solar system are the result of the nuclear reactions by which the elements were synthesized and reflect directly the relative stabilities of their isotopes.

NUCLEOSYNTHESIS

Elements are synthesized by the nuclear reactions in the interior parts of stars during stellar evolution. Theories on synthesis of elements have been formulated in the last half of the 20th century. Theories on nucleo-synthesis assume that hydrogen and helium are the sole starting materials in young stars from which all the other elements are synthesized. Any theory of nucleo-synthesis must account for the observed abundances and the nature of the distribution with atomic mass. The current theories on nucleo-synthesis are based on the hypothesis of element synthesis by nuclear reaction that was proposed by Burbidge and others in 1957.
STELLAR EVOLUTION

The initial formation of the star occurs as a result of the onset of gravitational instability in the gas cloud of the interstellar medium. This instability results in gravitational collapse of the interstellar medium and an increase in thermal energy and density. The increase in pressure brings the unstable collapse to a halt. As the temperature rises a point is reached which is sufficient for the onset of thermonuclear reactions in the interior regions of the star. The energy produced in thermonuclear reactions is radiated from the surface of the star. The consumption of hydrogen in thermonuclear reactions results in contraction of the core.

The reduction of pressure in the core is offset by the gravitational contraction. The further rise in temperature causes the expansion of the outer layers of the star. Successive thermonuclear reactions are brought about by the increase in temperature caused by work released in gravitational contraction. Stellar evolution involves many stages of increase in core temperature and core contraction.
The thermonuclear reaction that takes place in the interior of the star depends upon its mass, interior temperature and its initial composition. The types of thermonuclear reactions include the following:
a. Hydrogen burning

b. Helium burning 

c. Carbon burning

d. Oxygen burning 

e. Photo disintegration

f. Equilibrium process (e-process)

g. Neutron-capture reactions
h. Proton-capture reactions

HYDROGEN BURNING
Any nuclear reaction that produces heavier nuclides at the expense of hydrogen is termed hydrogen burning. Materials for hydrogen burning are readily available since hydrogen is the most abundant element in the stars. The most probable process of hydrogen burning are given below

1H + 1H →2D +e++ ν (neutrino) or 1H (p, e+ ν)2D

2D +1H→3He +V or 2D (p,γ)3He 

3He + 3He→4He + 21H or 3He (3He, 2p)4He
The reaction is exothermic and produces 26.7Mev, the temperature at which this reaction occurs is estimated to be about 5x106 K to 107 K
Consumption of 3He may proceed as follows
3He (∝, γ) 7 Be

7Be may be consumed in the following possible chains which proceed at a fast rate

7Be (e- , ν) 7 Li          7Be (p, γ) 8B

7Li (p, γ) 8Be            8B→8Be + e- + ν
8Be→24He                8Be→24He

This may be produced in three (3) chains. In older Stars heavier elements may participate in hydrogen burning in the following manner.
CN and CNO cycles
 12C (p, γ) 13N→ 13C+e++ν
13C (p, γ) 14N

14N (p, γ) 15O→ 15N+e++ν
15N (p, ∝) 12C

15N (p, γ) 16O

16O (p, γ) 17F→ 17O+e++ν
17O (P, ∝)14N

Hydrogen burning reactions occur at temperatures <108 K.  These reactions occupy the greatest part of the active burning life of a star.

HELIUM BURNING

Helium burning starts after completion of hydrogen burning and contraction of the core to obtain a density of 105 and a temperature of about 108 K.

4He (∝, γ) 8 Be or   4He+4He+4He →12C

8Be (∝,γ) 12C

12C (∝,γ) 16O (7.2 Mev)

16O (∝,γ) 20Ne(4.7 Mev)

20Ne (∝,γ) 24Mg (9.3 Mev)

The most dominant nuclides at the end of this process are 12C and 16O

CARBON AND OXYGEN BURNING

The end of Helium burning stage is followed by gravitational contraction and a rise in temperature of the star.

12C (12C, p) 23Na

12C (12C, ∝) 20Ne

12C (p, γ) 13N→13C+e++ν
13C (∝,n)16O

At temperature of about 2x109K, oxygen burning may occur

16O (16O,n)31S

16O (16O,p)31P

16O (16O, ∝) 28Si

The major products of Carbon and Oxygen burning are Na, Ne, Mg, Al, Si, S, and P.

PROCESSES IN WHICH HEAVY ELEMENTS ARE PRODUCED 

Elements heavier than the iron group are produced just before the production of the members of this group. The non-equilibrium processes in which the heavy elements are produced include neutron and proton-capture reactions.

Neutron Capture Reactions
Many nuclides can readily capture low energy neutrons due to the absence of coulomb barrier. Neutrons can be produced during the H and He burning stages as follows:
22Ne (∝,n) 25Mg

13C (∝,n)16O

17O (∝, n) 20Ne

21Ne (∝, n) 24Mg
When a nuclide is bombarded with neutrons it may undergo a series of (n, γ) nuclear reactions until a radioactive isotope of the same element is produced. If the neutron flux is low, the radioactive element may undergo beta decay to produce an element with a higher atomic number. (Z+1).

On the other hand, if the neutron flux is very high it is possible for the radioactive isotope to capture a proton before it disintegrates resulting in the production of another radioactive isotope. The path where the neutron flux is low is termed as the slow or s-process. The path where the neutron flux is high is termed as the rapid or r-process. Stable heavy nuclides up to 209Bi can be produced by the s-process.
E.g   98Mo (n, γ)  99Mo→99Tc+e-+ν
t1/2= (67 hours)

Narrow peaks near A=90, 140 and 208 in the abundance pattern of the individual nuclides are attributed to this process.
PHOTO DISINTEGRATION 

The high temperature (2.5X109K) that exists towards the end of oxygen burning promotes disintegration of earlier formed nuclides to form nuclides that have higher binding energies.
31p (γ, p) 30 Si
30Si (γ, n) 29 Si

29Si (γ, n) 28Si

28Si may also undergo photo disintegration at about at about 3x109K

EQUILIBRIUM PROCESS 

The high temperature and density that prevail in the last stage of stellar evolution promotes a variety of nuclear reactions such as gamma activated ones (γ, n), (γ, p), (γ, ∝) with heavier nuclides. The elements of the iron peak (Cr, Mu, Fe, Co, Ni) are produced by the equilibrium process. The end of the e-process marks the end of any energy increase from nuclear reactions. The continuous loss of neutrinos in the core of the star results in the contraction of the core and an increase in the temperature of the core. In large stars persistent loss of neutrinos will lead to temperature rise until photodisintegration of the nuclides of the iron peak followed by that of alpha particles may lead to the collapse of the core. The core may contract to form a neutron star of low energy. The outer layers of the star undergo a supernova explosion and eject matter into space, which may be incorporated into later generation stars.

A nuclide surrounded by neutron rich matter (neutron density≥ 1023/cc) may continue capturing neutrons until an isotope with a very low neutron binding energy is produced. This neutron-rich nuclide undergoes beta decay to increase the nuclear charge and to allow further capture of neutrons. The r-process is terminated by the onset of nuclear fission near to A=276. The principle nuclides that are produced in the r-process are those between A=76 and A=204. These nuclides include those of Cd, In, Sn and Sb. The relative abundances of the different isotopes of an element are related to neutron capture cross sections.

PROTON-CAPTURE REACTIONS
Proton-rich nuclides e.g. 113In are produced by the p-process that involve (p, γ) reactions on heavy elements previously produced by the s- and r-processes. The possible sources of protons are photodisintegration and supernova explosions.
SPALLATION REACTIONS
These reactions involve collisions between high energy protons and nuclides such as carbon, nitrogen, and oxygen to produce Li, Be and B. The abundances of these light nuclides are reduced by destructive proton-induced reactions of the following kind during stellar evolution.
6Li (p, 3He) 4He

7Li (p, ∝) 4He

9Be (p, ∝) 4He

10B (p, ∝) 7Be

METEORITES

Meteorites are parts of the solar system that land on the earth as recoverable objects with masses ranging from less than 1 mg to more than 1000 kg. Meteorites may be fragments of comets or asteroids that originate from the region between Mars and Jupiter. Less than 5% of meteorites that fall are normally recognized. The major constituents of meteorites include the following materials:
· Nickel-iron alloy

· Ferro Magnesium silicates(olivine or pyroxene) 

· Iron sulfide(troilite)

Meteorites can be classified into the following groups on the basis of the content of iron.

1. Irons(greater than 90% metal)

2. Strony irons( average 50% metal, 50%silicate)

3. Stones (a) Chondrites (average 10% metal) (b) Achondrites (average 1% metal or less).
Chondrites
Chondrites are the most common meteorites which fall on planet earth. These contain chondrules (spheroidal silicate bodies) that are set in a fine-grained matrix of silicate material with some metallic and sulfide phases. The chondrites show a remarkable homogeneity in chemical composition. The major minerals in chondrites include olivine (40%), pyroxene (30%), plagioclase feldspar (10%), troilite (6%) and Kamacite (Fe 0.93-0.96Ni0.07-0.04) (5-20 %). The minor minerals include taenite(Fe0.8 Ni0.2), apatite, chromite and native copper. Chondrites may be subdivided on the basis of the content of iron in silicate and non oxidized (metal+FeS) phases into the following chemical groups:
· Enstatite Chondrites
· H (high-Fe)Chondrites

· L (low-Fe) chrondrites

· LL (low-Fe, low metal) Chondrites

· Carbonaceous chondrites

Carbonaceous Chondrites are different from the other groups for the following reasons.

· Absence of chrondrules in some carbonaceous chondrites

· Presence of volatile constituents (chlorite, elemental sulfur, unpyrolysed organic compounds).
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The composition of these meteorites suggests that they are unfractionated and have existed always at temperatures below about 300 OC since their formation. An important carbonaceous meteorite that fell in Mexico in 1969 known as Allende has provided evidence of similarity in the chemical composition of the chondrites and the sun (fig 2.1). This evidence indicates that the chondrites are good average samples of solar system material.
The composition and structure of the chondrites suggests that they may represent fragments from planetesimals that are similar to those that aggregated to form planets in the early stages of the 
evolution of the solar system. The other meteorites types are likely to have developed by the partial or complete melting and differentiation of material of chondritic composite. Therefore the chemical composition of the chrondrites has been the primary source of information regarding the absolute or cosmic abundances of the elements. (Table below) 
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THE COMPOSITION OF METEORITE MATTER

	
	Metal

fractions
	Metal

(from Chondrites)
	Silicate

From (Chondrites)
	Average

(Chondrite)

	O
	
	
	43.7
	33.24

	Fe
	90.78
	90.72
	9.88
	27.24

	Si
	
	
	22.5
	17.10

	Mg
	
	
	18.8
	14.29

	S
	
	
	
	1.93

	Ni
	8.59
	8.80
	
	1.64

	Ca
	
	
	1.67
	1.27

	Al
	
	
	1.60
	1.22

	Na
	
	
	0.84
	0.64

	Cr
	
	
	0.38
	0.29

	Mu
	
	
	0.33
	0.25

	P
	
	
	0.14
	0.11

	Co
	0.63
	0.48
	
	0.09

	K
	
	
	0.11
	0.08

	T
	
	
	0.08
	0.06


Achondrites 

These have a lower content of metallic nickel-iron and coarser textures than most chondrites. These lack chrondrules and resemble terrestrial igneous rocks and probably crystallized from a silicate melt. The major minerals are pyroxenes, plagioclase feldspar, and olivine. Minor minerals are Kamacite, taenite, troilite, chromite, magnetite and cristobalite. Achondrites are classified into two major groups on the basis of CaO content and FeO/(FeO + MgO) ratio. (1)  Ca-poor achondrites
 (enstatite achondrites, hypersthene chondrites, olivine-pigeonite achondrites, olivine achondrites) (2) Ca-rich achondrites (augite achondrites, disposide olivine achondrites, pyroxene plagioclase achondrites)

Irons
This is the second most abundant group of meteorites, after chondrites. These meteorites are classified on the basis of variations in the contents of Ni, Ga & Ge and on the type and structure of the Fe-Ni phase (coarse octahedrites- IAB, hexhendrites –IIAB; mediumoctahedrites-III AB, ataxites-IV B (Ni-rich, fine-grained intergrowth of Kamacite and taenite). (figure1-5)
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Stony Irons

This is a very insignificant group. These are classified into pallasites (olivine stony-irons) and nesosiderites (pyroxene-plagioclase stony-irons)

Isotope Studies 

The study of radioactive isotopes and their stable daughter isotopes and can give us information on the following events.

1. Date of fall of the meteorite. Bombardment of nuclides by cosmic ray particles result in spallation reactions which produce radioactive nuclides such as 36Cl(t1/2=3x105a)
                  56Fe+1H→36Cl+3H+24He+31H+4n
The reaction caused after the fall of the meteorite due to the shielding effects of the earth’s atmosphere. Therefore measurement of the amounts of spallations induced nuclides and their daughter products allows the determination of the date of fall.

2. Date of breakup of the meteorite parent body.

3. The age of last cooling of a meteorite (gas retention age) at temperature higher than200 to 300oC gasses that are produced by radioactive decay tend to diffuse through and escape from the meteorite. These ages record metamorphic events/heating events. The ages determined from the proportions of 40K and 40Ar  for a large number of meteorites range from 0.3 Ga to 4.6 Ga.
4. Age of formation. Isotopes that have been used to determine the age of formation of meteorite parent bodies include Rb/Sr, U/Pb and occassionally Sm/Nd and Lu/Hf. Most of the data for all meteorites give formation ages close to 4.55 Ga. This age represents the time of initial solidification of all meteorites. If the earth is considered to have solidified at the same time as the parent bodies of meteorites then its age should also be close to 4.6 Ga.

5. Age of nucleosynthesis. This is much more difficult to determine.
Origin of Meteorites
The significant variation in chemical and isotopic composition (18O/16O ratio) suggests that meteorites are derived from different parent bodies (planetesimals). Meteorites are likely to have been derived by condensation of solid material from a solar nebula under conditions of marked thermal disequilibrium. Achondrites appear to have been derived through magmatic processes. Carbonaceous Chondrites appear to have condensed directly from the solar nebula.

From thermodynamics the sequence of condensation of solids from solar nebula has been worked out as follows
1. Condensation of solid Os, Re, Zr , at T>> 1680 K followed by Al2O3 and CaTiO3 and              Ca2 Al2 SiO7 down to about 1500 K.
2. CaMgSi2O6 appear at 1387 K and with further cooling is accompanied by Fe-Ne-Co alloys and then at 1370 K, Mg2SiO4, which reacts with vapour to form MgSiO3,

3. Below 1250 K, Cu,Ge and Ga condense and form solid solutions with pre-existing condensed metal; Na,K, and Rb condense and enter into solid solution with  CaAl2Si2O8 all alkali metals condense by 1000 K.
4. Below 700 K, metallic Fe begins to oxidize, troilite becomes stable, Pb, Bi, In and Te condense between 600 and 400 K. At 405 K magnetite forms.
Prior condensation of silicate, metal and sulfide phases, before their aggregation into planetesimals, provided the materials which were mixed in varying ratios to form different types of meteorites. Condensation was followed by aggregation process that led to formation of planetesimals. The heating that accompanied aggregation process resulted in pro-grade thermal metamorphism of planetesimals and loss of some volatiles. Accretion and mixing of planetesimals resulted in formation of meteorite parent bodies and shock metamorphism caused by impacts. Breakup of parent bodies through impacts led to formation of fragments some of which were captured by the earth as meteorites.
THE EARTH
The Earth has a shell/layered structure. The development of this structure is attributed to fractionation of the earth material prior to ordinary accretion of condensed parts of the solar nebula. These shells are characterized by the properties given in the table below.
	Shell/Region
	Mean Thickness 
	Mean Density
	Mass Fraction
	Depth to Boundary
	Region

	Atmosphere
	 _______
	-‑‑‑‑
	0.00008
	-
	

	Hydrosphere
	3.75
	1.02
	0.024
	-
	

	Crust
	17
	2.8
	0.48
	33
	A

	Mantle
	2883
	4.5
	67.1
	413
984

2898
	B
C

D

	Core
	3473
	11.0
	32.4
	4982
5121

6371
	E
F

G


The knowledge of the composition of the earth can enable us to understand its origin, history and the tectonic and petrogenetic processes that operate today. The earth formed directly by homogeneous or heterogeneous accretion of material formed by condensation of solar nebula.

It is possible that the nucleus of the proto-earth consisted of high temperature condensates which were rich in Ca, Al, Ti, Th, U and REE. After formation of the nucleus, iron condensed next, then magnesium silicates, followed by condensates rich in K, and the volatiles, including water. The accretion process was followed by loss of volatiles, chemical reduction, melting and differentiation. With ceasation of the accretion process the earth became a closed system at about 4.6x109 yrs ago.  

COMPOSITION 
OF THE WHOLE EARTH
Determination of the composition of the earth is a very challenging task of the geochemists today because most of the parts of the earth are not available for direct study and analysis. Two indirect methods/ approaches have been used to establish the composition of the earth. 
The first approach involves the determination of the compositions of each of the major subdivisions of the interior and integration of these data on the basis of their mass fractions. The second approach involves the determination of the composition of material whose parentage is the same as the earth. The second approach has been used by scientists who have assumed that the sun, planets and meteorites of the solar system are related in composition since they have been derived from the same parent material (solar nebula). It is postulated that the abundances of the non-volatile elements are in the same proportion in the earth as they are in the sun or meteorites. Estimates which have been made on this basis include those of Mason and Ringwood.
Mason estimated the composition of the earth by making the following assumptions.

a. Mantle and crust have the same composition as the average chondrite.

b. The iron of the core has the composition of Nickel-iron in chondrites, plus the average amount (5.3%) of troilite formed in these meteorites.

Ringwood assumed that the earth is made up of material with the composition of C1 Chondrites. The estimates of Mason and Ringwood are given in table 1.

Table1. 

Estimated composition of the earth (%)

	
	Mason
	Ringwood

	Fe
	34.63
	31

	O
	29.53
	30

	Si
	15.20
	18

	Mg
	12.70
	16

	Ni
	2.39
	1.7

	S
	1.93
	-

	Ca
	1.13
	1.8

	Al
	1.09
	1.4

	Na
	0.57
	0.9

	Cr
	0.26
	-

	Mn
	0.22
	-

	Co
	0.13
	-

	P
	0.10
	-

	K
	0.07
	-

	Ti
	0.05
	-


The validity of using the composition of the chondrites as an indication of the earth’s composition was tested by Larimer who used 22 elements to show the reliability
 of the chondrite model. The agreement between Larimer’s data and Mason’s data is poor.
Ganapathy and Anders used a more successful approach. They argued that the earth consist at least seven components of the same type that comprises the ordinary chondrites. Through the use of appropriate geochemical constraints the two scientists estimated the mass proportions of the seven components of the earth as follows:
a. Early condensate (0.071)

b. Melted metal(0.240)

c. Unmelted metal (0.071)

d. Troilite(0.050)

e. Melted silicate(0.418)

f. Unmelted silicate (0.114)

g. Volatile rich material(0.015)

This model was tested by Smith who used many sources of data about the composition of the shells of the earth. Smith assumed that the metal consists dominantly of garnet peridotite and the core to have a composition represented by the iron meteorite admixed with troilite. Ganapathy and Smith generated similar data sets though they used different approaches. These data sets are the best practical assessments of a bulk composition of the earth.

	
	Ganapathy
	Smith

	Fe
	33.87
	31.7

	O
	28.5
	31.3

	Si
	14.34
	15.1

	Mg
	13.21
	13.7

	Ni
	2.04
	1.72

	S
	1.84
	2.91

	Ca
	1.93
	2.28

	Al
	1.77
	1.83

	Cr
	0.48
	0.42

	P
	0.22
	0.18

	Na
	0.16
	0.09

	Ti
	0.10
	0 ,09

	Co
	0.09
	-

	Mn
	0.06
	0.05

	K
	0.02
	0.01


Composition of the Core
The core consists of an alloy of iron and nickel admixed with sulfur or oxygen. 
Mantle 

The upper mantle is heterogeneous .It consists of olivine, pyroxene and garnet with some spinel, amphibole and phlogopite as minor phases. The three types of basaltic magmas (alkali, high alumina and tholeiite) are all produced in the upper mantle. Knowledge of the chemical composition of the upper mantle is necessary in the understanding of the production and evolution of the basaltic magmas. The major sources of data on the composition of the mantle are meteorites 
(table 2). The upper mantle is close to peridotite in nature and composition.

On the basis of the relative enrichment of Ca, K, Ba, Sr in basalt compared to peridotite Xenoliths, Ringwood postulated that the upper mantle beneath the peridotitic part of the lithosphere has the composition of a mixture of 3 parts peridotite and 1 part basalt that he named/called pyrolite.

Table 2 Composition of the mantle
	
	Mason (meteorites)
	Ringwood (meteorites)
	Ringwood (pyrolite)

	SiO2
	48.1
	43.2
	45.2`

	MgO
	31.1
	38.2
	37.5

	FeO
	12.7
	9.2
	8.0

	Al2O3
	3.1
	3.9
	3.5

	CaO
	2.3
	3.7
	3.1

	Na2O
	1.1
	1.8
	0.57

	Cr2O3
	0.55
	-
	0.43

	MnO
	0.42
	-
	0.14

	P2O5
	0.34
	-
	0.06

	K2O
	0.12
	-
	0.13

	T5O2
	0.12
	-
	0.17
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FIG. 4.4. Chemically zoned model for the upper mantle. (After Ringwood, 1979)

etc.) that are so much part of volcanic activity, and the degree of significance in
the upper mantle of the rock types eclogite and lherzolite is still an open
question. Some of these rocks contain a few percent of hydrous minerals, such
as phlogopite, which accommodate a number of volatile elements. An
estimate (Hutchison, 1974) of the composition of undepleted upper mantle
material, based upon spinel lherzolite xenoliths in basalt, is given in Table 4.5.
This gives much lower values for the abundances of Na,O, K,0 and TiO,,
but in other respects is similar to the estimates by Ringwood or Mason.

4.5 Composition of the crust

The crust is the outermost zone of the solid Earth and its boundary with the
mantle is at that depth where there is a sudden increase in the velocities of
compressional and shear seismic waves—the Mohorovicic discontinuity
(Moho). The depth of the Moho is, however, variable—see Table 4.1. It
should be noted that some authors include the atmosphere, hydrosphere and
biosphere within the term ‘crust’. The lithic crust alone has been called the
lithosphere but current usage has the outermost layer of the mantle and the
lithic crust together comprising the ‘lithosphere’. The lithosphere is essentially
rigid, and rests on a more plastic layer, the asthenosphere, capable of slow

deformation and flow.

1he crust may be divide
continental crust. It will be imm
variety of rock types an
accurate estimate of the aver
to obtain. The deeper laye
despite the greater uniform
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Chemical Composition of the Crust

The crust of the earth is the source of all the natural resources that sustain all forms of life on planet earth. The study of the chemical composition of the continental crust and different types of rocks in it is a major objective of geochemistry. The crust is divided into the continental crust and the oceanic crust. The average thickness of the continental crust is about 40 km while that of the oceanic crust ranges from 5 to 8 km. The continental crust is composed of mostly igneous and metamorphic rocks (95 %) that are covered usually by sedimentary (5 %) and volcanic rocks.

The chemical composition of the continental crust has been estimated by the following methods:

(1) Averaging large numbers of chemical analyses.

(2) Combining of chemical analyses of different rock types weighted in terms of their abundances.

(3) Analyzing sediment derived from the continent by the movement of glaciers.

(4) Combining the compositions of acidic and mafic rocks in varying proportions.
(5) By modeling.

The results obtained by these methods are surprisingly similar (see the Table below).
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The chemical composition of the continental crust is very different from that of the oceanic crust. The oceanic crust has higher average concentrations of Fe2O3 + FeO, MgO, CaO, MnO, P2O5, and TiO2 and lower concentrations of SiO2, Al2O3, Na2O and K2O than the continental crust. The nine most abundant elements in the continental crust are O (45.5 %), Si (26.8 %), Al (8.4 %), Fe (7.06 %), and Ca (5.3 %). Mg (3.2 %), Na (2.3 %), K (0.9 %), Ti (0.5 %).

Abundance of elements in the continental crust relative to the solar system

The composition of the continental crust is very different from that of the solar nebula and stony meteorites due to extensive differentiation of the earth into crust, mantle and core (fig. 5) that has affected the abundances of the chemical elements in accordance with their geochemical properties.
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Figure 5.  Showing the enrichment or depletion of some elements in the continental crust relative to the solar abundances.
GEOCHEMICAL CLASSIFICATION OF THE ELEMENTS
The study of the distribution of chemical elements in meteorites and phases that formed during the smelting of copper ore at Mansfeld in Germany provided information that Goldschmidt used in the classification of the elements. Goldschmidt and others analysed metallic, sulfide and silicate phases of many meteorites and determined how the elements had been partitioned into three immiscible liquids during the geochemical differentiation of the parent bodies. The information derived from the study of meteorites was consistent with the chemical compositions of the silicate slag, Fe-Cu sulfide matte, and metallic Fe that form during the smelting of ore. On the basis of these studies Goldschmidt came up with a classification that contains four groups of elements: siderophile (iron liquid), chalcophile (sulfide liquid), lithophile (silicate liquid) and atmophile (gas phase). 
Some elements are not readily incorporated in the early formed minerals during differentiation of basaltic magmas. This is because their ions are too large or have high ionic potential (ratio of ionic charge to radius of an ion, Z/R) to be accommodated in the crystal structures of these minerals. Such elements are referred to as incompatible elements or large ion lithophile (LIL).  Elements in this group include K, Ba, Zr, Hf, REE, U, Th, Ta, Nb, Cs, and Rb. 
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COMPOSITION OF THE MOON

Collection of fresh lunar samples from sites investigated during nine lunar missions that were conducted separately by U.S.A and Russia from 1969 to1976 have provided useful chemical and mineralogical data. Seismic and gravity data indicate that the moon consists of the crust (60 Km thick), mantle (1300 km thick) and core (≤350 km radius). The crust is rich in plagioclase and pyroxene. The mantle is rich in olivine. 

Petrological Characteristics 

Three types of samples have been collected from the moon.

a. Crystalline igneous rocks. (Gabbros and Basalts)

b. Breccias (Derived from fragmentation of Gabbros and basalt)
c. Fines (regolith/soil) – fragments of rocks and glass.

The materials of the moon’s surface have been produced by the processes of magmatic differentiation, brecciation and remelting and consolidation. Isotope data indicate that the lunar rocks were formed around 4.5 Ga and that they were affected by a major episode of brecciation and metamorphism at 3.98 Ga ago.
Brecciation was caused by bombardment of the moon by large meteorites up to 3.9 Ga ago. The highland rocks are older than the mare basalt that resulted from consolidation of lava that flooded the Maria surface between 3.5 and 3.1 Ga ago. The moon’s surface has been relatively quiet since 3.1 Ga ago.

Chemical Characteristics 
The lunar crust consists of eight major elements: O, Si, Al, Fe, Ca, Mg, Ti and Na. These are the major elements of the earth’s crust (the lunar crust differs in composition from the earth’s crust because of the higher abundances of Ti, and Cr and low abundances of potassium and sodium relative to rocks of the earth’s crust). The chemical characteristics that distinguish the chemistry of lunar rocks from terrestrial crustal rocks include the following:
a. A depletion in volatile elements (K, Na, Pb, Hg, Te) and water relative to the earth’s surface rocks and chondrites.

b. Formation of lunar rocks under very low Oxygen fugacity (10-12 to 10-16 atm.) for moon rocks and 10-8 atm for crustal rocks.
c. Enrichment in refractory elements (Zr, Nb, REE, U, and Th) compared to chondrites.

d. Existence of strong positive correlations between different elements concentration (e.g. Rb vs Ba). (S-Ba, Zr-Nb, Th-REE)

e. Presence of distinctive trace element distributions which are sensitive indicators of petrogenetic processes.

f. Higher abundances of Ti and Cr in lunar rocks relative to crustal rocks.

The petrogenetic significance of the positive  (highland rocks) and negative europium anomalies in the rare earth element abundance patterns normalized to abundances in chondrites suggest that the rocks on the surface of the moon were not derived from the primary magma. Rocks in the lunar highlands have been produced by a multistage fractionation involving the production of magma with varying contents of europium. The mare basalts were derived by partial melting of a europium-depleted residue.
Overall Composition of the Moon.

Data on the composition of meteorites have been used in different approaches to determine the composition of the moon. Wake and others observed that since element concentration ratios are constant for many lunar samples, they can be considered to be made up of a high temperature condensate (∅) and a chondritic component (x), they used the K/La ratio of 70 to determine the proportions of the two components in the moon using the following formula.

K/La= 70 =[image: image11.png]AKIx+(1-A)KIO
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[K]x= =800ppm, [K]∅=, [La]x =0.35ppm
And [La]∅=4.9ppm 

From which A =33%, so from the composition of the two components the overall composition of the moon was computed. Ganapathy and Anders considered that the moon consists of 5 kinds of condensate that are found in meteorites
I. Early condensates

J. Metallic iron-nickel

K. Magnesium silicates 

L. Sulfide 

M. Volatile- rich condensate.

	
	Wake et. Al.
	Ganapathy & Anders

	O %
	_
	41.42

	Napmm
	1770
	900

	Mg%
	8.9
	17.37

	Al%
	12.0
	5.83

	Si%
	15.0
	18.62

	Kpmm
	250
	96

	Ca%
	12.8
	6.37

	Fe%
	8.6
	9.0
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CHEMICAL DIFFERENTIATION OF THE EARTH

Table 10.4 Estimates of the Chemical Composition of Four Major Structural Units of the

Lithic Crust of the Earth in Weight Percent

Poldervaart Ronov and Y aroshersk
1 2 3 4 5

Continental Young Suboceanic Deep Oceanic

shields* folded belts® regions® oceanic® crust

Si0, 59.8 58.4 494 46.6 494
TiO, 12 1.1 19 29 14
Al,04 155 156 151 150 154
Fe,0; 2.1 2.8 34 38 217
FeO 51 48 6.4 8.0 7.6
MnO 0.1 0.2 0.2 0.2 03
MgO 41 43 6.2 7.8 16
CaO 6.4 72 13.2 119 125
Na,O 31 31 2.5 25 26
K,0 24 22 1.3 1.0 0.3
P,05 02 0.3 0.3 03 0.2
Sum 100.0 100.0 100.0 100.1 100.0

= Sedimentary cover ~0.5 km: 41% shale, 43% sandstone, 1

that there are 22 km of granodiorite,
b Sedimentary cover ~ 5 km: 52% shale, 13% sandstone, 22%
22.5 km of granodiorite, 2.7 km of diorite, and 7.3 km of
granodiorite based on the outcrop area of granitic batholiths.
¢ Shelf sediment ~4 km, similar in composition to that of
mud, 4% volcanic mud. Igneous rocks: 4 km of diorite, 2 km
4 Sediment thickness ~0.3 km: 72%
olivine basalt.

SOURCE: Poldervaart (1955); Ronov and Yaroshevsky (1976).

altered by interaction with heated seawater.
Ronov and Yaroshevsky (1976) also modeled the
continental and oceanic crust and arrived at
compositions that are similar to those of Polder-
vaart (1955). Their estimate of the chemical com-
position of the continental crust is listed in
column 6 of Table 10.3, whereas column 5 of
Table 10.4 contains their estimate for the oceanic
crust.

Taylor (1964) revived Daly’s method of esti-
mating the chemical composition of the conti-
nental crust by demonstrating that the average
concentrations of rare earth elements (REEs) in
sedimentary rocks can be duplicated by combin-
ing chemical analyses of mafic and felsic igneous

folded mountain belts. In addition: 74% terrigenous mud, 227 <o
of tholeiite, and 5 km of olvine basalt.
calcareous sands and oozes,

6% limestone. Igneous rocks vary in composition with depth sucs

3 km of diorite, and 10.5 km of basalt.

limestone, 5% greywacke, 6% andesite, 2% rhyolite. Igneous rocks
basalt. In addition, 40% of the sediment layer is assumed to be

557 km

km

19% red clay, 9% siliceous ooze. Igneous rocks: of

rocks in the proportions 1:5. The resulting
chemical composition resembles that of diomits
or andesite, which is why this crustal model =
generally referred to as the andesite model. Su>;
sequently, Taylor and McLennan (1985) pr
posed that the continental crust consists of
average Archean rocks and 25% andesite ¢
The resulting composition is shown in column
of Table 10.3. It differs from all other estimaiz
listed in Table 10.3 by having somewhat lowe
concentrations of SiO,, TiO,, Na,O. and K.(
and higher concentrations of Al,O;, Fe as FeQ
~ MgO, and CaO. Accordingly, the chemical com
position of the continental crust propossd 9
Taylor and McLennan (1985) is somewhat mos




