DISTRIBUTION OF ELEMENTS IN MAGMATIC SYSTEMS
Introduction 

The distribution of elements in igneous rocks is one of the most important areas of study in geochemistry. Large sets of data have been generated on granites, basalts and other common rock types in different parts of the world. Indeed the study of the distribution of elements in igneous rocks and the factors controlling this is one of the major goals of geochemistry.

Presentation of Data

Rock/Mineral analyses

Concentrations of all the major elements of any rock or mineral are presented in terms of the weight percent of each oxide (see the table below).

Oxide
Gabbro

Granite


SiO2
50.8

70.56


Al2O3
19.5

14.14

Fe2O3
-

2.02

FeO
4.5

-



MgO
9.3

0.32

CaO
13.0

1.35
Na2O
2.12

4.92
K2O
0.21

5.59
TiO2
0.55

0.33
P2O5
0.04

0.14
Mno
0.16

0.03
Total
100.18

99.9
Trace elements are presented in units of ppm. REE data is normally presented in form of Masuda Coryell diagram (Concentration of REE in mineral relative to the concentration in chondrites  versus atomic number).

Rock Suites/Series

Plots of inter element correlation are useful indicators of petrogenetic processes that have operated in a given rock series, e.g. plots of Oxides of major elements versus SiO2 content or MgO/ MgO +FeO ratio or solidification index (S.I. = 100 MgO/(MgO+FeO+Fe2O3+Na2O+K2O)) Triangular variation diagrams are also used to display geochemical changes that accompany differentiation (MgO+FeO-Na2O-K2O, Na2O-K2O-CaO, Rb-Ba-Sr).
Element Variation during crystal liquid fractionation
The following trends have been observed in magmatic sequences.

(a)
Many transition elements (Sc - Cu) are enriched in the mafic or basic fractions and show strong inter-element correlations.

(b)
Many of the elements of atomic number 39 and greater (except for Pt – group elements) tend to be partitioned preferentially into the melt phase during fractional crystallization of a basaltic magma.
(c )
Where a magmatic sulfide fraction is developed the elements Cu, Fe, Ni, Co, Ag, Au, Se, Te, In, Tl and Re tend to be associated.

(d)
Any immiscible aqeous phase tends to be enriched in Na, K, Ca, Mg, Cl, S, Li, B, P, C, Zn and W.

Pegmatites

These are enriched in silica, Alkalis, alumina and water. They are enriched in the following 

elementsrelative to crustal abundances: Li, Be, B, F, Sc, Ga, Ge, Rb, Y, Zr, Nb, Mo, In, Sn, Cs, REE, Hf, Ta, 
W, Re, Pb, Bi, U, Th.

Partition Coefficients
The extent to which an element is incorporated in a mineral crystallizing from a magma can be expressed by means of a partition coefficient (K).


Km = [M]mineral /[M]magma


Km    depends on temperature, pressure, and composition of the magma. 
Partition coefficients are used in petrogenetic modelling.

 Bulk Km =αKQm + βKRm + γKSm

Bulk Km gives partition of M between total crystallizing solid and liquid.
              Partition coefficients for selected elements in basic rocks


Olivine

Clinopyroxene

Plagioclase

Co
3.8

1.2




Ni
14

26
Cr
2.1

8.4



Ba
0.006

0.07


0.23

U
-

0.04


0.009

Elements that have K values << 1 for the common minerals are termed incompatible, e.g. Ba, REE (excluding Eu) and U. These are enriched in late fractionation products.
 There is a relationship between the K value and temperature.



Ln K = A104/T + B


For Sr in plagioclase LnKpl.Sr = 15121/T-9.909

The partition coefficient tends to be high in acidic rocks than in basic ones. The partition of elements which show variable oxidation states will be affected by changes in the oxygen fugacity of the melt.

FACTORS CONTROLLING THE DISTRIBUTION OF ELEMENTS
These factors are subdivided into the following groups: structural controls, Kinetic controls and thermodynamic controls. 

Structural Controls
1)
Crystal structures that are present in the system under the given physico-chemical 


Conditions. In magma systems the tendency for the elements to enter solids depends 

upon their  acceptance in  sites within the crystal structures of minerals that are forming 

in the magma. The internal structure of any mineral depends upon the packing of the 


constituent atoms. Most crystals of rock forming minerals have ionic bonds. The packing 

of anions around the cations depends upon the ionic radius ratio (radius of cation/ 


radius of anion). The higher the ratio the greater the value of the coordination number 


of the cation. In silicate minerals such as olivine and feldspars there are cation sites that
 have tetrahedral and octahedral coordination. The tetrahedral sites are occupied by 
atoms of Si, Ge, Al and Ga. The octahedral sites are occupied by larger cations such as 
Mg,Fe, Co, Ni, Ca, K, Na, Rb, Ba and Sr. If K-feldspar is present K, Na, Rb, and Ba can 

readily occupy space in the crystals of this mineral. The presence of Olivine in the

 magma system promotes the entry of Mg, Fe, Ni, Co into the solid phases in the magma 

system. The presence of zircon allows  the entry of Zr and Hf into the solid phases. 

2)
The viscosity of the silicate melt. The viscosity of a magma. Affects the rates of some 

petrogenetic processes such as mineral growth or crystal settling . It also affects the 

composition of the end products of crystallization. The viscosity of a silicate melt 

depends upon the extent of polymerization of the basic unit of structure (SiO4)4-. The 

higher the degree of polymerization the greater the viscosity of the magma. The degree 

of polymerisation of the silicate melt depends upon its temperature and chemical 

composition.  High content of network formers (Si, Al, P) promote polymerization while 


higher contents of network-modifiers (Na, Mg, Fe, Na) reduce polymerization through 


disruption of networks. Polymeric units that are formed include the following:


Monomer (SiO4)4-  , Dimer (Si2O7)6-, Trimer (Si3O10)8-  , Tetramer (Si4O13)10-

The presence of water and fluorine tend to reduce polymerization through reactions 
              with the bridging oxygens of the silicate network in the following manner. 



H2O + (Si2O7)6-  ( 2 SiO3(OH)

                  
(Si2O7)6-  + F- ( (SiO4)4- SiO3F

An empirical indicator of the degree of polymerization is  R which is defined as follows:


R = O/(Si + Al + P)      



R = 2 for SiO2 ,      R= 2 for granitic rocks and R= 3 for ultrabasic rocks.

(3)
Water Content of the magma


This affects the distribution of the elements through the following:


(a)
changes in viscosity of magma.


(b)
Changes in water content enlarge or reduce stability fields of minerals in 



equilibrium with the melt.

(c )
water lowers the temperature of crystallization of many of the mineral phases.


(d)
water driven off from a hydrous magma during the last stages of its evolution 

 

may act as a transporting medium for a number of elements which in its absence 



may remain as part of the final crystallized products. The mobilized elements 



may be concentrated to form hydrothermal mineral deposits e.g. Zn, Cu, Pb.


(e)
Water permits formation of hydrous minerals such as mica.

(4) 
Ionic radius and charge

Ionic radius and charge are very important factors that control the distribution of 


elements in magmatic systems. An ion of one element can replace the ion of another if 


it is similar in size and charge. 
(5)
Electronegativity of the ion

Electronegativity of an element is the measure of its tendency to form covalent bonds. If 

two elements have similar radii and the same charge, the one with the lower 

electronegativity will be preferentially concentrated in early formed samples of a 

crystallizing mineral, since it forms a stronger and more ionic bond than the other. This 


rule applies to those ions whose electronegativities differ by more than 0.1. The 

electronegativities of some ions are given below:
Cation 


Electronegativity

Rb+   


0.8

K+


0.8

Ba2+


0.85

Na+


0.95
Sr2+


1.0

Ca2+


1.0

Li+


1.0

REE


1.05 - 1.2

Mg2+


1.2
Sc3+


1.3

V3+


1.35

Mn2+


1.4

Cr3+


1.6

Fe2+


1.65
Ni2+


1.7

Co2+


1.7

Zn2+


1.7

Fe3+


1.8

Cu+


1.8

Cu2+


2.0

(6)
Ionic Potential


In magmas ions with I.P between 0.6 and 2.5 occur as free ions that occupy holes in the 

network of silica polymers. Elements with ionic potentials between 2.5 and 4.8 occur as 

simple species and complex species. In most magmas these behave as free ions but in 

oxygen-rich magmas they tend to form complexes. Elements with ionic potentials 

greater than 4.8 form anion complexes that may be linked to the silica network or not. 

Elements that form non tetrahedral complexes are not readily incorporated into silicate 

minerals and tend to concentrate in residual magmas. Examples are CO32-, BO33-  species. 

Tetrahedral complexes in which the central cation has a large charge (>+4) are not 

readily incorporated into silicate minerals and these species tend to concentrate in the 

fluid phase of the magmas. Examples are PO43-, WO42-, and sulfate (SO42-). The larger the 

size of the central ion in a tetrahedral complex the less readily it is accepted into a 

silicate structure. GeO44- and GaO45- tend to accumulate in residual fluids relative to the 

SiO44- and AlO45-. Elements that form complexes which are not readily accepted in 

silicate structures tend to concentrate in differentiates that form in the late stages of 

magmatic evolution.  Ionic potentials of some selected elements are given below: 

Cs+
0.60
Rb+
0.68
K+
0.75
Na+
1.0
LI+
1.5


Ba2+
1.5
Sr2+
1.8
Ca2+
2.0
Mn2+
2.5
La3+
2.6

Fe2+
2.7
Co2+
2.8
Mg2+
3.0
Y3+
3.3
Lu3+
3.5


Sc3+
3.7
Th4+
3.9
Ce4+
4.3
Fe3+
4.7
Zr4+
5.1


Be2+
5.7
Al3+
5.9
Ti4+
5.9
Mn4+
6.7
Nb5+
7.5


Si4+
9.5
Mo6+
9.7
B3+
13
P5+
14
S6+
20


C4+
25
N5+
38

(7)
Crystal field stabilization energy

The behavior of transition elements in magmatic systems can best be described by 

application of crystal field theory.These transition metals posses an incomplete inner d- 

electron shell. The distribution of transition elements in magmatic systems is affected by 

the effects of surrounding anions on the energy levels of the electrons in the d-shell of a 

transition metal ion. This interaction of the cation and the surrounding anions results in 

crystal field stabilization energy (CFSE). The interaction energy or CFSE varies with the 

valence state in which the metal is, the type of coordination, and the distance between 

the ions. The transition metals have octahedral coordination in silicate crystals and 

tetrahedral coordination in the parent magma. An octahedral site preference energy is a 

partial measure of the preference of a transition metal for the crystalline rather than the 

liquid state. The order of octahedral site preference energy (OSPE) for divalent and 

trivalent cations is as follows:

M++ ions
Ni > Cu > Co > Fe > Mn = Zn =Mg


M+++ ions
Cr >  Co > V > Ti > Fe = Sc = Ga

Despite the high CFSE of Cu it does not readily enter into silicate structures due to lattice 

distortion, energy destabilization effect.

(8)
Atomic/Ionic substitutions in crystals

The ability of an atom or ion to substitute for another in a given crystal structure
 depends on the similarity of its radius to the one it is replacing. Atomic substitution also 
depends upon the similarity in the charges of the two ions. Element exchange will occur 
more readily when charges of the ionic species are identical. Two elements that can 
substitute for each other are known as diadochic. Complete solid solution can exist 
between two end-member compounds when the charge and radii of substituting ions
 are similar, e.g. in olivine where substitution of Mg2+ by Fe2+ leads to formation of 
MgSiO4 through (Mg, Fe)2 to Fe2SiO4. Where there are significant differences  in the charge and
 radii of the two ions a limited solution may exist  e.g. KAlSi3O8 – NaAlSi3O8.  
Examples of  substitution:

A+M3+X4-Cryst + B2+liq. +C2+liq.  ( B2+C2+X4-cryst + A+liq. + M3+liq.
NaAlSi3O8  + Ca2+ + Al3+ ( CaAl2Si2O8 + Na+ + Si4+
The extent to which elements may compete for occupation of sites in the crystal 
structures of geochemical systems may be summarized in terms of the following 
Goldschmidt’s rules of Substitution:


(1)
The ions of one element can extensively replace those of another in ionic crystals 



if their radii differ by less than about 15 %. A good example is Hf which is 



camouflaged in zircon through replacement of Zr and Ge which is camouflaged in 



Silicate minerals  through replacement of Si.

(2)
Ions whose charges differ by one unit substitute readily for one another 



provided electrical neutrality of the crystal is maintained. If the charges of the 



ions differ by more than one unit, substitution is generally slight.

(3)
When two different ions can occupy a particular position in a crystal lattice, the
 
ion with the higher ionic potential will be incorporated preferentially into a 


growing crystal since it forms a stronger bond with the anions surrounding the 

site. A good example is the capture of Ba2+ in place of K+ by K-feldspar and 


admittance of Li+ into biotite to replace Mg2+. K+ is incorporated preferentially 


into K- minerals relative to Rb+.
(4)
Substitution may be limited, even when the size and charge criteria are satisfied, 


when the competing ions have different electronegativities and form bonds of 


different ionic character. 
              Let us look at the fate of some individual elements during crystallization of magmas.
Cesium

Due to the large size of Cs it can only replace K in crystal structures of minerals such as biotite and K-feldspar. During differentiation it remains in the liquid and is concentrated in late differentiates (pegmatites) where it occurs in micas and K-feldspar

Rubidium

Rb replaces K in K-bearing minerals (muscovite, biotite, K-feldspar). Rb is admitted into K- minerals. The Rb/K ratio increases with differentiation.

Barium

Ba is captured by K-minerals (biotite, K-feldspar). Ba is enriched in early formed K-minerals. Ba may also be accepted in the plagioclase structure.
Lead

Pb should be captured by K-minerals but due to its high electronegativity it is admitted by K-minerals.
Strontium

The intermediate size of Sr2+ allows it to be admitted by Ca- or K-minerals. It is removed from magma through admission in ca-plagioclase. The pyroxene structure does not readily accommodate Sr.
REE

The charge and comparatively large radius (La 0.85Å – Lu 1.06Å) and their low concentration allows them to show little tendency to replace the major elements during magmatic crystallization. The REE elements concentrate in the liquid phase of the magma  and crystallize as trace minerals in late differentiates of the magma. Some replacement of Ca2+ in apatite by REE concentrates these elements.
Manganese

Mn is much more electronegative than Ca2+ and it does not replace this element in common rock forming minerals (except in the apatite of pegmatites). Mn replaces Fe. Mn is admitted in ferromagnesian minerals (pyroxene, olivine).
Hafnium

Hf has similar charge and radius to Zr. Therefore it always occurs with Zr which camouflages it.

Zirconium

The high charge and radius of Zr does not permit it to enter the common rock forming minerals. Zr remains in magma until its concentration is high enough for precipitation of ZrSiO4. Zr is concentrated in late differentiates due to the low concentration of Zr in the initial magmas.
Cobalt

The similarity of Co to Fe in  charge and radius  allows it to enter Fe-minerals and Mg- minerals. The high CFSE for cobalt allows it to enter early formed Mg-minerals (olivine). The Co content decreases with increase in degree of differentiation.
Nickel

Ni2+ has very similar geochemical properties to those of Mg2+ and Fe2+.Due to its high CFSE it is accommodated in early formed Mg-Fe minerals where it is accommodated in octahedral lattice sites.
Lithium

Due to the small size of Li+ it follows Mg2+ and is admitted in Mg-minerals. The Li/Mg ratio increases with differentiation. Li enters pyroxenes, amphiboles, micas. A large fraction of Li remains in liquid and is concentrated in later differentiates (pegmatites) where it forms its own minerals.
Vanadium

V3+ is concentrated in early formed magnetite. It also occurs in pyroxenes and amphiboles.
Chromium

The radius of Cr3+ is very similar to that of Fe3+. It is removed in the early stages of crystallization as chromite. Cr is also enriched in early formed pyroxene.

Titanium 

Ti replaces Al in pyroxene, hornblende and biotite. Ti is present mainly in ilmenite.
Gallium

Ga is camouflaged in Al-minerals since it has the same properties as Al. Ga is enriched in later differentiates. 

Germanium

Ge is camouflaged in Silicate minerals since it has the same properties as Si. Ge is enriched in later differentiates. 

Incompatible lithophile elements

These lithophile elements do not substitute the major elements because of a great difference in ionic radius and ionic charge. Due to their low concentrations in magmas they remain in liquid and are concentrated in the residual liquid of magmatic crystallization. These elements include B3+ (0.12 Å),  Be2+ (0.27Å), W6+ (0.60Å), Nb5+ (0.64Å), Ta5+ (0.64Å), Sn4+ (0.69Å), Th4+ (1.04Å), U4+ (1.00Å), Cs+ (1.70Å), REE, Li+ (0.74Å), and Rb+ (1.49Å). These incompatible elements are concentrated in pegmatites. 
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