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e There are 92 naturally occurring element in the
Universe (from H to U) formed in the starts by The
nuclear fusion & coming to the earth by meteorites

Chronology of the universe

The universe started like a bubble in
ole[li il stream. formed & expanded rapidly as
exploding, From all matter & energy
“ combined to form familiar nuclear
particles, which later became organized
intfo the nuclei of H & He
Atomic nuclei formation (T=3x109K). This
i process did not go beyond the formation
years became attached to the atoms of H & He
- Matter & energy were then separated
from each other & the universe became
tfransparent to light
- the matter organized into stars, galaxies,
& galactic clusters as the universe
continued to expand fto the present time
e Quarks: subatomic particles & leading candidates
as fundamental blocks of matter including p* & n

Quarks are formed due to high T-P
13.8 sec -
30 min

of He & it lasted for about 30 minutes

It expanded & cooled, the quarks
700,000 The T dropped to about 3000K, electrons
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e Red shift of the spectral lines due to doppler effect
revealed the expanding nature of the universe

Doppler's Equation: o _h_ stationary object
A v 8 NN/NANN
7 =1+ ; 5 X speeding object
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e In the future, will the universe end expanding? If the

material contained in the universe will permit gravity
fo overcome expansion, then it will confract until it
disappears, Since it has a beginning & is sfill
expanding, it cannot be infinite in size; edge of the
universe cannot seen with a telescope since it takes

too long for light to reach us
outer limit of universe,

A simple conceptual \ / t = now (not visible)
model...
slowest
3 objects
5 are closest
o - BIG = to center
every object Is BANG
moving away t=0) ~
from every other “ | { <
object space IS =
expanding
/ \ fastest objects are

now furthest from center

e The age of the universe is about 14.5+ 1.0 Ga
e Stellar Evolution: Matter organized into hierarchy of

heavenly bodies which listed in order of decreasing
size: Clusters, Galaxies, Stars, pulsars, black holes,
Planets, Satellites, Comets, Asteroids, Meteoroids,
Dusts, Molecules, & Atoms

» Billions of stars form a galaxy

> large number of galaxies form clusters

e Stars are the basic units in the universe: Matter

evolve by nuclear reactions in a stars

e Nebular: clouds of gas (mainly H & He) & solid

particles found in the space between the stars

= Contract to form stars whose evolution depend
on their masses & H/He ratio

= Evolution of stars described by surface T &
luminosity, which proportional to masses

= Energy production by H burning starts in core of
Nebular when the T = 2x10¢K & a staris born
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Odd-Harkense Rule:
elements with even Z are
more abundant than
those with odd Z, except
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Atomic Number (Z)
> 75% of the mass of the universe is H, & >99%H + He

Elemental abundances drop off exponentially with
increasing Z to 60, after remain almost constant
Li, Be, & B showed marked depletion fo higher &
lower Z numbers due to the spallation process
There is a pronounced peak in vicinity of Fe in
addifion to other less marked one at higher Z
2 elements (tfechnetium, Promethium) don’t occurin
the solar system, because all their isofopes are
unstable & decay rapidly info another elements
The elements with Z > 83 (Bi) have no stable isotopes
& occur at very low abundances
Helium Burning: In 1st-gen stars H burning to He
" H+'Y"H—-2H+E
2H+"YH—>3%He +E
2%,He — *,He + 2"/ H+ E
o First generation stars: stars that formed By the H & He
which formed by the Big-Bang (10Ma), massive stars
so stayed for a very short time
e Helium burning takes place in stars having masses of
80% or more of our Sun
e If the conditions are right then He burning is initiated
& heavier elements are synthesized
2*,He — &,Be (unstable, t, = 10-16sec)
3*%,He > '%,C (heavy element, triple a process)
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e Second generation stars: Formed by H, He, & some
heavy elements (to Fe)
= Qur sun is 2nd gen star (contains elements
heavier than He such as C, O, N)
= Heavy elements facilitated burning of H into He
= Qursun burning H according to the CNO cycle
12,C + 4H > %N —=decay-> '3,C
136C + ]1H 9 147N
"N+ ' H > 15,0 -decay-> '5,N
15N + '1H = '2,C + *,He
The differences between 1st gen & 2nd gen. Stars

[ ] Produced by Rate of diffusion
EERN H, He slower

H, He, + heavy elements  Faster becouse havy element
react as catalyst
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Supernovae Jdsi e jadh aaall (e il
16,0 + *,He > 20, Ne..... decay to 5¢Fe

o (nucleus of He) process: produced all elementsin

the stars during main sequence & red giant stages,

element heavier than Fe cannot be produced (due
to repulsion forces between large & +ve changed
nuclei (heavy nucleus), & o-particles)

explains the presence of elements with even Z:

1. Rate of fusion of heavy nucleus < other nucleus

2. Atomic formed by CNO cycle are even Z, but
smaller amount of Odd Z formed by reactions
among fusion products:

e Inthe final throes of red giant stage, a new type of
nuclear reaction comes into play, producing a host
of heavy nuclei in small abundance (n-capture)

n + Az2X 2> A+*1zX (new heavier nucleus)
SFe + n > ¥Fe + n > %8Fe +n 2> %Fe (unstable t, 45d)
o anal e JET jalie o) <6 dleall 038

e P decayis one process that unstable atoms can use

to become more stable (B* & B )
0l Plasal e i 5 e jill jealisll Cay 18
(Css) Al Ao
= |If a nucleus absorbs too many neutrons, it will
eventually become too n-rich to be stable &
decay by emitting e this is called B-decay
(convert ninto p & add 1 fo the atomic number)
24 C—-B > ",N+e +V' (antineutrino)
One n from C capture intfop+e + V'
10,C -p*>10.Bo+e + v (neutrino)
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e Types of neutron-capture processes (account for

synthesis of all elements with Z > Fe)

Process Neutron flux During
D Moderate Late red-giant stage

| _r-process | High In supernovae
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Schematic diagram of stellar
structure at the onset of
Supernqva stage
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PROBLEMS

¢ How do we know that the Sun is af least a “second
generation” star? Our sun contains H, He, & some
heavy elements (e.g. C, O, N) which formed dafter a
supernova explosion of a 1st gen. Star & react as
catalysts to speed up the fusion of H

o FElements with even Z are more abundant than their
neighbors with odd atomic numbers, Why<¢ Elements
with even Z are more stable than those with odd Z
(Rate of fusion of heavy nucleus with even 1 is less
than another nucleus)

e Which 2 elements (besides H & He) exhibit prominent
+ve anomalies with respect to their abundance in
the solar system?2 & Explain why these elements have
unusually high abundances
> Fe: one of the most stable nuclei (has high

binding E) & can't be further diffused in a stars
» Pb: formed by decay of unstable radioactive U
& during supernova stage (has 2 sources)

¢ Why do successive steps in the alpha addition
process, which forms nuclei from '?C through 5¢Fe,
require greater T-P2 Alpha are +ve particle, & the
+ve charge increases from '2C to 56Fe, so higher T-P
are needed to overcome the repulsion forces

e What element is formed during the main sequence
stage of stellar evolution? Helium (He) only

e List the following elements in the order you would
expect to find them in a massive second-generation
star from the core to the outside: He, Si, H, O, & Fe
> Fe, Si, O, He, H (relative to decreases T-P from the

core to the outside of the star)

o Check for the abundance of Ar in table 2.1 in
textbook & see whether it is greater than expected.
If so, suggested an explanation for that! 1.04x105
atom/10¢Si, enhanced by the decay of the long
lived radioactive isotopes (K), & Ar is formed also
during red giant stages in a stars, the 3rd reason that
Ar is noble gass so very stable against decay

e How has the abundance of H in the universe
changed since the Big Bang ¢ Produced after Big-
Bang & then decreases in the formation of He by
nuclear fusion in the main sequence stars
(decreases with time)

¢ Why do technetium (Tc) & promethium (Pm) lack
stable isotopes? Because of their half-life is very
short (seconds to years), unstable in most known
conditions, & decay rapidly by n-capture

e List all other elements lack stable isotopes The
elements with Z > 83 (Pu, Cm, Na, Pa, Am, Raq, Bk, Cf,
Po, Ac, Es, Fm, Md, Rn, Db)

e How did lithium (Li), beryllium (Be), & boron (B) form?
When you smash a high-energy particle into a
massive nucleus, the large nucleus splits apart into
a variety of component particles. This process
(spallation) explain how Li, Be, & B form

e Any of the following elements formed in the stars?
(Ar, Pb, U, Ti)2 Ar (other formed during supernova)
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e The Sun formed from a cloud of dust & gas, as with
all other stars of the MilkyWay & in the universe
= Inthe case of the Sun a very small fraction of the
cloud accreted to form a set of 9 planets
= Diffuse mass of gas & dust (nebula) 6Ga from
explosions of ancestral stars (Supernovae)
= elements formed in these stars were added to H
& He (originated from Big Bang)
¢ why all planets rotating in the same direction? The
nebula was rotating in the same sense of the Milky
way (this explain)
e why dll planets on same level? The nebula acted
upon by gravitational, magnetic, & electrical forces

led to Contraction of the rotating desk
H, He: ~99% of all atoms

of the remaining ~1 %... ChemIStrY Of a
oxygen (O) 55% solar system
carbon (C) 23
nirogen i) 7 volatile
neon (Ne) 8 Gases of from gaseous
magnesium (Mg) 2.5 compound
silicon (Si) 2.3
iron (Fe) 2.1 refraCtory Tend
sulfur (S) 1.2 to form solid at any T
aluminum (Al) 0.2
calcium (Ca) 0.14
sodium (Na) 0.14 volatile under some
nickel (Ni) 0.11 conditions (such as high T)

e T-P gradients increase in the rate of rotation: Certain
solid particles could not survive Tin the center of the
nebula & evaporated, only the most refractory
particles like Ni-Fe alloys, Al,O;, CaO survived, & In
the outer part larger number of particles remained
in the solid state

e Why the planets closer to the sun are terrestrial &
those further from the sun are Jovian planets?
Increased rate of rotation results in the formation of
a protosun in the central disk

e Why the Jovian planets consist of gas compound
such as CH; & NH; in a solid state? duo to low T

e The Tincreased to 2000K at the center to about 40K
at approximately 7.5 GKm. form the protosun
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Chapter Two

e

lar. System

e The Pranged from < 0.1 atm to about 107 atm near
the edge of the disk
Top view of proto solar system

swirling gas cloud

/ (solar nebula)

proto-Sun

"edge-on" view

/

e Compounds with low vapor P formed dust particles
& persisted throughout the nebula & those with high
vapor P could exist in the outer cooler regions

e The condensates accreted to form larger bodies
due fo adhesion caused by electrostatic &
magnetic forces (planetesimals 10 m - >1000 km )

e Those close fto protosun consisted of refractory
minerals, farther away Fe-Mg silicates, farther out
ice, ammonia, methane, & other volatiles

Proto-Sun

, H,0 Metal
Ice &
Rock

2000K 300K 50K

Conditions & Reactions
DI Refractory oxides (CaO, Al,Os, TiO,), & rare e
RELE Metallic Fe, Ni
11200 WYIeNoR



Geochemistry

Fe react with O to form (Fe,Mg),SiO.
500
m Alkali metals (alminosilicate):
Na + Al,O; — Alkali-feldspar
H,S + Fe — FeS + 2H*
[P H,O + Silicates — Hydrous silicates
170 H,O condenses to water ice
NHj(g) + H2O(s5) — NH3.H,Op)
CHyg) + H,Ops) = CH,4.7H,Op)
The sun needed 100,000 to reach T for H burning
S eIV Initial  luminosity was 2-3times greater
<l RS0 than main sequence stars, Energy was
(12> Alle oLl inherited from the initial contraction, &
lasted for about 10 Ma
25% of sun mass exploded as solar wind
of proton/electron plasma
O Al S) U i) (g gall Gl a3 2L eda
M‘
After T-Taure stage the sun entered the
main sequence, In the inner part of disk
planetesmals accreted to form the
terrestrial planets & the asteriods &
Instabilities in the outer part of the disk
gave rise to the Jovian planets
Terrestrial planets: Mercury, Venus, Earth, & Mars
Asteriods: parent material of the meteorites
Jovian planets: Jupiter, Saturn, Uranus, Neptune
The origin & chemical composition of Pluto aren’t
known, distance is not consistent with Titius-Bode
Titius-Bode law: governs distances of the planets to
sun  expressed as AU, [(0,3,6,12,24)+4]/10
=(0.4,0.7,1,1.6,2.8) resulting numbers match well with
the distances of the planets to the sun with some
discrepancies one of which is that of Pluto

T-Taure stage

Main
sequence

Terrestrial (Earth-like) Planets asteroids
. ® ° S
T\ i d
T \

Mercury Venus
|

.

A

e i
S
no magnetic field :
. magnetic field
(core solid?) ~ 0.00005x Earti
Mg-Fe silicate
il Fe or Fe+FeS (some Ni)

The magnetic field is caused by a liquid core
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density (g/cm?)
N A O

1 1 1 1 1 1 1 1 1

Pluto
58.9—

1
terrestrial

planets planets
@ @

gaseous

f Jupiter Saturn Uranus Neptune

1 1

/ 4 8 12 16 20 24 28 32 36 40 44

distance from center of Sun ( 108 km)

e The total mass of the solar system is about
2.052x10%g, 99.87% of which in the sun & 0.13% for
the 9 planets (71% in Jupiter, 0.0006% of the total
mass in terrestrial planets & moon)

e Earth: covered by 71% water & have developed life

e The earth-like planets were first molten because of
heat generated by capturing of hot planetismals &
radioactive heating

e The last phase of their formation was the capturing
of planetismals composed of volatiles called
cometismals, & These deposited solids of water,
methane & ammonia on the surface of the planets

e The water & other volatiles evaporated to form the
atmosphere  from  which  water  ultimately
condensed as the surface of the Earth cooled

e Mercury & the moon do not have atmosphere since
they were too small to retain the gases

e Mars & the moon cooled sufficiently shortly after
their formation & became geologically inactive
while Earth & Venus being the largest are active

e Mars, being intermediate in size has volcanic activity
not too distant in the geologic past

e Venus has a CO, atm so it became hot & dry while
the earth cooled rapidly allowing oceans to form >
4Ga by condensation of water vapor in atmosphere

e The formation of hydrosphere (oceans) permitted
geological processes to operate & the lead to the
development of life

e Terrestrial planet hadn't He, H forming atm, since
both elements had been expelled from the inner
regions during the T-Taure stage of the sun

e Earth accretion models:

1. Homogeneous model: initially assembled from
silicate & Fe (uniformly mixed), & heatf-up cause
catastrophic differentiation by core infalll

2. Heterogenouse model: Earth assembled in step-
wise fashion (core, then silicate mantle)



Earth’s Chemi
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EARTH’S SPHERES & DIFFERENTIATION

¢ Differentiation: separation of the Earth into shells of
different compositions

e The Earth is a highly differentiated planet (Evidence
of that is the existence of layers)

e Differenfiation caused by active geological
processes which leading to further diversity in its
shells & their constituent rocks.

Earth in section
atmosphere

continental crust (35-45 km) oceanic crust 6 (km)
lithosphere )r" An important distinction
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Pand S
earthquake
waves

-— P waves

- waves

shadow zones
noS or P
waves
observed

inner core
outer
v @ core
— m

(~70 )
100 km) o~

to

The lithosphere is defined on the acale

basis of its physical properties;

{c) doc brown

S wave shadow
zone, only P waves
observed in this region

lower mantle The crust is defined on the basis of

its chemical composition

oceanic crus; (6 km)

RI G-.l D {‘c‘ool')
lifhfsphere (100 km)
¢

mineralogical

Depending on chemical or
composifion: Crust, Mantel, & Core
Depending on physical properties

Lithosphere Crust & upper mantle, solid

Moho boundary between crust & mantle, 100km

| Moho boundary |
Asthenosphere consist of fluids

Seismic V variations with depth: Region with high anomalies
(Where S-wave disappeared & P-wave V dropped) indicate the
boundaries between different layers & zones

1Z -1

Alloy of
Fe & Ni

—
(=]
|

L

) |‘.__Mant|e——- 4——C0I’e—->‘
B (quuid)

Density, g/cm?
(=]
1

Silicate
4 -

1 T 1 I T

Outer core

IS between mantel & core, 2890km
| Outercore |
| Inner core ____INCTS!

Liquid

T T T T T 1

|
4000 6000

E Wiechert- A Thickness Volume Density Mass Mass%
12 gtsnégrr\‘mrus“ km 1027cm?® g/cm? 10%7g

_ P waves ' . | Earth YA 1.083 5.52 5.976  100%
% s 3471 0.175 10.7  1.876 31.5%
T PTETTE . 2883 0.899 45 4075 68.1%
- 1 sity variations with depth 40 0.00824 28  0.0236 0.4%
Z & |/ Mohorovici omp i [ Hydrosphere |
g 8 - g'?l;’co‘::"i’::fi"cy The jump in curve at about :Iudros :ere 3.8 0.00137 1.03 (;01001? (;021?)7:
< ; 3000km depth indicate the |_Atmosphere [ = = X X
= 6 _Jv' S waves . . " , .

differences in composition Most of the earth’s mass is in mantle
The denser layer is core, & the Avg. p of surface is 2.8g/cm?®

Core
Liquid ——=}=—Solid

— T T T —T T T T e e B

(] 2000 4000 6000
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The thickest layer in core & thinner is crust



CHEMICAL COMPOSITION OF THE MANTLE

Sample I Sample2®  Sample 3 Pyrolite (hypothetical)

¥ ~a bty 54 = 3peridotite +1basalt
MgO 375 311 39.0
FeO 8.0 12.7 8.0
ALO 35 31 35 .
€20 31 23 325 Xenoliths brought to
Nv,O 037 L1 028 the mantle indicate:
Cr,0, 0.43 0.55 0.41 o
MnO 0.14 042 011 pyroxene, olivine,
oy i ot - Spinel, amphibole,
K,0 0.13 0.12 0.04
TiO, 0.17 0.12 0.09 garnet
NiO - — 0.25

Sum 98.8 99.95 99.93

*Pyrolite (Ringwood, 1966).
"Mantle plus crust based on meteorites (Mason, 1966).
‘Undepleted mantle based on Iherzolites (Hutchison, 1974).

Meteorites: less
differentiated

Ultramafic rocks

Found in upper
mantle

CHEMICAL COMPOSITION OF THE CONTINENTAL CRUST
¢ Continental crustinclude atmosphere, hydrosphere,
biosphere, & part of the lithosphere & consists of 2
principal parts: oceanic & confinental

Crust Consist of
Basalt with a thin layer of sediments

ol 11 [hie |l 95% igneous & metamorphic rocks
5% sedimentary cover

Poldervaart Ronov and Yaroshevsky
1 2 3 4 5
Continental Young Suboceanic Deep Oceanic

shields* folded belts® regions* oceanic® crust
Si0, 598 584 494 46.6 494
TiO, 12 11 19 29 14
ALO, 155 156 151 150 154
Fe,0, 21 28 34 38 27
FeO b3 | 48 64 80 16
MnO 0.1 02 02 02 03
MgO 41 43 6.2 78 76
Ca0 64 12 132 119 125
Na,0 31 31 25 25 26
K,0 24 22 13 10 03
P,0; 02 03 03 03 02

Chemical composition of 4 major structural unit of lithic crust in
Wi%
Shields: all rock from Precambrian (older then 550Ma)
Mobil belts: rocks that formed after Cambrian (younger 550Ma)

e Different estimates for the composition of the crust:
1. averaging large number of chemical analyses
2. combining chemical analyses of different rock
types weighted by their abundances
3. analyzing sediments derived from continents
4. combining composifions of acidic & mafic rocks
5. modeling (mathmatical)
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r 2 ¥ s 5 6 7 &
Sio, 59.12 59.07 59.19 60.06 59.4 593 573 |yp 684
TiO, 1.05 1.03 0.79 0.90 12 07 09 |8 04
ALO, 15.34 1522 15.82 15.52 156 15.0 159 | € 148
Fe,0, 3.08 3.10 341 355 23 24 g 13
FeO 3.80 3n 3.58 4.06 50 56 wuls 32
MnO 0.12 0.11 0.11 021 0.1 0.1 - % —
MgO 349 3.45 3.30 3.56 42 49 s3|= 17
Ca0 5.08 5.10 30 5.62 6.6 72 74|98 34
Na,0 384 37 205 328 3.1 25 3|8
K,0 313 3 393 288 23 21 Ll 36
P,0; 0.30 030 0.22 0.36 0.2 0.2 — e 0.1
Co, — 035 0.54 — — —_ - -
H,0 115 1.30 302 - - - — -

Average composition of continental crust in Wi%
1st Clarke & Washington: analysis of igneous from all continents
2nd Clarke & Washington: 95% ig + 4% shale + 0.75 Ss + 0.25% Ls
3rd Goldschmidt: based on 77 analyses of glacial clay
4t Daly: based on 1:1 mixture of average granite and basalt
5th Polderwart: average folded belts & continental shield regions

The composition of the confinental crust s
completely different from that of the solar nebula or
the stony meteorites

Elemental Abundances in Earth’s Crust
| __Elements | Whole crust | Continental crust

46% 45.5%
28% 26.8%
8% 8.4%
6% 7.06%
4% 3.2%
2.4% 5.3%
2.3% 0.9%
| Sodium (Na) |

2.3%
99.46

DIFFERENTIATION OF IGNEOUS & SEDIMENTARY ROCKS

e The composition of the igneous rocks is highly
variable due to geochemical differentiation that
takes place during their formation

o The differentiation starts from the fime of igneous
rocks formation by partial melting of upper mantle
or lower crustal rocks

e The composition of the melt depends on the
composifion of the source & extent of the melt
which is a function of P-T

¢ The composition of the magma may be modified
later on by: Assimilation of rocks (partially melting of
magma chamber), Mixing with other magmas,
Fractional crystallization, & Liquid immicibility

o Sedimentary rocks highly diversified like igneous by:
Weathering, Transport, Deposition, & Lithification

- Hrgh‘(ai l:ou;Ca Carbonate  Deep-sea

Element, Z  Ultramafic’  Basal®  granites® ~ granites®  Shale®  Sandstone®  rocks® clay®

i 05 16 ] 40 66 15 5 51 A partial

4Be 02 07 2 3 3 - - 26 a

5B 2 S99 0 om0 n W chemical

9F 100 K 8 M m 30 1300 composition

11 Na (%) 049 187 8 258 09 033 0.4 4

RMg(%) B2 4% 0% 06 150 00 4® 200 of some

13AI(%) 12 88 82 20 8 250 042 840 igneous &

1451 (%) 198 15 3140 3470 1.30¢ 36.80 240 pA] .

) B om0 % & w1 w10 sedimentary

168 20 w0 00 40 10 1200 1300 rocks (in ppm

17Q 4 55 130 20 180 10 150 21000

WK% on s 29 4w 2w on e | Whichequal

20Ca (%) 16 12 23 051 2 91 023 29 to mg/L)

U S 10 n 14 ] 13 | | 19

2T 300 11400 3400 1200 4600 1500 400 4600

nv 40 s 88 H 130 20 20 120



Hydrosphere

It is concentrated by
and falls to infiltrate evaporation
- or run off at surface

PRE ATION
w

Rainwater comes from the
ocean - about 30% of
continental precipitation

EVAPORATION
o

107 Precpiation

n [ wton >
o i
Rainwater that infiltrates will react | , oo Precpastion 198 Precpmacon
with the aquifer materials, R 3  Gicentolnd LIV T——
influencing the composition

Differentiation of the hydrosphere
Evaporation (by heat from the sun) > Condensation >
Precipitation

Volume 10¢km? Vol%
1370 97.25%

Reservoir

Ice sheet Wi 2.05%
glaciers

9.5 0.68%
ETE N 0.125 0.01%
0.065 0.005%
0.013 0.001%
0.0017 0.0001%
0.0006 0.00004%
BT 1408.7 100%

Inventory of water in the hydrosphere
When water come in contact with rocks different types of
chemical weatherin or water rock interactions

SUSCEPTIBILITY OF MINERALS TO WEATHERING

The susceptibility of minerals to weathering s

different (opposite to Bowen's reaction series), so

the elements in the rocks don't enter infto aqueous

medium in the same proportions as in rocks

The chemical elements become subjected to a

variety of processes when they enter hydrosphere:

1. Some selectively absorbed on charged surfaces
of clay minerals or oxides & hydroxides

2. Others enter the biosphere as nutrients &
associated with organism & biogenic carbon

3. Noble gases are released into the atmosphere

Stream Seawater % ‘\
Element  Classification® ~ water Seawater enrichment '\ MORT",
Li I IX10° 17X 67 25 10°
Be v 1x10°8 2x107 0.02 63 x 10"
B I 1x107 45 450 16X 10
F I 1x10° 13 1300 79 % 10°
Na I 63 L08x10° 174 20X 10°
“ Mg I § 4l 129x10° 315 5010
Al 1\ 3’; 5% 107 §X107* 0016 70
Si Il 5 6 28 043 79x10°
P m| .o 2x10?%  71x107? 36 40 x10*
S T & o 90X1F 24 50%10°
Pl I8 195%10° 2500 63 X 10°
K I 23 INXIP 17 13x10
A Ca I 15 WIXIP 205 13x10°
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Se I 6x107 13x10™ 2.2 0.3 X 1;
Br I 2%10 67Xx10" 3350 79%1

Rb I X100 12X107 120N T9XI0
St I 7%107 76 109 50 10°
Y 1 4x10° 7x10° 0.18 13X 10?
It v = 3%10°° - 16 X107
Nb v - <5x10° — <25 %10

Average composition of water in stream & ocean (ug/g)
| = conservative & constant concentration throughout the ocean
II= non-conservative, concentration changes vertically &
horizontally
Il = non-conservative but the concentration changes irregularly
IV = unclassified but probably nonconservative
MORT = Main Oceanic Residence Time [in years] (&S 5 )
heavy elements ) ks Si, P die eSiul b 43 | )5S ESG Y pualiall (o
1A bl g8 e i Al clay J) <l s absorption W &asy (such as U
QL S i
t = Ax/(dx/dt) = Zamount of element/Avg. annual input of that
element
Seawater Enrichment = [X]seowater/[X]Strecmwcter
el OY LW (o 38 55 (e ldamally 581 (055 (S, P) sealinll any 38 5 0f i sidall g
Ll 8 dall QLSH 8 (e A8 g Cannsy S8 0 38 55 o815l (815 Iamall (8 oy
Y A5 a8 1A dlle Ll 4kl oY (RAJLJI 45)'3) Gildaaally H,n,a!! OS5 ala

The chemical composition of the water affected by
rocks composition & geochemical environment
Geochemical environment determined by :climate,
fopography, & vegetation
Average enrichment factors
Alkali metals 416 (14.5-1,714)
Alkaline earths (excepts Be & [NISINVZAELYS)
Ba)
Halogens

1,790 (8-3,350)

Percentages of chemical elements in the earth

| Element [ Wi%
[Ironfe |

36.0%

28.7%
EITISE 14.8%

13.6%

Whole Earth

02.0% The iron is most common
01.7%  element in the earth, then
01.7% Oxygen, & then Silicon

[ Aluminum Al (11
00.5%
002%
00.1%
[Oxygen 0 [P43
G 27.7%
Aluminum Al _[(CCAL

05.0%

03.6%
 SodiumNa |

02.8%

| Potassium K ROV

02.1

Earth’s Crust



Chapter Four

Electronic Structure, Periodic Table, &
Chemical Bonding

ELECTRONIC STRUCTURE OF ATOMS

The diffraction (XRD) is based on the diffraction of x-

e The electrons are concenfrated at various specific rays by the crystal lattice, X-ray fluorescence is
distances from the nucleusin the form of orbitals that based on the characteristic x-rays by the elements
can be thought of as volumes of space in which the

. O (n =5)
electrons are most likely to occur £ .
s Schematic
-
1(s) Sub-shells < N(m=4) | energy level
N = .
2(s,p) e diagram of
= M(@=3) | atoms based
3(s,p,d) =2
3 111 on Bohr's
5 . L(n=2)
o
4(s,p,d,f) v model
—_— e g
ach successive Electron orbits
shell contains a new Rsoios
type of sub-shell e Schrodinger Model: -~
equation for both the :\7.\‘ S R
wave & particle properties  *y . \\

o
P
/
o
N
/7
/
o
X
o
~

of the electron, gives the

Shells (principal quantum number
L ) probabilty  of  finding

Electrons in specific orbital has a specific energy state, max

/
/
7/
/
/
/
//

[
P4
/
(4
N
/
[
a
~
/
n
-

2N,
/
/s
/
/
/.
/7
/
/
/e
/
/
A

number of shells around nucleusis 7 (K, L, M, N, O, P, & Q) & electron in a particular >
every one has maximum capacity of electrons (K=2,L=8...) orbital by using electron a5~ Nap . ad s 4
Sub-shells: (s). (s, p). (s, p. d). & (s, p. d. f) density & a wave function ;\\ e \\\ \\ .
s P equation _ 30N 3,<\ 84~
d e The Aufbau Principle = \\\ el
or a8 . . 25 N~ "2p™*
| | I | | | | | | | | | (building up principle): e N e
electrons are put info o0
f Sub-shells contains orbitals in order of increasing subshell energy
orbitals = amaximum of 2 electrons can occupy the same
An orbital can hold orbital & must spin in opposite directions
up to two electrons
o Q
. Orbitals & energy —_—Ad
et 4p
3d _—
> —_— 4s
n=3 g_’ 3p [ S p d f
] 33 @ — Boron(Z=5) Carbon(Z=6) Nitrogen(Z=7)
2p —
[F1 T Joo [FI0 T Joo [F 1 IT Joo
2s E n=2 P
P
n=1 1s = \
- s T3] = 2s

Electronic transition Characteristic X-ray
Lto K K-a (alpha)

M to K K-p (beta) H“ =1 —[t4] s 1s L

N to K K-y (gamma)
OtoK K-A (delta)
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1s22s22p? 1s22s22p2 1s22s22p3
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xamples: Z(C =6, Si =14, & Ge=32)
= C = 1522522p?
= Si=1522522p¢3s523p? = [Ne]3s23p2
= Ge =1522522p43523p44523d104p2=[ Ar]4523d 194 p?
THE PERIODIC TABLE

A — IVA VA |
1 [ A Groups or families ma | va | vnat
| Be B] C] N| O] F| Ne
2 3l IVB  VIB s fet7 _ls lo lio
a Si I| Ar
3 |28l B l VB IVIIB viis 18 uB [ S e o
4 | K|.Ca| Sc| Ti| V[ i M _Fe| Co| Ni| Cu| Zn| Ga| Ge| As| Se| Br| Kr
19 (20 [21 |22 |23 |24 |25 |26 |27 |28 |29 [30 [31 |32 |33 |34 [35 |36
S_Rb‘sf Y| Zr| Nb| Mo| Tc| Ru| Rh| Pd| Ag[ Cd| In [ Sn| Sb| Te| 1| Xe
37 (38 |39 |40 |41 |42 |43 |44 |45 (46 |47 |48 49 |50 |51 |52 |53 |54
6 | Cs| Ba| La| Hi| Ta| W| Re| Os_Ir| Pt| Au| Hg| T1| Pb At| Rn
55 |56 [57 [g2 [73 |74 |75 [76 |77 |78 [79 |80 |81 [82 |83 |84 [85 [86
7 Fr| Ra| Ac
87 |88 |89 |
g 58159 180 ]61 IBZ 163 l“ ]65 ]66 I87 lss 189 ]70 I711
=
2 90 ]91 lsz lss |94 Iss |9s |97 Isa Iss |1oo|1o1|1oz|1oal
metals
non-metals semi-conductors

(semi-metals; metalloids)

e  Period Horizontal arrangement have same physical
properties, Groups vertical arrangement have same
chemical properties & mostly same charge

e The element in the periodic table can be divided
into 2 group passed on physical properties: Matals &
Non-Metals

e Every groups in a periodic table have same

chemical properties & charge

These "shel”
< : : designations
= 1 correspond to
- 18 2 principle quan-
3 - tum nos. 1-7
)

radon 88 2
< :?"... 13 : \ The similar "com-
g ubedium 37 2 outermost (high-
m. 8 2 ost energy) orbi-
87 2 tals imparts simi-
berylum 4 2 lar chemical prop-
§ magnesium 12 2 orties lo these
caldum 2 2 groups of
§ strontium 8 2 elements
barium % 2
radium 88 2
g fuorine 9 2
chiorine 7 2 8
bromine 33 2 8
§ lodine 2 8 18 1
astatine 8 2 8 18 32 1

) 55l g Al Gailadd) sasy 3l
Ao sanally (8) LAY laall L3 iy Y (e a2al) (i gzl VIIA il de panall jualic i
138 5 AY) Jlaall b as 5 o5 S gl [A Y
DAYl b de sendl iy = g xSl s Ll LIS A Cile ganall UL
iy SN 23e (5 5l s OFDItAlS I e a8 LelS & i period J) W

Metals (bellow) & Non-Metals (above ) @ . G %P

Non metals properties increases from left to
right in the periodic table
Metals: tend to loss € to form cations

Non-Metals: tend to gain e to form anions .
?—0

Shaas N Hamdan

S block i 1 s-subshells « gl 1,2 Sle ganall
d-subshells & siu transition metals Ji
p-subshells & & seiv A 7-3 (e Cle sandl

1s - . . 1s
f-subshells & s Lantanite & Actanite J
Z's 2'p
v | A
3‘. aln
as 3d ap
1 1
5’! 4'4 S'p
1 1 "
6s . sd 6p
7s - 6d &
i ) ‘.1
1 [ Hlua A l VA lV|lAz”°
Li| Be B[ C| N| O] F| Ne
B 3 AM;I VB ViB 5 fe 17 sssaw'
a P Ar
3 |33 ly2]me VB lvnB VIIIB CRIEY S | s
4 | K] Ca| Sc Ti| V| Cr] M Fe|] Co] Ni| Cu] Zn| Ga| Ge| As| Se| Br| Kr
19 (20 [21 |22 (23 [24 |25 |26 |27 |28 |20 [30 |31 [32 {33 [34 [35 |36
5 I'Rb| Sr| Y| Zr] Nb| Mo| Tc| Ru| Rh| Pd| Ag| Cd| In| Sn| Sb| Te| 1| Xe
37 |38 [39 |40 |41 |42 [43 |44 |45 |46 |47 |48 |49 |50 |51 |52 |53 |54
6 |.C8 Ba| La| Hf| Ta] W| Re] O Ir| Pt| Au| Hg| TI| Pb| Bi| Po| At] Rn
55 |56 |57 |g2 |73 |74 |75 |76 |77 |78 [79 |80 |81 [82 [83 |84 |85 |86
7 Fr Ac
87 |88 |89
‘g 58 |59 Ieo [61 Isz |u Iu lcs |es In |u |so |7o |71
b
\
8 90 (91 |92 93 | 94 Ios ilﬂlga 39onmo1lr1oz 10;;J

highly volatile (atmophile) refractory

I moderately volatile siderophile

e High voldtile: always in gaseous state (H, C, N,
Nobel gases..)

e Moderately voldtile: It tends to be in the gaseous
state under moderately to high T (Na, K, Rb, Cs, O,
F....)

e Refractory: always in solid state (have high Boiling
point), alkali earthy elements, most transition
elements, Al, & Si...

e Siderophile: mostly aftached to sulfur & have
properties same as iron (Mn, Mo, Pd...)

¢ Radioactive elements: unstable isotopes (such as U)

ABUNDANCE abundant in cosmos but not in(on) Earth VIIIA
1A major elements in Earth (21 wt%) IVA VIA
minor elements in Earth (0.1 < conc £ 1%)
' 1 B WA [ ] trace elements (< 0.1%; some < 1 ppm) A l VA l V”AE
U| Be a S B[LG[TN[IO] F| Ne
2 3 g IvB VviB 5 6 |7 9 [10
Na l l A Sl P| S| cil A
3Rzl | vB | viB__viiB 1B 1B [SERIE " 16" |17 |16
4 K1 Cal Sc| Ti| V| Cr| My Fa| Co[sNIi| Cu| Zn| Ga| Ge| As| Se| Br| Kr
MO 20121 |22 |23 |24 (25 260127 |28<]29 [30 |31 [32 (33 |34 |35 |36
5 Rb| Sr| Y| Zr| Nbf Mo| Tc| Ruf Rh| Pd| Ag| Cd| In | Sn| Sb| Te| || Xe
37 38 |39 140 |41 1|42 |43 |44 45 |46 47 |48 49 |50 |51 |52 |53 |54

Anions have more ionic radii than cations because
they grains electrons

DA (o 8 ol 38 8o ey N S B Al b e sy F O
OsY) ans ol jd AV jlaall 8l g 3V

Qo S
i i lonic radii increase downward &
. P decreases rightward

58 6C N 80 9F 10Ne

1INa 12Mg 13 145 15p 165 17C)  18Ar

Q00000OQCOEOGOGOOOEGEEOC OO

19K 200z 21§c 2T By A4¢r 25Mn BFe 27Co 28N 29Cy 30zn 31Ga 32Ge VAs MSe I/pr  WKr

IRy 38§ Wy 40z 4INp 42Mo 43T MRy 45Rh 4Pg 4TAg 48Cd  49p  S0Sp S1Sp S2Te 3| Séxe

S5Cs B3 T4 73a TAW T5Re 780s 77 78pt 79ay B0Hg 1T B2pp 835 B84pp 85A 86Rp

Slla 58Ce 59Pr 6ONg 61Pm 625m 63Ey G4Gg 65Tp 66Dy 67Ho S8Er &9Tm 70y TiLy

00000000 0OGDOGDBODBBOLDLOO
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Geochemistry

ISOTOPES
e Isotopes: atoms of the same element (Z) with
different mass number (atomic mass A), have same
number of protons but different number of neutrons
e Atomic number Z: is a number of protons
e Mass number or atomic mass A: is a number of
protons + number of neutrons

mass  ___. 4

number H Element
- =" Symbol

atomic ___, 2 yymoo

number

e Isofopes can be subdivided intfo 2 groups:
1. Stable isotopes: Don't decay (14O, '*C..)
2. Unstable isotopes: Decayed with tfime to reach

equilibrium state such as (U 2 Pb)

e Most elements have = 2 stable isotopes

¢ Some have long-lived radioactive isotopes

e large group of short-lived radio isotopes does occurs
in nature

e Isotopes of elements are found in nature with
different abundances

Stable 251|281 [45i =51 [25i [si ]
) 100, 000 yr =
y 10 yr 4] |21 |21 [+A1 |41 81 =] {141 281
> 10 deve. It | Mg [ 2g |22 g Mg 11g | 1tg
;iﬁray 17Na [1eNa | Ma |=Na [2:Na N |%Na [+7Na|Na |=Na [*#Na
Y 1 min 15e [1ele | 17N | 1ele [190Ne 230l R 2N [240e | 77Ne | 2tle 20
v Y short 14F | 1SF | 16 20F | 21F | 22F | 23F | 29F | 25F | 28F | 27F | ==F
120 | 130 150 | 200 | 210 [ 220 | 230 | 240 | 250 | 260
172}
g 1o | 1N | 2N 16N | IIN | o | N | 2oN | 2N | 22N | 2N | 2N
‘:__?- oC [ 5C |eC MG 15C | 16C | 17C [ 18 | 150 | 26C [ 21C | 22C o
“6 7B BB 98 IZB lBB llB ISB IGB ITB ISB 19B
B [pe [1me] obe 2 ) = Isobar (nuclei
: p—— of equal mass
9] 8] 9 19] 13
L1 L1 |°Li |*eLi|"Li number)
5]~b (’l'k 7}<b Olrb 9}% m&
4] S 6]
B [ [ number of Neutrons

Chart of the Nuclides
e Hhalf-life: time required to decay 50% an isotopes
e Atomic weight: is a sum of a masses of its naturally
occurring isotopes weighted in their abundance
For example Si has 3 naturally occurring isotopes & the)

atomic weight is found by multiplying the masses of
isotopes by their abundance expressed as decimal
fraction & adding the result product:

Isotopes Abundance Mass (amu) A*m (amu)
92.23% 27.976927 25.80312
4.67% 28.976495 1.35320
3.10 29.973770 0.92918

Atomic weight (or atomic mass) = sum of A*m =

25.80312 + 1.35320 + 0.92918 = 28.0855 = 28amu ~ /

e In the periodic table atomic mass (Atomic weight)
calculating in this way for all elements
e lamu="2C/12

Shaas N Hamdan
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SOLUBILITY & NUMBER OF MOLES
e Mole (mol): a number of atoms or molecules (known
as Avogadro’s number = 6.022045 x 102atoms)
1. The gram-atomic weight of an element is equal
to its atomic weight in grams
2. The gram-molecular weight for a compound is
the molecular weight in grams
e Number of mol = mass/molar mass (n = m/Mw)
e Gram Formula Weight (GFW): weight of Tmol
e Solubility S =n/100mL = g/100mL

2H, + O, = 2H,0 )
2 mole + Imole =2moles
12.04x 10%H atoms+6.02x102Oatoms=6.02x1 OQSHZOoToms
2g + 1g # 2grams

(Example :

. J

@xample : Barite BaSQO,, & Solubility in cold water =)
2.22x10 * g/100mL (Ba =137.0, S =32.1, O=16.0)

1. Calculate GFW in gram (GFW = In*Mw)

2. Calculate solubility in mol/L (n=m/Mw)

3. Calculate # of barite ions in 1L solution (n*Av)
Solutions

1. GFW = (n*Mw)ea + (N*Mw)s + (n*Mw)o = (1*137) +

(1*32.1) + (4*16) = 233.1g/mol

2. §$=2.22x10 *mol/23.31L = 9.52x10-6 mol/L

3. BaSO, 2 Ba**+ SO,2 (Neaso, = N 50,7 = Nec**)
\ Npg= = 9.52x10-¢*6.02x10%°=5.73x10'8lons/L Y,
(Example How many moles of Na* are present in one liter )
of an aqueos solution of Na,SO, containing 4.760g of
the compound (Mw: Na=23.0, S= 32.1, O=16.0)

Solution
Na,SO,4 = 2Na* + 15O, 2 (NNa,so, = 2NNa* = Nso,™)
MwWna,so, = IMw = 142.1g/mol
NNa,so, = M/Mw = 4.760/142.1 = 0.0335mol

L NNa,50, = 2NNat = 2*0.0335mol = 0.0670mol )
CHEMICAL BONDS, IONIC RADII, &CRYSTALS

e The physical & chemical properties of the elements
vary with increasing Z according to the periodic law

¢ elements divided into 2 major groups according to
tendency to give or atiract electrons: on the left side
of periodic table are electron donors (metals) & on
the right are electron acceptors (non-metals)

e cation: +ve charged ions, formed by e-donor atoms

e anions: -ve charge, formed by e-acceptor atoms

¢ lonic bond: Formed by electrostatic force between
ions of opposite charge (Metals Cation, +ve + Non-
Metals Anion, -ve)
=  Most minerals are compounds of cations &

anions held together by ionic bond (e.g. Halite)

e Covalent bond: sharing of electron among element
* Formed due to difference in electronegativity x
=  Formed when 2 elements of similar metallic or

nonmetallic character interact

= electrons shared instead of transferred

e The elements share electrons unequally so covalent
bonds tend to have ionic character




e The fransfer of e- on opposite sides of the periodic
table is never 100%, so ionic bond have a covalent
character (amount is a function of the difference in
the tendency of the atoms to attracts electrons)

e Truly covalent bonds occur when atoms of same
element combine to form molecule (e.g. Hz, O3, N,)

e Parameters to quantify or predict type of bonding
1. First ionization potential energy: remove one

electron from a neutral atom in a vacuum & fo

place af rest an infinite distance away
Periods and Orbitals

[ l T
: : ' ZP SJ ’p = l = £ l A 5d Percentage of ionic characier of single bonds with O
] = | Ax | lonic character % lonic character %
o e T E (0.1 I 51.0%
: A € e B z ] [ 0.2 | 01.0% | 1.8 | 55.0%
Eod i & A - .u 28 [ 0.3 | 02.0% K 59.0%
3 v & el dE f;":ig as [ 0.4 | 04.0% | 20 | 63.0%
s/t~ AL e = [ 0.5 | 06.0% | 21 | 67.0%
.g s : ,/ © i Vi \ Tranﬁiiaﬁ;l-e-n{e:n.ts\"s'/“‘ \ m 09.0% m 70.0%
S0 iBe c\o t P"‘{ P Zn "/‘-Z'e\" [next 12.0% | 23 | 74.0%
E TAYy '“-“:,s- VL Meeen\ LA [ 0.8 | 15.0% 24 | 76.0%
T I va T 0.9 | 907  EEE 79.0%
First ionization potential m 22.0% m 82.0%
Metals has higher First lonization Energy than Non-Metals E 26.0% 84.0%
So metals loss their electrons faster than Non-Metals m ggg? m 238?
. (e] . (e}
2. Elecfronegativity: measure of the ability of an [ 1.4 | 39.0% | 30 | 89.0%
atom in a molecule to attract electrons to itself [ 1.5 | 43.0% | 31 91.0%
/i - [ 1.6 | 47.0% | 32 | 92.0%
B B i a Electronegativity (Examples )
-.3 L/ :' 2> Hp = xH - xH =2.1-2.1 =0 - 100%covalent
¥ 4% A /1 InS =xS - xIn =2.5-1.6=0.9 > 19%ionic
g |l l * | \_/ !
VAR ya e skl R CCl, = xCl-XC =3.0-2.5=0.5 > ¢%ionic
2 14 i ! = -yH = - = %
} Umetals : Na :/K' T4 H,O=xO-xH=35-21=14> 397|9n|§
8 iHe 1 Ar 1Kr CaF=xF-xCa=4.0-1.0=23.0 2> 8?%ionic
Atomic Number (2) KCl=xCl-xK=3.0-2.2=0.8 > 15%ionic

Vs

J
Importance of bonding: All physical & chemical

properties depend on the character of the bonds

= Chemical properties: lonic bond have high
agueous solubility (solubility of a compound
increases with increasing ionic character)

= Physical properties:
I.  Isotropic: lonic bond tend to be isofropic, &

Electronegativity (x or 6-)
Non-Metals have higher electronegativity then metals
(have more affinity to gains electrons)
3. Standard electrode potential: voltage
generated when mole of electrons is removed
from mole of element “in the standard state”

100 c ,/\_r____.cu_Ajr'gh'y covalent covalent bond tend to be anisofropic
f 80_' / T — Il. Resistance to weathering: minerals with ionic
§ / / Covileos Bond bond are less resistance (such as Ol)
g so{s, 4 Character Example: calcite dissolved in water as (CaCO; — Ca?*+
§ 40 / / /\/‘“’\_/ COs™) & doesn't give rise as (CaCO; — Ca*+ C*+
g f / // 30% ) because C-O are covalent (less aqueous
Qg £ __ Alkali metals solubility) while the Ca-CO; are ionic (high solubility)
— - e Solubility of ionic bonding crystals in water are
Highfy gat 2 ® 1'5Atomf:(:,Num§)'5er i i’ related to polarity of water molecules (unequal
sharing of electrons due to Ax between O & H)
Covalent character for oxides (FO, CIO..) = O atftract e- of H & this unequal sharing results in
Variation of covalent bond character of single bonds with polarity (-ve charge on O & +ve on H) so water
oxygen based on electronegativity differences aftracted to charges on surface of ionic crystal
For example: Lithium oxide has 20%Covalent + 80%ionic & have no effect on the covalent crystals
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Geochemistry

= The ions that form by dissociation attract water
to themselves & become hydrated

= The number of water molecules attached to an
ion depend on ifs size & charge

Examples
Be?*(r=0.35A°) + 4H,0 > Be(H,0),**(hydrated)
APR*(r=0.51A°) + 6H,0 > Al(H,0)¢** (hydrated)

e the water is able to dissolved compounds having
ionic bonding & not effective in covalent bond
IONIC CRYSTALS & COORDINATION NUMBER
e All minerals are crystalline substance which means
all have regular crystal structure

e When ions come together to form crystals, they
satfisfy the electrostatic requirement dictated the
electrostatic bond (F) that is given by coulomb law

elxe?2

T'2
e Coordination number: is the number of anions that
surrounded cation
= Coordination number controled by the size of
cation & anion (radius ratio of cation/anion)

Coordination and coordination
numbers

anion

The size of the anions
determines the size of

the cation that can

occupy the site created by
the anions!

Radius ratio (RR) (&) Arrangement
<0.155 2 Linear
0.155-0.225 3 Trigonal planar
0.225-0.414 4 Tetrahedral
0.414-0.732 4 Square planar
0.414-0.732 6 Octahedral
0.732-1.000 8 Body-Centered Cubic
> 1.000 12 Edge-Centered Cubic

oo E
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e Isoelectronic series: different ions with same number
of electrons (sequence of ions in which the charge
increases with increasing atomic number &
contains the same number of electrons)

20 4
4

lonic Radius, A

05

o

Atomic Number
e Some ions can have ionic radii same as other ions &
this most important requirement substitution

Examples
IR of Na*, Ca?*, Cd?*+, Y3*+, Ti**, Th**= 1A° (CN = §)
IR of Hf*" & Zr** = 0.80A° (6-fold coordination)
IR of Fe®*, Co**+, & Ni** = 0.65A° (CN = §)

e The ionic radii of isoelectronic series decrease with

increasing atomic number for cation & anion
e The radii of ions with the same charge increase with
increasing Z (downward in the periodic table)
The radii of ions of the same element decrease with
+ve charge & increase with -ve charge
The radii of ions with the charge +2 & +3 among the
fransition metals of 4 period decrease with
increasing Z, by implying a confraction of the
electron cloud as the 3d orbitals are filled

IONIC SUBSTITUTIONS IN A CRYSTALS

e Goldschmidt Rules of substitution:

1. lonic radii: substitution can be occur if radii of an
jions differ by <+15%

2. Charge: substitution can be occur if radii of an
ions are the same or differ by < 1% with
provided electrical neutrality, & if the difference
> *1 substitution is less intense

3. lonic potential (IP = charge/size): When two ions
occupy the same structural site, the one with
higher IP form stronger bond with anions

4. Electronigativity (x): limited substitution, the ions
should be more or less equal in x (different x form
bonds of different ionic character)

The 4th rule was formulated to explain discrepancies
arose from the other three rules

Example: Na* & Cu* are monovalent & identical in size
so according to the 1st & 2nd rules they should be
substitute extensively in NaAlSi;Og & NaCl, but this
substitution does not take place due to Ax (Ax = 1.0)




Geochemistry
-

(Example: Can Th** substitute for Ce®** in monazite
(CePO,)? (Hint. It's a COUPLED SUBSTITUTIONS)
Ist: IR = 1.17A, IRces = 1.23A, AIR = 5.0%

2nd: Acharge between Th** & Ce®* = 1
3rd: IPine = 3.42, IRce» = 2.44, |P1ne> IRce
4th: xme = 1.3, Xce> = 1.1, IPm> [Rce>

Yes, they can be substitute, But we must have a
coupled substitution fo maintain neutrality:
Th** + Si** > Ce** + P5*

CePO, - ThSiO, )
COMPATIBLE Vs. INCOMPATIBLE TRACE ELEMENTS
e Incompatible elements: tend to stay in liquid (in
melf), large & highly charged to fit info common
rock-forming minerals during crystallization, These
elements become concentrated in melts

= are highly concenfrated in felsic rocks (e.g
granite) which form by end phase of magma

= |Incompatible elements divided info 2 groups:

1. Large-ion lithophile elements (LIL): owing to
large size (Rb, Cs, Sr, Ba, K...)

2. High-field strength element (HFSE): owing to high
charge (Zr, Hf, Ta, Nb, Th, U, Mo, W...)

e Compadatible elements: Elements that fit easily info
rock-forming minerals (Cr, V, Ni, Co, Ti...)

e The different ways in which the ions partitioned
between solid & liquid phases are described by:

1) Camouflage: when the minor element has the
same charge & ionic radius as major element

Example: Hf** (0.79A) commonly found in the mineral
zircon ZrSiO, replacing Zr** (0.80 A)

2) Capture: when a minor element enters a crystal
preferentially because it has a higher ionic
potential than ion of the major element

Example: feldspar captures Ba?* (1.44A) or Sr#*(1.21A) by
K* (1.46A), the replacement of K accompanied by
substitution of Al for Si

3) Admission: the entry of ion that has a lower IP
than the major it is replacing because it has
lower charge or a larger radius, or both

Example: K*(1.46A) replaced by Rb*(1.57A) in K-
feldspar, Ca?*(1.08A) by Sr2*(1.21A) in calcite &
CI(1.72A) by Br (1.88A) in chlorides

e Distribution coefficient (D = Cx/Cl): concentration of

minor element in a crystals / concentration of in a

melt at equilibrium (where T is suitable)

Substitution Occur when D

Charge & size are equal =1

IP of minor < IP of major >
WCTESE 1P of minor > IP of major <1

e Geothermometer: Distribution coefficient is useful in
known the environment of crystallization (T-P)
» D is determined experimentally
» D are dependent on T, P, & composition of the
phases, so used to estimate temperature of
formation of coexisting minerals
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The ratio of the distribution coefficients for element y is:

X
D 4 ‘C-" )4
—t < = K = constant.
Dp lc_“ L
xample:

Replacement of Zn2+ (0.68 Angstrom, IV coordination) in ZnS and Pb2+ (1.26
angstrom, six fold coordination) in PbS by Cd2+ (0.88 Ansgtrom, IV
coordination). The electronegativities of the three elements are very similar
and all form bonds with sulphur up to 85% covalent.

Y =mx + b : the slope (m) = 2080 - 0.0264 P and the intercept on the y-axisis b
=.1.08.

GEOCHEMICAL AFFINITY
Geochemical dffinity: geochemical classification of
elements, & also called Goldschmidt classification
defined by examining ore smelting slag &meteorite

e elements are divided Gasphase 222 Atmophile
according fo how fthey
. +— Lithophil
partition between GIEER
coexisting silicate liquid, suidetiaud | +— Ghalcophile
sulfide  liquid, metallic Vo i

) +<— Siderophile

liquid, & gas phase :
Geochemical Affinity Classifications

| Atmophile  [N€leR H. He, N, Noble gases

Lithophile Silicate IA, IIA, Halogens, Lanthanides, B, O,
liquid Al, Si, Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Hf,
Ta, Th, U
Sulfide liquid
in mantle
in core

Cu, In, Ga, Ag, Cd, In, Hg, T, As, S,
liquid
1A nA
LH

Re, Au, C, P, Ge, Sn
Siderophile
Artificial

vie

WA IVA VA VIA VIA VIIIA

Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt, Mo,
Lithophile

Sb, Se, Pb, Bi, Te
Atmophile
Chalcophile
B IVB VB VIB VIB

N o o A W N =

Lanthanides

Actinides

Classification of silicate minerals

[__Class___|_Anion | Si:0 ]

Neso Siot 1:4

Fayalite Fe,SiO,

Soro Si, 054 2:7 Akermanite Ca,MgSi,O;
Cyclo SiOz2 1:3 Benitoite BaTiSi;O,

Ino single SiOz% 1.3 Enstatite MgSiO;

Ino double Siy011¢ 4:11 AnthophylliteMg;SizO,,(OH),
Phyllo Si,0s2 25 Kaolonite Al,Si,O5(OH),
Tekto Sio; 1:2 SiO,



Table 7.1 First Ionization Potentials and Electronegativities of the Elements

 Flrst _ First 2 Element Electronic structure Valences
ionization ionization
. potential,® o potential,” 50 Tin Kr]4d"'5s*5p? +4,42
Z Element eV Electronegativity Z  Element eV Electronegativity 51 Antimony Kr] 4 deszSp’ +5,+43,-3
1 H 13598 21 48 cd 8.993 17 52 Tellurium Kr|4d"ss*s5p* +6,+4,-2
2 He 24.587 49 In 5.786 17 53 lodine Kr]4d‘°5$25p’ +7,+5,+1,-1
i B o s S s se 15 54 Xenon Krlad °5s'sp* 0
2 | Y 1 : ] e
5 B 8298 20 2 T 9.009 21 55 Cesium Xe]6s
6 c 11.260 25 53 1 10.451 25 56 Barium Xel6s® +2
7 N 14.534 30 54 Xe 12.130 57 Lanthanum Xe]5d'6s* +3
8 [¢] 13.618 35 55 Cs 3.894 0.7 58% Cerium Xe]4f25d°6r2 +3,+4
9 F 17.422 40 56 Ba 5212 09 ; A 1
10 Ne 21.564 57 La 5.577 11 59 Praseodymium Xeldf ‘Sd 06‘2 +3,+4
1 Na 5.139 09 8 Ce 5.47 11 60 Neodymium Xe]af*sd 6s® +3
12 Mg 7.646 12 59 Pr 5.42 11 61 Promethium Xel4f35d°6s +3
13 Al 5.986 15 60 Nd 5.49 12 62 Samarium Xeldf*5d°%s* +3,+2
14 si 8151 18 61 Pm 5.55 . 76 10,
63 Europium Xeldf'5d°6s> +3,+2
15 P Y : 3 : o
5 1096 o & = 14 = 64r Gadolinium Xe]df5d'6s? +3
17 al 12.967 30 64 Gd 6.14 11 65 Terbium Xelaf?5d 6s +3,+4
}g Qr 1:.;39 65 Tb sAgs 12 66 Dysprosium Xe]4f1°5d %6s* +3
.341 08 66 Dy 5.93 i 115,70 +3
2  Ca 6113 10 6  Ho 6.02 12 g; g";m“m §°]:f D§Z°$ Pl
21 s 6.54 13 68  Er 6.10 12 rbium eldf ao
2 T 6.82 L5 6  Tm 6.18 12 69 Thullium Xeldf*sd 65> +3,42
23 v 674 16 70 Yb 6.254 11 70 Ytterbium Xeldf'45d %6s> +3,+2
g l~C’xr 6.766 1.6 n Lu 5.426 12 7n Lutetium Xe]4f“5 41652 +3
s = B = zoE 3 B § peiw X -
27 Co 7.86 18 %W 7.98 17 73 Tantalum Xelaf *sd’6s” +5
28 Ni 7.635 18 75 Re 7.88 19 74 Tungsten Xeldf*5d%6s* +6, +5, +4,+3,+2
29 Cu 7.726 1.9 76 Os 8.7 22 75 Rhenium Xc]4f“5d56r2 +7,+6, +4,+2, -1
s o i " a I o o 76 Osmium Xeldf'“sd%6s? +8,+6,+4,+3, +2
2 Ge 7.899 18 79 A 9.225 24 77 Iridium Xelaf'*sd’6s® +6, +4, 43, +2
33 As 9.81 20 80 Hg 10.437 19 78* Platinum Xe]af45d%s" +4,+2
¥ o o= % L onow u om0 ow e
r i 4 2 . R 145 710, +2,+1
6 Kr 13.999 8  Bi 7289 19 o Mereury Xelaf ,.de&f ; 2y
37 Rb 4a1m 08 84  Ro 8.42 20 81 Thallium Xelaf“5d'%s'6p }
38 Sr 5.695 1.0 85 At 22 82 Lead Xeldf *5d"%s*6p* +4,+2
39 ¥ 6.38 13 86 Rn 10.748 83 Bismuth Xel4f 5d"%6s%6p* +5,+3
:‘1’ f{«fb gg ;2 :; :;, _— g~; 84 Polonium Xeldf'*5d"6s%6p* +4,+2
R o a B . E 14¢ 710, -
2 Mo 7.099 18 8  Ac 69 11 3455 ::?::e §:§:§,‘§Z,D§gzz 37’ h
43 Te 7.28 19 9% Th 13
44 Ru 737 22 91 Pa 15 87 Francium Rn]7s' +1
:z 1:: 7.46 22 2 U 17 88 Radium Rn]7s? +2
8.34 22 93 Np 13 89 Actinitin Rn)6d'7s? +3
4 Ag 7.576 Lo % Pu 58 13 % Thorium Ra]57%6475? $3
. 91* Protactinium Rn|5f%6d'7s* +5,+4
Table 5.2 Electronic Structure and Valences of the Elements 02 oaiin Rn]5f%6d17s? +6, 45, +4, +3
2 Element Electronic structure Valences 93 Neptunium Rn]5f*6d'7s* +6,+5, +4,+3
1 Hydrogen 1s! +1,-1 94 Plutonium Rn]Sf‘6d°752 +6, +5, +4, +3
2 Heum: 15 0 95 Americium Rn|5f764°7s +6, +5, +4,+3
3 Lithium 15%2s* +1 96 Curium Rn|5f76d'7s* +3
4 Beryllium 157257 +2 - — - =
5 Boron 15252p} +3 guration of starred is irregular.
6 Carbon 1s%25s2p* +4,+2,—4
7 Nitrogen 1s%2s2p* +5,+4,+3,+2,-3 indi Noble gases
: i 12y 6,22 The periodic table of the elements . 508%
Fluorine 1s°25%2p° +ly=
10 Neon 1525%2p5 0 Alkah metals . group
1 Sodium Ne]3s! +1 Atomic number Non-metals
12 Magnesium Ne]3s? +2 Alkaline Chemical symbol ~ Metalloids
13 Aluminum Ne]3s?3p’ +3 : 4 earths N~ :
14 Silicon Ne]3s23p? +4,-1 Be Atomic weight B
15 Phosphorus Nel3s?3p* +5, +4,+3,-3
16 Sulfur Ne|3s%3p* +6, +4,+2,—2 9.01 Non-metallic 108
17 Chlorine Ne]3s%3p° +7,+5,+3,+1,—1 - VST - |
18 Argon Ne|3s?3p® 0 2 Metallic 13 | 14
19 Potassium Arlds’ +1 Mg Si
20 Calcium Arlas® +2 9 Post-transition
21 Scandium Ar]3d'4s? +3 ‘243 Transition metals metals [270/] 281
22 Titanium Ar|3d%4s” +4,+3
23 Vanadium Ar|3d’4s? +5, +4, +3,+2 20 B
24 Chromium Ar3d*4s’ +6,+3,+2 =
25 Manganese Ar|3d%4s* +7,+6, +4,+3, +2 Ca Ge | As
26 Iron Ar]3d%4s +3,+2 ‘
27 Cobalt Ar]3d’as? +3,+2 ' g 725 13
28 Nickel Ar|3d%s* +3,+2 38 49 50 5|5
29% Copper Ar]3d'%s' +2,+1
30 Zinc Ar]3d'%s? +2 Sr In Sn Sb| Te
31 Gallium Ar|3d"%4s*4p* +3, +1 ;
3 Gesinaaiii Ar[3d45%4p? 4,42 816 1148 1188 1218|1276
33 Arsenic Ar]3d'%4s*4p® +5,+3,-3 e
34 Selenium Ar]3d'%4s%4p* +6,+4, —2 % 82 B #“l8s
35 Bromine Ar]3d"%4s?4p’ +7,+5,+1,-1 ‘Ba 'l‘l Pb Bi Po| At
36 Krypton Ar|3d"4s%4p® 0 L
37 Rubidium Kr]5s' +1 1373 2044 2072 209.0 (209)] (210)
38 Stronti Kr]5s* +2
39 Yitium K,}st,z +3 8 mone s ome | w
40 Zirconium Krl4d*ss* +4 :
41 Niobium Krldd’ss* +5,+3 m Nh FI Mc Lv|Ts
a2+ Molybdenum Kr]4dss' +6,+5,+4,+3,+2 (226) (286) (289) (289) (293)](293)
43 Technetium Krldd®ss® +7 ' ‘
44 Ruthenium Krl4d®ss? +8,+6,+4,+3,+2 | anthanides and actinides
45 Rhodium Krj4d'5s* +4,+3, +2 ,
46 Palladium Krl4d®ss +4,+2 57 5 59 60 61 62 63 64 65 66 67 68 69 0 7
47* Sil Kr]4d'°ss" +1 ; ‘ ; ‘
pi i A e La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
49 Indium Kr}4d'%5s*5p* +3,+1
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PROBLEMS

What do the elements of each of the following groups have in
common (use the periodic table)
B, Al, Ga, & In
[B]s = [He],2s*2p’ [All13 = [Ne]1,3s*3p’
[Galss = [Ar]1g 3d'04s%4p! [In]ss = [Kr]363d1055%5p"
All with s?p' valence electronic configurations
+3 is the most common valence state
Be, Mg. Ca, Sr, Ba, & Ra
[Be], = [He],2s* [Mg], = [Ne]y3s?
[Calzo = [Arlyg4s®  [St]as = [Kr]3655®
[Balse = [Xels4bs*  [Ralgs = [Rn]se7s?
All with s? valence electronic configurations
+2 is the most common valence state
N, P, As, Sb, & Bi
[N]; = [He],2s*2p®  [Pl;5 = [Ne]103s?3p° [As]s3 = [Ar];g3d1%4s%4p°
[Sb]ss = [Kr]s¢4d05s25p* [Bilsz = [Xels44f'*5d106s%6 p°
All with s?p® valence electronic configurations
13,845 is the most common valence state
K*,Ca?*,Sc?*,Ti** V5%, & Cré*  All are same as noble gasses

write the electron formula for atom having 14e- & predict its highest
+ve valence
1522522p¢3s23p2 = [Ne];03s23p2 = [Si],4, +4 valence

By Table 5.2, Determine how many sequences end with a valence 0
First 6 sequence (period), which end in Noble gases [He, Ne, Ar, Kr,
Xe, & Rn]

Elements having similar chemical properties tend to be associated in
nature. For the following pairs of elements indicate whether or not you
expect them to be associated with each other. (& for it's common
ions) (K-Rb) (Al-Ge) (Sc-Cu) (S-Se) (Li-Mg)
[K]1o = [Ar];4s', valence = +1 [Rb]s; = [Kr]365s’, valence = +1
Same configurations & valence so can associate
K* = [Ar]is (0 valence) Rb* = [Kr]3¢ (0 valence)
As ions can be associate (same electron configurations & valence)

Calculate the atomic weight of magnesium

Isotopes Relative Abundance Mass
#,Mg 78.99% 23.985042amu
25,,Mg 10.00% 24.985837amu
26,,Mg 11.01% 25.982593amu

Atomic Wight = I(A*m) = (0.7899 x 23.985042) + (0.1 x 24.985837) +
(0.1101 x 25.982593) = 24.30505 = 24.31amu

Calculate the formula weight of orthoclase (KAISi;Og)
Mw (K=39.1,Al=27,5i=28.1,0=14)
39.1 + 27+ (3x28.1)+(8x16) = 278.4g/mol

How many moles of Na* are present in 1L of an aqueous solution of
Na,SO, containing 4.760g of the compound?
Mw (Na=23.0, $=32.1,0=16.0)
MWno,s0, = 2x23 + 32.1 + 4x16 = 142.1g/mol
Na,SO, 2 2Na* + $O,Z > TmoINa,SO, = 2molNa*
2NNa,50, = NNa* = NNg;s0, = M/Mw = 0.0335mol

NNa = 2NNg,s0, = /20.0335mol = 0.0670mol

Calculate wt of Tatom 238U in g (mass of isotope = 238.050784amu)
Av = 6.022045x102 atoms/mol
Weight = mass/Av
238.050784(g/mol)/6.022045x1023(atoms/mol)
= 3.953x10-22g/atom

How many atoms of iron are present in 5.00g of (Fe,03)?2
Mw (Fe = 55.8, O = 16.0) > Mwse,0, =2x55.8 + 3x16.0 = 159.6g/mol
Fe,0; > 2Fe* + 302> 1molFe,0; 2 2molFe*
Nfex = 2Nfe,0,= 2X5.00mol/159.6= 0.0627mol
Atoms = nfe~ X Av = 3.773x10%2

Calculate concentration of Crin chromite FeCr,O,
Mw (Fe = 55.8, Cr=52.0, 0 = 16.0)
MWeecr,0, = 55.8 + 2x52.0 + 4x16.0 = 223.8
FeCr,O, = Fe?* + 2Cr* + 402
1molfecr,0, = 2mMolce so [Cr] = 2xMwcer/MWeecr,0,
[Cr] = wi% = (2x52.0/223.8)100%= 46.5%
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If the conc. of SO, = 2.5 x 10 mol/L, how many grams of SO,> are
present in one liter2
Mw (S =32.1, O = 16.0), Mwso,.. = 96.1g/mol
Nsolvte = Molarity X Vsoition = 2.5 x 10-* mol
m=nx Mw = 2.5x10-% x 96.1 = 0.420g
[SO4%] =m/L=0.420g/1L = 0.420gs0,>./L

A solution of A1,(SO,); contains 2x10 *mol/L of AP*, How many grams
of SO,* does it contain per litere

Mw (Al =27.0,S =32.1, 0 =16.0)

Mw (A1,(SO,); = 342.3, SO, = 96.1)

A1,(50,); > 2AF* + 350,*
Y2nap+ = Y3Nso,2- 2 ZANso,:- = Nap+
nso.- = 3x2x10 */2 = 3.0x10-“mol/L
mso, = 3.0x10 *x96.1 = 0.0288g/L

Determine %ionic & %covalent character of: NaCl, FeCl,, CuCl,
AlC15, & CCl, (x: CI=3.0,Na=0.9, Fe=1.8,Cu=1.9, Al=1.5,C=2.5)
Ax 0.5 ] 1.1 1.2 1.5 2.1
lonic% | 6% | 26% | 30% | 43% | 67%
NaCl = xCl - xNa=3.0-0.9 =2.1 2 é7%ionic
FeCl, = xCl - xFe = 3.0 - 1.8 = 1.2 > 30%ionic
CuCl=xCl - xCu=3.0-1.9=1.1 > 2é%ionic
AICI; = xCl - xAl =3.0 - 1.5 = 1.5 2> 43%ionic
CCls =xCl - xC=3.0-2.5=0.5> 6%ionic
Covalent character = 100% - ionic character

Write an equation to represent the dissociation of (NH,),SO, into ions
in an aqueous solution
(NH,)zSO, > NHz(g) + 2H*(aq) + SO4* (aq)
The bond NH,~SO, are ionic bond (more solube) whereas S$-O are
covalent(less solube)

Calculate CN for Ca?* & Sr** relative to O 2, & use the result to predict
substitution of Ca?* by Sr2* (Ca = 1.18A, Sr=1.21A, O = 1.32A)

Radius ratio (RR) CN Arrangement
<0.155 2 Linear
0.155-0.225 3 Trigonal planar
0.225-0.414 4 Tetrahedral
0.414-0.732 4 Square planar
0.414-0.732 6 Octahedral
0.732-1.000 8 Body-Centered Cubic
> 1.000 12 Edge-Centered Cubic

RRco.o = 1.18A/1.32A =0.894 > CN =8
RRs.o = 1.21A/1.32A =0.917 > CN =8
Substitution can occur

Hg* can replace Sr** in (SrCO3)?2
1st: IRug = 1.05A, IRy =1.21A[Avg],AIR=13%
2nd: Acharge =1
3rd: IPug = 0.952, IRs; = 1.85, IPug < IPsy X
Sr making stronger bond with CO;
4th: Xug = 1.9, xss =1, Ax=0.9 X

There are differences in binding character due to highly differences

in X = cannot occur

Li* & Mg?* have similar radii & x, but Li+ does not replace Mg?* in olivine.
Explain the reason for this occurrence & suggest another host mineral
for Li* in which it does replace Mg?*
e Li is incompatible elements (Large-ion lithophile elements LIL)
tend to stay in liquid magma
e The ionic potential of Mg is very larger than of Li (2 times smaller)
so Mg make stronger chemical bond with silica (IP = charge /
radii)
IPi=1/Ru IPmg=2/Rumg
Ri=Rmgs IPi=1/X, IPmg =2/X
IPLi/IPmg= "2 = 2IPLi= IPmg
e Mg*can be substitute easly by Fe** becouse the charge are
equal, & radii also nearly equal so the ionic potentials (IP = charge
/ radii) are the same




Chapter.Five
Aqueous Geochemisiry

¢ There are 2 type of chemical reactions:
= Kinetic reactions: Continuous raction
= Equilibrium reactions: Dynamic or reversable
reaction (forward & backward)
/Example: Chemical reactions & equilibria N\
As salt  (halite NaCl) dissolved in  water, The
concentration of Na* increase rapidly & then reaches
equilibrium, solution becomes saturated with Na*
NaCl(s) —» Na*+ CI forward reaction
Na* + ClI — NaCl(s) backward reaction
NaCl(s) < Na*+ CI equilibrium (saturation)
Kinetics Equilibriem

'
- i [
o ' |
z | I
— i I
: |
| g !
V. |
: 1 "
t b -
s Time ’
The reaction doesn't stop at equilibrium, but rate of
\_ forward reaction become = backward J

e Solubility: is the amount of a compound that
dissolves to form a saturated solution
mass of solute in gram[m]

volume of solution in L[V

(Example: CaCO;+2HCI — Ca2*+2CI +H,0+CO, )
When this reaction takes place in contact with the
atmosphere it will not achieve equilibrium, becouse
CO, constantly goes into the atmosphere
o) 4ia g Adlal o A5l (sl pUai b 06 O g 0 e Jelil) By s
el #1355 Ga O YL IMAD (g% (darall 5 550 yall) Al 5ill Al a5
& s IS ¢S sl B A ) Aty JBa) gy e liiall 5l o) il olaily
OBV Allal Juai Y a8 fas Adad) e i) a5 o) 33 Jacay Sl (s sall CadlRl)
Example as previous example The same also applies
when it happens below the water table (aquafare),
because the slowness of a reaction taking place in
nature often prevents this reaction from achieving

Solubility =

\_equilibrium state J
e The Law of Mass Action Assumptions:
= At Equiliorium The Concentrations of Products &
Reactants are Constant
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= Rates of Forward Reaction (Vf) = Backward (Vb)
aA +bB > cC+dD
Vf = K1[A]?[B]® & Vb = K2[D]¢[C]¢
At equilibrium : Vf = Vb
_k1_©'wmt . k1 _ [cl°[D]¢
k2 @yBY k2 [A]9[B]b
T-dependent, (X) = concentrations, [X] = Activity
[X1=y(X). (vy<1)
e The units of concentrations
n[of solute in mole]
m[of solvent in Kg|
nlof solute in mol]
V[solution in L]
nlof solute]
m[of solution kg]
nof wieght of solute
VinL of solution
Volume increase with increasing T so as T increase M, &
N decreases. m & F are more accurate
_ —b+ (b* - 4ac)”
B 2a
e Conventions of The law of Mass Action:
= Activities expressed in moles (M, F, or m)
= Activities of pure solid 5) & liquid () = 1
= Concenfration of gas are in atm partial pressure
= Reactions assumed to take place at STP (25°C, 1atm)

DISSOCIATION OF WEAK ACIDS & BASES
Most acid in nature is a weak acid
e Weak acid: doesn't completely dissociate

releases H* when  Donates proton H* to
dissolved in water  another substance

release OH  when accepts proton H* from
dissolved in water  other substanc

Not satisfactory Accepted definition

In Geochemistry we adopt Arrhenius since we deal

with aqueous solutions of electrolytes

Strong acids release all of their H, while the weak

release part of their H. The same applies to bases,

expect bases that are not soluble in water like

Mg(OH), Strong acidsStrong bases

HCI, HNO3, H,SO,...

CH3;COOH, H,CO3,H;PO,, HaSiO,

Metal & alkaline earthy Hydroxide

Lanthanum hydroxide

Molality (m) =

Molarity (M) =

Formality (F) =

Normality (N) =

Strong base



) NH,OH, Ni(OH),, Cu(OH),
hydroxides of REE (La ... Lu)

e Amphoteric: can behave like acid or base depend
on H* concentratfion in the water (Mostly transition
elements Be, Al, Si, Ti, V, Fe, Co, Zn, Ag, Au, Sn, Pb, U)

/Example When 0.1molCH;COOH dissolved in 1LH,O\

(y=1) calculate concentrations of all reactants &

product at equilibrium & calculate the degree of

dissociation D% (K = 1.76x10-4)

CH;COOH VEN CH3COO H*
n Tmol o Tmol Tmol
| 0.1m — 0 0
A -X “ +X +X
F 0.1-X “ +X +X

K = [H*][CH3COO ]/[CH;COOH]= 1.76x10-
K = X2/(0.1-X) = 1.76x105
> X2 + 1.76x10-5X - 1.76x10 = 0
X = (- 1.76x10°5 + 2.65x10 %) /2 = #1.32 x10™®
[H*] = [CH3COO ] = X = 1.32 x10 °m
[CH;COOH] = 0.1 - X = 0.0987m = 0.1m

X
i i oy ——
Degree of dissocation (D%) [reactant]i
- D% = (1.32 x10 3/0.1) x 100% = 1.32% %

e The dissociation of water into ions:
H,O «» H*+ OH ; Kw at STP = 1.0x10 '*
Kw at STP = [H*][OH] = 1.0x10™ 4
[H*] = [0H"] = 1.0x1077
pH=-log[H], pX =-log[X], [H] = 10-PH
pH + pOH = 14, pKc + pKa = 14
pHXx pOH=10 "% pKc x pKa==10 "4
(Example In the previous ex calculate pH, pOH, & pK
Solution
pH = -log (1.32x10 ®) = 2.88
[OH-] = (1x10 '*)/(1.32x10 3®)=0.757x10 ""m
pOH = -log[OH] = -log (0.757x10 ") =11.2
OR:pOH=14-pH=11.2
. pK =-1log[1.76x10 *] = 3.75 )
e Concentrations (activities) are represented by

expressions with -ve exponents X = 10%9"
Example

2.5x10"

2.5x107% = 10%9 * =104
e Diprotic acid: Weak acids dissociate stepwise
e The calculation of activities can be done with 2
procedures: stepwise & simultaneous
(Example If solution contains 0.1molH dissolved in 1LH,O)
(if K1=10-7, & K2 = 10-129)
H.S — HS H*
0.1(0.1-=x) < +X +X
X2/0.1=107> X=10 *m,pH=4.0
(10 %)/0.1 « 0.1 [v], D%=100(10 *)/0.1=0.1%
HS - S22 + H*
10*-y oty 10 *+y
(10 *+y)(y)/(10 *-y) = 10-12%
y«<10 *then 10 *+y =10 *-y =10 *

~ 000
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D%=10 129x100/ 10 * = 10-¢9%
H,S stronger than HS because (K1>K2)
pH CONTROL OF DISSOCIATION EQUILIBRIUM
e dissociation of weak acids & bases controlled by the
pH of the geochemical environment
e We can rewrite the mass action equations as:
[HST][H*] _ _ [HS~]107129
o7 &[S$7%] = T €))
If we know the concentration of all species, then:
[HzS] + [HS ] +[$* ] =X

[H,S] =

[HST][HY] B [HS‘]lO_lz'9 .
[HS] = X @
- [H+] 10-129 "
1+ 10~7 + [H]

The activity ratios of the ions depend on the activity of
hydrogen ion (i.e. pH)

pH controlling concentrations (dissociation is a function of
pH): curves represent S-species at different pH

If pH =7, [H2S]%= [HS]%=50%
[H2S] decreases with time & [HS] increases to pH10 where
[H2S] It's completely disintegrated &[HS] decreases & [S-]
starts to formed

Percent of Total Sulfur

(Example in the previous example if the total amount of )
sulphur species 102 mol/L calculate the activities of
three species as a function of pH (At pH = 6)

Solution pH =6 > [H] =10-¢
1072
To-6 qo-izs = 9-1x107*
1+707* 1o
9.1x10 *x107°
1077

[HS™] =

[H,S] = 9.1x1073
oy 9.1x107*x107129 10
[§72] = 106 = 1.1x10

\[HZS] the dominant species at pH=6 (90.0%) of all S-ions
SOLUBILITY OF AMORPHOUS SILICA

e Solubility of silica is Very Low because the chemical
bond insilicais very strong (mostly to totally covalent
bond & water molecules react with ionic bonding
molecule & minerals)

o Metdllic Oxide dissolve to produce strong base, &
Non-metallic dissolve to produce weak acid

Examples CO, + H,O 2 H,CO4

SO, + H,O = H,SO;
SiO,(amorphous)+2H,0 - H,SiO,, K=10-274

e Silicic acid (H.SiO,) form mostly by chemical

weathering of aluminosilicates rather than from

J




amorphous  dissolution, because solubility  of
amorphous silica is very low (e.g. Olivine)

e  When solubility of silica exceeded, forms amorphous
silica which seftles down as a gelatinous precipitate

e In gelatinous precipitate the water become
expelled & crystallization starts fo form opal-A & opal
CT (intermediate) & gives rise to cryptocrystalline
chalcedony (chert,flint) & occurs as geodes & agate

¢ Dissociation of Silicic Acid

HSi0, <  H3SiO, + H K=10-%7
HsSiO, < H.Si0, 2 + H* K=10132
H,Si0, 2 < HSiIO,* + H K=10-%8
HSiO, ® «  SiO, * + H* K=10-133

e Activity of silicic acid at 25°C
SiO(s)+2H,0()> H,.SiO4(aq),K=10-274, [H,SiO,] 10-274
= Equilibrium is pH- independent because H ion
isn't produced but T-dependent
(" Example degree of dissociation of silicic acid af pH = 7))
calculated stepwise from the eq of the first dissociation

H,SiO, « HgSi0O, + H* K=1097
i 10-274 PN 0 + 0
A 10274-x o X + X
F 10-274 T X + X
[H3Si04"] 107°7 o ~
To27i = 197 ~ LH35i047]=107°%
-5.44
[HsSiO, ] at pH 7 < 500 times than H,SiO, so does not
N contribute to the solubility of S§iO, Y,

e the dissociation of silicic acid is extremely low at pH
< 8 & rises rapidly after that
Example
At pH 8 the [H3SiO, ]is 10415 (D% = 1.95%)
At pH 9 the [H3SiO, ]is10345 (D% = 19.5%)

300 In acidic environment (pH<7) the solubility
of amorphous silica is very low, & increase
rapidly in basic environment (28pH)
250 4
SiO, amorph.
-
"985 200 -
E
N |
Q 150 - '
) |
|
|
100 A |
|
I
50 - HSIiO, ! H,SiO;
Crystalline silica SiO, :
0 L ] Ll I T L Ll
5 6 7 8 9 10 1
pH
20
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e A consequence of that is the rapid increase of
solubility of amorphous silica since it is based on the
sum of the Si-bearing ions in solution

e The figure shows a small change in the pH (at pH>8)
would result in the stabilization of SiO,

Example decrease of 0.1 pH (8.5 to 8.4) of a saturated
solution of silica deposit 1.37mg/L, This amount produce
huge silica deposits when the large volumes of
groundwater over a large period of time, & by convert
the unit into mol/L, 25/(60.08x10°) = 4.16x10 * mol/L

e Quariz has lower solubility than amorphous

Example
SiO,(quartz) + 2H,0 > H,SiO,, K=10-41
[H4SiO,4] in contact with quartz is equal to 10-4'm
10-4.1 equivalent to 5.9 mg/L of SiO, in solution

e Silica vs Amorphous in river waters
SiOyriverwater = (6.5%x60.1/28.1) =13.9ppm(mg/L)
Crystalline Silic : 13.9>5.9ppm - supersaturated
Amorphous Silica:13.9<110ppm->Undersaturated

PROBLEMS
Calculate pH of HF containing 0.1mol/L.(pK 3.2)
HF - F + H
[Initial] 0.1m 0 0
[Acon] -X +X +X
[Final] 0.1 (0.1-x =x) +X +X

pK=3.2->K=1032 X>=K=1032- X =0.025m

pH = - 10g[0.025] = 1.6, D% = %xmo% =25%

Calculate the activities of all ions & the pH of a solution containing
0.1mMolH;POL/L. (PK1 2.1, pK2 7.2, pK3 12.4)

H3;PO, « H,PO, ' + H*
| 0.1m 0 0
A -X +X +X

F  Assumption 0.1 +X +X

pK = -logK > K = 1021
X2=0.1x 1021 X = [H*] = [H,PO, ] = 10-1.55
D% = 28.2% (good Assumption > weak acid)
Result : [H*] = [H,PO, ] = 10-"5mol/L & [H;PO,] = 0.0718 = 1.0 mol/L

H,PO, ' & HPOs 2 + H*
10-1.55 0 10-1:55
As. 10-1:55 +X As. 10155

pK=7.2> K=1072
[HPO4~2]x107155
10-155
X =1072=[HPO, 7]
D% = 10-3¢5% (good Assumption - very weak acid)
Result : [H*] = [H.PO, ] = 10-"55mol/L & [HPO, 2] = 1072mol/L

— 10—12

HPO, 2 «— PO, 3 + H*
1072 0 10-1-55
-X +X +X
As. 1072 +X As. 10155

pK=12.4-> K=10"124
[PO473]x10713
10—7.2
[PO, 3] = 10-181
D% = 10-109% (good Assumption = too weak acid)
Result : [PO4 3] = 10-81 mol/L & [HPO, ?] = 10-72mol/L [H*] = 10-:s mol/L
[H*] in all steps = 10-5mol/L > pH = 1.55

This acid completely disintegrates as put in water, so ApH neglected

= 10—12.4




e Al minerals can be considered as salts
Salt + Water - Anions + cations (acids + bases)
e solubility product constant Ksp directly proportional
to the solubility, for aA < bB + ¢cC
Ksp (at equilibrium) = [B]bx[C]¢
Example Calculate [SO,Z ] & Calculate the amount of
sulfate which dissolved in water (Ksp = 69.19)
Al(SO,)s) © 2APF* + 350,%
2X 3X
[AR+]?[SO,2 ]? = (2X)?x(3X)? = 108X5= Ksp
108X5= 69.19 > X = 0.915mol/L
[SO,% ] =3X=2.74mol/L
0.915mol/Lx342.15g/mol = 313 gm/L of water

L saturated o) sy sa Jas 313 (ssing U slal)
e lon Activity Product (IAP): for aA < bB + cC
IAP (at any time) = [aB]bx[bC]c
(Example: A solution with 5x10 2molCa?* & 7x10 2 mol)
SO,? are saturated with respect to Anhydrite2 Ksp 10-45
CasO, & Ca** + $SO,% , then [Ca?*][SO,% ] =10-45
IAP = 5x10 2x7x10 ® = 3.5x10 * = 10-345
IAP > Ksp - solution is supersaturated with respect to
anhydrite = anhydrite precipitate

IAP
e Saturation Index: SI = logks»

A

0 IAP = Ksp saturation equilibrium
<0 |IAP<Ksp undersaturation Dissolution
>0 IAP>Ksp supersaturation Precipitation

¢ Anhydrite doesn’'t form directly, first gypsum forms &
transfers to anhydrite, so anhydrite dissolution is
irreversible reaction
@xample Calculate amount of gypsum at equilibrium\
from 100L of seawater (use values in previous example)
Cas0,.2H,0 & Ca?* + SO,% + 2H,0
Ksp = [Ca?*][SO,? ] =10-4¢
If x moles of gypsum precipitate; the activities will be:
IAP = (5x10 2-x) (7x10 3-x) = 10-46
X =6.5x10 *mol/L=1.11 g/L=111.0 grams /100L

[Ca®] | cation = X107
efore preceptation = 72103

[S04-2]
[Ca?*] After = 3.35x1072
[S0472] 5.5x10~*
7.9 is at equilibrium , & This ratio continuously changes
during precipitation

=79

=79

G
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Geochemical Divide
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100
| \ 79.2
s0o-  The elimination of one
&, 4 ofthe geochemical ions
8 60 —due to progressive precipitation
S~ 17-1% o one mineral
N 40 -
(=}
5 T
20) =
0 T 1 T T v T
0 2x103  4x103  6x10-?

Gypsum Precipitated, moles per liter
Example 50.0gNaCl is added to 1L solution containing
10 ®molAg+. Demonstrate that AgCl precipitates from
solution & calculate the weight of AgCl that precipitate
(y =1, Ksp of AQCIl = 10775, Mw of NaCl = 58.443)
Solution NaCl > Na* + Cl

Ag* + CI' > AgCl (which precipitates)
n NaCl = n Cl = 50.0/85.443 = 8.55x10 *mol
IAP = [CI][Ag] = 8.55x10 3x10 * = 10-5:067
IAP > Ksp = supersaturation - AgCl precipitate
Let x = n AgCl that precipitate. At equilibrium:
[Ag+] =10 *-Xx, [CI-] = 8.55x10 *-x
(10 *-x)(8.55x10 *-x)=10?75> X =10 3
[Ag+]=103°-103°=0
[CI-] = 8.55x10 *-10 *=7.55x10 * mol/L
All of the Ag is removed as AgCI precipitate
COMMON ION EFFECT
(Example a solution saturated with gypsum & barite
Ca$0,.2H,0 & Ca* +S0,% + 2H,0
BaSO, & Ba?* + SO, « Common ionis SO,%
[Ca?*][SO,% ]1=Ksp1=10-4¢, [Ba**][SO,2]=Ksp2=10-10
_2,_ Kspl  Ksp2
150471 = [cav?] ~ [Ba7]
[Ca] Kspl
"[Ba] Ksp2
[Ca**]/[Ba**] = 25x10*

If the ratio = 25x10* > equilibrium
if the ratio > 25x10* - [Ba] precipitate & [Ca] dissolve,
__if the value < 25x10* - [Ca] precipitate & [Ba] dissolved

G J

~

At equilibrium

then




/Example For requirement of electrical neutrality: )
2(Ba?*) + 2(Ca?*) + (H*) =2(S0,2 )+ (OH)
X (conc. x |charge|)p = Z(conc. x |charge|)r
electrical neutrality = conc x charge
From the equations of dissociation constants
Kspl Ksp2
+2) — +2y —
(€a™ = Jsoa2 B4 = 5057
By Substituting in the mass balance equation &
dropping the [H*] & [OH ], if y = 1.0 we get:
2(S027) = 2(Ba*?) + 2(Ca*?)
10*¢ 10710

50771 " [5077]
Then : [SO,Z ] = 10-23 mol/L
The contribution of barite fo the sulphate is negligible
- gypsum is able to force barite to precipitate when
saturated solution of barite contact with gypsum >
barite replace gypsum & anhydrite
Barite precipitates as both minerals dissovle & this
process continues until the [Ca2+]/[Ba2+] = 25 x10* as
\_ required by equilibrium
e Replacement of minerals occur due to infroduction
of a common ion intfo the environment force the
solution to become supersaturated with respect to
the less soluble compound, & The more soluble
compound is replaced by the less soluble one
/Example Predict the outcome of reactions that occur)
when a solution having [Cd?**/Pb?"] = 25 (equliperum)
come in contact with arock containing galena PbS, Will
additional galena precipitate, or dissolve2 Will CdS
precipitate? & What will be ratio of [Cd?*/Pb?*] in the
solution after equilibrium? (Ksp: CdS = 1027, PbS = 10-275)
CdS > Cd** +§ 2 Ksp = 10-27
PbS - Pb?* +§ 2, Ksp = PbS = 10-27:5
[S 3 = 10-27/[Cd?*] = 10-275/[Pb?*]
[Cd**]/[Pb**] = 10-27/10-275 = 3.16
Ratio of solution (25) > Ratio at equilibrium (3.16)
The solution is supersaturated with respect o Cd** &
Undersaturated with respect to Pb**
So: PbS dissolved & CdS Precipitate according to the
following reactions

(s0{7) =

PbS(s) 2 Pb?*(aq) + S 4(aq)
N\ Cd*(aq) *+ $ *aq) > CdS(5) y
¢ Supersaturation of solutions with respect to a specific
compound result from:
l. Introduction of a common ion
ll.  Change in pH (precipitation of amorphous)
M. Evaporative conceniration of water
IV.  Temperature-variation: solubility increase with
rising T (Except for carbonates, decrease)
ACTIVITIES & CONCENTRATIONS
il a,ad Concretion S8 ge Activity Jdedll € all (alisy
Lebabiis (g JIsy Lpwamy e i) il (-vet, ve)
e The ions in solution don't interfere with each other,
but holds true only for extremely diluted solutions
e lons of opposite charges in a solufion interact with
each other, so the activities of the ions are lower
than their actual concentrations
e The interaction among ions is a function of:
concentration, charges, & size, & all of that is
summarized in Debye-Hickel theory
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\
Example Find the ionic strength for a 0.1 mol of solution

e Debye-Hiickel theory: concentrations & charges of
ions in solution are expressed by ionic strength (1)

1—12' 2
=5 Imz

z: is a charge if an ion, m: concentration in mol/L
From 0.001 to 0.1 in rivers & lakes, 0.7 in seawater, & up to 5 in brines

e A full chemical analysis is needed to calculate the
ionic strength for a given body of water
l. The ppm conc are converted to moles
_ ppm (or mg)
_ 1000 + Mw
Il. H* & OH reported if the solution is either highly
acidic or basic, then they should be considered
M. SiO, is neutral it does not contribute to |
IV.  Carbonates reported as HCO; (dominant
carbonate species at pH = 6.35-10.3)

mol

1 -
i HCO3
2 g OH-
-4 H,CO, co,*
-6
-8

g HCO;-

o 10 HCO,-

2 a2 .
" on- N
-16
18 (.:arbon-clie H,CO,’
20 CO,2 in Solution
22— :

0123456789101112I131415
pH

[EXAMPLE Calculate the ionic strength 2

lons Con Mw Con (& m x ¢?

[pPm] [g/mol] [m]

[HCO,™ [ 116.0 | 61.0 7SI ERINEIRTIET
SO~ 2.65x10* 4  0.00106
| SO, | 255 | 961 |
RS INTER T 2.90x10+4 (17 0.00029
ISP MENYN 4.3x10° 1 4.355x10
| Co* | 340 | 401 RIS ARICRRN KX
Mg* 3.7x10* 4 0.001465
| Mg> | 89 | 243 |
ST X 5.17x10 (1 [0.000517
ISERET RN 4.9x105 1 4.859x10°S
| Fe* | 014 | 558 [PICHIGUNIERIRNZIA(E
| sio, | 117 | 601 [REDITEEN 0

Total 0.00872
| = 2X(mz?) = 2x0.00872 = 0.0044

of MgCl,
MgCl, > Mg** + 2CI
Mmgcr, = Mmg=+ = 0.1mol/Kg
2Mwmgcl, = Mcrr = 0.2mol/Kg

I = 2I(Mxz?) = 2(0.1x2% + 0.2x(-1)?) = 0.6/2 = 0.3
e The ionic strength is used in the DebyeHueckel
theory to estimate the activity coefficient (y):

XI=y(X) .
If1 < 5x10 3> —log¥ = Az?I*%,y = 1074217
Az21% _( AZ21% )
If1<0.1> —log? =22y =10 \1+aBr”
1+aBI1% '
- _ _ 2 1 _
IF1=05> —log” = Az% [ - 0.21]

a: effective diameter of the ion



Activity Coefficient (v)

Y Ja i) dad <l LS B coefficie A% 5= 0K
o T T T T T
102 10 10+ 1
lonic Strength (/)

e The interference of the ions in solution causes the
solubility to increase

Example solubility of CaSO, is 5.6x10 2 mol/L, then Ca2* |

concentration is (1=0.0044, y= 0.759)
[Ca?*] = 5.6x10 ®
[Ca?] = y(Ca?*) = 5.6x10 *mol/L
(Ca?*) = 5.6x10 3/0.759 = 7.38x10 *mol/L

The increase in solubility =% =32%

SOLUBILITY OF CALCIUM CARBONATES
e Calcite Vs carbonic acid
CaCO; + H,CO3 & Ca** + 2HCO; (pH >8.9)
The carbonic acid is in equilibrium with CO,
H,COs(5) © COz(aq+H0() 2 COz(aq) & COy(q)
With increasing partial pressure of CO,, led to the
increase the activity of H,CO; & solubility of calcite
e Solubility of gas decreases with T, so in polar regions
the rate of limestone precipitation < in tfropical
regions because CO, more soluble in polar regions

8
I

80 —

A

=N
(o)
1

A

S
o
P |

20 -

Ca?* Concentration, mg/L

o

| I |
3 X 10+ 3 X 10 3 X 107
Partial Pressure of CO,, atm

B Alal (pS5 T cal ) LalS e 4p0lall () 55 (5 )SI 2l 30 58 55005 LS

¢ The environments of limestone precipitation: shallow
water in tropical regions

¢ The aquatic organisms decrease the partial pressure
of CO, during the day through the combination of
CO, & H,0 to produce glucose (C¢H;1,06) which led
to precipitation of CaCOj; (algae precipitate calcite
through this mechanism & produce thinly laminated
calcite mounts called stromatolites)

e The deposition of speleothems in the form of
stalactites & stalagmites in the caves is also a
response to changes in CO, partial pressure

e Calcite Solubility as a function of CO, pressure
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One of the most common structure of calcium carbonate
are Stalactites (from roof of the cave, down), Stalagmite
(from floor of the cave, up) &Column(Stalactite+Stalagmite)

80 —

Ca** Concentration, mg/L
N w » 9 (o))
(] (=] o (o] (@]
L1 [ ]

3
I

40
Temperature, °C

PROBLEMS
Q1 Calculate the activities of Ca?** & F & the
solubility of fluorite (CaF;) in mol/L & g/100L in water
at 25°C (assuming all y =1, pKsp = 10.4, & Mw of
CaF, =78.1g/mol)
CaFys) © Ca?*@q + 2F (aqg)
(2X)?xX = Ksp = 10-124> X =2.2x10 * mol/L
[Ca?*]=X=2.2x10 % [F]=2X=4.4x10 *
Scar, = 2.2x10 *mol/L = 1.72g/100L

Q2 Calculate the ionic strengths of water in the
following samples (A) & (B)

_ Alppm] B[ppm] Mw [g/mol]
HCO, 50.0 121 61.0
SO.% 4.8 28 96.1
cr 1.5 17 35.5
NO;  0.52 1.2 62.0
Ca?* 14.1 39 40.1
Mg* 3.7 8.7 24.3
Na* 2.9 8.2 23.0
K 0.5 1.4 39.1
Fez 0.36 0.03 55.8
SiO, 4.1 2.1 60.1

Using excel sheet



Alppm] Mw[g/mol] Almol/l] T m*g

50 81 0.000819672 1  0.000819672
| SO X 96.1 4.9948E-05 4  0.000199792
1.5 35.5 4.22535E-05 1  4.22535E-05
[ NO; ) 62 8.3871E-06 1  8.3871E-06
14.1 40.1 0.000351621 4  0.001406484
3.7 24.3 0.000152263 4  0.000609053

Na* 2.9 23 0.000126087 1  0.000126087
BEl os 39.1 1.27877605 1  1.27877E-05
0.36 55.8 6.45161E-06 4  2.58065E-05
E 60.1 6.82196E-05 0 0

1=0.001625162

121 61 0.001983607 1  0.001983607
Bl 2 96.1 0.000291363 4  0.001165453
17 35.5 0.000478873 1  0.000478873
S 2 62 1.935486-05 1  1.93548E-05
39 40.1 0.000972569 4  0.003890274
8.7 24.3 0.000358025 4  0.001432099

Na* 8.2 23 0.000356522 1  0.000356522
Nl 4 39.1 3.58056E-05 1  3.58056E-05
0.03 55.8 5.37634E-07 4  2.15054E-06
[ sio, PN 60.1 3.494186-05 0 0

| =0.004682069

lincreases with increasing concentrations of ions,
so the concentration of ion in B is higher then A

Q3 Calculate the activity coefficient (y) of Mg?* in

an aqueous solution have | = 5x10 2 at 15°C if A =

= = _ AZEI”
0.5000, B =0.3262, a =8, & —logY = Al
0.5x4x0.224
Y= 10~ (17850 3262x0.228) = 100283
y = 0.52

Q4 Calculate the ionic strength (m are in ppm)
Ca* Mg?* Na* HCO; SO, 2 CI pH
93.9 229 191 344 850 9.0 7.20

Using excel sheet
ppm Mw m & mx¢

93.9 40.1 0.002341646 4 0.009366584
22.9 24.3 0.000942387 4 0.003769547
19.1 23 0.000830435 1 0.000830435
344 41 0.005639344 1 0.005639344
m 85 96.1 0.000884495 4 0.003537981
9 355 0.000253521 1 0.000253521
6.30957E-08 1 6.30957E-08
1=0.011698738

Q8 using previous question, Calculate the Slcaicite if
[COs 7 = 3.4x10-5, & What does Sl indicate (a= 5x10-8,
Ksp =4.27x10-8, A = 0.5085, B = 3281x10*, equation in Q3)
CaCO;(s) © Ca?*(aq) + CO3? (aq)
From Q3: (Ca?*) = 2.34x10 * & y (as Q6)=0.650
[Ca?*] = 2.34x10 3x0.65 = 1.52x10 3
[CO; 7] =3.4x105
IAP = [Ca?*][CO3? ] = 1.562x10-% x 3.4x10-5 = 5,17x10-8
Sl =log(lIAP/Ksp) = 0.079
SI > 0 (& also IAP > Ksp), This mean that the solution is
supersaturated with respect to calcite & so calcite
precipitate according to the following reaction:
C032_(qq) + C02+(qq) > CGCOg(s)
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2.15x107*

STRATEGIES

(General Chemistry, 7Ed, Ch17: Solubility & Simultaneous)
CALCULATING OF Ksp & SOLUBILITY

Strategy
Ay | © | bBag €Claq)

bX cX
Ksp = [aX]2[bX]® At equilibrium
IAP = [aX]?[bX]® At any time

At 25 °C, the solubility of AgCl = 1.34 x10°M. Calculate the
solubility product (Ksp) for AgCl

AgCl & Ag* +

1mol 1mol 1mol
X X X
The solubility of a salt A,B is found to be 3.0 x10™* M. Whatis the
value of Ksp?
A,B = 2A + B Ksp =
X 2X X (6x107%)2x(3x107%) =
3x107™4 6x1074 3x1074 1.08x101°
The solubility of calcium fluoride CaF, in pure water is
2.15x107*M. What is the value of Ksp?
CaF, o Ca?* + 2F Ksp =
1mol 1mol 1mol (2.15x107%)x(4.3x1074)2
2.15x107* 4.3x1074 =4.0x10-11
What is the molar solubility of Cul in water? Determine [Cu*] &
[17] at equilibrium if Ksp=1.3x107"2
Cul & Cu* + I~ Ksp = X2 =1.3x107"?
X X X X=1.1x10-6
Calculate the solubility for BaC,0, (Ksp = 1.2x1077)
BaC,0, <& Ba** + (0, Ksp = X2 =1.2x1077
X X X X =3.5x10*
Calculate the solubility for AgsPO, (Ksp= 1.8x10-18)
AgsPO, < 3Ag* + PO Ksp = 27X* = 1.8x1018
X 3X X X =1.61x105
Calculate the solubility (in g/l) of CaF, in water at 25 °C, if Ksp=
3.4 x107t, Mw of CaF, = 78 g/mole
CaF, © Ca* + 2F
1mol 1mol 2mol X =2.0x10"*mol/L
X X 2X S = 0.016g/L
Calculate the solubility of Ca3(PO,), in water if the solubility
product is 1.08x10™%
Cas(P0O4), © 3Ca* + 2P0,* Ksp =(3X)3(2X)% = 108X
1mol 3mol 2mol =1.08x107%

X 3X 2X X =107mol/L
What is the solubility of PbCl; in grams per 100.0 mL at 25°C? Ksp=
1.7x1074, Mw of PbCl, = 278.11 g/mol
PbCl, < Pb* + 2CI°  Ksp = (X)(2X)? = 4X3 = 1.7x107%
1mol 1mol 2mol X =0.035mol/L

X X 2X $=9.71g/L=0.97g/100L
The solubility of calcium sulfate (CaS0O,) is 0.67g/L calculate the
Ksp if Mw of CaSO, is 163.2g/mol

CaSO, & Ca* + S0, M=S/Mw = 0.67/163.2 =
1mol 1mol 1mol 4.1x1073
X X X Ksp = X2 = 1.7x10°5

Calculate the solubility of copper hydroxide Cu(OH), in g/L if the
Ksp is 2.2x10722
Cu(OH), & Cu* + 20H
1mol 1mol 1mol
X X 2X

X =1.34 x10"> mol/L
Ksp = X2 = 1.80x10°8

Ksp = 4X3 = 3.4 x107%*

Ksp = 4X3=2.2x107%2
X =3.8x10



DETERMINING SOLUBILITY USING Ksp

Solubility are directly proportional to the Ksp
In the comparing of salts with same number of ions, the more

the Ksp the more the solubility, but if the number of ions in the
salt are different you should be calculating the solubility (mostly
the higher content of ions the more the solubility)

Which of the following are more soluble?
o  Agl (Ks 10°62), Cul (Ksp 10-129), or CaSO4 (Ksp 1043)
Bi2Ss (Ksp 10773), Ag,S (Ksp 10°59), CusS (Ksp 10°56)
Agl, Cul, & CaSO, all have the same number of ions (2)
So. CaS0O, > Cul > Agl
Bi,S; (5 ions), Ag.S (3 ions), CusS (2 ions)
Bi,S; > Ag,S > CusS (you need to calculate the solubility to make
sure about result, solubility 10-15,10-'7, 10281 “respectively”)
COMMON ION EFFECT CALCULATIONS

AB A+B,CBeC+B
Commonionis B
(8] = Kspl Ksp2
[4] [C]
[A] Kspl _

then: m —sz =

At equilibrium

Ratio = L - reaction at equilibrium
Ratio > L & compound contain [A] precipitate
Ratio < L & compound contain [A] dissolved
Concretion of a common ion = concentration of salt (calculate
from original solution), & the concentration of another ion =
concentration of salt added to solution (from additional salt)

The molar solubility of PbF, in 0.10 M Pb(NOs), solution is 2.85
x107*M. Calculate Ksp for PbF,?

Pb(NOs), < Pb%* + 2NO;~ [Pb(NOs),] = [Pb?**] = 0.10M
X 2Xx Jsloxal) e iiall 0991 555

PbF, S P+ 2F [F7] = 2x2.85x107% = 5.7x107*

X X 2X Calizaall CJ.A\ e AV G S

at equliperum Ksp = [Pb?*][F"]? = 3.25x108
What is the solubility of Pbl, in 0.20M Nal? (Ksp= 9.8x107°)

Nal & Na* + |I° [Nal]l=[I"]=0.20M
Pbl, & Pb* 21" Ksp =X x (0.20)?
X X 2X - X =2.45x107

calculate solubility of Ag,CrO, in the following (Ksp = 1.1x107")
e  pure water?

Ag:CrO0, & 2Ag* + CrOs> Ksp = 4X3 = 1.1x10™™
X 2X X X =6.5x10"
e 0.10M AgNO;?

AgNO; & Agt + NO;5~ [AgNO;] = [Ag*] =
X X X 0.10M
Ag:CrO, & 2Ag* + CrO.*" Ksp = (0.10)%(X)

X 0.10 X X =1.1x10"10
e  0.10M Na,CrO,?
Na,CrO, & 2Na* CrO,” [AgNO:;] = [Ag*] =
X X X 0.10M
Ag:CrO0, & 2Ag* + CrO.>" Ksp = (0.10)(2X)?
X 2X 0.10 X =1.66x10°

adding CrO,” increase the solubility of Ag,CrO4 more than Ag*, &
the solubility of Ag,CrO, are higher in the pure water (good
example of the common ion effect)
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PREDICTING IF PRECIPITATE WILL FORM

1st, Calculate the concentrations in mixture
IAP vs Ksp  SI
IAP>Ksp +ve precipitation

IAP = Ksp 0 Equilibrium

IAP<Ksp -ve Dissolution
IAP

supersaturation
Saturation
Undersaturation

SI = logksp

If 2.00mL of 0.200M NaOH are added to 1.00 L of 0.100 CaCl,,
Ca(OH), will precipitate? Ksp for Ca(OH), 8x10¢

NaOH & Nat +  OH
4x107* ax10-* AP =0.1x(4x10™)?
= -8
CaCl, & Ca* + 20 IA:’A-P 1.6|5(x1o
< Ksp

0.100 0.100
Ca(OH), & Ca?* 20H- Ca(OH), will dissolved

a 2 a ! ’

0.100 ax10-* into ions

Will a precipitate of Pbl, form? 100.0mL of 0.0500M Pb(NOs),
mixed with 200.0 mL of 0.100M Nal? (Ksp Pbl, = 9.8x109)

Pb(No;)z (=4 Pb?* + 2NO;~
5%x10"3mol 5x10~3mol IAP =5x107%(0.02)?
= -6
Nal = Na?* + I- I;:Xll(()
>
0.02mol 0.02mol sP
I o Ph2+ a1 Pbl, will
Pl precipitate
5x1073 0.02

Suppose you mix 100.0 mL of 0.200M BaCl, with 50.0 mL of
0.0300 Na,SO,4. BaSO, precipitate? (Ksp of BaSO, is 1.1x10-19)

BaCl. & Ba™ + 2d IAP = 0.020x0.015 = 3x1074
0.020 0.020 > IAP > Ksp
Na,SO, < 2Na* + S0, BaSO, will precipitate
0.015 0.015  according to the following
BasO, ¢ Ba* S0,%" equa_tion
0.020 0.015 Ba%(3g) + SO4% (ag) 2 BaSOq(s)

Will a precipitate of BaSO, form if 50.0mL of 1.0M Ba(OH), is
mixed with 86.4mL of 0.494M H,SO,, Ksp= 1.1x101°

2+ -

Ba(OH), & Ba* + 20H [Ba(OH)] = MV =
1mol 1mol 50.0x10™%L x 1.0mol/L =
0.050 0.050 0.050mol
H;S0. & 2H" + S04*" [H,S0,] = MV = 86.4x1073L x
1mol 1mol 0.494mol/L =0.043mol
0.043 0.043 IAP = 0.050 x 0.043 =
BaSO, P Ba%* S0,2" 2.15x107 > |.A|:.’ > Ksp,

0.050 0.043 BaSO, precipitate

ANOTHER EQUATIO
Z([x] x |charge|)p = Z([x] X |charge|)r
Ksp1 Ksp2
A) = ,(0O) =
=581 © = yim
1= IEM 2= 12 2
=5IMz* = 5 Xmz
_ _ mol
PP = M9 = Ywx1000 »
If1<5x10 3: —logY = Az*I",y = 107471

_( Az2 1% )
=10 \t+aBI*:
1%
1+1%

AZ 1"
- _log? = 221
If1<0.1:—log Tranre’Y

If1=05: —log? = Az%|

- 0. 21]
() —[x]

Increase in Solubility =

25



Chapter Seven

Tbermgd‘ynamics

The observation of the transformation of
mechanical energy into heat lead to development
of thermodynamics science

Joule demonstrated that expenditure of amount of
work always produced the same amount of heat
Principle of conservation of energy: when work is
done, heat energy is consumed

Thermodynamic deal with physical & chemical

-~
Tstlaw: In reversible reaction AE=qg-w

dE = dq - dw (in small incremental changes)
AE: The increase in internal energy of a system

q: heat flows from the surrounding, =w: work done by the system

The most common form of work that can be done

by asystem s fo expand against a constant pressure
AE = Aq -pAV

dE = dq - dp x dv (in small incremental changes)

changes of matter due to work & heat flow (thermo o
= heat; dynamics = movement)
e Real rocks are end products of long complex .
processes, that cannot exactly be duplicated in the
lab, but we can use thermodynamic measurements .
& reasoning to investigate nature of these processes
THERMODYNAMICS & SYSTEMS .

Thermodynamics describes the world in terms of
certain measurable properties of matter such as
volume, P, T, & X (composition) o
System: any part of the universe under
consideration, & The rest is the surrounding

System Transfer Energy  Transfer Matter

Enthalpy (AH) : function of state of the system
AH=E+PV=q-PV

AH at constant P is equal to heat absorbed by the
system during that change (AH = Aq)
Enthalpy values for elements & compounds are
defined at STP (for any Element = 0 such as O,, N...)
Enthalpy of formation (H%): heat absorbed or given
off by chemical reactions in the compounds, ions, &
molecules form from elements in the standard state
Heats of Reaction (H%) in Kcal/mol

AHy = ZAH; — ZAH;

product reactant

Calorie: the amount of heat required to raise the T
of a 1g of water from 14.5 to 15.5°C

v v Example )
Closed v X 2Hzg) + Ozg > 2H20()
Isolated X )¢ AHY% 0 0 -57.8Kcal
AHO% = 2(-57.80) - 0 =-115.6 Kcal,Exothermic
Amounts of materials Independent H:O0n 2 2H20(g)
variables P. T, p, potential, activity, fugacity HO: -68.32 -57.8Kcal
Extensive Depend on the amount of material (__ H%=-57.80 - -68.32 = +10.25 Kcal, Endothermic )

variables volume, mass, energy,composition .
Homogenous part of a system
physically distinct & separable
mechanically. It can be solid,

liquid, or gas. (e.g. quartz crystal)
Chemical constituent, described
of phase composition (SiO, oxide)
The number of components, phases, & degrees of .
freedom are related by the Gibbs Phase Rule

(Degree of freedom) F=C -P + 2(P,T)

~ Heat-

Component

When heat is added to a solid, liquid, or a gas T
increases. This observation can be stated as:
Aq = CAT
qg: heat added, T: Tin Kelvin, C: A heat capacity
C=a+(bx10 3T+ (cx10¢)T?
a, b, c: constants derived by fitting an algebraic equation to
experimentally determined data in coordinates of C & T

bx1073 cx 107
AH - AH.= a(T -T.)+ [T2-T2]+ 3 [T3 —T3]
2nd [aw: In reversible reaction
dq Aq

ds = Aoras=21
T " T

dS: entropy of a system, dq: heat, T.absolute temperature

T mteots Reaction Spontaneous AS
: ‘ heal] (work No ds = dq/T
system >
samavosnun &/ Ve o +ve Yes ds > dq/T
MMWM\WK surounding [ e » Efficiency of steam engines lead to the
enerey 1o bsoame unstae - system development of the concept of Entropy
Equitrom Gabie) = A certain amount of enthalpy (heat) s
converted to entropy (S). not to work
LAWS OF THERMODYNAMICS e 3d law: The heat capacities of pure crystalline

e 0 Law: 2 bodies are in thermal equilibrium have the
same T, & any 2 bodies in thermal equilibrium with a
third body are themselves in equilibrium
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substances become 0 at absolute 0: dS =0
ofTdS= Co['dT/T
ASO = XnSO% products = ZNSO Reactants



H20() > 2H20(g)
S%  16.71cal/® 45.10cal/®
S0 =45.10 - 16.71 = +23.39 cal/°
Vapor molecules are more randomly distributed

THE GIBBS FREE ENERGY

e The increase AH in reversible reaction is lowered

because certain amount of H consumed by S

AG = AH-TAS
AG°r=AH° - TAS°k =INAG°product = INAG reactant
e The standard Gibbs free energy of formation of a
compound (G®%) is the change in the free energy of
the reaction by which it forms from the elements
Reaction q (heat w AH AG equ. Direction
| Endothermic RN CTTE1) HIEEEINE R >
BEEIENT -ve (release) + -+ €
TGN o(norxn) [0 (0 [0 ©
AG = AG° + RTInX
at equilibrium AG = 0,then: AG® = —RTIn¥X
AG® AG°

K = 10‘(@) incalLK = 10_(W) inJol

¢ Van't Hoff Equation: to calculate K at other T
o —-AH\ /1 1
In¥ — In¥X =< )(———o)
RN
K K° _

log™ —log (2. 3025R> (T 298, 15)

R =1.987 cal/mol°K

(EXAMPLE calculate the solubility of amorphous silica)

between 0° - 100°C, which reacts with water to form
silicic acid according to the following equation
SiO, + 2H,0 & H,SiO,
AG°r = InAG° product = INAG® reactant = 4.044 kcal
K° =‘|0-AG°R/‘I.36 = ]0-2.96
AHO% = InHO% products - LNHO% reactants = +3.47 kcal
the reaction is endothermic, so K increase with T
3.47x103

11
K _ _ — I
log™ —~2.96 (2. 3025x1.987> (T 298, 15)
AT =273 = 0.00366 > Ko-c = 10-32
AT =373 = 0.00268 > Kioorc= 10-245

\_ solubility at 100°C is higher (S increases with T) )
‘EXAMPLE calculate AH, AS & AG when fluorite (CaF,))

dissolves in water in the standard state. Use the results to
calculate the K at STP

CaF, & Ca* + 2F
HO% - 1219.6 -542.8 kJ/mol -323.6 kJ/mol
SO 68.9 -53.1 J/mol°C -26.6 J/mol/deg
G% -1167.3 -553.6 kJ/mol -278.8 kJ/mol

AH% =+ 11.6 kJ/mol
ASOk = -149.6 J/mol/deg
AG = AH-TAS
AGO%=+56.1 ki/mol
LogK=10-6/5.70? &> K=1.58x10-10
(AG can be calculated using AG% values from tables of

\_ AG%(such as AH° & AS°) J

Changes
Increase Concentration of product Toward Reactants <
Increase Concentration of reactant Toward product >
Increase pressure Toward a fewer
(decrease volume) moles of gasses
Increase temperature
(of endothermic reactions)
Increase temperature of
(of exothermic reactions)
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Toward product

Toward reactant
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CHEMICAL WEATHERING
o Types of chemical weathering:
|. Congruent. formed by ions without another
compound (e.g. Calcite dissolution)
ll. Incongruent: formed by another compounds as
well as ions & molecules (e.g. Al-silicates)
e All chemical weathering are redox reactions
¢ The products of weathering include: new minerals,
ions & molecule, & Unreactive grains (zircon, quartz)

(1) K-feldspar < kaolinite

2KAISi;Og+9H,0+2H&ALLSi,O5(OH),+2K*+4H,SiO,
AGO% =INGY% products - ZNGY% reactants = +7.103 kcal
K = [HoSiOLJ*[K*]?/[H*]?= 10-(7.103/1.3¢64) = 10-521
4log[H,SiO,] + 2log [K*] -2log [H*] = -5.21
log [K*I/[H*] = -2 log[HSi0,] + (-2.61)

(2) Kaolinite < Gibbsite

AlzsizOs(OH)4(s)+5H20(I)@ 2AI(OH)3($)+2H4SiO4(Oq)
AGO = +12.76 kcal >K = 10-4.8
log [H,SiO,] = - 4.68

(3) Microclline < Muscovite

KAISi;Og(s) + 12H,0() + 2H"(aq) & KAI3Si301,(OH),(s) +
2K*(aq) + 6H4SiO4(aq)
AGO% = +16.184kcal > K = 10-593
log[K*]/[H*] = -3 Log[H4SiO,] - 5.93

(4) Muscovite < Kaolinite

KAI;3SizO15(OH)4(s) + 3H,0() + 2H*(aq) & + 2K*(aq) +
Al;Siz05(OH)4(s)
AGO% = - 11.05%kcal > K = 10-4.05
log [K*]/[H*] = + 4.05
Log [K*]/[H*] = 4.05

() Muscovite < Gibbsite

KAI3SizO12(OH),s) + 9H2O() + H*(aq) © 2AI(OH)3(s) + K*(aq)
+ 3H4Si04(uq)
AGO; = +13.603kcal > K = 10-997
log [K*]/[H*] = -3log[H,SiO,] - 9.97
log[K*]/[H*] = -3 Log[H,Si0,] - 9.97

(6) Amorphous Silica < Silicic Acid
SiO,(s) + 2H,0() © H,SiO4(aq)
AGO% = +3.604kcal > K = 10-244
log[H,SiO,] = - 2.64.

+7
%%
)
+6 - ‘2?‘ Microcline+
__+5 3 |Amorph
%4_4 ) :silica
<, +3 Gibbsite Kaolinite +
8 ? amorph silica
£2 = kaolinite |
|
+1 4
|
O | 1 1 1 I 1 1
B =5 4 =8 2
log [H4SiO4]



Geochemistry

PROBLEMS

Q1 Cadlculate the enthalpy change & the standard free
energy change when fluorite (CaF,) dissolves in water in
the standard state

°. _ 2+ _ - —
L4 AHf' Can(s) —'2915, Ca(aq) —'12974, F(aq) —'795

°. — 2+ _ - -
L4 AGf Can(s) —'2790, Ca(aq) —'1323, F(aq)— - 1328

CaFz, < Cagy +  2Fqg

AHyp = (—159 — 129.74) — (-291.5)=+2.76Kcal
AGy = (—132.3 — 132.8) — (—279.0) = +13.9Kcal

Q2 Based on the result in Q1, predict how the solubility

of fluorite varies with temperature

+ve AHy (endothermic, Absorb heat): as T increases the

position of equilibrium will shift toward the products (the

solubility of reactant increase) to reach new equliperum
state at new T (according to Le Chatelier’s rules)

Q3 Calculate the solubility of fluorite in water at 10, 20, &
30°C & express each in terms of the concentration of
Ca?* in mg/L. (Assume y = 1, MW ca2+ = 40.08g/mol, R
= 1.987cal/molK, T. = 279.15°K)
CaF, — Ca?t +

(aq)
A6° ‘139
ko = 10~ (&) = 10~ (1362) = 6.45x10-1

AHp = +2.76Kcal = 2.76x103cal

2F (_aq)

6.45x10~ 11 _ (2760 1 1
Kip- = e (£987)(z8315-79818) = 10-103
645 _11_ 2760 1 1 ]
Ky = 10[1"9 11-(5575) (793 15, 79813)| — 10-1022
645_11_(2760 ( 1 1 )]
K3 = 10["’9 1-(3575) (03 15, 298.15)| — 191016

=1 - K, = X)(2X)? = [X][2X]* = 4X®

10—10.30

3
[Ca?*],y = < ) x 40.08 x 1000 = 9.31mg/L

10—10.22

1
3
[Ca**],y = < ) x40.08 x 1000 = 9.90mg/L

10—10.16
[Ca®* 3 = <T)

1
3
x40.08 x 1000 = 10.4mg/L

Q4 Calculate K° for the reaction of albite (NaAlSi;Og) to
form kaolinite, & write the linear equation

n [mol] AG7 [Kcal/mol]

2 -884.8
9 -56.687
2 0

1 -906.84
4 -312.66
2 -62.593

2NaAlSiz0sgi) + 9H:0(y + 2H (ag) © Al2Si205(0OH)4)
+4H4Si04(aq) +2Na+(aq)
AGp = ZnA G}pmduct — InAG; . =—2883cal

—46° [H,Si0,4]*[Na*]?
K=eRT = 130.32 = Qe
[H4Si04]*[Na*t]?
lOg [Ht]?2 _ 109130.32
[Na*]

log H'1 = —2log!H+5104] + 1,06
The equation of linear (with -ve slope & intersect
with Y-axis at point 1.06)
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Q5 using the following table, calculate log[Na*]/[H*] &
log [H4SiO,], if (A fory is: Na* = 4.25, H* = 9, & H,SiO, =0)
lons ppm lons ppm

101 7.6
1
| NO; | K 59
34 pH = 7.2
1st step: change ppm (mg/L) into mol/L

lons ppm Mw Concentrations
[mg/L] [g/mol] [mol/L]
101 61.0 1.66x10-

2+
41 1

5 S s
.9 5

HCO;

sO.2 Y 96.1 3.27x10*
15 35.5 4.23x10*
Kl 19 62.0 3.06x10-5
34 40.1 8.48x10*
Mg RAS 24.3 3.13x10*
Na* 11 23.0 4.78x10*
3.1 39.1 7.93x105
| Si0, R 60.1 9.82x10°5
1072

2nd step: Calculate the aclivity coefficient (y)
I="%Imz?2=4.4x102* > | < 5x10-3
For [Na*]: y = 10-4#°1" = 10-425+(44x109)" _ ¢ 523
For [H*]: y = 10471 = 10-9x(+4x109)" _ ¢ 253
For [HySiO,]: ¥ = 10747 = 10-0x(44+107%) — ¢
J3rd step: Calculate the aclivity
Activity = 0.523x4.78x10 * =2.50x10 *
Activity = 0.253x6.311x10-8 = 1.60x10-8
H,SiO, = Si0, + 2H,0, n Si0, = n H,SiO,
Concentration H,SiO, = Activity = 9.82x10-5
4th step: Calculate the logarithms
[Na*] 2.5x107*
] - 29107 gx105 -

10g10[H,Si0,] = 10g282*10™° = 10g7%51 = —4.01

logo log]3"' = 4.19

Q6 Calculate the value of AG% for BaF, given that the
concentration of Ba** in a saturated solution
1.12x10 2m/L, & have an ionic strength of 0.01 (R
1.987cal/molK & T. = 298.15°K)
BGFZ(S) > Baz+(aq) +
1mol 1mol
1.12x10 2m/L 1.12x10 2m/L

2F (aq)
2mol
2.24x10 2m/L

_(0.5085x4-x0.011/2)

YBa = 10 1+5x0.3281xI" ) — () 17
_< 0.5085x0.01" >

yr = 10 1+3.5x0.3281x0.01% ) — ) 046

[Ba]=1.7x1.12x10-3=1.9x10-3
[Fe]=4.6x2.24x10-4=1.02x10-*

AG = AG° + RTInX - AG° = —RTInX
AG® = —592. 4]n°-0019x0.001022

AG° = 11873cal/mol
AG° = 11.873Kcal/mol



Geochemistry

e Elements divided into: Metals & Non-Metal

Loss e (e donor) Gain e (e acceptor)
Oxidation Reduction
Reducing agent Oxidizing agent

Increase in ON Decrease in ON

These are also called electronegativities

Alkali metals & alkaline earths are always
electron donors regardless of the environment
Transition element (Cu, Fe..) loose variable
number of e depending on the environments
non-metals (N, C, $..) take-up variable number
of electrons depending on their availability

BALANCING OF REDOX REACTIONS

All elements in pure form (e.g. F,0,...) 0
H +1

H in H+(l or Il groups), e.g. Li, Na.. -1
(o) -2

O in peroxides (O,H,, OF..) -1
compound & ions with n charge n
Compound without charge 0

Vcompound = ZNVelement = Oorn

-

.

EXAMPLE Calculate the V of iron in FeO, Fe,O3 )

Fe (0]
X¥1 + -2*1 = 0 2> X=+2
X = +2
Fe, O4
X*¥2 + -2*3 = 0 >X=+3

\___Thus creating a strongly acidic environment /

(EXAMPLE Balance Fe + CI, > FeCl; )
Reaction: Fe + Cl, -2 FeCl;
Valence: 0 0 +3, -1
Oxidation Fe 2> Fe* + 3e
Reduction Cl, + 2 > 2CI

e Rules For Balancing equations:
1. Determine oxidized & reduced agent
2. Balancing the electron in each half
3. Balancing the mass in each half
4. Balancing O by H,O, & H by H*

By multiply the first half by 2 & the other by 3

2Fe > 2Fe* + be
3Cl, + be 6ClI
Over all: 2Fe + 3Cl, =2 2FeCl;

The total exchange of electrons = 4
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Metals v X

Non-Metals X v

Cations X

Anions v X

Complex Anions (NO; ,$0, 2 X «

Complex Cations (NH,*) v X

/EXAMPLE Balance FeS, + O, > Fe(OH); + SO,2-

FeS, + O, > Fe(OH); + SO,*
+2,-1 0 +3,-2,+1 +6,-2

Feloss 1e , & S loss 7e , & O gains 2e
Fe?* > Fe3* + e
25 > 14e  + 284
20 + 4 > 20?2
by combining the first & second equations
FeS, > Fe3* + 15e + 2§¢
20 + 4 > 20?2
To Balancing e, multiply Fe$S, by 4, & O, by 15
4FeS, 2> 4Fe** + 60e + 8S¢
300 + 40e > 3002
by combining this 2 equations
4FeS, + 150, > 4Fe(OH); + 850, 2
O, & H must be Balancing
4FeS, + 150, + 14H,0 > 4Fe(OH); + 850, 2 +16H*
The weathering of 1mol pyrite releases 4molH+

e Discharge of acidified mine waters in streams &
lakes can be harmful to plant & animal life

e Such a reaction takes place in mines (in
particular sulphide ores) when pyrite become
exposed to oxygenated waters

e Pyrite found in igneous, metamorphic, & shale

THE ELECTROMOTIVE SERIES

¢ The ability of elements to act as electron donors
or acceptors depends on the extent fo which
their orbitals are filled with electrons
e Thermodynamics helps us to rank elements
according to strength as REDOX agents
e Let us consider the reaction:
In + Fe** - In*" + Fe
In is stronger reducing agent (oxidized), & force
Fe to accepted > Fe Precipitate & Zn Dissolved



Geochemistry

Can this reaction proceed to the left?
AG°f= (0-35.2) - (-18.85-0) =- 16.29Kcal
this reaction can only proceed as written (-AGf)
AG Reaction direction  Type of reaction

Reducing  Oxidizing Standard electroc
agent agent potential, V

Cs - Cs* +e” -3.03

> Endothermic Li - Li* +e” -3.04
<« Exothermic K -»K* te” -2.94
“ > Equnperum ) Ba - B82+ +2e” =291
‘Example \ @ St - Srzz*+ +2e -2.90
In + Fe > In* + Fe, AG® = - 16.29kcal w BN - G’ t2e -287
Fe + Cu?* > Fe?* + Cu, AG® = -34.5Tkcal % Na — Na' te ~271
Cu + 2Ag* > 2Ag + Cu**, AG® = -21 21kcal L) Rb 1 u ~2.60
As reducing agent: Zn > Fe > Cu > Ag ~ Y i i +3°_ =240
In is the strongest RE & displaces the ions of all o Mg = M%+ t2e ~2.36
____metals located below (Electromotive series) ) O La - La +3e” ~2.36
o Ce - Ce®* +3e -2.32
Voltmeter 2 Sc - Sc32’r +3e” -2.03
Anode e Cathode Be - Be** +2¢” -1.97
' m g) g - 1111:: +g e -}.33

- +3e” =1
i l " v . J_+ ' U SUY e 138
i Y c Mn SMi +2e -L18
(o) Nb - Nb’* +3e” -1.10
T Porous H -— \% - V3+ +3e” -0.87
partition O Zn - Zo** +2e¢” -0.76
i 'g Cr S0P 43¢ 04
i i o ISTe :: IS*"e2+ ig 2‘ —83‘;

~ .
EIFc+romoﬁve Force (Emf): THe paotential generated due to ﬂLLe (7, Cd - Cd2+ +2e” -0.40
elfele uction of e on Zn electrode |(Anode),consumption on Cu 'E Co - C()2+ +2¢” -0.28
Cathode (Cdthode, Reduction) QO Ni - Niz; +2¢” -0.24
& Zn*+ SOF Cu* + SO 8’ Isflo : gf;* Ig : _gfg
o)) Pb - Pv** +2e” -0.13
Zn — Zn®* + 2 € Cu + 2 e — Cu = H, 22HY  +2e 0.00
S Bi - B +3e +029
| | Oxidation | Reduction | O Cu SCt 42¢ +034
BT Reducing Oxidizing o Cu - G t+e +0.52
Anode Cathode — 210 -1 +2e¢ +0.53
Loss electron  Gain electron v Se? - Se +2e” +0.67
-ve +ve g Ag - Ag' +e” +0.80
| O-Number BEIECERLE Decreasing o Hg - Hg** te” +0.85
BTN nX > Xt +ne | X" + ne > nX = Pd - Pd** +de" +0.92
Sfronger Weaker (7¢ ] 2Br- - BI'2 +2e” +1.08
Less More Pt - Pt2+ +2¢” +1.19
-ve,endo, >  +ve, exo, € 200 -G, t2e +136
TS Gain -ve ions  Gain +ve ions Au a1 e +1.69
S  Increase Decrease Pt - Pt i +2.64
B Dissolved Preceptate 2F = F, t2e +2.88

e Addition of the 2 half-cell reactions gives: HESreiEe e () _
In + Cu?* — In?* + Cu, AG = -50.8 kcall The potential generated due to the production of e onZn
o . [2n?*] _ ( 4G ) 3724 electrode (Anode, oxidation), & their consumption on Cu
af equilibrium: K = [cuzr] — 10 twees/ =107 electrode (Cathode, Reduction)

AG° =nFE°, AG = nFE i ’ hed fiori "
F = Farady constant = 96,489 Co/mole = 23.06 kcal/volt/gram reaction reached equiliorium tnere are no more

n = Number of electrons transferred e transferred so the reaction stop
E = electromotive Force
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e The element ranked according to strengths as
reducing agents using AG® & the comparing
them to a hydrogen half-cell reaction

H2(g) © 2H*(aq) + 2€ , E° =0.00
G°(H*) = G°(e) = 0.00 by convention
In+ 2H" =2 In*" + H,1
AG° =-35.14-0=-35.14 kcal (mean Zn > H)
E° = AG®/nF =-0.76vol
Cu+2H* > Cu* + Hy?
AG® = +15.66 kcal, E° = +0.34volts (mean Cu<H)

E° cei= E° reduction + E°oxidation
E° cer= E° reduction + Eoxidation = -0.76 + (-0.34) =-1.1V
Oxidation: Zn = In?* + 2e ", - 0.76vol
Reduction: Cu* +e = Cu, - 0.34
e Electromotive series presented in order of
decreasing strengths as reducing agents

AG = AG° + RTInQ = nFE

2.303RT 0.05921l0g?
+— +—

E = E° log? = E°

n
. 0.05916 K
at equilibum: E° = — — log
H voltmeter

2 ¥
: O

A\

| € B " i) e

~
~— — M |

Salt Bridge

H, -> 2H" +2¢ Cu’* + 2e > Cu

EXAMPLE Zn-Cu redox
E = E° + 0.0592log([Zn**]/[Cu?*])/2
E = -1.1+0.0296log([Zn**]/[Cu?*])
In the standard state: [X] = 1
E=-1.1+0.0296log(1/1) = - 1.1V
e Eh: emf generated between an electrode in
any state & the H, electrode at STP, such as:

Fe?* é_Fe3+ +e log [Zn*2}/ICu*?]

H*+e = %H, 0 5 10 15 20 25 30 35

Fe?* + H* > Fe®* + 2H,
since [H*]=[H,]=1.0in 9]
STP & Q=K=[Fe*"]/[Fe*]
Eh =E°+(0.05916/n)log K S-0s-
AG° =+17.75 kcal M o)

EC=+0.769V >

Eh=0.769+ T v
0.05916/log[Fe®*/Fe?*] -12 |
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£=0.00 volt
Equilibrium
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Eh is like the pH (environmental parameter)
whose values reflect the ability of the natural
system to be an electron donor or acceptor

The equation deduced above for Fe

demonstrates that activity ratio [Fe3*/Fe?] is a
function of the Eh of the environment
» Higher Eh = oxidizing environment, high Fe®*
» Lower Eh & reducing environment

Stability field of water

At O, = Tatm = Eh = 1.23-0.05916 x pH
At O, = 1081 2 Eh =-0.05916 x pH




Stability iield oi Fe-compounds(oxides)

Metallic iron > Magnetite Fe;O,
3Fe > Fe;0, + 8e (2Fe > 2Fe*, Fe > Fe?)
3Fe(s) + 4H,0() = Fe3O0y4s) + 8H*(aq) + 8
generates emf when connected to standard H,

0.05916 8
Eh = E° +Tlogm+] = E°+0.05916log!H"]

AG® = -15.85 kcal, E° = -0.086V
Eh = -0.086 - 0.0592pH

magnetite >hematite
Fe;O, > 3Fe,0; +2e
FesO.s) + HoOp) 2 3Fe,05(5) + HY(ag) + 2
AG° = +9.087 kcal, E° = +0.20V

Eh =0.20 - 0.05916pH

+1.0

+0.8
He
+0.6 Matje Staby
> Illly fi
~+0.4 eld
= Fe,O, + H,0

+0.2

—0.2

—0.4

pH

e Solubility of iron oxides : Fe?* & Fe** dominatfe
at low pH but the solubility of iron oxides limits
their stability in natural environment

Solubility of magnetite with respect to Fe?*
Fe;0, +2e - 3Fe?
3Fe?* + 4H,0 > Fe;0, + 8H* + 2e
AG® = +40.698 kcal, E° = +0.88V
Eh = 0.88 + (0.05916/2) x log([H]8/[Fe**]?)
Eh = 0.88 - 0.237pH - 0.089log[Fe?*]
2Fe?*+ 3H,0>Fe,03+6H'+2e
AG° =+ 30.161 kcal, E° = +0.65V
Eh = 0.65 + (0.05916/2) x log([H]¢/[Fe*]?)
Eh =0.65-0.177 pH - 0.0592 log[Fe?*]

e The solubility of both oxides increases with
decreasing pH & Eh, so when Hematite &
magnetite are exposed to acidic environments
with low Eh values (low O) they go into solution

The solubility of hematite with respect to Fe?* (no
e transfer, & independent on Eh)
Fe,O;+6H* > 2Fe?"+ 3H,0
AG° = + 5.33%kcal, K=10-39, pH = 1.35

Eh =-0.52 + 0.473 x pH
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Eh,V

Eh, V

+1.0 -

+0.8 -

+0.6 [FeZ+] — 106

+0.4 Fe,O3 + HO
+0.2 o
[Fe2*] = 10™8
—0.2

_0'4 -
i [Fe2+] = 104

T v T L T v T

2 4 6 8 10

Solution of magnetite to form Fe?* involves
oxidation of one divalent Fe?* to Fe**
Fe;O, + 8H* > 3Fe®'+ 4H,0 + e-

AG® = +12.552kca, E° = +0.54V, Eh=0.77V
Stability of siderite, magnetite, & hematite in
contact with water at 25°C, [CO,] =10 2 atm &
activities of 10-¢ mol/L for Fe?* & Fe?*



Eh, V

Eh (mV)

Eh (voits)

U0,S0,

]--U0,C05%@q)

°(aq)

PROBLEMS

-56.69
0.000
-45.00
-51.95
+15.65
-35.10
+15.65
-227.9
-126.9
-51.50
-311.0
0.000

-66.64
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-18.85
-367.9
0.000
-117.3
0.000
+18.43
0.000
-133.2
-54.52
-86.74
-111.2
-306.7
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Q1 Write electronic formula for $2 -, Ti**, P*, Zr**, CI7+
$? > S + 2e (oxidation)
Ti** + 4e - Ti (reduction)
P* - P + 3e (oxidation)
Ir** + 4e > Ir (reduction)
CI’* + 7e > Cl (reduction)

Q2 Balance the following redx reactions
a) MnO, +CI = Mn?* + Cl,

Reaction MnO, + CI = Mn* + Cl,
Valance +7,-2 -1 +2 0
Red. Half 2Mn7* + 10e = 2Mn%*

Oxid. Half 10CI - 5Cl, + 10e

2MnO, +10CI + 16H* > 5Cl, + 2Mn?* + 8H,0

b) As;Sz + NO; = HAsOz; +S + NO

As,S; + NO; = HAsO; + S + NO
+3,-2 +5,-2 +1,+5,-2 0 +2,-2
2As3 > 2As% + de
357 -> 3s + be
As,Ss = 2HasO; + 35 + 10e

NS+ + 3e -> N2+

NO; + 3e -> NO
Multiply the 1stred equgtions in3&the2ndin 10
3As;S3; +10NO; > é6HasO; + 95 +10NO

3As;S;+10NO; +10H* > 6HAsO;+9S+10NO+2H,0

c) Cr,O02 +1 > Cr* +1,

Cr,0,2 + | 2> Cr* + |,
+6,-2 -1 +3 0
Cr,0,2 + 6e > 2Cr*
ol 2> 3, + ée
Cr,0,2 + 61 > 2Cr* + 3,

Cr,0,% + 6l + 14H* > 2Cr** + 3l, + 7H,0

d) CrO, +CIO = CrO2 +CI
2CrO, +3CIO +H,0 > 2CrO,> +3Cl +2H*

e) CH,+SO,2 2 HCO; +HS
CH,+ SO, > HCO; +HS +H;O0

Q4 Complete the following electrode reactions &
calculate standard electrode potential
a) PbO (red) 2 PbO,

PbO¢s) + H,Op) = PbO,(s) + 2H*(aq) + 2€

4G° 0—-51.95 + 56.687 + 45
r- (45)- ey

2x23.06
b) Cu,O > Cu*
Cu,0(s) + 2H*(aq) 2 2Cu?*(aq) + 3€ + H,O)

AG*\  (2x15.65) — 56.69 + 35.10
E°=<nf>= = +0.14V

3x23.06
c) UO,* > U**
UO2**(aq) + 2€ + 4H¥(aq) 2> U** + 2H,0)

. (AG*\ —126.9 — 113.38 +227.9 _
E= (nf ) B 2x23.06 =027
d) Cr* > Cr,0,7
Cr** + 7H,0 > Cr,0,7 + 3e + 14H*
. (AG*\ —311.0+396.83 —15.65 _
B = <nf ) B 3x23.06 =104
e) Si> SiFe?
Si + 6HF > SiF¢? + 4e + 6H*
E° = 0.35V



Q5 Combine the Ag & Cu electrode half-reactions
& calculate the emf when [Cu?*]/[Ag*]? =10 *
2Ag* 2e > 2Ag
Cu > Cu*+2e
2Ag* + Cu > 2Ag + Cu*
AG° = 15.65 -2x18.433 = - 21.22 Kcal
AG° = nfE° > E° = (Mo) 222 b aev
= “\nf) " 2x23.06
Another way: from electromotive series
2Ag* + 2e 2> 2Ag (reduction, - 0.8V)
Cu > Cu?*'+ 2e (oxidation, + 0.34V)
E° cen = E°oxidation * E° reduction = 0.34 — 0.80 = - 0.46V
2.303RT 0.0592l0g10™"
E+—

nf 2

log? = —0.46 +

E=-0.578V
Q6 Combine the Al & Ni electrodes & calculate the
emf when [NiZ*]3/[AF*]2 =10 2
2AP* + 6e > 2Al (reduced, 1.70)
3Ni 2 3Ni** + ée (oxidation, - 0.24)
2AF* + 3Ni > 2Al + 3Ni**
E° cell = Eooxidaﬁon + E° reduction = 170 - 024 =+ 146V
AG°=(3x-10.9)-(2x-117.33) =+ 202.0 Kcal

o (AG°> _ 42020
“\nf/ 6x23.06
0.0592l0g10”"
E=1.46+ A =+ 1.44V

Q7 Mn forms: MNOOH, MnO, MNO,, & Mn;0,
a) Determine Mn valence in each compound, &
order oxides in terms of increasing valence
Mn O o H X=4-1=+3
- -2+
X =+2

Mn**O, > Mn**O(OH) & Mn?*OMn**,0; > Mn**O
b) Derive Eh-pH equations based on the
progressive oxidation of Mn to form oxides
starting with metallic (Mn 2 MnO)
Mn 2> Mn?* + 2e
Mngs) + H,Op 2 MnOgs) + 2H*(aq) + 2€

o (AG°) _ —86.74 +56.69 Ve 065y
“\nf/  2x23.06 -
0.0592 0.0592
Eh = E° + log? = —0.65 + loglH™T?

n 2
Eh = —0.0592pH — 0.65 ... (i)

3Mn** > Mn? + 2Mn®** + 2e
3MnOgs) + H,Op) 2 Mn3Oys) + 2H (aq) + 2€

o (AG") _ —306.7 + 260.22 + 56.69 V= 10227
“\nf/ 2x23.06 -
0.0592
Eh = 4022 + loglH™ T

Eh = —0.0592pH + 0.22 ... (ii)
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Mn?* + 2Mn®** = 3Mn3** + e
Mn3O,s) + 2H,0() 2 3IMNO(OH)s) + H*(aq) + €

o <AG°) _ —399.6 + 420.08V _ osov
“\nf/ 1x23.06 -
0.0592
Eh = +0.89 + loglH™]

Eh = —0.0592pH + 0.89 ... (ii)

Mn®** > Mn** + e
MnO(OH)(s) 2 MnOgys) + H (aq) + ©

. (AG°) 1332 -111.2 V= 1095y
“\nf/  1x23.06 -
0.0592
Eh = +0.95 + loglH™]

Eh = —0.0592pH + 0.95 ... (ii)

c) Derive equations of Eh-pH for Mn to form Mn?*
MnO 2> Mn?" + 2e, Mn(s) 2> Mn?* + 2e
—54.52

E° = (AGO) = V= -118V
“\nf/ 2x23.06 =~

0.0592 log[an+] _ 0.0296log[Mn2+] B

(don’t controlled by pH)

Eh =-1.18+ 1.18

ANOTHER PROBLEMS
If the measured Eh of water is 0.65, what is the
dominant form of copper (Cu* or Cu?*) in this water
(AG® in Kcal/mol : Cu* = 11.95, Cu?*= 15.65)
Cu*> Cu* +e
AG° =15.65-11.95 = +3.7Kcal

E° = (AGO) _ 370 V= +0.160V
“\nf/ 1x23.06 =~
0.0592  lew’]
Eh = 0.160 + log [€v*] = 0.650
[Cu2+] (0.65—0.16) . .
car = 107 oose = 1082 > Cu* is the dominant

Calculate the Eh of a water with 2x10-3 Mn?* & 5x10-
10 Mn3®* activities (AG: Mn3* = -20.26, Mn?* = - 54.52)
Mn%* > Mn®** + e
AG° =54.52 - 20.26 = +34.26Kcal

o (AG°) _ +34.26 V= 1407
“\nf/ 1x23.06
0.0 [Mn*e]
Eh =E° + 1 logMn*?] = 1,10



CHAPTER NINE

ISOTOPES GEOCHRONOLOGY

Types of dating in Geology Beta decay

Absolute Actual number to describe age (date in yr) (@E{-[YCRCEN Increas | Decrease | Constant | Increase

Relative Order of events relative to each other (older, e) 21 L g -
younger, or same age) Formed by decay of neutron

e Radioactivity: Spontaneous decay of element 1= H);:f Y:v S:m_"'leumno)
to another with concurrent release of energy s Bl o ngg _,_Vﬁ- ty

e Atom: The smallest possible particle that retains Positron

the properties of element (All atoms of element (B*, +ve e)

are essentially the same)

Particles Mass Charge Positions Controlled

Decreas Increase = Constant | Decrees
el 2 0 1
Electron capture (for atoms with a few Z)
Formed by decay of neutron

| Proton RV +ve Nucleus Mass of atom H* D n+pr+v
X -ve  around nucleus Atom volume X YA +8 +v
| Neutron [BRVZ 0 Nucleus Mass of atom Example: Ki¥§ — Ar) + B+ +v

0V +e [1%90Ti+et+v

e Mass Number (A): total number of p* & n

Alpha

o Isotope: atoms hoving different numbers of Decay (He Decrease Decrease Decrease Decrease
neutrons but the same number of protons nucleus a*?, 2 2 4 2
+2 For heavy atoms
Mass number A He™) X4 > YZ,4__24Y+ a4 E
(# protons + Beta-minus Decay
# neutrons)
Symbo| of Carbon-14 Nitrogen-14 .
- a S ¥
Atomic Z element p Autieutrino  Electron 237 | "\
= + ¢ + ¢ 29 60 . Y%
number SR &
utong @,
(# protonS) 6 profons 7 protons \06‘ \}c}e
A 8 neutrons 7 neutrons )
Types of isotopes *
Stable isotopes Don't decay Beta-plus Decay é’ g
UGB IR Decay into another elements, The more Carbon-10 Boron-10 °
differences in number of p & n the more B Neutrino Positron & v %
the unstable atoms (% b - &
=y + + ¢ 2 22 . %

#neutrons ¢

Z-N diagram 52

4 neutrons S neutrons N

100 g? : wl & . Uranium TN v
Ol | | ' ] =5 Pl 4
o’ o T T T > » | / Thorium ]
80 | ASNCENCY || 1Ll 11N #
N v \ NN $ : il B ] | Radium
o\ ‘known § i £
X 60 radioactive nuclei £ | m\ Radon
£ 2 | 2 LN Astatine
2 § 5 | o\ 2N B Polonium
g 40 17 B B
£ NS BN/
& |- NV
o o m Mercury
o | VR R e el ) = R & T T T I T | P | I I | [
o | 124 126 128 130 132 134 136 138 140 142 114 146
0 20 40 60 80 160 - Neutron Number (N) a-decay
neutron nmber' N ‘“U —— ‘MTh,' then 7a's + 4["5 laoter —’INPb
o 2 oL, 23 , ’ 2
The first 20 elements (to Ca) more or less have U 5 P then 8ars + 6f's later —» “Pb
number of n same as H* (related to stability) 2. Q29 208 LY ERN RN %
Th = ""Ra; then 6a’s + 4f¥'s later — ~Pb 144 °MS 146 W,
# neutrons ", e‘;& <
" e, g
35 “_,evoio\)
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e Absolute dating is done using the radioactive
isotopes (which decay at a constant rate)
e Rate of decays is constant because don't
depends on any conditions (T, P, state...)
¢ Nuclear Spontaneous Fission: nucleolus breaks
into 2 unequal fragments, which are unstable &
decay by B-emission
» heavy nuclei with even Z (e.g. 238U, 244Pu) are
spontaneously fission, & with Odd-Z fission in
response to n-capture
e The spontaneous fission of 238U decays Energy
cause damage & tracks in the crystal lattice &
forms basis for fission-track method of dating

RADIOACTIVITY EQUATIONS
e Exponential time function: Rate of decay is
proportional to the number of atoms of that
nuclide remaining at any time
/UV - —E
A: constant, N: # of parent atoms, (-): parent atoms decreasing with t
by integration: InN = -t +C
When t=0 > € = InMo

N, = # radioactive elements at t=0
N

InN = —At + InMo - InNo = —2t > N = Nye ™
When t = half-life 2 N=N,/2, So:
N, In?

- = Noe ™t - 1 = e 2w — ¢, = -

Example 87Rb > 875r with A = 1.42x10 'y "
16 =1n2/ 1.42x10 "y '= 48.8Ga

e A calculated experimentally:

] InA=InA, — At

1 A= N _ AN
= ——=
A= Age M

In4 = Ino — At (linear)

T¥ =(In2/0.04614)=15 hours

T T T T L
20 an & 80 o0 120
Time. hours
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e we can't directly measure N, (inertial parent
atoms) so must get expression relative to
daughter atoms & remaining parent atoms

D* = Ny — N = Ny — Noe ™ = Ny (1 — e™)

1 b
D*=N(eM-1)>t= Zlnﬁﬂ

D*: radiogenic daughter atoms
D=Dy+D*=Dy+N(e ¥ —1)

Do: inertial daughter atoms (from another source)

2
1

o= 0=—0

g B

"3
-3
1

o ™\ Growth curve of stable daughter
(equation16.19)

r's
@
1

#

Decay curve of parent
4 (equation 16.9)
8~ .
\ ® ——
| | I I 1 I I T I
0 1 2 3 4 5 6 7 8 9

Time, half-lives

Number of Parent or Daughter Atoms, X 10°

e Assumptions for age equation:
1. Nparent & Naaugnter atoms per unit weight
changed by decay of parent to daughter
2. The isotopic composition of parent element
was not altered by fractionation of isotopes
at fime of formation of the mineral
3. Aparent is known accurately
4. The isochron is not a mixing line
5. The analytical data are accurate
e Isotopes abundances measured using mass
thermal ionization mass spectrometer (TIMS)

magnetic field
to "bend" ion paths
“fiight tube" p P |
[ -
ions with 000
large mass ~S< 77 oo A, recording
system
ions with _
small mass amplifier
—J | §
vaouum = xit it ==
accelerating -
potential collector
et
source filament for § _LI
ionizing sample ’I |
L electrometer
tube

36



RADIOACTIVITY METHODS

N%

quent unghter t A
[yr*1019] [yr-1*10-19]

1.19000 0.58100  0.01167
n 1.40000 4.96200  0.01167
n Il 012500 5.54300  0.01167
4.88000 0.14200  27.8346
10.6000 0.00654  15.0000
27.0000 0.02570  0.09000
151000 0.04590  0.09000
9.68000 0.07160  0.09000

176 e 3.57000 0.19400  2.60000
456000 0.15200  62.6020
0.44680 1.55125  99.2743
0.07038 9.84850  0.72000
1.40100 0.49475  100.000

RbS] — Sr8] method

B-decay (Neutron capture):n > H* +p +v
RbS] > Sr¥] + B~ +Vv+E

D = Dy+N(e* —1)
Sri = Srig , + RbSj (e — 1)
S 87 b87
a Zl(e 1)
Sr38 ‘ 0
EXAMPLE calculate Rb-Sr data & half-life for biotite )

in gneiss if 87Rb/86Sr = 107.1, 87Sr/86Sr = 3.093,
inertial 878r/86Sr = 0.7030, & A = 0.142xyr1*10-10

Rbs7 (e - )

Srd
3.093 = 0.703 + 107.1(e1-42x10‘“xt -1)

ST87
sy

Sr38 Sr38

Sr38 Sr38

t 0

3.093-0.703
ln(wﬂ) [n1-02232
= = x1011 =

1.42x10-11 1.42

L
% T T T Taox10m1 | rootd

1.555Ga

~ISOCHRON

87
Sr

%6 at t = O (the so-called initial ratio)
Sr

“Rb/*Sr

AL a5 a s gl Jlad dglee 08 30a giall o gady yiadl & )3 220 48 jadl

dGle leliah astis dall il e paladl e ddliae Clie

Jaall s ca g yindl A0 V) Aill g8y sme e @halill s isochrone
o 4t (2 — 1) (55

EXAMPLE Minerals from igneous rocks gave the\

following ratios, calculate Rb-Sr data

Minerals Rb87 /Sr8% sr87 /5188
5.0 0.740
3.8 0.729

22 0.715

o
.

[ e
‘Sr L B35

samples array themselves
horizontally because the Sr
isotope ratio is the same in all
minerals formed in the same
system at the same time

8
()
=

—& @ @@ o

“Rb/**Sr

decay of 87Rb has caused
all samples to move along
a line with -1 slope...

e, =02

*"Rb/*°Sr

Shaas N Hamdan

0.760 T T T T
(2] .=
A N
t‘I-) w
2 omof g
& 0710 g
1 =
0700 £ g é_.syope 0boo 3
- D e = 630Ma
0.690 | g :en:ep(-ot‘)?f- ]
0.680 L -
0 1 2 3 4 5 €
*’RhAésr
slope = e* —1 = 0.009
lnslope+1 ln1.009
kt = T Tanioi - 6.31x108yr = 631Ma
Smi3’ — Ndig® method

(a —decay): X4 > YA+ He} +E
Smiy’ > Ndi® +a +E

Nd14-3 ‘Sm147
0

(e** = 1)

Nd143
‘Nd14-4

" |z T |vaiz

e This method is useful for dating Ca-rich
Precambrian igneous & me’romorphic rocks

K — Arf? + Ca38 method
W+ B > Arff 2, =5.81x10711q 71
K19 d Cazo + ﬁ_, /1[3— = 55.43x10_11a_1

jarte], = |artg], (A il >|K1°|(e“ 1y



e This method is used to date K-bearing minerals,
especially the basalts of the oceanic crust

U&>8 — Pb3d% method
90 +6pB
b206 | b206 238
/11 -1
‘Pbgga pozzi| + [poage], (")
Iy in thi | Pb3se — 0. then:
mostylnt LS system. Pb204 = ,t en.
82 g
ln(Pl]bgézé)BG-'-l)
-
U235 — Pb3Y” method
8o +4p
Pb3Y’|  |Pb3Y’ US| e
Pb2%* = b§g4 b204 ( 2t _1)
ln(PUbgézé);-'-l)
t=—"7—
Th3? — Pbd” method
70 +4p
‘Pbéé’s |Pb§38 Th33? (est — 1)
= e —_
Pb29* . Pb39* o Pb32* .
(o)
=T

e The mineral that most commonly used in U-Pb &
Th-Pb methods is zircon (ZrSiO,) because U** &
Th** rabidly substitute for Zr** because have
same radius & charge but led are too large

@

Too large

0.87 A 1.05 A 1.10 R 1.32 R

Concordia e Jasi PD-207Pb206 oihbaall A1 J (i g2
(Pb/U ratios e sl 058 )l Jlae) paaiy axsiny) diagram

4.0Ga

Shaas N Hamdan
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J e Lehalinl s jauall (a8 e Galeall (e B2z Cilipe 340 aie S
Concordialine Jdi ge um st b e 85 il 3 s diagram
geological s P 4l @y s 55 discordia e
metamorphism, change in T, & during Ji events
o Le s 5 (il eall i (g1) paba )l diffusion &asy uplift
JB LS A ) ablia ) a8 Yl Gl (lead loss of time
J ow bl il s s Concordia J g S s Al aaa
:La s concordia & discordia
(LAall) cliall Lo jeall s 51 eV (e pdalill ]
events J e sa5 iyl e ol 2
| 206Pb*/238U =€ ,06-1 1 r"“ pb* |

Loog =1 n ‘W*‘llj
2 U loss

Crystallization age\ 4————
L ]

0. 3.0,
o %7

7 20. N\

J / o 2 Examples of
0244,

discordant zircons
207TPh* /2351 | —eh! -
Pb*/235U =€l 1
T T

| A e L T A BE A GRE-J FE-20 NG AN DR )

0.8 —

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
207ph* /2351 )

PROBLEMS

Calculate Rb-Sr date for the sample of biotite if
87Rb/86Sr = 107.1, 87Sr/86Sr = 3.093, (87Sr/86Sr)0 =
0.7030, & Decay constant A = 1.42x10-1"a-!

87 87 87
Srsg | [ST38 Rb3; ( a )

ST'3886 - ST'3886 S 3886
3.093 = 0.7030 + 107_1(61.42x10_10xt _ 1)

t 0

3.093-0.703
In 1071

~ T142x10-11
Calculate the slope & intercept of Rb-Sr isochron
by least squares method using the following data

+1

= 1.55x10%yr = 1.55Ga

Samples 87Rb/86Sr 87Sr/86Sr
1 763.00 17.337
2 41.520 1.7390
3 107.12 3.0930
4 166.70 4.5430
5 138.70 3.8580
) 330.70 3.0570
7 82.700 2.7410

Use the slope to calculate a date for these samples
(A =1.42x10-")

Note that, we use this method when we don't know
(873r)0

Note that, least squares method is a stafistical
method used to draw the best fit line (excel sheet
basically use this method)



Calculate U-Pb & Th-Pb dates if: 20¢Pb/204Pb = 53.90,
207Pp /204Pb = 20.76, 208Pb/204Pb = 36.94, 238 /204Pb =
88.746, 238U/235y = 137.88, 232Th/204Pp = 55.38,

3 (2°¢Pb/204Pb)i = 12.97, (27pb/204pb)i = 14.17,
2 (2°8pb/204pb)i = 33.90, A1 =1.55125x10-0, A2 =
g 9.8485x10-19, & A3 = 4.9475x x10-1"
Pbg°®| ‘Pb§86 Ug;® (et = 1)
400 600 800 1000 Pbgy*|,  IPbgz*, Pb§g4 t
87Rb/86Sr e
f206 = T55125¢10-10  ~**6@
Intercept = 0.8806 = (87Sr/86Sr),
slope =0.0216 = (e** — 1) 1238
[n10216 pp2oa  U?3>  88.746
= Tazxo-u - o6 Uz~ pp2oi 13788 0%
Calculate the Rb-Sr age & initial 87S5r/84Sr of a U235
sample based on the following data (A =1.42x10-1") Pb3y” Pb2y7 Uzs® ot
Samples 87Rb/86Sr 87Sr/86Sr ‘pb§g4 . ’pb§g4 " |Ppag|, (e —1)
1 2.098 0.8245 ome s
2 0.198 0.7096 I~ 0643 !
3 1.173 0.7668 t207 = 5 gagaxio-10 — >¥°8Ga
4 2.033 0.8191
5 1.364 0.7791 Pb298 ’Pbggs Th23? e
3 0.319 0.7163 ‘ e Il e i e (e 1)
36.94—-33.90
In~ 5538 *!
thos = ————— = 1.08Ga

4.9475x10-11

Calculate 3 dates for a zircon by the following data:
238 /204Pb = $807.4, 235U /204Pb = 49.372, 232Th/204Pb =
2829.4, 20¢Pb/204Pb = 1657.29, 207Pb/204Pb = 171.99,
208Pp /204Pp  =185.72, A20s =1.55125x10-10, Az07 =
9.8485x10-1°, A208 = 4.9475x x10-1"

Intercept = (87Sr/86Sr), = 0.6971 Pp206
(e~ 1) = slope < SELAS=070% _ o (5og+1) (P;jf;) !
¢ — SOPe T 098 —0.198 pom® 1 (Fpes)
[n1-0605 A A
= — = 10
Ta2x10-11 -~ Hl4Ga p o 0 Camatt) = 1.4ca
Calculate a Rb-Sr date from the following analyses 1.55125 o
(A =1.42x10-1) (pgzos)
Samples 87Rb/86Sr 87Sr/86Sr (Pbéz°7+1> ( y7s )“
U23s 204
Whole rock 1.1730 0.7668 A L
Biotite 116.74 4.5430 A A
K-feldspar 0.6437 0.7822 1010 17199 .
Plagioclase 0.0633 0.7344 t207 = ggags M*372 = 1.5Ga
(o)
3232+1 Pb +1
[n\Ths 1 Th?32
LA AR [
1011 185.72
thog = a7 ln(2829.4+1) =1.3Ga

(87Sr/86Sr), = 0.7468
(e —1) =0.02277 - t = 1.59Ga
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CHAPTER TEN.

STABLE ISOTOPES,

-

e The Earth has a unique position in the solar

system because H,O exists in the liquid form

> This existence is a pre-requisite for the
development & preservation of life

> The medium, where chemical reactions
take place; & from which a series of solids
form, like carbonates, silicates, phosphates

Oxygen is the most abundant element in the

Earth’s crust & H in the solar system

H, O, C, N, & S share in all geochemical &

biochemical reactions on the Earth’s surface

> The masses of these elements in addition to
Li, B, Si, Cl, & Se are subject to mass-

dependent fractionation
Fractionation due to mass differences

H 12¢ 14N 160 32g 235) 206pp
D 13C 15N 180 343 238U 207 Pb

99.8 836 7.12 125 624 130 0.49
Abundances of stable H, & O isotopes

BT Hydrogen Oxygen

H} H;  of¢ o  op

99.985% 0.015 99.762 0.038%  0.2%

1.0078 2.014 15.995 16.999 17.999

e The energy of a diatomic molecule is a function
of its vibrational frequency (v):

E = Y%hv, h (Plank’s constant) = 5.626176x10-34J/Hz
When a light isotope is replaced by a heavier
one in a diatomic molecule, the vibrational

frequency decreases; which results in the
energy of the molecule
> This decrease in the energy results in

strengthening the covalent bond
> A consequence of molecule containing the
heavy isotope are more stable & less
reactive than those with the light ones
e The masses of isotopes determine the velocities
of molecules of a particular gas at a given T
> allmolecules of anideal gas have the same
kinetic energy at specified T: Ex = Yamv?
So 2 isotopic varieties of a molecule having
different masses have the same kinetic energy,
then:
v mpy\ 7
Yomyvé = Yam v} & i = (m—’Z)
mn/mc>1 (i.e. vi/vu > 1)
For 12C 160 & 13C 160
vy (mh>1/z B (28.998 %

27.995) = 1.0178

Uy
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e The existence of 2H stable isotopes & 30 stable
isofopes makes 9 different combinations of
water molecule (The masses range from
18.010565 to 22.02716amu ):

H,'¢0, H,'70, H,'80
HD'¢O, HD'7O, HD'8O
D,'¢0, D,'70, D,'80
The difference between D,'80 & H,'¢O = 22.3%

MATHEMATICAL RELATIONS

e The isotopic composition of all isotopes that are
affected by fractionation is expressed by the

__ Heavy(H)
parameterR R = Tight ()

EXAMPLE for 180 & 160 (A%: 180: 0.2, 160: 99.762)
Heavy(H) 0 0.2
"~ Light () 016 99.762

¢ Theisotopic composition of oxygen & hydrogen
are measured by mass spectrometry &
expressed relative to SMOW {Standard Mean
Oceanic Water}

o Delta Notation (6): The differences in isotopic
ratios (are relatively small & expressed as parts
per thousand, deviations from a standard)

5, = R, — Rstandara x1000%¢

Rstandard

Relative to a standard (oceanic water)

=2.005x1073

+v The sample is enriched in the heavy
e isotopes

- The sample is depleted in the heavy
ve isotopes

¢ When water evaporates at equilibrium under
constant P, isotopic composition of the vapor
differs from that of the remaining water due to
isotope fractionation during the evaporation

¢ Fractionation factor: The extent of fractionation

liquia _ R

vapor — R_v

a

R
ap = R—: - for H,0g: a

R, (0'%/0%),

a,(0) = 7. = (010, = 10098
R _ (D/H), _
@) =% = om, =

e fractionation factors decrease with increasing
temperatures & approach a value of 1

e In case of isotope fractionation between 2
phases a & b inisotopic equilibrium, the isotope
composition of element in phase a & b are:



8(1 — Ra—Rstandard x1000%;0 & Sb — Rp—Rstandard x1000%0

Rstandard Rstandard
R, = Ry(6, +10%3)x1073& R, = R,(6, + 103)x1073
Then:
o = Ry _ Rs(8, + 103)x10:3 _ 8+ 1000
R,  R,(86, +103)x10~3 ~ &, + 1000
l 2 =~ !
n [ab] ~ T [oc]
103In% ~ 103(al — 1) = A4y
A
Agep = 6 — 8q = ﬁxlo6 +B

METEORIC PRECIPITATION

o lightest water (H,1¢O) evaporates preferentially
relative to the heaviest molecule (D,'80)

e heaviest molecule in water vapor condenses
preferentially relative to lightest molecule, so:
> depletedin D & 80 relative to sea water
» Condensate enriched in D & 180 relative to

the vapor
12 T Y e 1 10
11 Fractionation Factors, 1100
10 Evaporation of Water 9

80
70
60
50
40
30
20
10
0

10% In &l (1*0)
(o] w N wn (=8 ~J o0 O
(@90 uj 01

—

0
0 50

100 150 200 250 300 350

Temperature, °C
EXAMPLE If you've got a sample of water vapor
from an ocean, the water T is 20°C, calculate the
delta Notation (§) for 180 & D in this sample using
the previous diagram
at20°C: 103n®© = 9.7702 > «.(0) = 1.00982

at20°C: 103In%®) = 80.9855 — al(D) = 1.08436

8§ +1000 1000
@w(0™) = 5 =000 ~ 5, + 1000 Cecause L = SO
1000
65(0) = 7555 — 1000 = —9.70%0
1000
5(D) = T5az — 1000 = ~77.49%
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e Vapor ﬁ.@ Vapor

OBeBels  -15%0 »;:«‘ -18 %o

Preci;;ifa\fion
5 %o
11

Rain-3"%0
(heavier isotopes condense)

=10 %o

Evaporation
(lighter isotopes evaporate)

it

Evapotranspiration
-7 %o

LS oa JBY) il ¥ (Olael da e b)) O18 JI Jiy <5l aa
8 Leayl 55 @a¥) ildail) (e (BB
G il ) Al 50 JYA e )Y Gl (8 bl ) 038 (g i
(padl) Flall g ALl padll) ) saanll jue Bl pall Sla jo UL o 8
PROBLEMS
e Calculate 6§80 of water vapor in equilibrium
with liquid water at 10°C assuming 680, = -

10.0% (SMOW) & avi = 1.0105
_ R, _ &,+1000

o, R, =5, 11000 1.0105
—-10+ 1000
m =1.0105
8, = —20.3%
e Calculate 60O of liquid water vapor in

equilibrium with vapor water at 10°C assuming
680g =-25.0% (SMOW) & av,=1.0105 (—14.8%0)

R, 8,+1000
=R, 5, +1000

5+ 1000

l — —————————
% = 3511000 10105
81 = —14. 8%0
e Calculate the value of o, (at 35° from diagram)
11¢ Fractionation Factors, 4100
ol Evaporation of Water 9

80
70
60
50
40
30
20
10

10° In al ('*0)
N w S W N ~ o0 el
(@40 ur 01

—_—

100 150 200 250 300 350
Temperature, °C
at 35° 10%Ina, (180) ~ 8.0 - o}, = 1.00803

0
0 50



