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Metamorphism and Tectonics

Definitions:

Steady state geotherm: Is that curve defining the change in T as a function of depth in an area that is not experiencing any tectonic activity such as a stable shield or continental interior.

Transient geotherm: Is the geotherm in a tectonically active area, and will only prevail for a limited time period that depends on the duration and type of this tectonic event.

Geothermal gradient: Is the slope of the geotherm at a particular time in the history of the study area.

Metamorphic field gradient: Is a trajectory connecting the P-T conditions at the maximum T calculated for each metamorphic zone. According to England and Richardson (1977), the metamorphic field gradient has little physical meaning because peak temperatures in each metamorphic zone were reached at different times during the metamorphic history of the area. 

An overview of metamorphism in relation to tectonic regimes:

The metamorphic facies series encountered in different tectonic regimes or settings can be summarized as follows, and are shown schematically on Figs. 1 and 2:

(a) Ridges and rift valleys: characterized by high geothermal gradients SYMBOL 174 \f "Symbol" contact and ocean floor metamorphism.

(b) Areas of magmatic activity; volcanic - plutonic complexes: greenschists SYMBOL 174 \f "Symbol" amphibolites SYMBOL 174 \f "Symbol" granulites.  

(c) Areas of crustal thickening and mountain building: greenschists SYMBOL 174 \f "Symbol" amphibolites SYMBOL 174 \f "Symbol" granulites and type B eclogites (particularly if there are magmatic intrusions).

(d) Subduction zones: Characterized by low geothermal gradients: zeolite  blueschist facies  pumpellyite-actinolite facies /lawsonite albite facies  type C eclogites.

A- Convergent Plate Boundaries:

I- Subduction Zone metamorphism:

Rocks of the subducted plate are usually metamorphosed following "clockwise" P-T paths in which peak pressures are attained before peak temperatures. According to tectonic setting, subduction is of two "types":


(a) B-type subduction: where the oceanic crust is subducted beneath a continental or another oceanic plate. This type usually results in the formation of the "paired metamorphic belts" of Miyashiro, with blueschists and eclogites in the subducted plate close to the subduction thrust, and high T, low P amphibolite- and sandinite- facies rocks on the overriding plate, commonly forming an island arc in the case of ocean - ocean interaction (Figs. 3 and 4). Examples of this type include the Franciscan (with the Sierra Nevada) in the western U.S.A., and the Sanbagawa (and Abukuma) belts in Japan.


(b) A-type subduction: where the continental crust "attempts" to become subducted usually beneath another continental plate. Because of the low density of continental material, it is generally more difficult to subduct compared to the oceanic crust, and will have a tendency to "rebound" isostatically. Examples include the western Alps (Dora Maira), the Tauern Window (Austrian Alps; Fig. 5), and Saih Hatat (Oman). 

While discussing subduction zone metamorphism, it is appropriate to discuss some of the problems associated with its rocks. The most important of these is the preservation of blueschist facies mineral assemblages, and the uplift of blueschists.

Preservation of Blueschists:

· Most blueschists (and type C eclogites) are characterized by clockwise P-T paths, and may therefore undergo heating and decompression during their exhumation. 

· If the geothermal gradient prevailing during exhumation is sufficiently high, these rocks will pass through the greenschist, epidote amphibolite or amphibolite facies upon exhumation. 

· If exhumation rate is not rapid enough, these rocks will be overprinted by these later assemblages to such an extent that they may not survive their trip to the surface.

· Draper and Bone (1974) suggested that the preservation of blueschists requires exhumation rates that cannot be accounted for by average erosional rates.

· Hairpin shaped paths and their significance ( underthrusting and refrigeration.

Models of blueschist and eclogite exhumation:

a) Platt's model: Platt (1987) suggested that blueschists and type C eclogites formed by B-type subduction may be underplated (attached or accreted) to the overriding plate or mantle wedge. Such process leads the accretionary wedge to become thicker and tectonically unstable. This in turn leads to the development of normal faults along which the high P/T rocks can make their way back to the surface fairly rapidly without being significantly overprinted. This model is shown in Fig. 6. Note that a similar model can be tailored to type A subduction zones.

b) Cloos's model: Cloos (1982) suggested that during B-type subduction, accretionary wedge pelitic material moving down the subduction zone will tend to flow back upwards by the forces of buoyancy, when it can then carry bits and pieces of the subducted slab (now metamorphosed under blueschist and eclogite facies conditions; Fig. 7). This model works only for tectonic mélanges, such as in the Franciscan.

c) Other models: Water melon seed model; delamination; …. etc.

Blueschists in time:

Most blueschists are Mesozoic in age, with some Paleozoic examples, and only a handful of Precambrian ones. Could this be due to Plate tectonics not operating during the Precambrian the way we think it does today? Or is it a function of differences in geotherms prevailing at those times? Post-Eocene blueschists are also very rare or non-existent. Can you think of a reason?

II- Thrusting and continent - continent collision:

Not all areas of continent – continent collision are characterized by high P/T metamorphism; many were found to belong to Miyashiro’s high P, intermediate facies series; whereas others are associated with so much magmatic activity that they may be considered to belong to the “regional – contact” type of metamorphism of Spear (1993). Examples of these two cases include:

1- The Himalayas (which have an inverted metamorphic gradient in which the Sill zone overlies the Ky zone, which in turn overlies the Gt and Bt zones (Fig. 8). Several models have been proposed to explain this inverted sequence and the P-T paths obtained. These are shown schematically in Figs. 9 and 10.

2- New England: The northern Appalachians are characterized by a complex Polymetamorphic history. The main event seems to have been Acadian, in which a continental fragment collided with N. America resulting in partial melting and the development of numerous igneous intrusions. Nappes containing sheet – like igneous intrusions were emplaced onto colder sheets. The overthrust nappes therefore had counterclockwise P-T paths, whereas the lower nappes were characterized by periods of isobaric heating followed by near isothermal loading (Fig. 11).

III- Metamorphism associated with ophiolite emplacement:

1- Subophiolitic metamorphic aureoles or soles and inverted metamorphic gradients.

2- Burial type metamorphism with a high P/T field gradient

3- Subduction zone metamorphism

B- Stable continental interiors and deep sedimentary basins:

These are characterized by burial metamorphism with clockwise P-T paths, and peak T in the greenschist to epidote amphibolite facies.

C- Divergent Plate Boundaries:

1- Ocean Floor Metamorphism: 

2- Continental rifts: In such settings, it is very common to find “metamorphic core complexes”, defined as areas that are topographically high and that consist of igneous and metamorphic rocks that display anomalous deformation and metamorphism relative to the surrounding rocks. These complexes are structurally overlain by normally faulted sedimentary rocks. The boundary between the complexes and the sedimentary rocks is a low angle normal fault known as a “decollement”. Rocks of the metamorphic core complex are characterized by clockwise P-T paths of evolution, with segments of isothermal decompression, marking their rapid exhumation along these decollements. Examples include several areas in the Basin and Range province, and the Cordillera Darwin in Chile (Fig. 12).

Conservative Plate Boundaries:

1- Cataclasis and Mylonitization

2- Serpentinite diapirs and associated metasomatism.   

