Today:

) Quiz: Metamorphism/Weathering and Sedimentary Rock Review
2) Metamorphism and Metamorphic Rocks A

3) In-class exercise Metamorphic Rocks '

4) Swiss Alps Movie (45 min)

Next Wednesday
6) Exam?2

Think outside the Box!
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Metamorphism

Meta- Greek word, meaning Change.

Morph is from the Greek morphe meaning shape or form

sm- the action or result of

Metamorphic Rock- forms when preexisting rock (parent
rock), or protolith undergoes solid state change in response to
the modification of its environment
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Causes of Metamorphism

Metamorphism due to heating (200 - 800 C)

Metamorphism due to increased Pressure

Metamorphism due to increase Heat and Pressure

Metamorphism due to Hydrothermal Fluids




Where Metamorphic Rocks Form

Muddy
' In the deep parts of ;
. sedimentary basins, sediments
sedimentary rocks are *
transformed by heat and
burial to metamorphic )
rocks Sedimentary rocks
(sandstone and shales)
Rocks near an igneous \J
intrusion are heated 4
(metamorphosed) by Metamorphosed
the magma and hot fluids ‘ shales and sandstones
Igneous basalt is
chemically altered Earth’s surface
(metamorphosed) /
by hot seawater '—/10 km/200°C
at oceanic ridges —
= ; Increasing
o R depth/temperature

\\60 km/800°C

Base of continental
crust

Formerly shallow rocks
may be buried and
heated (metamorphosed)
during plate convergence

Oceanic crust, metamorphosed by
hot water at the ridge, is buried
and heated (metamorphosed)
along with marine deposits
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Where Metamorphic Rocks Form

TIME 1 A hot-spot volcano
erupts lava.

Lava erodes,

/‘ producing sediment.

Rivers transport Subduction consumes
sediment to the sea. oceanic plate.

Sediment is deposited
in a passive margin.

Rising magma
brings material
up from mantle.

| Plume brings up
deep-mantle rock.
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Asthenosphere

TIME 2

Pluton

A collisional mountain
Uplift and belt forms.
erosion

Sedimentary rock is
buned and metamorphoses.

Metamorphic rock  [JSediment eroded from mountains
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Where Metamorphic Rocks Form

TIME 3 Metamorphic rock is pre- Mountains
served in a mountain belt. erode away.

Sediment is deposited
on continent Y.

TIME 4 Rifting occurs, and the Rift-related

crust stretches and breaks. volcanoes erupt.

b A AT U

= [ Rock is partially melted by
heat transferred into the crust.

Partial melting occurs
in the asthenosphere
as it rises.
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Where Metamorphic Rocks are Exposed

ARCTIC OCEAN

Least abundant rock
at the Earths
Surface
Form at Temp
200-800 C and

depths greater than
Skm \

40N
North Cascades/
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Canadian Shield

Appalachian
Mountains
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~Grand Canyon \TLANTIC
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Where Metamorphic Rocks are Exposed

Least abundant rock However, the continental
at the Earths curst is predominately
Surface composed of
Form at Temp metamorphic rocks
200-800 C and which underlie a thin
depths greater than veneer of sedimentary

S5km rocks

Cedar Breaks Bryce Canyon Zion Canyon Vermillion Cliffs Grand Canyon

| miles km
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Where Metamorphic Rocks are Exposed

Least abundant rock However, the continental
at the Earths curst is predominately
Surface composed of
Form at Temp metamorphic rocks
200-800 C and which underlie a thin
depths greater than veneer of sedimentary
Skm

Coastal
mountains Coastal

‘ Craton
plain

Continental Continental Continental
— |

platform shield platform

Continental

Exposed older Exposed ancient Buried ancient Oceanic
sedimentary rocks crystalline rock crystalline rock crust 12
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2 Types of Metamorphic Rocks

Foliated(layered) and Non-Foliated
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2 Types of Metamorphic Rocks

What are the three main factors
controlling the type of Metamorphic
Rock that develops!?




2 Types of Metamorphic Rocks

What are the three main factors
controlling the type of Metamorphic
Rock that develops!?

Temperature Pressure




Protolith = Composition

Proto- means first in time; original.

lith is the Greek word for stone

Protolith refers to the original rock before metamorphism it
could be an igneous, sedimentary, or another metamorphic
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Protolith = Composition
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Protolith = Composition
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Generalized Mineral Stability
for Different Metamorphic Grades
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Generalized Mineral Stability
for Different Metamorphic Grades
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Generalized Mineral Stability
for Different Metamorphic Grades
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2 Types of Metamorphic Rocks

Foliated(layered) and Non-Foliated
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2 Types of Metamorphic Rocks

Foliated(layered) and Non-Foliated
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Non-Foliated Metamorphic Rocks

Protolith Meta Rx
Sandstone Quartzite
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Hd1lcemB
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Non-Foliated Metamorphic Rocks

Protolith Meta RXG reenstone
Basalt Epidote
Actinolite
Chlorite
Medium-Grade

T2l

PIgCIe el‘spar

Eclogite

Blue Schist

Pyroxene
Garnet
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Foliated

>edimentary Metamorphic

Parent/Protolith

Mudstone/shale /

;N e f-‘i' e

:Kaolinit' VN Grain sjze Ph)’”lte / “\.i’\h)amte;;-.: el
\ Muscovite, Garnet, Kyanite™" .

Increasing
Schist | Diermsion
\

Gneiss

" General mineral grade stability 11 :
Low Medium Highr :
|_———Kaolinite(clay)-—---—--!! :
Plagioclase Feldspar- n ;
- Quartz- 9] j
-K-Feldspar--- N ;
-Calcite— 5] ;
—~-Muscovite- 1 d
Biotite—- I ; Rt e
-Gamet- H ' . \.5_ “'4'2*1 2 "'r
i —" E Garnet Quartz, K- -spa

Degree of Metamorphism Increasing No Melting!|
21

Thursday, November 7, 13



Metamorphic Rock Stability Diagram

Temperature (°C)

0 100 200 300 400 500 600 700 800 900 1000
0 \ I - IRENL I | I I I 0
Non- Low \\\
metamorphic e Hornfels =
7 T hen ,”’
- ~ S/ __________
_ / / %\ SRaaacohaes 10
z ik - }) < Intermediate
- l'ypical /7)//\.\&06,'
= continental //{-@\ \\\’1‘ |
= | reotherm B Hich
2 6| & W & 20
Qx..l N
8 [~ Conditions 55 \‘9{,}
not found \f Usially = 30
s in nature N i ,‘nu)‘ }_ |
< gneous
N\

Does anything look familiar here?

22

Depth (km)

Thursday, November 7, 13



Metamorphic Rock Stability Diagram

Temperature (°C)
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Metamorphic Rock Stability Diagram

Temperature (°C)
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Causes of Metamorphism

Metamorphism due to heating (200-800 C)

Metamorphism due to increased Pressure

Metamorphism due to increase Heat and Pressure

Metamorphism to Hydrothermal Fluids

25
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Increased Heat and Pressure

Temperature (°C)
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Increased Heat and Pressure

Temperature (°C)
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Deep Burial by accumulation of thick
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Deep Burial by accumulation of thick
sequences of sedimentary rock
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Dynamo-thermal Metamorphism

. Convergent margin .
India Asia

metamorphosed rock
At point A, temperature = 20°C, pressure = 1 bar
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Essentials of Geology, 2nd Edition
Copyright (¢) W.W. Norton & Company

28

Thursday, November 7, 13



core
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Himalayan Metamorphic core
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Himalayan Metamorphic core
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Where Metamorphic Rocks Form

Indian continent Asia

Convergent margin
metamorphosed rock

At point A, temperature = 20°C, pressure = 1 bar
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Where Metamorphic Rocks Form

Indian continent

Bonnet, C., Malavieille, J. and Mosar, J. (2006)

Convergent margin
metamorphosed rock

At point A, temperature = 20°C, pressure = 1 bar
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Bonnet et al. (2007) video =
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Metamorphic Mineral Stability Diagram
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Earth’s Temperature Profile is Variable
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Earth’s Temperature Profile is Variable
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Metamorphic Mineral Phase Diagram
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Causes of Metamorphism

Metamorphism due to heating (200-800 C)

Metamorphism due to increased Pressure

Metamorphism due to increase Heat and Pressure

Metamorphism to Hydrothermal Fluids
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Thermal or Contact Metamorphism

Intermediate hornfels

Low-grade hornfels

Unmetamorphosed
sediment

Pluton

Increasing pressure

Contact metamorphism
typically produces

a fine-grained /

metamorphic rock /

36 Essentials of Geology, 2nd Edi
FIGURE 6.17 Copyright (¢) W.W. Norton & Con
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Metamorphic Rock Stability Diagram

Temperature (°C)

0 100 200 300 400 500 600 700 800 900 1000
0 \ | . RENL I I T | I 0
Non- Low ™<
metamorphic e Hornfels e
7 - s e =< Y =
N ~ S/ ‘‘‘‘‘‘‘ .
% e . TR ,
_ / / ~EE | 10
= » TG Intermediate |/ | -
:__E: 4 Typical % %y N *Y(‘bl. - ' £
o continental //{-@\ \‘ff ~
= reotherm b Hish =
3 6| & N4 & 20 &
B )
8 I -~ i ! s
Conditions S5 \ff,f@
not found N A =
: \ Usually 30
In nature Y : 2
10 I B Igneous
N

Melting curve for wet granite
Melting curve for wet basalt

What kind of metamorphic Rock might you expect from
Contact metamorphism?
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Metamorphic Rock Stability Diagram

What kind of metamorphic Rock might you expect from
Contact metamorphism?
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Thermal or Contact Metamorphism

When hydrothermal
fluids are present

FIGURE 6.17

Intermediate hornfels

Low-grade hornfels

Unmetamorphosed
sediment

Increasing pressure

Pluton

Brick

Pottery

Porcelain

Essentials of Geology, 2nd Edi
Copvright (¢) W.W. Norton & Con
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Causes of Metamorphism

Metamorphism due to heating (200-800 C)

Metamorphism due to increased Pressure

Metamorphism due to increase Heat and Pressure

Metamorphism to Hydrothermal Fluids
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Hydrothermal Alteration

Sea level

Hot water rises,

reacts with rock.

N\

Cold water sinks into crust.
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Hydrothermal |
Alteration

A E"

Cold water sinks into crust.

Essentials of Geology, 2nd Edition
Copyright (<) W.W. Norton & Company

B 12% H20O by mass
M

Olivine + Water + Carbonic acid —+ Serpentine + Magnetite + Methane
(Fe, Mg)SiO; + nH,0 + COy — MgsSipOs(OH) 4 4 FezO4 + CH,

N olivine Serpentine Magnetite
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Hydrothermal
Alteration

Hot water rises,
reacts with rock.

Sea level

\ Cold water sinks into crust.

Water

SI nokers

Olivine + Water + Carbonic acid —+ Serpentine + Magnetite + Methane
(Fe, Mg),Si04 + nHy0 + COy — Mg3SisO5(OH), + Fe304 + CH,
olivine Serpentine  Magnetite 42
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Causes of Metamorphism

Metamorphism due to heating (200-800 C)

Metamorphism due to increased Pressure

Metamorphism due to increase Heat and Pressure

Metamorphism to Hydrothermal Fluids
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Differential Stress and Development of
Preferred Mineral Orientation
Directed Pressure
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Tectonic Fabric
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Tectonite
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Other cool rocks that have something to say!

Tectonites
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Today: X
1) Case Study: Contact Metamorphism .
2) Metamorphic Rx ldentification (9: 50)
3) Movie: The Alps (10:10)
iy
Next Class:
4) Exam?2
-Minerals, lgneous Rx,Volcanoes,
Weathering, Sedimentary Rx,
Metamorphic Rx

Think inside the Box! ' ’ i
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Case Study : Contact Metamorphism

ia

Sierra Nevada of Californi

Is

Intermediate hornfc

Pluton

Low-grade hornfels

sediment
J
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Sierra Nevada of California
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Sierra Nevada of California
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h Pebble Conglomerate
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