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Week 2 – Lectures 4 to 6
What’s a rock made of?
See Winter, chap. 2, 8 and 9.1 to 9.3

1. Minerals
1.1. Textures
· Phaneritic: crystals visible with the naked eye (plutonic rocks)

· Aphanitic: crystals too small to be seen or no crystals (glass only) (volcanic rocks)

· Fragmental: volcanic ashes.
1.2. Dark and light minerals

Main minerals

Two groups of minerals:

· “felsic” (feldspath + silica) = feldspars (plagioclase and K-Feldspar), quartz, feldpathoids (rare)

· “mafic” (magnesium + ferric iron) = biotite, amphibole, pyroxene, olivine

For classification purpose: use quartz, Alkali feldspar, plagioclase feldspar, feldspathoid, mafics.

Accessory minerals

Generally minor in abundance (locally important). Very diverse, e.g.
· Muscovite, garnet, cordierite in some granites

· Oxydes (ilmenite, magnetite, etc.)

· Minerals with uncommon chemical components: apatite, titanite, zircon, etc.

Secondary minerals

Are formed by alteration (=sub solidus process) – sometimes by metamorphism. Common secondary minerals are chlorite, muscovite, calcite.

1.3. The IUGS classification

(far too) Many different classifications of igneous rocks. The closest to “official” is proposed by the IUGS (International Union of Geological Sciences): use it if possible.

For plutonic rocks

Modal classification based on

Q’- Quartz

A’ – Alkali feldspar

P’ – Plagioclase feldspar (An% > 5)

F’ – Feldspatoids (leucite, nepheline)

M’ – mafics (everything else !)

	M’ < 90
	M’>90

	Use QAP or QAF diagram
	Use Cpx-Opx-Ol diagram

	Near the P apex (fields of tonalites and (qtz)-diorites/gabbros):

(qtz)-diorite/gabbro

Tonalite

Gabbro if

1. An% > 50 

2. M’ > 35 %

3.  pyroxene rather than amphibole,

4. SiO2 > 52 % 

Use the special Pg-Ol-Px diagram for gabbroic rocks

A “leuco-tonalite” is commonly called “trondhjemite”


	

	Modifiers:

“leuco/melano” for abnormally clear/dark rocks

“XXX-bearing” for special minerals

Chemical modifiers (“potassic” “iron-rich” )


For volcanic rocks

If possible, use a similar modal diagram

QAP/F (volcanic version)

NB: be careful of possible differences between phenocrysts and groundmass!

NB: same problem on P apex. Basalt/andesite (SiO2 > 52 %, see other criteria above)
If the mineralogy is not known (glass, or ashes), use a chemical classification (see below).
2. The chemical composition of a rock

2.1. Analytical tools in geochemistry

Detection:

· Optical spectrometry

· X-ray spectrometry

· Mass spectrometry

Excitation processes (for electromagnetic spectrometry):

· X-ray beam

· Electron beam

· Plasma

Ion generation (for mass spec)

· Plasma

· Filament

2.2. Composition of a rock
A typical rock analysis

Composition expressed as mass, or as moles

Composition domined by oxygen

Role of O in crystalline systems

Use of oxides wt% by convention (historical legacy)

Accuracy: typically 1-5%

A few major elements represent > 98 % of the rock; lot of other things are present.

Definitions

Classical definition: major > 1 wt%.

A more “petrological” definition:

· Major elements: are used to build important mineral phases (quartz, feldpars, biotite, amphibole, pyroxenes…). Commonly 7 (+ O): Si, Al, Fe, Mg, Ca, Na, K. Sometimes other play a role (Cr, Ni)

· Minor elements: build accessory minerals. A somehow imprecise definition. Includes Mn, Ti, P; Zr or Th could sometimes be regarded as belonging to this group!

· Trace elements: do not have mineral phases of their own, but substitute for other elements. 

Differences in abundance: at least 3-4 orders of magnitude (from 10-1 to 10-4 or 10-5, i.e. 10 wt% to 0.1 ppm)

Differences and similarities between rocks

· Major elements have rather limited range of variation (SiO2: 50-70 %, K2O: 1-10 %)

· Trace elements have more diversity. Some are nearly absent, some are rather abundant. Variations by two orders of magnitude not uncommon.

2.3. IUGS classification when mineralogy not determined

Based on the TAS diagram: 

TAS = Total Alkali vs. Silica

(SiO2 vs. Na2O + K2O)
3. Major elements

Are commonly measured as wt.% oxides.

Sometimes more convenient to see them as cationic proportions: equivalent to a mineral formula!

Major elements contents reflect the mineralogy of the rock. Cf norms.

3.1. Bivariate plots and their interpretation; differenciation

· Harker diagrams: SiO2 vs. oxide.

· The meaning of geochemical trends: can be interpreted as magmatic “evolution” from “primitive” to “differenciated” rocks. More or less implicitly assumes fractional crystallization.

· The nature of the phases crystallizing can be inferred from the shape of the trends. Ex.: decreasing Fe, Mg = precipitation of mafic minerals.
3.2. Magmatic series

Magmatic series: reflect first order differences between rock groups. 

· TAS diagram separates alkali and sub-alkali series

· Sub-alkali series are further separated on the basis of their Fe-Mg contens (AFM diagram) into tholeitic and calc-alkaline

In addition, important role of the relative proportions of Al2O3 and CaO-Na2O-K2O

· A>CNK: Peraluminous rocks. Have Al-rich minerals such as biotite, muscovite, garnet, cordierite…

· A<CNK:

· .. and A>NK: Metaluminous. No particular minerals, mafics are pyroxene, amphibole, biotite

· .. and A<NK: peralkaline rocks. Alklai-rich minerals such as alkali amphiboles and pyroxenes.

Tholeitic series

Fe-rich, alkali poor.

Metaluminous

· Px/Hb/Bt-bearing basalts, andesites, dacites, rhyolites (BADR)

Tholeitic series are common in oceanic ridges, intraplate-volcanoes ± convergent margins. They correspond to melting by decrease of pressure.

Calc-alkaline series

Moderately alkaline, more magnesian

Metaluminous to peraluminous

· BADR, that can feature ms/gt/cd in the more differenciated terms

Calc-alkaline series are mostly found in convergent margins. They correspond to melting by adding water to the source (and therefore “shifting” the solidus towards lower temperatures).

Alkaline series

Alkali rich, Fe-rich

Metaluminous to peralkaline

· Evolution towards trachytes (moderaltely alkaline series) or phonolites (very alkaline series), that can feature riebeckite, aegyrine, etc.

Alkaline series are found in intra-plate situations ± divergent margins. They correspond to melting by increase of temperature.

4. Trace elements

4.1. Substitutions and partition coefficients

Substitutions occur between elements that have…

· Same charge

· Similar ionic radii

Coupled substitutions

Ex: the plagioclase substitution

Partition coefficients: for each pair element/mineral, 
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· An element is compatible (with a mineral) when KD > 1 (the element is “partitioned” preferentially into the solid, Cmineral > Cliquid).

· An element is incompatible (with a mineral) when KD < 1 (the element is “partitioned” preferentially into the liquid, Cmineral < Cliquid).

Compatible and incompatible are often used as absolute terms, because some elements do not fit in any crystal (or nearly so). This is, however, a slightly abusive use.
4.2. Normalization and spidergrams
A common representation of trace elements data: not important in itself but always used, it would be difficult to read any petrology text without knowing it!

What is “normalization”, and why do it?

Abundance of elements varies greatly in the Earth:

· Different families of elements are more or less present

· Even within a family, nucleosynthesis results in huge variations

Spidergrams

Spidergrams allow to

· See many elements at a time

· Compare elements with large differences of absolute abundance (log scale!)

· To some degree, make petrogenetic interpretations

Making a spidergram

· For each sample, arrange elements in order of increasing compatibility (i.e., the more incompatible at the left). (technically, this implies a different order for each different source!).

· Plot the normalized value of each elements (log scale!)

· Link the dots

· Look at the “anomalies”!

Some classical spidergrams:

· REE diagrams (n’ed to chondrites or PRIMA=PRImitive MAntle in general)

· Multi-element diagrams for incompatible elements (N’ed to PRIMA/chondrites, or to MORBs)
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