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GEOL 628
Geochemistry

Lake Nyos (Cameroon, Africa) after the August 1986 eruption, 
killing 1700 people, and thousands of cows, birds, and other 
animals. 

A cow killed by the August 
1986 eruption of Lake Nyos
(Cameroon, Africa). 
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Limnic Eruption giving rise to Ambioructic
Flow similar to Pyroclastic Flow
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Degassing Lake Nyos

Future work:  more realistic bubble plume eruption 
models, and the role of disequilibrium in lake eruptions

What is Geochemistry ?

• Victor Goldschmidt defined the study of 
geochemistry as: “the laws governing the 
distribution of the chemical elements and their 
isotopes throughout the earth”

• What does that mean?
• We are interested in understanding the different 

ways in which elements move � whether in the 
core, mantle, crust, oceans, sediments, air, 
space, or other planets…
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Geochemistry 

The field of geochemistry involves study of 
the chemicalcomposition of the Earthand 
other planets, chemical processes and 
reactions that govern the composition of 
rocksand soils, and the cycles of matter 
and energy that transport the Earth's 
chemical components in time and space. 

Various parts of Geochemistry
• Inorganic Geochemistry.
• Organic Geochemistry.
• Sediment Geochemistry.
• Igneous Geochemistry.
• Isotope Geochemistry.
• Cosmochemistry.
• Aqueous Geochemistry / hydrogeochemistry.
• Non-aqueous Geochemistry.
• Environmental Geochemistry 
• Medical Geochemistry etc

Major goals of geochemists are:
• To know the distribution of the chemical elements in 

the Earth and in the solar system.

• To discover the causes for the observed chemical 
composition of terrestrial and extraterrestrial 
materials.

• To study chemical reactions on the surface of the 
Earth, in its interior, and in the solar system around 
us.

• To assemble this information into geochemical 
cycles and to learn how these cycles have operated 
in the geologic past and how they may be altered in 
the future. 

• Arranged in horizontal periods and vertical 
groups � groups determined by # of electrons in 
outer orbital

• Atoms in a group have similar chemistry (more 
similar outer electrons)

• In order of increasing atomic number (# of 
protons) though an element can have many 
charges/redox states (different # of electrons) and 
isotopes (different # of neutrons)

Review of Basic Chemistry
Periodic Table
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Review of Basic Chemistry
• A nucleus (protons and neutrons) is surrounded by electrons -

has an atomic number (= # of protons) of 16 and an atomic mass 

(neutrons + protons) of 32.  S0 has 16 electrons, while S2- has 18 and S6+ has 

10.

• Many elements have several different isotopes – where the number of neutrons 

is different - has 18 neutrons for instance.

• The atomic weight (32.07 grams per mole for S) is determined from the 

average percentage of each isotope.

• Isotopes are either stable or unstable –unstable� radioisotopes decay by 

emitted a, b, or g particles

S32
16

S34
16

The Rare Earth Elements (REE)
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The Alkali Metals The Alkaline Earths

The Fe Group The Platinum Group Elements 
(PGE)
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The halogens The noble gases

The transition elements*

*Dependingon referenced text(s)

The transuranic elements
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Properties derived from outer e-

• Ionization potential � energy required to 
remove the least tightly bound electron

• Electron affinity � energy given up as an 
electron is added to an element

• Electronegativity� quantifies the tendency 
of an element to attract a shared electron 
when bonded to another element.

Electronegativity

Shielding
• Nucleus of an atom contains protons(+) and 

neutrons � positively charged center of the atom
• Largest volume of the atom contains the 

electrons, zipping around, held in place by the 
electrostatic attraction to the nucleus

• Outermost electrons determine bonding, more 
electrons in between the outermost e- and 
nucleus, the less net charge and attraction they 
‘feel’

• In general, first ionization potential, electron affinity, 
and electronegativities increase from left to right 
across the periodic table, and to a lesser degree from 
bottom to top.
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Atomic Radius

• Another function of shielding, size is critical in 
thinning about substitution of ions, diffusion, and 
in coordination numbers

Geochemist’s Periodic Table

Electrons in an atom
• Bohr noted that electrons are arranged in distinct energy 

levels arranged in orbital shells
• de Broglie showed electrons exhibit wave-particle 

duality
• Heisenberg’s Uncertainty Principle – he showed that 

you cannot define the exact position (particle) and the 
energy (wave function) of an electron simultaneously.

• Schrodinger then showed that the structure of electrons 
around a nucleus could be explained by the probability 
of an electron of x energy in some space y – this results 
in describing electron distribution around a nucleus with 
atomic orbitals

Atomic Orbitals

s

p

d

d

1 type of s orbital
3 types of p orbitals (x, y, z)
5 types of d orbitals (4 clovers)
7 types of f orbitals
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Isotopes

Same Z, different A (variable # of neutrons)

General notation for a nuclide: 6
14C

Isotopes

Same Z, different A (variable # of neutrons)

General notation for a nuclide:6
14C

As n varies ® different isotopes of an element

12C  13C  14C

• Stable isotopes: last ~ forever

• Chemical fractionation is impossible 

• Mass fractionation is the only type possible

Example: Oxygen Isotopes

Concentrations expressed by reference to a standard
International standard for O isotopes = standard mean 

ocean water (SMOW)

16O 99.756% of natural oxygen
17O 0.039% “
18O 0.205%   “
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Atomic Weights
• The exact atomic weight of an element is the sum 

of all individual isotope masses corrected for 
their abundance
– S(32)31.972072 95.02
– S(33)32.971459 0.75
– S(34)33.967868 4.21
– S(36) 35.967079 0.020
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Radioactive Decay

The Law of Radioactive Decay

- µ -dN
dt

N     or 
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Half-Lives of Some Nuclides

• Uranium-238 � 4.51 × 109 years

• Thorium-234 � 24.1 days

• Protactinium-234 � 6.75 hours

• Uranium-234 � 2.48 × 105 years
• Thorium-230 � 8.0 × 104 years

• Polonium-210 � 138.4 days
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Abundance of the chemical elements in the solar 
system in terms of atoms per 106 atoms of Si.

Composition of the Earth

other elements: 0.53% 

potassium: 0.019%

titanium: 0.071%

sodium: 0.25%

sulfur: 0.70%

aluminium: 1.6%

calcium: 1.6%

nickel: 1.6%

magnesium: 15.9%

silicon: 17.2%

oxygen: 28.2%

iron: 34.1%

Internal structure of the earth
Composition of Earth's mantle in weight 

percent

99.1Sum99.7Sum
0.04K2O0.03K

0.4Na2O0.3Na
3.2CaO2.3Ca

4.2Al2O32.2Al
7.5FeO5.8Fe

37.8MgO22.8Mg

46SiO221.5Si
44.8O

AmountCompoundAmountElement
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Abundance of the elements
in the Earth’s crust

• Major elements: usually greater than 1%
– SiO2 Al2O3 FeO* MgO  CaO  Na2O  K2O  H2O

• Minor elements: usually 0.1 - 1%
– TiO2 MnO  P2O5 CO2

• Trace elements: usually < 0.1%

Element Wt % Oxide Atom %

O 60.8

Si 59.3 21.2

Al 15.3 6.4

Fe 7.5 2.2

Ca 6.9 2.6

Mg 4.5 2.4

Na 2.8 1.9

What do you see now??

What will you see after this class?? b

FeS2 + 3.5 O2 + H2O � Fe2+ + 2 SO4
2- + 2 H+

Fe2+ + O2 + H+ ��� � Fe3+OOH + 2 H+

O2 diffusion

Bacteria/ archea ��� � Fe oxidizers, S oxidizers

Light ��� � photochemical reactions, phototrophic organisms

CH2O + FeOOH ��� � Fe2+ + CO2

CH2O + SO4
2- � HS- + CO2

H+ + SO4
2- � HSO4

-
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Microbially Mediated Redox Reactions

• Oxygen reduction
Corganic + O2 ® ® ® ® CO2

• Nitrate reduction (nitrate reducing bacteria)
5Corganic + 4NO3

– + 4H+ ® 2N® 2N® 2N® 2N 2 + 5CO2 + 2H2O
• Fe3+ reduction

Corganic + 4Fe(OH)3 + 8H+ ®®®® 4Fe2+ + CO2 + 10H2O
– Fe3+ is insoluble, Fe2+ is soluble

• Sulfate reduction
SO4

2- + 2Corganic + 2H2O ® ® ® ® H2S + 2HCO3
–

– Pyrite versus siderite
• If Fe2+ is present:

Fe2+ + H2S + S°® ® ® ® FeS2 (pyrite) + 2H+

• Pyrite (and other sulfide minerals are highly insoluble.
• If iron is not present, but HCO3

– is (i.e., pH > 7): 
Fe2+ + HCO3

–® ® ® ® FeCO3 (siderite) + H+

Microbially Mediated Redox Reactions 
(cont.)

• Methanogenesis
CO2 reduction

CO2 + 4H2 ® CH4 + 2H2O

Aceticlasis

CH3COO- + H+ ® CO2 + CH4

• Fermentation
– No outside electron donors – organic compounds 

serve as electron donor and acceptor
– Products included acetate and H2

The Rock Cycle
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Response ‘residence’ time

Ocean

Evaporation
Evapo-transpiration

runoff

Aquifer

Infiltration
Recharge

Evaporation

Precipitation

Precipitation
Evaporation/ET
Surface Water
Groundwater

More Detailed Cycle Components

Ocean

Evaporation
Evapo-transpiration

runoff

Water 
Supply

Discharge
treated water

Salt Water Intrusion
Aquifer

Infiltration
Recharge

Evaporation

Extraction

Precipitation

Precipitation
Evaporation/ET
Surface Water
Groundwater

Soil moisture
Infiltration (Art)

Extraction
Return flow
Treated water Aquifer intrusion

Soil moisture

Soil 
moisture

Erosion

Forms and directions of erosion by running water.
H = headward erosion

V = vertical erosion
L = lateral erosion
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Erosion in action

Fig. - 7.23

Fig. - 7.28

• Deposition resulting in 
multiple channels

• Deposition within a 
single channel

Deposition

aquatic.uoguelph.ca/rivers/chphys.htm

Longitudinal profile of a river

• As discharge increases:
– Channel Width increases
– Channel Depth increases
– Mean velocity is stable
– Bed Material size 

decreases
– Slope decreases
– Sediment storage 

increases

Stoichiometry and Units
• Reactions are always balanced with respect to # 

of individual atoms, charge, and isotopes

• Chemical concentrations in water, other liquids, 
solids, or gases can be represented in many ways

• A REACTION is always presented in terms of 
molecules � Molarity (M, moles/liter soln) or 
molality (m, moles/kg solvent)
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Review of calculus principles

• Process (function) y driving changes in x: y=y(x), 
the derivative of this is dy/dx (or y’(x)), is the 
slope of y with x

• By definition, if y changes an infinitesimally small 
amount, x will essentially not change: dy/dx=

• This derivative describes how the function y(x) 
changes in response to a variable
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Partial differentials
• Most geochemical functions (processes) are often controlled by 

more than 1 variable

• How fast Fe2+ oxidizes to Fe3+ is a process that is affected by 
temperature, pH, how much O2 is around, and how much Fe2+ is 
present at any one time

• Total differential, dy, describing changes in y affected by changes 
in all variables (more than one, none held constant)
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Units review

• Mole = 6.02214x1023 atoms make up 1 mole

• Molarity = moles / liter solution
• Molality = moles / kg solvent

• ppm = 1 part in 1,000,000 (106) parts by mass or 
volume


