
Metamorphic Petrology GLY 262
Lecture 1:An introduction to metamorphism (I)



Why Study Metamorphism?
To interprets  the conditions and evolution of 
metamorphic bodies, mountain belts, and ultimately 
the state and evolution of the Earth's crust
Metamorphic rocks may retain enough inherited 
information from their protolith to allow us to interpret 
much of the pre-metamorphic history as well
To provide vital information on the tectonic evolution 
of the crust, e.g.

To understand the deep interior of the earth
Thermodynamics and knowledge of mineral 

stability is useful for applied mineralogical 
problems



Greek: meta - change

morphos - form

So what is Metamorphism?



So what is Metamorphism?
• Metamorphism is the changes that occur in the solid state to 

a rock’s mineralogy and texture, as a result of the input of 
thermal energy (heat) and/or mechanical energy (work).

• Textural changes: grain sizes and shapes may be altered 
and some grains may develop a preferred orientation.

• Mineralogical changes: 
Recrystallisation – existing minerals adopt new textures.
Neomineralisation – formation of new minerals at the 
expense of existing ones (through chemical reactions 
between minerals +/- fluids.



• Metamorphism is typically associated with 
elevated temperature and pressure, thus it 
affects rocks within the earth’s crust and mantle

• metamorphism always is related to a precursor 
state where the rocks had other mineralogical 
and structural attributes

• Metamorphism, metamorphic processes and 
mineral transformations in rocks at elevated 
temperatures and pressures are fundamentally 
associated with chemical reactions in rocks



Modification and changes of EXISTING, SOLID ROCKS

Protoliths (original rocks)

e.g. Mudstone (Protolith) to Slate (Metamorphic)

Change in the solid state.



Revision

• What is Petrology?
• What is a rock?
• What is a mineral?



• Petrology is the study of rocks
• Rock is an assemblage of minerals
• A mineral is a naturally occurring 

homogeneous solid, inorganically formed, 
with a definite chemical composition and 
an ordered atomic arrangement



The rock cycle



Conditions of Metamorphism

• Large scale geologic events such as 
global lithospheric plate movements, 
subduction of oceanic lithosphere, 
continent–continent collision and ocean 
floor spreading, can result in rock 
movement and transportation of heat



Low T limits of metamorphism

• Temperatures at which metamorphism 
sets in are strongly dependent on the 
material under investigation.

• For instance, 
– transformation of evaporites, vitreous material 

and of organic material, 
– begins to take place at considerably lower 

temperatures than chemical reactions in most 
silicate and carbonate rocks



• In many rocks mineral transformations begin 
shortly after sedimentation and proceed 
continuously with increasing burial 

• Whether such reactions are called “diagenetic” 
or “metamorphic” is largely subjective

• Other examples includes,
– low temperature alteration of volcanic rocks,
– precipitation of mineral coatings in fractures 

and low-temperature,
– rock–water reactions that produce mineral- 

filled veins and fissures
• However, the low-temperature limit of 

metamorphism can be set between 150 to 
2000C



High T limit of metamorphism
• Ultimately, at high temperature, rocks will 

start to melt and dealing with silicate melts is 
the subject of igneous petrology. 

• However, partial melting has always, both, a 
metamorphic and an igneous aspect

• Crustal rocks that are characteristically 
produced by partial melting, so called 
migmatites, 
– are made up of a residual metamorphic 

rock and an igneous rock component



• Melting T of rocks defines the HT limit of 
metamorphism

• Melting T are strongly dependent on 
pressure, rock composition and the 
amount of water present

• If H2 O is absent, melting temperatures are 
much higher





Low P limit of metamorphism

• Ascending hot silicate magmas are a 
typical and globally important occurrence 
in geologically active areas. 

• The heat released by the cooling magma 
causes metamorphism in the surrounding 
country rocks to produce so-called contact 
aureoles at shallow depth and pressures 
of a few megapascal



High P limit of metamorphism 

• Eclogites, represent high density and 
consequently high pressure equivalents of 
basalts

• Gneisses with pure pyrope garnet 
containing coesite inclusions indicate 
pressures of at least 3.0 Gpa

• Eclogites with coesite inclusions in garnet 
and even diamond-bearing eclogites have 
been reported



• Some of these rocks require at least 6.0 
GPa to form 

• Rock transformations at such high 
pressures are called ultra-high-pressure 
(UHP) metamorphism

• Therefore, it is possible to find and study 
rocks that formed 100–200 km below the 
earth surface corresponding to pressures 
>3–6 GPa.





Metamorphic rocks have distinctive properties. 

Unique minerals – Some minerals are only metamorphic.   
Staurolite.
Aluminosilicate.

Unique foliation – A planar fabric from aligned minerals.

Some metamorphic rocks may appear totally unlike their 
protoliths.



Red mudstoneRed mudstone

Garnet gneissGarnet gneiss

Fossiliferous limestoneFossiliferous limestone

MarbleMarble



Types of Protolith
Lump the common types of sedimentary and 

igneous rocks into six chemically based- 
groups

1. Ultramafic - very high Mg, Fe, Ni, Cr
2. Mafic - high Fe, Mg, and Ca
3. Shales (pelitic) - high Al, K, Si
4. Carbonates- high Ca, Mg, CO2

5. Sandstone - nearly pure SiO2 .
6. Quartzo-feldspathic - high Si, Na, K, Al
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Chemistry of the protolith is the most important clue toward deducing the parent rock
1. Ultramafic rocks. Mantle rocks, komatiites, or cumulates
2. Mafic rocks. Basalts or gabbros, some graywackes
3. Shales (or pelitic rocks). Fine grained clastic clays and silts deposited in stable platforms or offshore wedges. 
4. Carbonates. Mostly sedimentary limestones and dolostones. Impure carbonates (marls) may contain sand or shale components
5. Quartz rocks. Cherts are oceanic, and sands are moderately high energy continental clastics. Nearly pure SiO2.
6. Quartzo-feldspathic rocks. Arkose or granitoid and rhyolitic rocks. High Si, Na, K, Al
Categories are often gradational, and cannot include the full range of possible parental rocks
One common gradational rock type is a sand-shale mixture:psammite
Other rocks: evaporites, ironstones, manganese sediments, phosphates, laterites, alkaline igneous rocks, coal, and ore bodies




Agents of Metamorphism
• There a four main agents or driving forces of 

metamorphism:
(1) Temperature
(2) Pressure
(3) Deviatoric stress
(4) Fluids

• Metamorphsim reflects the attempts of a rock to 
achieve chemical and texural equlibrium (to 
achieve a stable, minimum-energy state) under 
the new set of conditions.



(1) Temperature
• Possible heat sources:

(i) Radioactive decay deep within the earths interior. 
T generally increases with depth (geothermal 
gradient). But this geothermal gradient varies with 
tectonic setting
(ii) Igneous intrusions: bodies of molten material 
provide intense local heat sources.

• Grade of metamorphism: a qualitative measure of 
the T experienced by a metamorphic rock. 

• T has a profound effect on metamorphism (with P) 
as it controls the stabilities of minerals.

• It drives reactions
• Overcomes kinetic barriers
• Promotes recrystallization



(2) Pressure
• Pressure (force per unit area) is a uniform stress 

meaning that a rock is affected equally in all 
directions.

• Results from the weight of the overlying rock, 
assuming an average density pressure 
increases approx by 1kbar for every 3.5 km of 
burial.

• 1bar = 1 atmosphere, 1kbar = 1000 bars
• Pressure also exerts a profound influence on a 

minerals stability (just like T).



Stability effects of P and T

Kyanite, Sillimanite and Andalsite are all solid Al2 SiO5 polymorph 
minerals that occur in different structural forms over different P-T 
ranges, similar to water (H2 O) that can be steam (gas), liquid or 
ice (solid) at different temperatures (and pressures).



Mineral Reactions
• Minerals in coexistence with one another in a 

rock may become unstable when subjected 
to different T and P’s, leading to a chemical 
reaction and the growth of a new mineral(s).

• A mineral assemblage is a stable group of 
minerals in a rock that have co-existed in 
chemical equilibrium at one stage and may 
therefore be diagnostic of a rocks pressure 
and temperature

• A mineral paragenesis is a total succession 
of mineral assemblages preserved in a 
metastable state 



Chlorite + Muscovite  = Garnet + Biotite

(1) (2)

(1)

(2)

(2)

Bt

Grt
Increased

T

Large crystals (relative to the groundmass) such as the garnet above are 
termed porphyroblasts. The overall rock texture could be described as 
porphyroblastic.



(3) Deviatoric stress
• Deviatoric stresses are directed stresses, 

acting in a particular direction. 
• They have little effect on the stability of a 

mineral but can have a major effect on 
texture over time.

• This lateral ‘squeezing’ component results 
in deformation.



Effects of deformation
• Rotation of flaky minerals into parallelism, 

resulting in the development of cleavage. 
• In medium-coarse grained rocks, cleavage is 

usually termed schistosity.
• Cleavage and schistosity are examples of 

foliation (a planar fabric of metamorphic origin). 
Foliations record flattening strains.

• Another type of tectonic fabric is a lineation. 
Lineations record a stretching strain.



Foliations
S1

S1

Foliations (cleavage and schistosity) are given the notation S1 ,
Whereas an original sedimentary layer is given the notation S0 .



Crenulation cleavage

Foliations may record poly-deformational events. 

Here the first foliation (S1 ) has been crenulated into (S2 ). 
Crenulations are small folds that generate a second foliation 
when they align.

S1

S2



Effects of Deformation

• Many rocks (e.g. those of sedimentary 
origin) are composed of alternating layers 
of different mechanical strengths.

• Deformation results in the production of 
folds whose shortening direction is parallel 
to the main direction of stress.



Cleavage planes will develop in folded rocks perpendicular to the main
stress direction and parallel to the axial plane of the fold.



All rocks contain some pores between grains

Filled with gas or watery fluid (H2 O, gases & salts)

Enhance metamorphism by:

act as transport medium for mass transfer

speed up recrystallization

speed up chemical reactions.

(4) Fluids



Processes causing changes in mineralogy and texture:

mechanical deformation

chemical recrystallization

Three main kinds:

Contact/Thermal metamorphism

Regional metamorphism

Dynamic metamorphism

Types of metamorphism







Contact Metamorphism
• Occurs in restricted areas 

adjacent to igneous intrusions
• T is the most important factor
• P is commonly low and 

deviatoric stresses are 
absent

• Resulting metamorphic rocks 
form an aureole around the 
intrusion.

• Aureoles around large pluton 
may be 1-2km wide

Contact metamorphic rocks tend to be fine-grained, massive, without
cleavage or schistosity; such rocks are called hornfelses.



Contact Metamorphism
Adjacent to igneous intrusions

Thermal (± metasomatic) effects of hot 
magma intruding cooler shallow rocks 

Occurs over a wide range of pressures, 
including very low

Contact aureole
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Thermal Aureole
• An aureole may be 

divided into various zones 
on the basis of the 
occurrence of a particular 
mineral or a mineral 
assemblage that differs 
from those present in the 
protolith (starting 
material).

• Index mineral – that 
characterizes each 
contact metamorphic 
zone.

• Isograd – a line on a map 
that marks the first 
occurrence of the mineral.

Increase in T 
Increase in grade

Change in protolith Un-metamorphosed rock



Textural Equilibrium

• Granofels: a massive non-schistose metamorphic rock. 
• Hornfels: a massive non-schistose rock of contact metamorphic 

origin.
• Contact metamorphic rocks shown high degree of textural 

equilibrium (equigranualr and granoblastic textures are typical).

120°

represent a minimum
surface energy state

Granoblastic grain
boundaries:



Regional Metamorphism

• Occurs over very large areas (often thousands of km2).
• Often occurs in central regions of Mountain Belts such as the Alps, 

Himalayas, Scottish Caledonides etc.
• P, T and deviatoric stresses are all important.
• The rocks commonly show signs of deformation.
• Related to processes at plate boundaries e.g. Continental collision and 

subduction.



Metamorphic Zones
Slate Phyllite Schist Gneiss Migmatite

Increase in temperature
Increase in grain size



Barrovian zones
• Barrow found that pelites (mud 

rocks) of NW Scotland could 
be divided into a series of 
zones.

• Each zone is characterized by 
a particular index mineral.

• Regional metamorphism is 
progressive. High-grade 
assemblages had formerly 
been at lower-grade.

• The lowest grade ‘chlorite 
slates’ most closely resemble 
the original sedimentary rock.

Increase in Temperature



Slates
• A very fine grained metamorphic rock with a prominent penetrative slatey 

cleavage.
• Often very dark colored due to inclusion of graphite which form from residual 

organic debris in the original sediment.
• Clay minerals in the original mud react to form stable metamorphic minerals; 

Chlorite and Muscovite

S1

S1



‘Chlorite zone’ Phyllites
• Fine grained metamorphic rock that typically displays a 

prominent, often spaced and crenulated cleavage.
• When phyllites are split along cleavage planes the 

surfaces typically have a silky sheen. Phyllites are a 
textural intermediate between slates and schists.

S1

S1

Elongate flakes
of chlorite

Crenulations

S1

S1 Spaced cleavage



Schists
• Schists are typically medium-coarse grained metamorphic rocks that 

display a pervasive alignment of platey minerals.
• Schists commonly contain various porphyroblast phases, such as 

garnet, staurolite, kyanite and sillimanite.

Grt



Kyanite & Sillimanite zone

Kyanite
Porphyroblast Biotite Elongate prisms of sillimanite



Gneiss
• Gneissose rocks are 

medium-coarse grained 
rocks with 
compositional banding 
composed of alternating 
granular and schistose 
layers.

Quartz-feldspar rich 
Granular layer

Biotite-rich schistose layer

Quartz-feldspar rich 
granular layer



Migmatites
• Migmatites are mixtures of both igneous and metamorphic rock.
• Around 650-800°C rocks of pelitic composition begin to melt.
• Quartz and K-feldpar-rich ‘granitic’ melt segregates from the protolith 

– leaving a mafic-rich restite.
• Crystallized melt veins show typical igenous textures. 

‘Granitic’
melt vein

Mafic restite



Metamorphic facies
• Barrows zones are only applicable to regional metamorphic pelitic 

rocks within a certain P-T range.
• Problems arise when attempting to correlate the grade of 

metamorphism between different areas whose index minerals may 
differ in rocks of different composition. 

• Eskola divised a scheme of metamorphic facies which represent 
broader P-T subdivsions.

• Metamorphic facies are defined via a characteristic mineral 
assemablage rather than a single index mineral.

• Eskola further deduced that (a) rocks formed at higher pressures will 
tend to contain denser minerals than rocks of the same composition 
at lower pressure; and (b) devolatilsation reactions take place with 
increased temperature so our rock system becomes progressively 
depleted in H2 O and CO2





Blueschist Metamorphism
• Are high-pressure metamorphic rocks consisting of the blue mineral 

Glaucophane.
• Bluschists are commonly metamorphosed wedges or sections of 

subducted oceanic crust.

Glaucophane



Eclogites
• Under extreme conditions of metamorphism at both very high 

pressure and temperature, rocks of basaltic composition (oceanic 
crust) recrystallise to a distinctive red and green, dense rock 
dominated by garnet and omphacitic pyroxene called an Eclogite.

• Progressive metamorphism of blueschists are the likely cause in 
the formation of eclogites.



= Blueschist
Facies

=Contact Facies

Ultra high P-T = Eclogite facies

Barrovian



Breakage of rock by shearing at a fault zone.
Crustal location determines type of fault modification. 

Shallow crust – Upper 10 -15 km.
Rocks behave in a brittle fashion.
Mineral grains crush and pulverize.

Deeper crust – Below 10-15 km.
Rocks behave in a ductile manner. 
Mineral grains smear like toffee.
Created a highly sheared rock called a mylonite.

Dynamic Metamorphism





Alteration by hot, chemically-aggressive water. 
A dominant process near Mid-Ocean Ridge magma. 
Cold ocean water seeps into fractured crust. 
Heated by magma, this water then reacts with mafic rock. 
The hot water rises and is ejected via black smokers.

Hydrothermal Metamorphism



Periodically, Earth is struck by a bolide.
Comet.
Asteroid.

Bolide impacts generate a compressional shock wave.
Extremely high pressure.
Heat that vaporizes or melts large masses of rock.

Shock Metamorphism



Burial metamorphism occurs in areas that have 
not experienced significant deformation or 
orogeny

Restricted to large, relatively undisturbed 
sedimentary piles away from active plate 
margins Bengal Fan → sedimentary pile > 22 
km
Extrap. → 250-300oC at the base (P ~ 0.6 
GPa)
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Seismic data in Bengal Fan  sedimentary pile > 22 km
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End: Typical examples of burial and regional metamorphism are easily recognized today, but transitional types are common
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