G314 Advanced Igneous Petrology

 2007


Week 6-7 – Lectures 18 to 21
Using geochemistry to identify magmatic processes
See Winter, chap. 8 and 9
1. Isotopes: Uranium-Lead dating

1.1. Fundamental equation

If a nuclide N disintegrates to a daughter D, the speed of disintegration is given by a constant (); i.e.
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Which can be integrated into 
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 (N0 being the initial amount of nuclide N, at t=0)

1. Write the expression of the half-life  of a nuclide (i.e., the time after which half of it is left).

2. How many of the nuclide is left after 5 half-lives? 10?

3. Establish the equation giving the amount D* of the daughter element formed by the disintegration process.

10 half-lives is regarded as the maximum “range” of an isotopic system.

Assuming a quantity D0 of the daughter element was present in the system at t=0, the total amount of D present at t can be expressed as D = D*+D0.

4. Use this to calculate the quantity D/N at a time t, as a function of D0/N0 and t.
1.2. Application: the U-Pb system

(Now the most commonly used for dating)

Three independent decay reactions (actually chains of reactions), two of which particularly useful:

238U → (…) → 206Pb ( = 1.5512 10-10 yr-1)

235U → (…) → 207Pb ( = 9.8485 10-10 yr-1)

Calculate the half-life of each of the two U isotopes; for which portion of Earth’s history can it be used?

Concordia diagrams

Consider a system with no initial Pb (at all), but a significant quantity of U; this is more or less the case of a zircon crystal in an igneous rock (Pb is very incompatible in zircon… or, in other words, KdPb/Zrc << 1 !, but KdU/Zrc> 300). Natural U comprises both 235U and 238U.

In course of time, both 206 and 207Pb will form from disintegration of their respective parents. 

A Concordia diagram is a diagram plotting 206Pb/238U vs. 207Pb/235U.

1. Indicate the (qualitative) evolution of a zircon after its formation on such a diagram

2. Plot quantitatively the evolution of a zircon on a Concordia diagram, over 4,000 million years (4 Ga). Calculates the values every 500 Ma and join the points, smoothing the curve.

Concordia and discordia

The curve you’ve just plotted is called the Concordia, because it is the curve along which the two systems give “concordant” results.

Sometimes, analysis plot away from this curve, resulting in the ages generated by the two systems to be (apparently) discordant. We will now try to understand why and how.

Consider a zircon evolving in closed system for 2 Ga, before loosing Pb due to new geological events. Pb is a heavy atom, and as such chemical processes do not fractionate its isotopes –therefore, the same proportion of both 207Pb and 206Pb is lost.

1. Where would it plot, if all the Pb was lost? If only half the Pb was lost?

2. Plot on your diagrams points corresponding to zircons having lost ¼, ½ and ¾ of their Pb.

The system (which has lost some of its Pb) now evolves for another 1 Ga without further disturbance.

3. Using the equation you wrote for I-4, calculate where each of the point from question 3 plots at that time.

The line you’ve been drawing is called the discordia (206/238 and 207/235 ages are apparently giving discordant informations). It intersects the Concordia in two points (“intercepts”), corresponding to the age of the formation of the zircon, and the age of the loss of Pb.

4. Plot the measures from the data table below (for … ) on a Concordia diagram, and interpret it in terms of rocks formation and evolution.

	
	207Pb/235U
	206Pb/238U

	33-3
	12.8
	0.472

	6-2
	16.7
	0.555

	103-4
	22.5
	0.589

	102-1
	35
	0.751

	5-2
	33.3
	0.716


Data from Compston and Krőner (1988).

Tonalitic gneiss from NW Swaziland

2. Isotopes: Isotopes as tracers of magmatic sources

2.1. Rb-Sr isotopes and evolution in course of time

Basic equation of the Rb-Sr system

The Rb-Sr (and Sm-Nd) system is somehow more complicated than the U-Pb (on zircon) system, because real rocks and minerals always contain some of the daughter nuclide (D, 87Sr in this case). This problem is overcome by the use of the “isochron” technique that involves the non-radiogenic isotope of Sr, 86Sr (see G214).

87Rb → 87Sr (= 1.42 10-11 yr-1)

86Sr is stable.

Establish the basic isochron equation, which is a relation between 87Sr/86Sr, (87Sr/86Sr)0 and 87Rb/86Sr – in yesterday’s notation, it’s a relation involving N, D and D0.

This equation can be used in several ways:

· By building an isochron diagram (as you did last year in G214), i.e. 87Sr/86Sr = f (87Rb/86Sr). In this diagram, a suite of cogenetic samples plot along a line, whose slope is a function of the time.

· By building “isotopic evolution diagrams”, 87Sr/86Sr = f(t). In this diagram, a sample evolves along a line of slope = 87Rb/86Sr.

Using isotopic evolution diagrams

Forward evolution

The primitive mantle has the following isotopic characteristics: its 87Rb/86Sr ratio is 0.027, and its original (at T=4.5 Ga) 87Sr/86Sr value was 0.699. 

Draw the line of evolution of this mantle (“CHondritic Uniform Mantle”, or CHUR) from past to present.

At time T = 3.65 Ga (that’s yesterday’s sample…), the mantle melted and produced a magma which eventually cooled into a rock of 87Rb/86Sr = 0.15.

Draw its line of evolution. What is the present-day 87Sr/86Sr of this sample?

Now consider a sediment formed at 3.2 Ga from this rock, with a 87Rb/86Sr of 0.25.

Draw its line of evolution. 

From present to past

Now plot on your previous diagram a granitic sample with present-day values as follows, and draw its evolution line back into the past. 

	87Rb/86Sr
	87Sr/86Sr

	0.35
	0.7145


This rock formed at 2.0 Ga. 

1. What was its 87Sr/86Sr at this time? (i.e., original Sr value).

2. Among the 3 rocks plotted above, what is its most likely source (i.e., the rock that melted to form the granitic magma)

3. If that rock was a pure product from the mantle, what would be its age? 

This “pseudo-age” is often referred to as a “TCHUR”.

Note that, as rock “evolves” by successive melting or erosion event, they “move” to higher 87Rb/86Sr ratios – i.e. to rock that are richer in Rb. This is because Rb is, in general, a more incompatible elements than Sr and therefore it is more readily concentrated in the melts.
2.2. Various isotopic tracers

Sm-Nd system

The isochron method (and, consequently, the use of initial ratios) can be used for many other systems, e.g.

147Sm → 143Nd (= 6.54 10-12 yr-1)

144Nd is stable; the ratio 143Nd/144Nd can be used to interpret rock sources.

This ratio has a very restricted range of variation; therefore, the “” notation is commonly used. It works just like the  for O isotopes (G214), by calculating the deviation from a standard, except that an  unit is 10-4, whereas a  unit is 10-3 difference with the standard. The standard for Nd isotopes is commonly the “CHUR”, or CHondritic Uniform Reservoir:
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Typical variations for Nd are between -10 and +10.

Note that, for Sm-Nd system, more “evolved” rocks have lower 147Sm/144Nd values than more “primitive” rocks: in other terms, they evolve “under” the CHUR line instead of above as previously.

1. Plot a (quantitative) Sm-Nd evolution diagram for the mantle, and for a more evolved sample (as we did above). 

2. Indicate on the graph what Nd represents.

Pb isotopic systems

238U → (…) → 206Pb ( = 1.5512 10-10 yr-1)

235U → (…) → 207Pb ( = 9.8485 10-10 yr-1)

(yes, the same systems we looked at yesterday –but they’re not used in the same way here ! And yes, it is possible to get isochron ages from any of the two systems, without needing the Concordia method).

204Pb is stable in both case; 206Pb/204Pb and 207Pb/204Pb are therefore used as tracers.

232Th → (…) → 208Pb ( = 4.4975 10-11 yr-1)
204Pb is stable again; 208Pb/204Pb is yet another tracer.

Other systems

176Lu →176Hf ( = 1.94 10-11 yr-1)

(178Hf stable, 176Hf/178Hf or Hf)

2.3. Isotopic characteristic of Earth’s reservoirs

Empirically determined. Different part of the Earth appear to have different characteristics. Two example:

· Mantle/crust difference. Clearly seen using Sr-Nd diagrams.
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· Differences within the mantle itself, reflected in the chemistry of erupted lava. Mostly seen with the various Pb isotopes. It appears that there is a geographic logic behind this (why??)
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· 
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3. Geochemical “markers” of magmatic processes

How can we use the (chemical) composition of the end-products, the igneous rock, to tell which process operated?

3.1. What is the problem?

Several process can generate magma diversity:

· Partial melting (PM), generating melts increasingly different from the eutectic composition as melting progresses (= as T increases). For instance, in the Fo-Di-An system, the eutectic melts are generated by An+Di+Fo=L, but subsequently more mafic components go into the melt (L1+Di+Fo = L2 along the Di-Fo joint)

· Fractionnal crystallization (FC) generates trends towards the eutectic during cooling. But the same reactions operate (L1 = L2+Di+Fo), so there is no real difference in the end product!

· Magma mixing, assimilation, etc. can also give very similar trends, if the “contaminant” happens to be close to the solid’s composition (not unlikely, this is a common rock-type!).

How to make the difference?

3.2. Major elements behavior

In all of the three processes, the same mass-balance relation applies. Lines in element-element plots can be interpreted as liquid descent lines (with cumulate), melting trend (with restite) or mixing lines (between two end-members).

It is not possible to make the difference between the three (another way of saying that the same reactions occur during PM or FC!).
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3.3. Isotopes evolution

Isotopes help to fingerprint mixing/contamination/assimilation/etc. Chemical reactions (such as melting of FC) do not fractionate isotopes, so the initial ratio of the melt is the same as the initial ratio of the source/primitive liquid. In elements-isotopic ratio diagrams, both melting and FC generate flat trends.

In contrast, mixing of isotopically contrasted sources shows isotopic mixture between the two “sources”, and can be used as a proof of the implication of two distinct sources.

3.4. Trace elements

In this case, the most powerful tool to make the difference.

Qualitative approach

· Mixing simply averages the composition of the end-members: smooth evolution of the mixture’s composition.

· During FC, the compatible elements are removed very efficiently from the melt, as the crystals precipitate away as soon as they are formed. As a result, melts are strongly depleted in compatible elements.

· During PM, this is less true (batch process, everything stays in place). The melts are moderately depleted in compatible.

Note that incompatible elements behave in relatively similar ways during both process (they stay in the melt and are progressively diluted/concentrated by addition/removal of less enriched components to/from the melt).

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.

For a multi-mineral assemblage in equilibrium with a melt: Bulk repartition coefficient
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 where i are the different minerals and Xi their respective proportions in the solid)

Basic equations

An important difference between FC and PM: PM is a batch process, during which all the magma formed is removed as one big batch. FC is more progressive, continuous, with the crystals being removed as they form.

· Mixing writes as a pure mass-balance equation (therefore, mixing trends are also lines, even in trace elements diagram—this is not the case of the other two processes): Cmix = XaCa + (1-Xa)Cb
· Melting equation has been established previously (cf. prac 3). It reads 
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· FC equation is more complex (Rayleigh’s law) and more difficult to establish rigorously. It is 
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This translates in the behavior described above (cf. curves of F vs. concentration).
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An exemple of element-element diagrams

Incompatible elements behavior is similar during PM and FC, but compatible show strong differences (several orders of magnitude).

Note that the “source” does not represent quite the same thing. It is a solid for PM, a liquid for FC; FC moves the composition away from the source as more crystals are removed while PM moves it closer to the source as material is added to the melt (until F=1, everything is liquid and therefore of source composition).
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The use of log-log diagrams

In the case of elements with strongly contrasted behavior, log-log diagrams actually happen to strongly differenciate FC from PM (this is easily demonstrated by cwriting the expression of the slope of a FC or PM trend in a binary element-element diagram, and approximating D (close to 0 for incompatible, >> 1 for compatible, so D-1 >> 1).
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