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Magmatic Differentiation

Differentiation is the process by which magmas evolve to give rise to a variety of magmas and rock types (that have different compositions). Therefore, certain physical processes are required to cause the chemical diversification of a magma (i.e. its differentiation). The chemical trends of magmatic differentiation are often determined by studying crystal - liquid relations, but the degree or extent of differentiation is controlled by the efficiency of the differentiation mechanism. In this chapter, we will examine the mechanisms of magmatic differentiation, having to some extent, covered their effects in the last two chapters (crystallization paths: crystal-liquid equilibria, and chemical effects: variation diagrams). We will then briefly discuss the application of trace element, and stable and radiogenic isotope geochemistry in identifying some of the mechanisms of differentiation.

Mechanisms of magma diversification (differentiation):

1-
Partial melting (to produce different magmas)

2-
Crystal fractionation

3-
Thermogravitational diffusion

4-
Liquid immiscibility

5-
Vapor transport

6-
Magma mixing

7-
Assimilation 

1- Partial Melting:

(a)
Equilibrium partial melting:

Partially melting different rock types could be an effective way for producing a variety of magmas of different compositions. A series of liquids produced by successive stages of equilibrium partial melting will upon crystallization produce a sequence of rocks that is the exact opposite of that produced by fractional crystallization. Telling these two mechanisms apart is fairly simple through the use of trace element geochemistry (see later).

(b)
Fractional melting or incremental batch melting:

This is a much more efficient mechanism of differentiation which will depend largely on the frequency at which the liquid is removed from the system. Keep in mind that fractional melting is not a continuous process, and will be arrested for a while as soon as one of the phases is completely used up in the liquid. It will resume once the T is high enough to melt the mixture of the remaining solid phases. The resulting magmas will therefore show sharp differences in composition (as opposed to the gradual compositional changes observed in the case of equilibrium partial melting.

(c)
Zone melting:

Consider a magma chamber undergoing cooling and crystallization from the bottom upward (perhaps because the H2O pressure at the bottom of the chamber is lower than at the top, causing the liquidus T to be suppressed at the top, hence delaying crystallization). As the magma crystallizes at the base, the heat of crystallization released may cause the roof of the magma chamber to partially melt. Accordingly, the melt will appear as if it is migrating upwards. As this happens, elements will be fractionated between the crystals forming at the bottom of the chamber and the melt forming at the top, and between “hotter” and “colder” layers of the melt, causing the melt to become more differentiated over time. This fractionation, particularly between hotter and colder liquids, is known as the Soret effect, and is used in refining metals (heavier metals fractionate into colder liquids). This mechanism is unlikely to play a major role in producing large quantities of differentiated magma unless the zone of melting moves very slowly, or the process is repeated many times. It is more efficient and common at depths where the T is sufficiently high.

2- Crystal fractionation:

Is the separation of crystals from the melt, either during or after their crystallization. (To me, fractional crystallization implies the continuous removal of crystals from the melt while they are forming, crystal fractionation is a less specific term). Crystal fractionation is one of the most important mechanisms of differentiation that many inexperienced geologists tend to think that both terms (fractionation & differentiation) are synonymous. They are not! Fractionation is a mechanism, whereas differentiation is a phenomenon (or the result of one or more processes). Crystal fractionation is important because of the differences in chemical composition between the crystal and the liquid with which it is in equilibrium, as we have seen in our discussion of crystal - liquid equilibria. However, for crystal fractionation to become an efficient mechanism of differentiation, the whole system has to be somewhat dynamic, with either the crystals moving through the body of the magma, or the magma flowing over a zone of crystallization. The mechanisms of crystal fractionation therefore are: 

(a) Crystal settling:

Minerals crystallizing from a melt may sink to the bottom of magma chambers under the influence of their own weight only if they are denser than the melt. The densities of many mafic minerals, which crystallize at an early stage of cooling (e.g. olivine, chromite, and Opx) are higher than those of the magmas from which they crystallize (see the section on densities of magmas). However, for these minerals to sink, they must overcome the yield strength of the magma. Note that as the magma becomes more acidic, its viscosity (and therefore yield strength) increases, and crystal settling becomes more difficult and unlikely (even though the density of the liquid remaining has decreased).

Crystal settling (which to some extent follows Stokes’ Law), can therefore be an effective way of fractionation in the case of large basic intrusions that cool slowly. Despite its success in explaining some of the phenomena observed in large basic layered intrusions, it cannot be considered the only mechanism of differentiation in these bodies, as is ever so evident in the case of the Skaergaard intrusion! On the other hand, in smaller intrusions where the rate of cooling is high and diffusion is slow, crystal settling has almost no effect on differentiation of the magma. This is because many crystals will form from the melt in these small bodies over a relatively short period of time, and will not be able to sink easily through a mixture of other crystals and liquid.

(b) Filter Pressing:

If a mixture of crystals and liquid is suddenly subjected to compressional stress, the liquid will be squeezed out of the mixture, and will therefore be separated from the crystals. Although this is a viable mechanism of fractionation, it is not considered to have played a major role in the differentiation of magmas.

(c) Flow segregation:

Consider the flow of a magma through a fracture. The velocity of flow will be higher in the center of this fracture or dyke to be, than at its edges, where frictional forces are strong (Fig. 1). Accordingly, crystals within this magma will tend to migrate towards the center of the dyke, where they can flow and grow freely, and become coarser grained than at the margins. However, one must be careful in interpreting dykes with coarse-grained “cores” or centers as indicating flow segregation, since in situ crystallization of magma (w/o flow) in a dyke will result in similar features (cf. chilled margins). Identifying which mechanism is responsible for these observations hinges on identifying mineralogical differences between the centers of dykes and their margins; if such differences are prominent, then flow segregation is a likely cause. If they are more or less the same (save for some contamination), then in situ crystallization is more likely.

3- Thermogravitational Diffusion:

Magma chambers may become stratified with different layers having different compositions. Such layering takes place in response to strong thermal and density gradients that develop within the chamber. As T drops towards the top of the chamber (in response to magma cooling from interaction with the overlying country rocks), the top layers will have a tendency to become denser than the magma at the bottom. On the other hand, crystallization of the magma will result in a compositional gradient with magma in the top parts becoming progressively more differentiated and hence tending to be less dense (Fig. 2). As both processes compete, the magma chamber will become layered, with each layer having its own convection cells. Both material and heat will eventually be exchanged between the different layers (hence the term double diffusive convection), further enhancing the compositional differences between the layers, causing the magma to undergo more differentiation. This process is often enhanced by the “absorption” of water from the roof rocks, and diffusional exchange of the various layers with the wall rocks. Thermogravitational diffusion has been successful at accounting for many observations in layered basic intrusions as well as interlayered acidic tuff sequences (Fig. 3; Please read the figure captions for Figs. 2 & 3 carefully!)

4- Liquid Immiscibility:

During crystallization of magmas, and as the composition and T of the liquid changes, this liquid may separate into 2 immiscible liquids. This process is limited to particular magmas with specific compositions, and has been documented in experiments and natural rocks. It applies to: (i) Fe-rich tholeiites which segregate an Fe- and P - rich liquid and a more siliceous one, (ii) some alkaline magmas which segregate a Na + SiO2 – rich liquid from a carbonate – rich one (ultimately giving rise to carbonatites), and (iii) mafic magmas where a sulfide rich liquid separates from the silicate magma. Figure 4 shows examples of the first two of these 3 cases, and their effects (e.g. formation of brown globules in the mesostasis of a tholeiite, or of a carbonatite magma).

5- Magma Mixing:

Mixing two magmas that are compositionally different will produce a magma of intermediate composition (cf. mixing lines on variation diagrams). The effects of this mechanism are most obvious if one magma is basic and the other is acidic, where the basic one will tend to cool and crystallize, while the acidic one will be superheated.

For magma mixing to occur, both magmas have to overcome their density contrasts, which will work at separating them into two distinct layers. Several models have been proposed to overcome such density differences, and it is generally considered that “blending” the 2 magmas becomes much easier if the volume of the basic magma is larger. Sparks et al. (1980) presented a model for the mixing of 2 basic magmas undergoing different degrees of fractional crystallization which will allow them to mix turbulently as their densities (and density contrasts) change (Fig. 5).

Magma mixing is more common at the sites of mid-oceanic ridges, where pulses of less differentiated magmas are frequently injected into a fractionated magma in the chamber beneath the ridge. Features that support magma mixing include resorbed xenocrysts (when the phenocrysts of one magma are out of equilibrium with the other mixing magma), and net veined agmatites. Note that the latter is more indicative of magma mixing, as resorbed xenocrysts also form by assimilation.

6- Assimilation:

Is the reaction of the magma with the country rocks, whereby these country rocks are incorporated in the magma and eventually melt. For this process to become an efficient mechanism of differentiation, relatively large amounts of the country rocks have to be assimilated by the magma, and/or the compositions of these country rocks have to be drastically different from that of the magma. As in the case of magma mixing, assimilation will produce a magma intermediate in composition between the original magma and the country rock. Assimilation may also result in changes of PH2O of the magma, especially if the assimilated rocks are H2O – rich. This will then lower the liquidus T of the magma, and delay crystallization.

Assimilation requires thermal energy to heat and possibly melt or partially melt the country rocks, and becomes easier if the assimilated rock is more acidic than the assimilating magma. Otherwise, melting of the “assimilated” rocks will not occur, and the magma will end up with many “xenoliths”. For the country rock to “melt”, a portion of the magma must crystallize and release heat necessary for melting. The amount of melted country rock will always be smaller than that portion of the magma which has crystallized and supplied the necessary heat. Assimilation will therefore be more effective if the magma is rising adiabatically and intersecting its own solidus (thus crystallizing in part and releasing the heat necessary for assimilation).

Criteria for recognition of assimilation:

1-
The occurrence of xenoliths in the igneous rocks, which are of similar composition to the intruded country rocks.

2-
Resorbed xenocrysts (Fig. 6).

3-
On variation diagrams, the composition of the igneous rock after assimilation lies on a mixing (straight) line between its composition prior to assimilation and the composition of the assimilated rock. 

4-
“Higher” 87Sr/86Sr and 18O values (as will be discussed later). 

7- Vapor Phase alteration:

During shallow level crystallization of the magma, volatiles may separate from the liquid as they are excluded from the crystallizing phases (when micas and amphiboles become unstable). This phenomenon is termed “retrograde boiling”, because it may take place during magma cooling. Separation of the volatiles from the magma may be associated with fractionation of some elements between the liquid and vapor phases. Elements that are preferentially incorporated in the vapor phase include Na, K, Si, F, and Cl. This fractionation explains why peralkaline lavas are common, whereas peraluminous ones are rare or absent!

The effects of vapor phase transport are most obvious in some tuffs, where the vapor has the ability to metasomatise or alter them. This alteration appears in the form of precipitation of K-feldspar, albite, alkali pyroxenes and amphiboles, and tridymite in the pores of these rocks. A tuff affected by vapor phase alteration is termed a “Sillar”.

Magma Mixing

· Density & viscosity contrasts

· Turbulent flow as a means of overcoming density & viscosity contrasts

· Easier to accomplish between magmas of similar compositions

· Most common between mantle derived and crustal melts, or at MOR’s

· Example at MOR’s

· Recognition:

1- Net veined agmatites

2- Resorbed phenocrysts (xenocrysts in this case!!!)

3- Reverse zoning in phenocrysts

4- Straight line patterns on variation diagrams (unless ……)

5- Isotopic signatures

Assimilation

· Importance of heat of crystallization

· Need to crystallize 2.5 parts of the magma to assimilate only one part!

· Theoretically, a magma can assimilate up to 40% of its volume!

· One of the few processes that can push compositions across thermal divides

· Recognition

1- xenocrysts

2- xenoliths and schlieren

3- straight line trends on variation diagrams

4- trace element patterns are most strongly affected by assimilation

5- isotopic signatures

Vapor phase transport

· Generation of a vapor phase:

(a) release of P during magma ascent

(b) fractional crystallization of anhydrous phases

(c) assimilation of country rocks

· Fractionation of elements between fluids and magma: light elements partition preferentially into the vapor phase

· Effects of release of “juvenile” fluids:

1- fenitization

2- vapor phase alteration (production of sillars)

3- miarolitic cavities

