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Bulk Rock Chemical Analysis of Igneous and Metamorphic Rocks: Major and Trace elements

Preamble

The analysis of whole rocks for major and trace elements is often very important for understanding the conditions under which the rocks formed, as well as their economic potential. This is particularly true of igneous and metamorphic rocks, and less so for sedimentary rocks. In all cases, bulk rock chemical analysis is a multi-step process, and the objectives have to be clear from the outset. Generally, any sample has two types of elements: majors, and traces (including rare earth elements). Major elements are ones whose oxides constitute more than 1% by weight (on average for a common, garden variety rock in the earth’s crust). These elements are: Si, Al, Fe, Ca, Mg, Na, K. Minor elements are ones whose oxides constitute 0.1 – 1% by weight of a common crustal rock, and include Ti, P, and Mn (± C ± N). Trace elements are all other elements in the periodic table, and occur in concentrations of several parts per million (ppm) or parts per billion (ppb) of a typical rock. 

Uses

Major element analysis is useful for the classification of rocks, whereas trace elements (and particularly rare earth elements; REE) are useful for understanding the conditions under which these rocks formed. Bulk rock chemical analysis is particularly useful for studying igneous rocks, and is considered one of the essential tools for understanding igneous petrogenesis.  It is less widely used for studying metamorphic and sedimentary rocks. Following are some of the uses of bulk rock chemical analysis:
1- Classification of igneous rocks, especially volcanic rocks 
2- Identification of igneous rock series: whether the igneous rocks are co-magmatic or not

3- Identification of the tectonic setting in which the igneous rocks may have formed

4- Modeling processes of magmatic evolution

5- Constraining magmatic temperatures in some cases

6- Identifying the protolith of a metamorphic rock

7- Identifying and modeling metasomatic processes

8- Understanding the nature of hydrothermal fluids, and the effects that they may have on host rocks ( ore genesis!

9- Provenance studies for some sedimentary rocks ( helpful for some tectonic interpretations

10- Petrogenesis of some chemical sedimentary rocks (e.g. banded iron formations)

11- Geochemical exploration
Classification of Igneous Rocks

All rock types are classified primarily based on their mineralogy and texture. However, many volcanic rocks are too fine grained (and may even contain glass) to allow for the proper identification of all their minerals. On the other hand, all igneous rocks represent a continuum in nature (whether mineralogically or chemically), making their classification rather artificial. Nevertheless, classifications are needed to improve communication between scientists, and are generally of five different types:

Mineralogical classifications: Are based on the mineralogical composition of the igneous rock, and the percentage by volume of essential minerals (minerals influencing its classification and constituting more than 5% of the rock). The volume % of any mineral is known as its mode. 

Textural classifications: Textures are used as a secondary criterion for the classification of most igneous rocks. For example, in the most commonly used classifications, textures are used to tell plutonic and hypabyssal rocks from volcanic ones. Each mineral assemblage will therefore correspond to at least two rock types: (i) plutonic and (ii) volcanic (see IUGS classification; Figs. 1 - 3). On the other hand, textures are used as the only criterion for the classification of pyroclastic rocks, ... but then again, these are sedimentary rocks!

Chemical classifications: Are based on the chemical composition of the igneous rocks, and therefore require the availability of bulk rock chemical analyses (obtained by XRF, ICP or wet chemical techniques). These classifications are needed for many volcanic rocks that are either too fine-grained to allow for proper identification of their mineralogies, or which contain considerable amounts of glass.

Genetic classifications: Are classifications based on the (assumed) origin of the rock. For example, “cumulates” are assumed to have formed by the accumulation of crystals or their “crystal settling”. Although the ultimate aim of the petrologist is to understand how the rocks formed, purely genetic classifications are not very useful for the field geologist or petrographer who is just starting a study, as they may be quite misleading!

Tectonic classifications: These are useful for understanding the relationship between plate tectonics and igneous activity, and rely heavily on studying present day igneous activity at different types of plate boundaries/ interiors. Making use of these classifications to understand the tectonic setting of "older" igneous rocks still requires chemical, mineralogical and textural data. 

Among these five different types, it is clear that the easiest are the mineralogical and textural classifications (as they require the minimum amount of information usually obtained in the field), followed by the chemical classifications which are necessary for many volcanic rocks.

Chemical classifications

Chemical classifications are based on a few concepts:

1- Concept of SiO2 saturation (Shand's classification):

This is an easy concept which leads to a simple classification that actually utilizes the mineralogy of the rock. Rocks are classified into 3 groups:

· Oversaturated: are rocks containing quartz.

· Saturated: Are rocks which do not contain either quartz or feldspathoids.

· Undersaturated: Are rocks which contain feldspathoids (no quartz).

In addition to Qz and feldspathoids, other minerals can be used to indicate the level of silica saturation in a rock, namely:

	Saturated
	Undersaturated

	Feldspars
	Nepheline, Leucite, Sodalite

	Fayalitic olivine
	Forsteritic olivine

	Opx
	

	Al- and Ti-poor Cpx
	Al and Ti-rich Cpx

	Most amphiboles
	Kaersutite, Barkevikite

	Biotite, Muscovite
	

	Spessartine and almandine garnets
	Melanite garnet

	Zircon
	Melilite, lots of apatite

	Sphene
	Perovskite



See C.I.P.W classification below.

2- Concept of Al2O3 saturation:

This concept is based on comparing the mole proportions (mole proportion = weight% of oxide/molecular weight of this oxide) of the alkalis to alumina in a rock. Igneous rocks are subdivided into three groups according to this classification:

	Group
	Chemical characteristics
	Modal minerals
	Normative minerals1

	Peraluminous
	Al2O3 > Na2O + K2O + CaO
	Corundum, Andalusite, Spessartine, Almandine, Topaz, Muscovite, Tourmaline
	Corundum

	Metaluminous
	K2O + Na2O + CaO > Al2O3 > Na2O + K2O
	Feldspars + most Cpx
	An + Di

	Peralkaline
	K2O + Na2O > Al2O3
	Aegirine, Riebeckite, Arfvedsonite, Aenigmatite
	Aegirine (Ac), 

Na-metasilicate



See C.I.P.W classification below.

Most igneous rocks are metaluminous. Peraluminous rocks are almost always plutonic, whereas volcanic peralkaline rocks are more common than plutonic ones. 

3- Total alkali - silica diagram:

A simple plot of total alkalis (Na2O + K2O) vs. SiO2 has been used to classify volcanic rocks. Figure 4 shows this classification for volcanic rocks. For plutonic rocks, a similar classification is widely used, and is available on such programs as “GCDKit” and “Petrograph”.
4- CIPW norm calculations and classification:

In 1902, Cross, Iddings, Pirsson and Washington, four American petrologists, devised a system for converting the chemical analysis of an igneous rock into a group of “fictitious” minerals predicted to crystallize from a magma of this composition. These predicted minerals, are known as "normative minerals" and are represented in weight % to give the "norm of the rock" which should add up to ~ 100%. Normative calculations are based on the observed sequence of crystallization of minerals from a melt, and take into account which minerals can and cannot coexist in equilibrium. However, these calculations are based on the following assumptions (which are rarely true):

1- No hydroxyl bearing minerals exist in the rock (i.e. all calculated normative minerals are (OH)- free).

2- The norm is expressed in the form of end-members, and does not take into account many types of solid solution (e.g. Ti in pyroxenes, ... etc).

3- Normative pyroxenes and olivines are assumed to have the same Fe/Mg ratio when coexisting in a rock. 

4- Normative minerals are always formed (calculated) in the same order, regardless of the composition of the rock (or magma). 

5- The norm calculation does not take into account any disequilibrium effects, which often result in zoned minerals.

Because of these assumptions, the normative mineralogy will almost always be different from the modal mineralogy of a rock. Nevertheless, the norm and mode of many basalts are often quite close, and normative calculations are generally useful for basic volcanic rocks. This is simply because basic magmas have less H2O compared to acidic ones, and these volatiles are themselves lost upon eruption, leaving behind mostly anhydrous minerals to crystallize from such lavas. Based on these norm calculations, Cross, Iddings, Pirsson and Washington proposed a classification of the different igneous rocks. However, this classification quickly became unpopular, and is seldom used. Nevertheless, normative calculations are still being widely used to quickly compare different rocks chemically. They are particularly useful for comparing different rock types that may have the same chemical composition (e.g. basalt, gabbro and eclogite). Norm calculations are also useful for classifying basalts. Another example for the usefulness of norms, if it is stated that a rock is olivine - normative, one quickly knows that it is not an oversaturated rock. An acmite (aegirine)-normative rock indicates that it probably crystallized from peralkaline magma, and so on.

Parental magmas and igneous rock series

Definitions

Igneous province: Is a field area where igneous activity has occurred over a distinct time period.

Igneous rock suite: Is a group of igneous rocks collected from an igneous province. These rocks may or may not be genetically related.

Igneous rock series: Is a group of igneous rocks that are genetically related (co-magmatic) and which were collected from a relatively small area (an igneous province). Rocks of an igneous rock series therefore display a continuous gradation in chemical composition from the most basic to the most acidic in the group. 

Differentiation: Is the phenomenon of a magma evolving and changing its composition while crystallizing. It therefore results in forming several igneous rocks of different compositions.

Fractional crystallization: Is the separation of crystals from a magma while this magma is cooling and crystallizing. It is therefore one of many processes that lead to differentiation.

A parental magma: Is a magma capable of producing all rocks belonging to an igneous rock series by differentiation.

A primary magma: Is the "first melt" produced by partial melting within the mantle, and which has not yet undergone any differentiation. A primary magma may therefore evolve into a parental magma by differentiation. For a melt to qualify for the definition of primary magma, it must fulfill the following conditions: (1) have a higher liquidus T compared to its differentiation products, (2) be richer in minerals removed by fractional crystallization compared to its differentiation products, (3) have a composition in equilibrium with the mantle phases from which it was produced by partial melting at high pressure. All primary magmas must have > 10% MgO by weight.

Variation diagrams: Are plots, which show the relationship between the concentrations of two or three oxides or elements for an igneous rock suite. If the rocks are comagmatic, a chemical trend becomes apparent on these variation diagrams.

Liquid line of descent: The chemical trend (or gradation in composition) exhibited by an igneous rock series if and when such a trend is interpreted to represent a change in the chemical composition of the parental magma of this series due to the process of fractional crystallization. A liquid line of descent is therefore equivalent to "the crystallization path" of the parental magma, and is best shown by plotting the chemical compositions of either aphyric (phenocryst free) or glassy volcanic rocks on variation diagrams. 

Types of variation diagrams:

Harker diagrams: These are variation diagrams in which the concentrations of an element or oxide are plotted (on the vertical axis) against those of SiO2 (on the horizontal axis) for an igneous rock suite. If these plots show a clear trend or correlation (i.e. all rocks fall on this trend), then all these rocks are probably related or comagmatic (i.e. they define an igneous rock series). SiO2 is a good choice to plot against the concentrations of other elements and oxides since it shows a wide range of values (from < 45% in ultramafic rocks to > 70% in acidic rocks). Figure 5 shows the variation of major element oxides with silica in an igneous rock series (alkali olivine basalt to trachyte). As the parental magma (alkali olivine basalt in this case) differentiates, SiO2, Na2O, and K2O increase, whereas MgO, FeO, TiO2 and CaO all decrease (Fig. 5). Al2O3 on the other hand, remains almost constant or slightly increases with differentiation.

Weight % oxide vs. MgO: This is another type of variation diagram, where MgO is plotted on the horizontal axis instead of SiO2. This diagram is suitable for mafic rocks (e.g. basalts), because MgO decreases considerably as these basalts differentiate. On the other hand, SiO2 shows little change among the different types of basalts, making this oxide unsuitable for monitoring their differentiation (Fig. 6).

The total alkali - silica diagram: This plot, which is useful for the classification of volcanic rocks (see chapter on classification), is also useful for distinguishing between two types of parental magmas (or of magmatic rock series or trends): alkalic and tholeiitic (Figs. 4 & 7). Alkalic magmas are produced by partial melting at considerable depths and differentiate into a specific group of rocks, with the most differentiated ones rarely, if ever, becoming SiO2-oversaturated. Tholeiitic magmas form at shallower depths and may differentiate to the SiO2-oversaturated rhyolites.  

Minor and trace element variation diagrams

These are plots of the minor or trace element concentrations against the concentrations of another major element or its oxide (e.g. Si or SiO2). In addition to identifying igneous rock series, such diagrams help identify the minerals that are separating from the magma during differentiation, and may therefore be more helpful in understanding this phenomenon and its causes. Accordingly, trace element diagrams are often more useful than regular major element variation diagrams. This is because the low concentration of minor and trace elements in a magma limits their ability to form different minerals of their own during magmatic crystallization. Instead, these elements either substitute for one or more major elements in a few minerals, or form one or two (often SiO2-free) accessory phases usually close to the end stages of magmatic crystallization when their concentrations have increased somewhat. 

Accordingly, trace and minor element variation diagrams usually show kinks and breaks in their “chemical trends” or “liquid lines of descent”, which may represent the onset of crystallization of the mineral incorporating the trace or minor element used in the plot. A good example is the plot of P2O5 or TiO2 concentrations against SiO2 for a magma undergoing fractional crystallization (Fig. 8). At low SiO2 concentrations, both TiO2 and P2O5 rise systematically as neither oxide is incorporated in early fractionating phases (e.g. olivine, Opx, or Ca-plag), causing these two oxides to remain in the liquid. At some lower temperature, magnetite (which can incorporate substantial amounts of TiO2) begins to crystallize and separate from the magma, causing the TiO2 content of the remaining magma to drop suddenly (Fig. 8a). At still lower temperatures, apatite begins to crystallize, resulting in another sharp kink in the P2O5 vs. SiO2 plot (Fig. 8b). On the other hand, "straight line" trends on such diagrams may suggest that the magma differentiated predominantly by magma mixing or assimilation as will be discussed later.

The AFM diagram

The AFM diagram is a ternary plot in which the concentrations of Na2O + K2O (alkalis; A), FeO (F) and MgO (M) in an igneous rock are plotted after recalculation to a sum of 100%. If the rocks plotted belong to a magmatic series, they will define a trend (Fig. 9). Figure 5 also shows the difference between two commonly observed trends: an Fe-enrichment trend (representative of the differentiation of a tholeiitic magma; see below) and "a straight line trend" representative of the differentiation of a calcalkalic magma. This diagram can therefore be used as a tool for classifying different igneous rocks.

Uses of variation diagrams:

Despite the problems outlined above with variation diagrams, their uses can be summarized as:

· identification of igneous rock series and liquid lines of descent.

· prediction of the composition of the parental magma.

· classification of igneous rocks.

· prediction of magmatic processes (mechanisms) responsible for differentiation (e.g. fractional crystallization versus magma mixing). Although trace element variation diagrams are very useful here, plots of major element concentrations can also be helpful (although kinks resulting from fractional crystallization for example will not be as sharp!). 

Indices of Evolution:

Because of the problems outlined above for variation diagrams, several petrologists have proposed the calculation of "indices" for a particular rock from its chemical composition, which will show how "evolved" this rock is within a particular rock series. Among these are the differentiation index of Thornton and Tuttle (1960), and the solidification of index of Kuno (1959). 

The differentiation index is simply a summation of all felsic normative minerals in a rock; the higher the D.I., the more differentiated (or evolved) the rock is.

D.I. = qz + or + ab + ne + ks + lc.

The solidification Index is given by:

S.I. = 100 MgO/(MgO + FeO + Fe2O3 + Na2O + K2O).

All values in wt%. The higher the value of the S.I., the less evolved the rock is.

