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Periodic Table, Atomic & Mass Numbers

Atomic Number, Z = number of protons in the nucleus
           (also = number of electrons in the neutral atom)

Mass Number, A = total number of protons plus neutrons
in the nucleus

Therefore A = Z + N
(where N = number of neutrons = A - Z)
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The General Atom

More than 200 subatomic particles have
been discovered so far, all detected in
sophisticated particle accelerators. Most
of these are not fundamental and are
actually composed of other simpler
particles. Rutherford showed that the atom
contained a nucleus and orbiting electrons.
Later physicists showed that the nucleus
was composed of neutrons and protons.  
Eventually it was shown that protons and
neutrons are  made up of quarks. 

Fundamental Properties

Mass (kg)

Charge (C) +1.6x10-19 0    -1.6x10-19

Mass (u, amu) 1.007276            1.008665    0.0005486

The nucleus consists of neutrons and protons that are collectively referred to as
nucleons. We can represent the number of neutrons, protons and electrons in atoms
using the well-known chemical symbols of the elements.
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Nuclear stability: The Strong Force
The nucleus is approximately spherical
with a radius given by:

      r ~ (1.2x10-15) A1/3  m

Although the mass of different nuclei is
different, the nuclear density is similar.
How can you prove this?

Why does the nucleus remain intact given
the positive charged protons repel each other
with a very strong repulsive electrostatic
force ?

Why don’t all nuclei burst apart?

Because we know that nuclei do not (usually)
disintegrate, we must infer there is a force that
acts between neutrons and protons when these
particles are extremely close together.

We call this THE STRONG FORCE.

It is very strong ONLY when the protons
and neutrons are VERY CLOSE to each
other (short range force, ~ 10-16 m).

Nuclear stability (continued)
 So, the Strong Force “glues” together 
neutrons and protons within the nucleus.
The electrostatic repulsive force is
balanced by the Strong Force.  

As the number of protons (+ve charges
repelling) increases, the number of
neutrons must increase even more
so as to “glue” all the nucleons 
together as a stable entity. 

As Z becomes very high (> 83), this
balance cannot be achieved and the
nuclei are UNSTABLE. In this case,
they spontaneously break apart or
disintegrate – this process is called
RADIOACTIVITY. 
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Mass Defect & Binding Energy
Because of the Strong Force, the nucleons inside the nucleus are held tightly together.
Therefore ENERGY is required to separate the nucleus into its constituent protons and
Neutrons. This energy is called the BINDING ENERGY. 

Einstein’s Special Theory of Relativity
shows that mass and energy are equivalent
via his famous equation E = mc2.

In our case, mass should really be written
as a change in mass, Δm, which is referred
to as a MASS DEFECT. 

Binding Energy   =  Δm  c2

Where c = speed of light (3.0x108 ms-1)

Binding Energy Per Nucleus
This plot shows the binding
energy PER NUCLEON, 
i.e. the binding energy
divided by the number of 
nucleons in the nucleus. 

Above ~83, this value begins
to decrease. There is less and
less “glue” per nucleon as the 
atomic mass increases 
(beyond 83) and thus the nuclei 
become less and less stable. 

Furthermore, when light elements
fuse together, there is a release 
of energy, but when heavy 
elements fuse, energy is required.
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Radioactivity & Radioactive Decay
α  Emission of a helium nucleus which is a

particularly stable entity (2 protons + 2 neutrons)

β   Transformation in the nucleus: either 
     1    a neutron transforms into a proton plus an 
           electron (β- emission)
     2    a proton transforms into a neutron plus a
           positron (β+ emission)

γ   Relaxation of an excited nucleus with the 
          emission of electromagnetic radiation.   
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Radioactive Decay Law

λ is the decay constant
t1/2 is the half life



8



9

Composition of Earth

1) Earth Differentiated
2) Mass Balance
3) Composite and CI Models
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CI Model

• Four classes of Meteorites (Irons,
Stones”, Stony-irons, Chondrites)

• Irons, Stones”, Stony-irons are
differentiated

• Chondrites are “more” Primitive
• CI’s most similar to Solar Photosphere
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Mass Balance

1) Total Earth= Core + BSE

2) BSE= Mantle + Crust
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Earth is Structured

A) Metal Core and Silicate
mantle and Crust

B) Deduced by:
-Observation of crust and

mantle derived rocks
-Seismic structure (P and S

waves)
-Knowledge of Earth mass

deduced from its
gravitational  attraction
and moment of inertia
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How was this structuring created?

A) Primary feature of accretion
or result of differentiation?

B) Two end-member models of
planetary accretion and
layering:

i. heterogeneous accretion (pre-accretion
element segregation)

ii. homogeneous accretion (accreted
uniformly and subsequently
differentiated)

Primer on Element segregation

i. Element segregation occurs over
many scales- condensation in the
solar nebula, core formation,
oceans (sandy beaches, carbonate
reefs, shales…)

ii. Electronegativity (E) {Linus
Pauling, 1959}; dimensionless
number (E = 1-4) which describes
the ability of an atom to gain an
electron to become a negatively
charged anion (highest for
Halogens like F- = 4.0, or  O2- =
3.5; and lowest for those elements
which tend to lose electrons to
form cations (see proceeding
table)
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 Primer on Element segregation (contd)

Three categories:
Lithophilic elements- tend to

occur with oxygen in oxides;
e.g. Rb, K, Ba, Mg etc.; E <
1.6 and have an affinity for
ionic bonding in oxygen [Gr.
lithos- stone]

Chalcophilic elements- tend to
concentrate in sulfides; e.g.
Cu, Pb, Zn, Sn, and Ag; 1.6
< E< 2.0; small differences
in electronegativity between
these elements and sulfur
promote covalent bonding
(electron sharing) [Gr.
Khalkos, copper]

Siderophilic elements- tend to
be metallic, e.g. Fe, Ni, As,
Pt, Ir and Au; 2.0 <  E < 2.4;
metallic bonds [Gr. Sideros,
iron]

Pre-element segregation: heterogeneous accretion model

Inner terrestrial planets (M,V,
E, M)/ outer major planets
(J, S, U, N)

i. Outer planets less dense and
much larger abundance of
volatile elements (H, He, C
and O)

ii. CAI: Ca, Al inclusions in
C3 chondritic meterorite
Allende- known to
condense from high-T cloud
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Pre-element segregation: heterogeneous accretion
model

D) Local temperature variations, so
at any given distance from Sun,
materials segregate
progressively into solids in order
of their condensation
temperatures, resulting in the
present layered planetary
structures

- Lower  density outer planets:
silicate and Fe cores,
followed by accretion of
gaseous envelope

- Rocky high density terrestrial
planets:high-T core rich in
Ca and Al formed first,
followed by metallic fe and
then mantle silicates-
forsorite, diopside,
anorthite;  but it is then
envisioned that as the
interior warms sufficiently
for melting element
segregation by density
occurs (untestable)

4Pre-element segregation: heterogeneous accretion model
(contd)

Testable Prediction:  Radial temperature gradients
within the solar system are testable. With increasing
distance from the sun-planets should contain larger
portions of alkali feldspars, troilite… and Fe/Si
should decrease (along with density)
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5. Homogeneous planetary accretion with subsequent
layering

A) Accreting material condensed into grains (rocky planets @ <
100°C) prior to accretion

B) Well Mixed

C) C1 composition (for Chondritic Earth Model)

D) Subsequent reheating of the Earth
i. accretionary heating (falling in of grains results in a
loss of kinetic energy which increase with planet size)
ii. radioactive decay of short lived isotopes (e.g. 244Pu,
129I, 26Al)
iii. gravitational energy with sinking material (see below)

E) Heating of condensed material leads to volatilization and
loss of elements/compounds (e.g. H2O, CO2, SO2, etc. )
which are blown of into solar wind

F) Loss of oxygen rich compounds is accompanied by chemical
reduction in remaining silicate material; this leads to an
increase in the free metallic iron (with changing the Fe/Si
ratio)

G) Density segregation with Fe sinking (core formation) and
lighter silicate material floating and undergoing subsequent
differentiation (crust formation) (Note constantly
differentiating and remixing- mantle convection)

6. Synthesis- evidence for both heterogeneous and
homogeneous accretion models

A) Increase in mean density
with size for the planets
Mars, Venus and Earth
(homogeneous accretion)

i. Increasing state of thermal
compression
ii. Volatile depletion

B) Mercury doesn’t follow trend
(heterogeneous accretion)
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6. Synthesis- evidence for both heterogeneous and
homogeneous accretion models

C) Earth compared to C1 composition
(for Chondritic Earth Model) and
it is speculated that Mars and the
Moon also are “Chondritic”
(Homogeneous accretion)

i.) volatile element depletion
ii.) siderophile element depletion

D) Variation between terrestrial inner
planets compared to outer planets
(heterogeneous accretion)

6. Synthesis- evidence for both heterogeneous and
homogeneous accretion models

•  Solar System Scale: Variation
between terrestrial inner planets
compared to outer planets
(heterogeneous accretion)

• Local Scale: Heterogeneous
Accretion
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