
Trace Element Geochemistry 

Lecture 1 

A. Beginnings of Geochemistry: 

The field of Geochemistry slowly emerged along with the development of 

Geology in 1700 and 1800’s (James Hutton, 1726-1797, is known as the “Father 

of Geology”).  Physical Chemistry and Geology were effectively combined by 

establishment in 1907 of the Geophysical Laboratory of the Carnegie Institute of 

Washington.  N.L. Bowen, a MIT-trained scientist, published “The Evolution of 

the Igneous Rocks (1928),  

V.M. Goldschmidt (1888-1947) is known as the father of Modern Geochemistry, 

(see Geochemical Society Spec. Pub. No. 4 by B. Mason (1992) for a biography 

of Goldschmidt).  His collected efforts are summarized in the book 

“Geochemistry”, Clarendon Press, Oxford, 1954. 

B.  Definition of Trace Elements: 

 There is no rigorous definition of a trace element, but typically 11 elements are 

described as major elements because they form more than 99 wt% of most 

igneous rocks; the relative abundance of major elements determines the 

proportions of rock-forming minerals such as feldspar, quartz, micas, olivine, 

pyroxenes and amphiboles.  These major elements (ME) are indicated in the 

periodic table (Figure 1).  They are in order of increasing atomic number O, Na, 

Mg, Al, Si, P, K, Ca, Ti, Mn and Fe. 
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Figure 1: Periodic Table – The periodic table of the elements is organized according to 
electron configuration; that is the systematic arrangement of electrons in orbitals 
surrounding the nucleus.  This table indicates for each element the outermost electrons; 
these are the electrons that determine the chemical bonds between elements.  In order to 
understand and predict the behavior of a trace element in an igneous system, it is essential 
to know where the element of interest lies in the periodic table. 

 Elements that typically occur as major elements (ME) in igneous rocks and minerals are 
indicated by yellow squares.  Note that ME are in the first four periods of the periodic 
table; all other elements typically occur in lower abundance, <0.1 wt.%, and are 
described as Trace Elements. 
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C.  Modern Development of Trace Element Geochemistry:  

The origins of this field clearly arise from the efforts of Goldschmidt but full 

development of the field was hindered by the paucity of precise and accurate 

abundance data for trace elements in rocks.  This hindrance has gradually been 

removed with development of new analytical techniques.  Initially the use of X-

ray fluorescence and more recently other analytical techniques such as isotope 

dilution mass spectrometry, neutron activation analysis and most recently the 

emergence of inductively coupled plasma mass spectrometry (ICP-MS).  In 

addition, determination of trace element abundances in minerals is now possible 

through use of techniques which can determine the compositions of small “spots” 

(10’s of microns) using focused beams, such as the ion microprobe (secondary ion 

mass spectrometry), or lasers, laser ablation ICP-MS.  It is important that a trace 

element geochemist become familiar with the pros and cons of analytical 

techniques.  A course in Analytical Geochemistry is desirable.  This course will 

not discuss analytical techniques but there are numerous useful books.  Two are: 

(1) Modern Analytical Geochemistry, edited by R. Gill, Addison Wesley 

Longman Limited, 1997. 

(2) A Handbook of Silicate Rock Analysis, P.J. Potts, Blackie, 1987. 

With the acquisition of trace element abundance data sets, a need for 

theoretical understanding of trace element behavior was needed.  Perhaps the first 

landmark papers in this field are those of Gast (1968, Geochim. Cosmochim. 

Acta, 32, 1957-1986) and Schilling and Winchester (1967, pp. 267-283, In: 

Mantle of Earth and Terrestrial Planets, Interscience).  Models for understanding 

the behavior of trace elements in mineral-silicate melt systems will be discussed 

in this course. 
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D. Sites for Trace Elements (TE) in Minerals (see Figure 2) 

1. Direct substitution of TE into specific structural sites of minerals: e.g., Ni+2 in 

the site that contains Mg+2 in Mg2SiO4 (Figure 2b). 

2. Defect sites: Minerals do not have perfect arrangement of cations and anions, 

and there are defect sites such as Schottky defects whereby a vacancy within 

the lattice is created by transferring an atom from interior of crystal to the 

surface of the crystal.  Another type of vacancy defect is the Frenkel defect 

whereby an atom is transferred to an interstitial position.  These vacancies can 

be occupied by TE (Figure 2c). 

3. Inclusions of a different phase in a host mineral: These may be melt, fluid or 

solid inclusions trapped within a growing mineral.  One way to form such 

inclusions is exclusion of elements not incorporated in a mineral to the grain 

boundary surface where the activity of the excluded element may be sufficient 

to form an accessory phase, such as zircon where the dominant cations are Zr 

and Si or apatite where the dominant cations are Ca and P (Figure 2d).  When 

inclusions can be recognized there are no problems in data interpretation, but 

it is likely that some inclusions are too small to readily recognize. 

4.  Adsorption on surfaces: The surfaces of phases have different bonding 

characteristics than interiors of phases, so grain boundaries may have different 

TE concentrations than the interiors (Figure 2d).  This can be evaluated by 

mild acid-leaching of silicate phases with analyses prior to and subsequent to 

leaching. 
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 In summary, all of these mechanisms for TE incorporation into minerals are 

important, but the mechanism of direct substitution of TE into a structural site is the only 

process that is well understood; hence we will emphasize this mechanism.  However, we 

will read and discuss papers focused on Melt Inclusions and the Role of Surfaces in 

controlling trace element abundances.  In Lecture 2 we will consider the thermodynamics 

of dissolving TE in minerals. 
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Figure 2: Two dimensional arrays of a structure composed of X and M ions showing 
possible mechanisms for incorporation of ions of trace element Y. 

(a) Pure X-M structure 
 

 

 

 

 

 

 

 

 

 
(b) XM with incorporation of two ions of element Y at structural sites usually 

occupied by X ions. 

 

Figure by MIT OpenCourseWare.

Figure by MIT OpenCourseWare.
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(c) Formation of vacancies that can be occupied by TE. 
Upper – Schottky defects form when atoms of X and M leave interior sites in the 
crystal.  The vacancies formed, indicated by squares, can be occupied by TE. 

 

 

 

 

 

 

 

 

 

 

Lower – Frenkel defects form when ions of M are transferred to interstitial 
locations (red circles enclosed in squares) forming vacancies, open squares, that 
can be occupied by TE. 

 

Figure by MIT OpenCourseWare.

Figure by MIT OpenCourseWare.
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(d) Inclusion of TE rich zones within a host crystal, e.g., zircon (ZrSiO4) in biotite. 

 

 

 

Figure by MIT OpenCourseWare.

 

 

(e) Absorption of TE on surface of a crystal where bonding differs from that in the 
crystal interior. 

Figure by MIT OpenCourseWare.
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