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INTRODUCTION

e Earth’s sphere: Hydrosphere, Biosphere,
Atmosphere, & Geosphere (lithosphere)

e Why do we study Petrology: petrology occupies
central position between earth’s science, building
upon mineralogy with strong connection to
structural geology, tectonics, sedimentalogy,
geochemistry, & geophysics (becouse we study
Geosphere which consist of minerals & rocks)

e Petrology: is the study of rocks, or explanation or
understanding of a given rocks

e Rocks: naturally occurring, machanically coherent
aggregates of minerals or mineraloids (mineral-like
such as opal, glass, & coal), some with interstitial
fluids, & most consist of several different minerals

e Rock types: 3 major types of rocks
1. Igneous: formed by solidification of molten or

partially molten materials (magma)

2. Sedimentary: formed by consolidation of loose
materials that has accumulated in the layers
(one of the major feature of sedimentary rock)

3. Metamorphic: derived from preexisting rocks
by mineralogical, chemical, structural changes
(in the solid state), in response to marked
changes in T, P, Sharing stress, & chemical
environments at the depth in the earth surface
(below the zone of weathring & cementation)

Igneous rocks

e Most of magma consist of rock fragments,
minerals, & molten materials

e Why the word solidification is used in definition of
igneous instead of crystallization? If the magma
reach the surface, it cools fast, & there's no time
for it’s ions to be formed in a regular order to make
crystals, But it hardens randomly to produce glass

Sedimentary rocks

e Most of sed. rocks formed in: aqgueous medium

e Types of sedimentary rocks:

1. Clastic: machanically formed fragments of
older rocks that has transported from their
source & deposited in water

2. Chemical: formed by precipitation in solution

3. Organic: contain remains of plants & animals

Metamorphic rocks

e Matamorphic processes tack place :
igneous & sedimentary processes

e Transitional or proad area(gradual limit)200°-700°

e Intensity of metamorphism & recrystallization
depend on T, mineralogy & structure of rocks &

Folds depend on P

between
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extrusive
igneous rocks

" Cycle

lustrated

e The chemical changes durmg the metamorphism
depend on the chemical composition of the rocks
padaiiy U gSal) 685 texture Jb LS Gty Ty cuS Al (S 13
very-fine ALiaY) (e Sl sosh anay (81 CuS AN (udly Lgaads
Ox Q9SS Ladsy marble Y Jsal s grain limestone
el 1,5l quartz & sandstone L2y Ca-carbonate
08 135 rounded ¢& Lags straight line <ioskdl G 2gaal)
e J8 gilea A s index mineral ¢S (Adlida il g<a) Siaa
Jdeadll dig sk
o Natureisn’t segregated into discrete with obvious
boundaries, it’s a continuum
o Borderline (Transitional area): rock exist & end up
in one or another of the categories due to historical
precedence or the bais whim of the classifier
e Examples include transitional rocks
1. Pyroclastic rocks: transitional rocks between
igneous & sedimentary rocks, such as Tuffs
that consists of layering & formed by magma
2. Migmatites: transitional rock between igneous
& matamorphic, outcrop-scale mixture of light
& dark rocks, represent the onset of melting in
crust at high-grade metamorphism




PYROCLASTIC ROCKS : TUFFS, IGNEOUS ROCK WITH LAYERING

VOLCANIC TUFFS ARE ROCKS THAT ORIGINATE IN VOLCANOES. CLASSIFIED
AS IGNEOUS, & REF ERRED TO AS VOLCANIC SEDIMENTS

—
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ANGULARCLASTS & THE VERY FINE-GRAINED OF THE ASH
MATRIX (WHITE)

OCCUPIES A GRAY ZONE AT THE BOUNDARY BETWEEN THE CONDITIONS OF :
METAMORPHISM & MAGMATIC CONDITIONS, & CAN BE CLASSIFIED AS
PARTLY METAMORPHIC & PARTLY IGNEOUS

e If the metamorphic rocks produced by volcanic ash which consists of
basaltic material (olivine, pyroxene, & Ca-plagioclase) the melting of
these rocks start at high T (800 — 850)°C because these minerals are high
T minerals, so the area between 700-800° is the transitional zone
between metamorphic & igneous rocks, at 700° start to melt to magma
that crystallize to produce lIgnouse Rock but consist of flods
(matamorphic feature)

e Inthe rock consist of felsic (silica & feldspar) melting start at T < 700°

e  The foliation is produced in the area of regional metamorphism near
subduction zones (high-grade metamorphism)

e In the contact metamorphism the grain size is increasing with the
direction of contact (magmatic body)

e  The differences between gneiss & schist: gneiss formed in high-grade

regional metamorphism (so that foliation can see in the naked Eye)
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BOUDINAGE ST RUCTURE IN MIGMAT[TE

<23 THINNING Y4 &2 QUARTZ & FELDSPARJ 2 4ie Aailil) adai)
b bral Al o ad da (FOLIATION 4 225 3381) SCHIST (A
A Gy My BIOTITE (.53 slagadl il s SUBDUCTION-ZONEJ)

iy ¥ JDEFORMATION

Ji-ll “PLASTIC-DEFORMATION 4 <.s: COMPETENT J) <k

FRACUMENTATINN 11! &aa s DPRATTT R . A INCOMPRTRNT

Alal) ) 3y 581) Alhaia (e u-‘ﬂ‘ Gigia 83353 94!l LIGHT-COLOR d\ um!\
$#35 QUARTZ & FELDSPAR Ji« FELSIC-MINERALS (» (53
DARK-HORNFELS ¢» 01553 DARK-COLORED J! Lsiall s GRANITE
e Structure: is the large- or macro-scale, in the field
e Texture: Micro-scale (what we see in the hand-
speciment & the relationship between grains)

Outcrops characteristics & structure of rock types

Igneous Sedimentary Metamorphic \
1. Volcanoes, & lava 1. Stratification = 1. Distorted
flows (layering) & pebbles, fossils,
2. Cross - cutting sorting or crystals
relations & Charac- 2. ripple mark, = 2. Parallelism of
teristic size & shapes | cross - bedding planar, &

elongate grains
3. Located adjac-
ent to igneous,
occasionally as a
zoned aureole

4. in Precambrian
,orogenic terrane
5. Rock cleavage
related to regio-
nal structures

6. Progressive

, or mud cracks
Structures

3. widespread
& inter bedded
with known
sediments

4. The shape of
sedimentary
rocks may be
characteristic
form delta,

(laccolith, lopolith,
sill, stock, batholes &
lava flow)

3. Thermal effects on
adjacent rocks
(recrystallization,
color change,
reaction zones)

4. Chilled (finer-
grained) borders
against rocks

5. Lack of fossils & bar, river, & change in
stratification (except @ drainage systes mineralogy over
for pyroclastic rock) 5. The rocks a wide area

6. structureless rocks = may be 7. Some are

massive hard
rocks composed
of interlocking
grains

composed of inter- consolidated
locking grains or

7.in Preca-mbrian or = unconsolidated
orogenic terranes




Volcanoes, lava flows

If the magma is basaltic so these T around 1200°
because basaltic & Gapproic magma solidified at T
near 1100°C

Tectonic setting (Tectonic position) determine the
magma composition, for example at the mid-
oceanic ridge the magma is basaltic, & in the

continental crust the magma is granitic

Cross - cutting relations (dikes, veins, stocks, &
batholiths)

<adsi) magma ¢& ks (folliationd! ') selld) s) diked)
gl uly cAgh bl alg Wilw Bagaga Jsiua (0 (34 g
selld) Jsdd Ludla Siag Layy Jy haed) ) diked) Juas O el

Batholith: Hugh igneous body, most of the batholiths
have granitic composition &L alual) §as) g adial g2 g

Granitic magma have high viscosity so don’t reach the
surface, basaltic have low viscosity so reach the surface

Orogenic terranes : 4 liia) gildall 3gaa die Juad) sl (3hlia

Thermal effects on adjacent rocks

Vs fine-grained 4 gad) (e qu B (5 LN anall 138
J)Mia geothermal-gradant (gex) ga 3133 8 ) adl 4 o
W) da 0 1)) aS3 jsiuall o2 (Bas (IS glg oS JS1°30

Jiiiiu °1000 I ss magmad! su1a 43 (N °90%

JSE L 13 g Aasaal) ) gaiall A g U anadl a8 jadl

contact- ag aly 5 U avall Ja o) sl Ales
Jan Jald g LN avad) 138 dSLew (¥ metamorphism
JULY AS g dllin 58y Ol g g e e 41 (23 (NI sa)
contact metamorphism & g3 g 5 jal)

Chilled (finer-grained) borders against rocks

839 e diked) ILBY g b dles ciaa
very fine-grained crypto- caiwd 5 glaall  siall
<ol gl A g il b)) e crystalline structure

claa Gl jhY) e b il Lles ) courser < sh

b gl) e &Ju\

Gappro or diorite because consist of plagioclase &
pyroxene

oY plagioclased! sl A 393 34 (S pyroxened)
sl O le AN i g alilla 12 pyroxened)
dakiid) plagioclased)
Gappro &s% olivine i) 13)




Stratification

gl yodal) cliua aa) e

y

The rocks may be unconsolidated or not

sorting

‘ 4 ghra cuils L) a2 )5 Ordovician J) (x L sisall o2
B e - G i ol ol 4 unconsolidated & Y
C s ¢ cementing materials

Jal clilas G JSAN) 138 @dA)

Parallelism of planar, elongate grains over large areas

contact- - Wi b magma £ 4ol il gas LAY sial)
488 (e clls b goall Y foliation .3 ¥ 9 metamorphism
hornfels, granofels Jis 4 gludia clalay)
aly by contact-metamorphism Jga3 13 (29 sAa Arkose J)
quartz + (= OsSh LSy granite (o)) J»i deformation 4 sy
feldspar
calcium- i LaadSy limestone J! ¢¢ J sk marble J!

L i 5 2 i gl ) & Jgadll # L) sy oM\ carbonate

Leas ) sl

The light-color is quartz or feldspar, & the dark is
amphibole (oreanted & prismitic crystals)

subduction- J! & &issregional-metamorphism J)
J8éy pildal) 48 ja e 3L compression 252 Y zone
foliation J) il AS ad) 038 (a9 land) Lpdand (uSlae

Texture & characteristic minerals in each of the rock types

Igneous rock Sedimentary rock Metamorphic rock

Texture Porphyritic, glassy, vesicular, Fragmental, fossiliferous, oolitic, Brecciated, granulated, crystalloblastic,
amygdaloidal, graphic, pyroclastic, pisolitic, stratified, interlocking or hornfelsic
interlocking aggregate aggregate
Olivine, pyroxene, Amphibole, quartz, clays, carbonates (calcite & Amphibole, Andalusite, Cordierite, Epidote,
Micas, Quartz, Feldspar, Leucite, dolomite), Anhydrite, Halite, Chert Feldspar, Garnet, Graphite, Glaucophane,
W Nepheline, , & Glass (microcrystalline quartz), Gypsum NG SRS SIS, Wi
0 00 0 actinolite, Wollastonite, Micas, Quartz
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QUESTIONS

o Question 1: Defined the following

OCZIrA-~"IOMMOUO®>

Petrology

Rocks

Magma

Chilled

Sediments
Batholith
Pyroclastic rocks
Migmatites
Igneous rocks
Sedimentary rocks
Metamorphic rocks
Clastic sedimentary rocks

. Chemical sedimentary rocks

Organic sedimentary rocks
Borderline (or Transitional area)

e Question 2 : Complete the following

A.

G.

Earth’s sphere are  Hydrosphere,

Biosphere, Atmosphere, &

Most of consist of rock fragments,

minerals, & molten materials

Most of sedimentary rocks formed in
medium

Matamorphic processes tack place in

between & processes

Transitional or proad area (gradual limit) of

metamorphic rock between

Transitional rock between igneous &
matamorphic rocks is , &
Transitional rock between igneous &
sedimentary rocks is

One of the most characteristic of

sedimentary rocks is

e Q3: Explain the following

A

0

We use the word solidification in definition
of igneous rocks instead of crystallization.
Why?

We study Petrology!, Why?

Limestone is a protolith for Marble, Why?
Granitic magma don’t reach the earth’s
surface, but basaltic do, Why?

We don’t see foliation in the contact
metamorphic rocks, but we can see this in
regional matamorphic rocks, Why?

e QA4: Choose the correct answer

A.

Intensity of metamorphism depend on
1. Pressure 2. Temperature
3. Rock Mineralogy 4. Rock Structure
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Q5:

Qe6:

T/F

G.

Mineralogy & structure of metamorphic
rocks depend on

1. Pressure 2. Temperature
3. Rock Mineralogy 4. Rock Structure
Folds in metamorphic rocks formed due to
1. Pressure 2. Temperature
3. Rock Mineralogy 4. Rock Structure
Recrystallization in metamorphic rocks
formed due to

1. Pressure 2. Temperature
3. Rock Mineralogy 4. Rock Structure
The chemical changes during the
metamorphism depend on

1. Pressure 2. Temperature
3. Rock Mineralogy 4. Rock Structure
Thermal effects on adjacent rocks

1. The heat transfer from rock into dike

2. The heat transfer from dike into rock

3. The heat don’t transfer in the system

4. The heat transfer randomly in system

The foliation is produced in the area of
regional metamorphism near subduction
zones at high-grade metamorphism

In the contact metamorphism the grain
size is decreases with the direction of
contact (magmatic body)

gneiss formed in high-grade regional
metamorphism (so that foliation can see in
the naked Eye)

Texture is the large- or macro-scale (what
we see in the field), & Structure is Micro-
scale (what we see in the hand-speciment
& the relationship between grains)

If the lava is basaltic so these T around
1200° because basaltic & Gapproic magma
solidified at T near 1100°C

Tectonic setting (Tectonic position)
determine the magma composition

at the mid-oceanic ridge the magma is
granitic, & basaltic in the continental crust

List at least 5 points for each of the following

A
B.

T IommooO

characteristics of igneous rocks
characteristics of sedimentary rocks
characteristics of metamorphic rocks
Texture of igneous rocks

Texture of sedimentary rocks

Texture of metamorphic rocks (just 4)
Common minerals in igneous rocks
Common minerals in sedimentary rocks
Common minerals in metamorphic rocks






IGNEOUS ROCK CLASSIFICATION (REVIEW)
FROM EARTH MATERIALS

Classification Disruption Composition Ultramafic | Mafic | Intermediate Felsic Crys
Dark & Olivine + pyroxene * s ! — " o :
greenish amphibole Peridotite ! Gabbro | Diorite i Granodiorite! Granite Coar
Dark Pyroxene + amphibole WP | _ L : _ ,
+ olivine * biotite Komatiite | Basalt  Andesite + Dacite i Rhyolite Fine
[ CEIETEN Grayish to  Plagioclase, amphibole (not shown) | |
salt, pepper  biotite + quartz [ P : L 10(
Light,red  K-feldspar, quartz * I.’-”l‘““l”“"lj ;
biotite + muscovite ferromagnesian minerals E 80
' |
Plutonic/Granitic  Volcanic / Basaltic E E L 60
Intrusive Extrusive E E Feldspars E
Produced by Magma Lava, volcanic debris ! (Plagioclase) i - 40
Solidifies within Earth at surface E '
slowy rapdly ; —
Producing large crystals small crystal (Apha- 1 Quartz
(phaneritic) nitic), noncrystalline : ' , . S . - 0%
Ultramafic Peridotite Comatiite 45 50 5 55 0 v 6 70 %Si0,
Gabbro Basalt Denser, Darker, Mare Mg, Fe, Ca, Less Si, K, Na, more T
Intermediate Diorite Andesite
GraGnOdl_(:nte’ Dacite, Rhyolite Light, more Si, K, Na, Less Mg, Fe, Ca, Less dense, Less T
ranite

Texture very dark (ultramafic) Dark-colored (mafic) gray (intermediate) to salt & pepper
PSR < 45%VolSio, (ultrabasic) 45% - 52%VolSiO, (basic) 50 — 65%vol SiO,
m Peridotite, or Pyroxenite = Gabbro, in lower crust of ocean basin Diorit

Volcanic Comatite (rare) Basalt, common volcanic, encompa- Andesite, common around Pacific
- ssing upper kilometers of ocean crust Ring of Fire
W Rich in Pyroxene, olivine,  Rich in plagioclase, pyroxene, olivine Rich in hornblende, pyroxene, &

+ amphibole * plagioclase plagioclase

Texture Light-colored (felsic) rocks Light-colored (felsic) rocks

| si0, | = 65%vol > 65%vol (silicic or acidic)

m Granodiorite, between granite & diorite Granite, occur in continental crust

Dacite, occurs around the Pacific rim Rhyolit, erupts in thick, continental crust

W Plagioclase, alkali feldspar, quartz, & small quartz, alkali feldspar, & small amounts of plagioclase
amounts of hornblende & biotite & biotit

Texture
Vesicular Pumice Light-colored Lightweight rock rich in gas holes (vesicles)
Scoria Dark-Colored Lightweight rock rich in gas holes (vesicles)
Obsidian Black to Reddish Glassy luster & Conchoidal fracture
Volcanic tuff _ Fine grain ash to sand size volcanic fragments
Volcanic Breccia _ Coarse grain gravel & larger size volcanic fragments
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MANTEL PETROLOGY

2.1 Introduction

Igneous rocks are produced by molten or partially
molten magma from the mantle or the crust

The earth at the beginning, mostly it was

homogeneous sphere (in the molten form) due to
meteorite bombardment

Knowledge of the chemical & physical
characteristic of the deep interior of Earth is
indirect, be cause of physical inaccessibility

much of information about mantle is based on
geophysical measurements (gravity, magnetism,
seismic velocities) meteorite compositional data, &
New techniques such as computer enhancements
Direct observation of mantle rocks is limited to
rare samples of the mantle that have been brought
to the surface as ultramafic xenoliths in mantle-
derived magmas, & these magma can provide
information about their mantle source areas

Short summary
Source of information about mantle Petrology:
meteorites, mantle xenolith & xenocrysts,

experimental Petrology

The observation & study of the rocks of the crust &

mantle is the source of information that constrains
most of our ideas & models About history of Earth

2.2 Cross Vertical structure of the interior

10

Most information about Earth’s interior comes
from interpretation of arrival times & travel paths
of seismic waves within Earth

Wave
reflected &
refracted from
different
layers

Layering
structure of
earth based

on seismic
wave data
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< S-wave: transverse (or shear), transfer in solid
< P-wave: propagate through both solids & fluids

Layer Thickness (Km) Extended (Km)
Crust < 10in oceans Surface- Moho
>30-70 in continent 0-70
Moho — 2890
= 2800 Upper moho -660
Lower 660 - 2890
lithosphere 70 oc.eanic, Thir\ to0 Crust + upper
at mid ocean ridges mantle
100 in continents 0-100

Asthenosphere

50-100 lithosphere- 250

Outer2890-5000

Inner5000-6370

Crust a thin layer at Earth's surface

<+ The average density of the crust = 2.8 g/cm?

< Oceanic young (150-200Ma) composed of
basaltic with minor ultramafic rocks

< Continental crust oldest 4Ga, plutonic,
metamorphic, with a thin sedimentary veneer

% The base of the crust is defined by avery
distinct & abrupt increase in seismic velocity
called the Moho boundary

Discontinuity: is the boundaries between Earth’s

layers, such as mohosphere (the boundary

between asthenosphere & lithosphere)

Mantle, Outer Core, & Inner Core

lithospheric mantle uppermost mantle & Crust

asthenosphere low velocity, below lithosphere

few volume percent of interstitial melt in

asthenosphere leads to:

1. reduced rock density, & seismic velocity

2. less mechanically Rigid (more plastic) than the
lithosphere & deeper mantle

%+ all igneous rocks derived from melting within
the outer 250 km (the crust & upper mantle)

+» seismic velocity increases in lower mantle
corresponding to p increases with increasing P

< The termination of S waves at the core-

mantle boundary indicates outer portion of

the core is a liquid which has no shear strength

& will not allow transmission of shear waves

inner core suggested by refraction of P waves

Newly, lower mantle has been the focus of co-

nsiderable interest in Petrology for 2 reasons:

1. Seismic evidence shows that at least some
subducted slabs probably sink to the vicinity of
the core-mantle boundary

2. Mantle plumes are originate in this area

3480

Core

R/
0’0

X3

8

X3

*

X3
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X3

*



Depth, km

Mineralogic transitionl zone The base of the upper

mantle at 410 km (P = 100-120 kbar) is marked by

Mineralogic transitionl zone

«* causes a notable & fairly abrupt increase in the
density of mantle rocks

% is the polymorphic shift of Mg,SiO4 from the a-
olivine to the denser B-Mg,SiO, (wadsleyite),
Which is a distorted spinel-like structure

s at a depth 400 km Mg,SiO, is converted to the
true silicate-spinel structure of Mg,SiO4

< At a depth 670km spinel is converted to the
MgO + perovskite (MgSiOs)

the geothermal gradient for oceanic lithosphere is

higher than that for continental lithosphere

Knowledge of T distribution is critical in developing

a theory of formation & ascent of basaltic & related

magmas within the upper mantle

Heat sources :

1. Stored in earth due to accretion (adding new
component to earth, meteorites) from 4.5Ga

2. Radioactivity: LILE (large ion lithofile element)

3. Frictional heat generated

The increasing in GG in the upper crust > mantle,

why? Magmatic processes result in the move of

v -l . .
Oceanic
_Illhmphc'n'/\iCmummlal the large Fatl‘on from the mz'amtle |n‘to a crust, so
100 - Y lithospher| crust are rich in the LILE that increasing T
Asthenosphere  § N
200 - (Low-velocity zone) & §: .
], D)
wils § 2.4 Mantle convection
e e e } S
400 kom discontinuity . .
WE e A== 4- =22 ¥ - Mantle convection is the cycling of hotter mantle
500 |- § ¥ toward the surface as cooler mantle sinks, is the
= X . . . .
g | X primary mechanism by which heat is transported
600 |- § _ i _
————— dm———————— =K 1 from the interior of Earth to the exterior (to the
00 - ———— _ 070 ko discontinuity _ ¥ |=-=" .
p> 1 = base of lithosphere, where heat transfer becomes
800 |- ¥ Ny § Conductive rather than convective)
%' 3 .
00 § Of Models of conduction cells: there are 2 model
I S
2 + ; :
| i | | | S bul?:j;‘c;m Subduction —

4 5 6 2 3 Rl 5

S-wave velocity, Density,

2.3 Tempercture Distribution

geothermal gradie GG: The change of T with depth
T decreases linearly upward with decreasing depth
500 - 1000 km, & exponentially from there to the

\,, Q
/_\

S
e
% ?

Pressure, kbar

Convection currents in mantle

surface, in some regions in mantle decreases 1°/km
Temperature, °C

1000

Convection is achived by
creep of mantle at high T

derived force for the horizontal
1500 movement of the lithosphere
T plates mantle at high T

500

Mid-ocean
Continental
lithosphere
50 . . . .
e Subduction zone is the destructive margins for the

oceanic crust but constructive for continental

crust, subducted plate descending beyond 670km

ury ‘yda(

e The partial melting of oceanic crust occurs near
oceanic ridges, hot spots, & subduction zone

e Mantle plumes: is the igneous body, move from
the hot outer core by currents (from lower to a
higher level) & originating near core-mantle
boundary, hot-spot track above a plume tail, &
melting at the top of a plume producing mafic
magma above hot spot

G.G = AT/Adepth

125

1 ]
Shaas N Hamdan
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e Mantle compositions: the mantle contain
ultramafic rocks, that contain olivine, pyroxene
(orthopvroxene & clinopvroxene), & garnet

Mantel chemistry

N S0 | 45.89M42.3-45.3044.20 45.2

SN 0.07-0.18  00.09  0.05-0.18  00.13 0.71

SN 0.82-3.09  01.57  0.43-3.23  02.05 3.54

0.22-0.44 00.32 0.23-0.45  00.44 0.53

[ Fe0o| | 06.91[6.52-8.90 I08.29 8.48

BT 0.11-0.14 0011  0.09-0.14  00.13 0.14

[T 023038 00.92 0.18-0.42  00.28 0.20

2.5 Mantel Petrology [ veol | 43.46130.5-48.3

) 0.82-3.06 01.16 0.44-2.70  01.92 3.08

e Core:inner core is solid & composed of Ni, & Fe, & 0.10-0.24 00.16  0.08-0.35 00.27 0.57
outer core is molten (conduction currents in the 0.03-0.14 00.12  0.01-0.17  00.06 0.13
- 0.00-0.08 00.04 0.01-0.06  00.06 —

outer core produce earth magnetic field) T00Mg / e 89.1.92.6 T -

Ak 0585 A8 ,al) (S Adall Alall Jes Sl a0 o) 0See [IFERSY
Asthenosphered! & des &l s e Lyl Ul g5y BETIEWAN 7.40-186 —  7.00-3L.7 — —

e Why is the outer core is present in liquid state & G} " . . .
the inner is solid? In the outer core there are other Xi: Range for garnet iherzolite, X,: Average for garnet iherzolite

element such as S & Si, & these elements lowering Yi1: Range for spinel iherzolite, Y,: Average for spinel iherzolite

the melting point of the solution Z : Ringwood'’s pyrolite model
e TheT atthe center of earth 6450km depth = 5500° Ol
e Most of magma come from asthenosphere (100 —
250 km depth) & some come from melting of the
lithosphere (100Km depth), butin some area (rare)
come from discontinuity that at 640km depth

>/‘

_dunite

Strike-dip.com

harzburgite . wehrlite

Jl geds L basaltic magma Lis asthenosphere JI 4
& unstable 55 quartz a3 granitic J) oY granitic
S bl A basiltic J) JiiE e s upper mantle
J e A LS g WS ja oWy sl Lld lithosphere
Sae s mafic (basalt or gappro) & sk Lede) (Sl granitic
diorite or Andisitite J) zi5 5 fraction Ll caasy ¢
e Granitic magma (batholiths) forms by partial
melting of oceanic crust & sediments near

subduction zone
@258 Al 5 extension 23 4lee conduction currents Jl cd
Gus haaall aiddi s oceanic crust J sl miliall & il
partial-melting J dslee &gasd ool ) 5o a2l dlec
mid-oceanic ridge J! Jau

Crust

olivine _ olivine
orthopyroxenite . clinopyroxenite
olivine websterite

orthopyroxenite clinopyroxenite

e o .
Opx 10 90 Cpx

magma J) ge ghaud) () Lelea o3 Hld) (0 42k |herzolite J)
olivine, + clinopyroxene, + orthopyroxene (» (S5

oy

& -t - L R ]

),

most lithospheric mantle Moho

Plagioclase lherzolite
Plagioclase + ol

- ¥ DuetoCa-Na
% ratio in plagioclase
’%_ Cpx + opx + spinel
3
¢ Spinel lherzolite
Spinel + opx
N e e
2 1 Due to Cr-Al ratio in spinel
B s i e ) s S o

Garnet lherzolite



HARZBURGITE.(IN UPPERMOST MANTLE (OLIVINE + .
ORTHOPYROXENE) WITH N DIKE (GAPPRO & 1"

e Ophiolite: Part of the oceanic lithosphere Rich surface by

abduction process

PLAGIOC]%SH + OLI + PYROXENE) "8 orthopyroxene g sia: norite J) : norite s Gappro J) ¢ @AY
RO, ey o

clinopyroxene s> Gappro J
why rocks melt in the upper mantle: 2 reasons

1. Adding the fluid such as H,0 or CO,
2. Decreasing load P (by transfer the rock by convection
currents between levels)

(Cé,caj\ }\) Ll 2ab ) & milting point Jleai¥ da ya ala i
basaltic magma is more compressible than solid minerals.
with increasing depth in the upper mantle, magma undergo
a more rapid increase in density than solid peridotite
basaltic magma has the same density as the solid rock that
confines it at depths 100 - 150 km (30-45kbar). Therefore
: deep basaltic magmas have no buoyancy, or gravitational

GARNET HERZOLITE driving force for upward movement, & can remain trapped
PINK : M&-GARNET, GREEN : OLIVINE + PYROXENEW . in the mantle no matter what the degree of melting or of
coalescence
la 3ol bl Laie) JAe¥) ) & aisd 43S Jo Al jeaay Laie
aeeall Byl pa a5 bl 1315 ¢(Ae DU @ el AL Bald) fas Al salay
plutonic or _ssa oSl il mhudl (I ldeay J8 A G
JSu a5 W Wbl Aa y e cladla 13 intrusive igneous rocks
volcanic rocks or glass 4lSéa caleats 5 (S| )

500 1000 1500
TR ]
Plagioclase
10 Basaltic melt
Spinel
— 50
Peridotite dry
20 - solidus
GAPPRO
g
£ Solidus > Garnet g
g 30 with H,0 — 100 &
Z ’ & =
o AN 8
A X
(5]
S % Solidus
2 \\2. \ with CO,
1w |- EFFECTS OF 8 \\e ?
FLUDS (H.0& | - \\%
13 @
C0:) ON THE %‘ E i -
so- PERIDOTITE '
| PR S VT S, (O (TR | T |
500 1000 1500
Temperature, °C
500 1000 1500
B s e B\ T
Plagioclase
peridotite
10 = Basaltic melt
DIFFERENT
SUBSOLIDUS - 50
MINERAL Peridotite
20 [~ ASSEMBLA solidus
SIN
- PERIDOTITE |
é \\ Gu;ncl \ =7
.§~ 30 |- \ \ peric ()llk\ 5% 100 -g__
7 -~
£ \ B
1% ALO, \
JELA
\
40 1~ \
EVERY SKM DEPTH -> P INCREASE 1KPAR
\
Oceanic ' - 150
50 - geotherm
Continental
geotherm
|

500
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QUESTIONS

Q1 : Defined the following

6O mMmMmMmOoOO®m >

Accretion
Discontinuity
Asthenosphere
Mantle plumes
Mantle convection
geothermal gradie GG
Ophiolite

Q2 : Complete the following

A.

O m

N.
0.

Igneous rocks are produced by magma
that come from or ,
& in some area (rare) come from ___ depth
The earth at the beginning, mostly it was
homogeneous sphere (in the molten form)
due to

Direct observation of mantle
limited to or
Discontinuity between mantle & crust is
called

Thickness of Asthenosphere __ km, &
extendstoadepthof  km

The average density of the crust ___g/cm?3
The base of the crust is defined by avery
distinct & abrupt increase in seismic
velocity called

All igneous rocks derived from melting

rocks is

within the outer ___ km
The termination of S waves at the core-
mantle boundary indicates that the outer
portion of the core is which has no
shear strength & will not allow
transmission of shear waves
The Inner core is suggested by refraction of
wave

There are important mineralogic transition
at 410 km or 100-120 kbar, This transition
is the polymorphic shift of Mg,Si0O4 from

to the denser , & at a depth
500 km Mg,SiO, is converted to the
structure, & at 700km depth converted
to__ +
T decreases upward with
decreasing depth 500 — 1000 km, &

from there to the surface
is the primary mechanism by

which heat is transported from the interior
of Earth to the exterior
Subducted plate descending beyond __km
Hot-spot track abovea tail

Shaas N Hamdan

Q3:

Q4:

Olivine sand found in

Q. The main source that cause of partial

melting below mid-oceanic ridge is
due to

magma forms by partial melting of
oceanic crust & sediments near subduction
zone extension process that building
continental crust & moving the plates

causes a notable & fairly abrupt

increase in the density of mantle rocks

Explain the following

A.

Knowledge of the chemical & physical
characteristic of the deep interior of Earth
is indirect, Why?

In the asthenosphere rock density &
seismic velocity are reduced, & the rock is
less mechanically Rigid (more plastic) than
the lithosphere above & deeper mantle
below, Why?

Newly, lower mantle has been the focus of
considerable interest in Petrology, Why?
Geothermal-gradant Increasing in the
upper crust greater than in mantle, why?
the outer core is present in liquid state &
the inner is solid, Why?

Most of magma in the asthenosphere are
basaltic magma, Why?

Deep basaltic magmas have no buoyancy,
or gravitational driving force for upward
movement, & can remain trapped in the
mantle no matter what the degree of
melting or of coalescence, Why?

Choose the correct answer

A

Thickness of continental crust
1.30—-70km 2.>70km
3.10—-20km 4. <10km

Physical layer, consist of upper mantle &
crust (thickness 0 - 100km) is

1. Asthenosphere 2. Lithosphere
3. Geosphere 4. Hydrosphere
Seismic wave that transfer in solid only is
1.S-Wave 2. Transverse wave
3. Shear Wave 4. All of them
Oceanic crust is

1. Thicker layer of earth surface

2. young (150-200Ma), basaltic&ultramafic
3. Oldest 4Ga, plutonic & metamorphic

4. Non of the above

Lithospheric plates move due to

1. Mantle convection 2. Accretion

3. Thermal energy 4. Kinetic energy



F. Is the destructive margins for the oceanic e Q8: use the following graph to calculate
crust & constructive for continental crust geothermal-gradant between 1000° - 1500°C
1. Mid-oceanic ridge 2. Subduction zone depth (on the oceanic, & continental lithosphere)
3. Volcanoes 4. Lava flow Temperature, °C
e Q5:T/F 500 1000 1500
A. Most information about Earth’s interior
comes from interpretation of arrival times
& travel paths of seismic waves
Thickness of continental crust 30 - 70km
Outer core, consist of Fe, Ni in solid state
P-wave can be transfer via solid only 50
The geothermal gradient for oceanic
lithosphere is lawer than that for
continental lithosphere
F. At base of lithosphere, the heat transfer
become conductive rather than convective
G. Melting at the top of a plume producing 100 |-
granitic magma above hot spot
H. Conduction currents may be found in solid
state, but they're slow 125 -
I. The mantle contain ultramafic rocks, that
contain olivine, pyroxene (orthopyroxene
& clinopyroxene), & garnet
J.  The differences between gappro & norite,

25

ndgc 100
Continental
lithosphere

mo o w

Pressure, kbar
~J
W
|

ury ‘pdoq

Gappro composed of Opx, & norite Cpx e Q9: The dike in the following picture composed
of & the surrounding rock is

e (Q6: List at least 3 points for each of the following
A. Information source of mantle Petrology
B. Heat sources
C. partial melting of oceanic crust occur near
D. The three most common oxides in the

mantle are

E. Rocks meltin the upper mantle due to

e (Q7: Complete the following triangle (UM rocks)

0l

. Q10 in the foIIowmg picture what is the name of
boundary between 2 type of rocks, & why?

15 Shaas N Hamdan



THE ORIGIN OF THE MAGMAS

3.1 Introduction

The magmatic origin of basalt &

recognized through observation of
volcanoes & correlation of their known products
with similar-looking ancient rocks by a group of
geologists known as Plutonists

Theory of the origin of basalt propounded by the
Neptunists held that it was precipitated from a
primeval ocean, much as evaporates & Limestone

rhyolite
active

volcanic gl 4 basalt & rhyolite dI ¢ < idall o Al
basalt is & rhyolite is felsic —uS ill & Legd™al o2 ) rocks
2 aphanitic or fine-grained or volcanic La3sé mafic,

(8?§J-'u§.m.\\ @IJ) C.Lml\ L;\dmz‘;ﬂ\ Lee Ll

James Hutton (founder of Plutonism)

++ Uniformitarianism principal (by Hutton): the
present is the key of the past

+* He heated basalt samples & found that they:

1. melted over a range of T (800 - 1200°C)

. Very Rapid cooling produced a glass

3. Slow cooling produces coarse-grained
structure & Rapid produced fine-grained

+* Granitic rocks crystalline (or solidified) over a
range of T, why? Due to several different
minerals found in composition of basalt

Lab Experiment & application of crystallization of

milting theory to infer physical conditions of

magma formation & crystallization

understanding of igneous rock formed mainly from

1. observations in the field (especially variation in
mineralogy or texture)

2. laboratory study of thin section (minerals)

3. analyses of chemical composition of the rocks

Llapaall ol g3 Hlal) 5,58l o magma J) WY Aad jall 3081
O b Sa) sl e J8 dasall 888 550 s Aa oY
Aa ) (all o810 Jassall 338 el 40 geothermal-gradant
Dleai¥ Luwd AL 5 ) a8 9400 = 10 * 40 (585w AiSaa s )l
58 43 585 53l s mid oceanic ridge e lam Glld g (Colaal)
3 Ay el 5 sl Jaly magma J) 4k z A3 s Aada Jagsdll

(+540<) 900 - 850 Juss

3.2 Bowen’s reaction series

16

Discontinuous series: due to different structure, If
the magma is Fe- or Mg-rich the olivine first
crystalline & then Mg-pyroxene (orthopyroxene),
Ca-pyroxene (clinopyroxene), then amphibole...etc
Continues series: Ca & Al substitute by Si & Na
(solid solution series), no change in structure

Ca? + AP* & Na* + Si**

Shaas N Hamdan

Temperature

High temperatures

(~1200°C)

Cooling magma

3.

BOWEN'S REACTION SERIES

Composition

(rock types) Sequence in which minerals crystallize from magma

Ultramafic
(peridotite/
komatiite)

Calcium-

Mafic
(gabbro/basalt)

Intermediate
(diorite/andesite)

rich
| Potassium feldspar
| Muscovite mica__|

| Quartz |

Felsic
(granite/rhyolite)

o 18%AL

3 Equilibrium & Thermodynamics

Equilibrium a geologic system (rock or magma) is
in state where there is no driving force for change
«»+ If the physical conditions are changed (T or P)
the system shift type of minerals, or amount &
composition of melt to achieve new equ. state
< Thermodynamics systems:
1. a closed system: can exchange thermal &
mechanical energy, but not mass
2. an open system can exchange both energy &
mass with the surroundings
3. An isolated system: cannot exchange both
energy & mass, theoretical system
- Geological system are open or closed
- Systems are consisting of phases,
which are described by components
Phases equilibrium relationships of minerals &
melts described graphically by phase diagram
+* A phase: Homogeneous part of a system, that
can be mechanically separate from other
phases, & can have either a fixed composition
(eg. Quartz SiO,) or a variable (eg. melts or
solid solution phases such as plagioclase)
The phase diagram fundamental tool used by
any scientist deals with molten materials to
illustrate crystallization & melting
% A number of phase diagrams are used to
introduce several principles which are used to
interpret magma formation & crystallization
< A spontaneous attainment of equilibrium in
petrology is a process of energy minimization
% Eg. In granite each mineral is phase (Quartz,
Biotite, Muscovite, K-Pheldspare, Na-Feldspar)
Components: minimum number of constituents
that needed to describe all phases in a system, &
can have the same compositions as mineral phases

D3

s In any system: # of components < # of phases

Y/
0'0



3.4 The Phase Rule

e All igneous & metamorphic minerals are in
metastable state (in a process of change but over

long periods of time) since they are at higher
energy than stable equilibrium phase e Temperature (T): known as isothermal condition

e Max. number of phases exist in any system at
equilibrium = number of components + 2
F=C-P+2=0>P=C+2
e Pressure (P): known as an isobaric condition

F=C—-P+X 3.5 Pressure affect

e 2 type of pressure effect milting point:
1. Load Pressure Pioad (or lithostatic): increases
crystallization point & milting point, by rocks

F : decreases in freedom (variance)

C : number of components

P (or @) : number of phases
X : T & P varince, one of them (1), poth (2) 2. Fluid Pressure Psyiq : decreases crystallization
Phase Rule: Relates number of components to point & milting point, by fluids such as H0, CO-

the number of phases to T-P variation A Phuid Pload

o Number of decreasing in freedom (variance) is the P
maximum number of variable of a given system
which can be changed independently without
changing the state of the system

50 T T T
40— Coesite
z >
g 30 =
p-Quart T melting
B
£ 2 4AL Gabeal) dakil A lgal) daa 3L a8 haial) Baly )
0-Quartz Cristobalite T Y:’ solid solution series 4 <y ¥ (Al
10 Tridymite ‘ 2-end- 1% 4N pyroxene, plagioclase, olivine J
\ ¢ Melt solid solution series Wiz &3y members
|
0 500 1000 1500 2000 3.6 Two-component system
Temperature, °C e 2-component system (binary): bounded at ends by
Stishovite occur by meteorite impact, or about 2000km 2 pure solids, & represented by 2D-diagram that
depth in the earth’s surface plots T versus composition (isotherm diagram) or P

versus composition (isobaric diagram)

e Congruent melting means that a pure solid phase
melts completely at its melting T to produce a

field stability 4 5 LSl o0 liquid of the same composition as the solid

e Fractional melting melt is continuously removed
from the solid, so the system is divided in 2 fraction
One consists of melt & the other consists of solids,
no bulk composition constraint or mass balance

dilee fa35 & phase transformations caasy cpaall oL
components Js stability fields J) 253> die recrystallization

At point a in the diagram:
Number of phase = 1, component = 1
F=1-1+2=2(can be change T or/& P)
At point b in the diagram: (univariate line)
Number of phase = 1, component = 2
F=1-2+2=1 (can be change one variableT,orP)
At points c: (invariant line)
Number of phase = 1, component = 3
F=1-3+2=0, connect be change any variable

o Isopleth line: vertical line, represent composition

e Isotherm line: horizontal, represent Temperature

e the phase rule for an isobaric binary system is F = ¢
—p +1, there are 2 components (binary) & 3 phases
(anorthite, diopside, & melt), so F=2-3+1 = 0, & this
point is the 1280°C eutectic
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C

Temperature,

1600
Liquid

1500

|

quUlrdUS | An + liquid
T |
1400 —]
S g
1300 - Di + liquid | |
—
v B S |
Solidus Eutectic
1200 /————————————————————(l‘————ﬁ‘f
) Diopside + anorthite |
| I | - l
CaMgSi, O, 20 40 60 80 CaAl,Si, 04

(Diopside) Anorthite content, mol% (Anorthite)

e This system is mafic or intermediate because pyroxene, Ca-
plagioclase is the intermediate or mafic minerals, & granitic
system are rich in K-feldspar, Na-feldspar, & quartz

e There are three phases on this diagram: diopside (pure
CaMgSi,06), anorthite (pureCaAl,Si>0g), & silicate melt

e The milting of the pure phase (mineral) which consist of one
component take place at a fixed T

o Solidus: The single horizontal line that forms the upper
boundary of the region in which only solids exist

o The solidus temperature = T at which the lowest T liquid
can exist in the system

e Eutectic point: The single point where the 2 liquidus lines
meet the solidus line, represents both the T & composition
of the lowest T melt (anorthite:diopside = 53:47)

& A8 e e 4 5 1S anorthite &5k o S field ) <l k) e

Al JUsil) ssds (eutectic point J) die ) ghadl ) J gea sll ie 5 (= )Y)

phenocryst < sk Lisi day ju 3,8 ddee Gipaal (505 Lo g JSA
anorthite & diopside (= groundmass s> 353 =< anorthite

Example: if we changing T from point a to point c (solidified),

From 1600 — 1500 No changes, At 1500: first crystal (anorthite),

From 1500 — 1290: the composition of liquid change & the

anorthite solid increase by volume, At eutectic point: first

diopside crystal, & Under the solidus, Complete solidified
occurs with the original composition

Any point on the diagram represent composition, phase, T, & P
- Point a: 80%An, 20%Di, melt phase, 1600°, 1par
- Point b: 1380°, 1bar, Solid: 100%An, & Melt: 60%An
- Point c: 80%An, 20%Di, solid phase, 1200°, 1par

| I | I

X —

1600

I

Liquid

o
LC path +

1500

1400
An + liquid

Di + liquid 4

|
|
| =
. + > b
f

1300 |~

Temperature, °C

1200 |- Diopside + anorthite

<

TS( path
| * l |
20 40 60

Anorthite content, mol%
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CaMgSi, O, ‘(()

(Diopside)

18

O 1500

Temperature, °

CaAl,Si, Oy
(4 \nmthnu

LC

"hop"

1600 -
Liquid

8

1400 ; /
1300 Di + liquid ‘
1200 |~ Diopside + anorthite < ]
* TSC path
| | | | 1
CaMgSi,0, 20 40 60 80 CaAlLSi,0
(Diopside) Anorthite content. mol% (Anorthite)

e TSC: Total Solid Composition, LC : Liquid Composition
e Instante solid or melt composition: is the composition at
any point during crystallization or melting
0585 new system L eutectic melt J) Jwais fraction J & @
o dnds Qamall )15 5l lgaail A jo a Sl 5l leailV) A a4
anorthite dioside (« 038 saua S 4Vl jleal da )3 die
eutectic point = e 8 x Jl jeaisw 1S diopside J) S 5&
diopside = 1390 J Jleail da )3 2ie 3 5a 365 1280

I | I I I T T T T

Liquid _l .C path
1600 [— LC path - (fract. only) —
LC path (equil. only) | \
1500 }— (both equil. :

and fract.)

1400 |—
TSC path
(fract. only)
1300 |
TSC path
(both equil.
and fract.)

Temperature, °C

1200

1100

Plagioclase

I

1000

| | | | | =] | |
40 60 80
Anorthite content, mol%

NaAlSi,O,
(Albite)

CaAl,Si, O,
(Anorthite)

e Such as olivine, pyroxene, & plagioclase systems
e Under the solidus there are one mineral (homogeneous)

An 48 sy ) Js @ gg& Adaat) 02 ddaul 53 zoning J) JS

Ly & AT magma J) <ils 13l (alpite < kY1 g 38 all 7.80) Adlida

couple substitution a9 8 skl JA)2 L §j & Na J <89 12 9 &)
Ca®* + AP* & Na* + Si**

) AN ) (s alilia 2 08 (a8 dUa (o)) A e lY) cuils 1)

normal zoning <=S il 138 sl (3 5L S

J) hghd (@8l (bl Y magma J) dsay dis) bidall S

2 wllia) oscillatory zoning (saws cuS i Ladé liquidus & solidus

Jadaa Jadal) adi b (34840 ye fluid J) A ) Seay <(And

Zoned crystals commonly found in volcanic rocks, & can be

found (less common) in gappro & diorite

Zoning found in the plagioclases & can be found in other

minerals such as pyroxene (clinopyroxene)



NaAlSiOs

Temperature (°C)

i A i o Labradorite Bytownit
Albite Oh%ggiase Andesx/ne 6l9°° i ‘%
Plagiocfase eldspars

e Anorthite

>90%

1900

1800

1700

1600

1500

1400

1300

1200

Solid Solution

- —

1100

1000 [ I I [ I [
0O 10 20 30 40 50 60 70 80 90

Atomic % Fe,SiO,

100

Forsterite
Mg,SiO,

Fayalite
Fe,SiO,

Perfect & Rapid substitution (Fe?* ¢> Mg?*) because size,

electronegativity, & charge are almost similar

Olivine found in ultramafic rocks, Gappro, & Basalt

Why we don’t see many volcanoes with UM materials??
7100 4y mantle J) (s s3> sgea il Wale Jganl) oY

Comatite : is the volcanic equivalent for peridotite (found

in Archean rocks, AS) (S 80 adl (e g2 ¥ G933 OY)

Kimberlite : Carrying diamonds to the earth’s surface

Magmatic differentation: from one parent magma you

can get different magma in different composition

Why we can see zoning in plagioclase but not in olivine?

Due to type of substitution
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Pyo=1.96 kb i -
- S
Melt K-feldspar
900 b + Melt 1
Albite ci  72%melt i
o Binary : :x:m]
< - crystals LA
Minimum : %0\\6
800 100% crystals  d i
- 770
:U B : : 1
g Alkali Feldspar Solid Solution
5700 : : Ks .
E_ \)% . 60
S o\\1 i .
= | S Albite + _ §
K-feldspar
~ e
600 : r ]
500 ) -
& Y
v v Y
o S
o g

Ksg Ksg; Ksy)
| ] | | | | LY

0 10 20 30 40 50 60 70 80 90 KAIIgo o
NaAlSi,0, o K- 1,0,
Albite i K-feldspar

minimum crystallization * liquidus &= solidus (& 4k
melt + g Wie 4 eutectic J) my Wiv @Ay point
melt + 2different solid : eutectic +¢ s homogenies solid

2 J) &x9 homogenies crystals ¢ Jaldll kill g4 solvus )
feldspar (K-feldspar & Na-feldspar)

i A Lpary Jae clig¥) Jad limit substitution J) 4kl 3
oAl clas JB Ay Wy psaad) 4 3180 da 0 )

exsolution lamellae sy daiall

e Perthitic texture: An intergrowth of 2 feldspars (K-rich)
e Antiperthitic texture: intergrowth of 2 feldspar (Na-rich)

e Hypersolvus: above solvus line ¢aall (i Juadl) ol ol



Wi, 0

e Hydrothermal solution: fluids that transported &
milting some rock, & carry ions, & when the T of
fluids decreases precipitate the ions to form rocks
% 2 type of hydrothermal solutions:

1. Water that goes deep into earth, heated by GG
2. Water that separates from the magma during
magma differentation
«» Ultramafic rocks consist of 1.5%Vol H,O
+*» Mafic rocks consist of 3%Vol H,0
*»+ Felsic (granitic) rocks consist of 6%Vol H,0

R

= More water contents
&« solidus & liquidus J) bsha abliiy clall 82 e
eutectic point ) Jaw il 8 Akadill J 35 solvus
pure OsSh E Jis fluids J) B 1as 43¢ magma J) <uils 1)

albite & pure anorthite feldspar
20 Shaas N Hamdan

Temperature, °C

3.7 Icongruently phase diagram

Incongruent melting if a solid phase doesn’t melt
to a liquid of its own bulk composition, but breaks
down to form liquid & another solid phase
Incongruent binary systems, such as:

1. Enstatite Opx Mg,Si,0, (intermediate
compound) which melt Icongruently to
produce solid forsterite olivine Mg,Si0,, &
forsterite + silica SiO, as (Peritectic liquid)

2. Quartz-feldspathoid(leucite,nepheline)system

1890
1557 Silica mineral
TSC path y
1543
Forsterite + enstatite | Enstatite + silica mineral
|
Mg Si0, MgSio, Si0,

(Forsterite) (Enstatite) (Quartz,

cristobalite,
-~ %50, —> tridymite)

there are 2 invariant points involving liquid:
Eutectic(1543°C): between enstatite, & Tridymite
Peritectic point (p) at 1557°C where we have
Icongruently melt, all enstatite melting in this point &
converted to silica + olivine
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Mg,SiO,4

Peritectic point (called reaction points) is quite
different from the eutectic, because liquid can
leave it as cooling proceeds, moving down the
liquidus to the eutectic point, which is always the
lowest T liquid composition in the system

TSC path in fractional melting is continuous & is
similar to that in equilibrium melting.

the LC path is discontinuous, with liquid appearing
only at invariant points & being restricted in
composition to these Points.

Liquid
impeccability

Two Liquids

'OMgSiO, 40 60 80

Forsterite Enstatite Wi, SiO,

Forsterite can be formed from all composition from the
Peritectic point, & from eutectic point cannot be form
(silica & enstatite only)

Forsterite Mg,SiO4 - is olivine, Enstatite Mg,Si,0s = is
pyroxene

T R S e 1600
[
N 1577°C | o
T 1557 °C 1560
im
[b
[ Fo +En
E 11540
[ | ) | |
Mg,SiO, 10 20 30 40 50
(Fo) (En)
Wt % SiO,
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3.8 Magma Differentiation

e We can get from parent magma different rock
types (or >one magma with different composition)

e Processes of magma differentiation
(diversification of magmas start):
1. Fractional crystallization

Liquid impeccability

Rock assimilation

Magma mixing

Degree of partial melting

e Gravitational settling: is the process by which
particulates rise to the bottom of a magma due to
gravity, important operation in many application,
such as mining (Ores are formed by separating
minerals)

vk W

Temperature °C

Diopside + Anorthite

o 20 40 60 80 100
CaMgSiz0g Weight % An CaAl3Si0g
Di An

eutectic point J g s &Ll diagram J 1 o 38
AY W calculated @libualls 4 duagill &5 13 ol cadls
33! s 5 experimental

partial An Di Initial  17% 23% 35% 69% 100%
melting  wt% wt% solid

SiO; 432 555 4443 49.7 487 46.6 450 444
Al;03 36.7 | 0.00 | 3299 | 17.2 | 20.2 | 26.9 | 31.2 | 33.0
CaO 20.2 259  20.73 232 227 218  21.0 207

MgO 0.00 | 18.6 | 1.860 | 9.87 | 838 | 512 | 2.79 | 1.86
(Gl g A (pa gardl): G2ra (Il OXide () lesad
(MmMoyide/ MMmineral) * 100%
Ex. We want to calculate amount of silica in An, Di
Step1l : calculate the Mm of silica & minerals
Si0, =28 +2 * 16 = 60 g/mol
CaMgSi,0s =40 + 24 + 2*28 + 6*16 = 216
CaAl,Si,0g = 40 + 2*27 + 2*28 + 8*16 =278
Step2: Multiply oxide with #of mole in mineral
CaMgSi,0s = Ca?* 02 +Mg?*0% +2(Si**0,*")
CaAl,Si,0s = Ca?*0%? +Al**03%+2(Si**0,*")
SiO2an =2 * 60 = 120, SiO2pi =2 * 60 = 120
Step3 : Divide the # in step 2 on the Mmpineral
SiO,An = (120/278)*100% = 43.2
SiO,Di = (120/216)*100% = 55.6
initial solid J &« degree of partial melting J) «lwal
diagram (2 Crsal) uS Al g8 S 3N o) il
[SiO>An(step3)*Vol%An] + [SiO,Di(step3)*Vol%Di]
Ex. 43.2*%0.9 + 55.6*0.1 = 44.44



Adlidal) alaall lrasl) GuS jil) cp ABSad) JSAN) i g
el Sl CiS g JSS jauall  Aliasl) qus il g (Lgasd)
SAall dilbass A lgiibass g Galaal)
542 S il g el (e dgle NG (Say Auall g 4
4e 4 biotite J 4wy coarse-grained, plutonic
granodiorite s 13/
Feldspar = C <«Quartz = B Biotite =A o
Aall Lial) oSl A duall cad d) o
cross- J) cad i) (X L) i) Jss
(y) 4 82> gall (palaall s Y section

: o : L35l Bpapal) ol o S0 sgual
O CSay (Al g (2 5) paAll) SOl Galeall
SiO 99.82 64.50 Ay gluia ALY s 1) (g gl
o 0.05 0.00 Sia Aual) B silica J) AsaS Glua Uyl 1
|\Ll : : :: ::c; 3::.’;? = LS (el o3 3 silica J) A 9SS
FeO 0.01 0.00 Aal A i
\(' .: : 0.00 0.00 (W1t%Si024,*Wt%Si02ay)+(W1%Si028,*Wt%
Na,0 o A5 Si028y)+(Wt%Si0 2 *Wt%SiO2c,) =Wt%SiOax
K,O 0.01 9.60 Example: SiO,x = [(16.0*37.17/100%) +
H,O 0.02 0.28 (15.8*99.82/100%) + (68.2*64.50/100%)] =
Total 100.00 100.30 65.71
3.9 Fractional crystallization processes
e Marginal accretion
e Fractional crystallization processes: Separation of
crystals from melt, lead to magma differentiation The early formed
e Several models are suggested: mineral phases P Sidewal
1. Marginal accretion due to preferential cooling separated from the -
of the boundaries of the magma chamber: magma & the
roof, side wall, & floor remaining magma
2. Gravitational settling enriched in the low
3. Convection flow T minerals
4. Filter pressing -
e Filter pressing: a process that expresses the exit of plagioclase Jie (alae Lgie JSE0 5 oY 281 3 4aaall il 5Ll

the magma from the solid pieces
» This process is responsible for the formation of

igneous layers (with Magma settling)

<il€ 3l Zals gravitational settling J) (e a8l daleall 038
gravitational settling J4 (azall lgiany (e Ay i (alaall LS
aaliaag 4y yull )M\QAQG;LM%GSS\@@)Q\Q;M

sty GA

Residual
magma

Magma
chamber

Mineral grains
seftling

“. Chromite

<\& Feldspar
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Rock formed from
settling mineral grains

e Gravitational settling (Magma settling)

Bowen classical experiment I
. ..

showing the sinking of R
olivine crystals within melt. TR A
#

The melt was quenched
after 15 min(olivine settled
down up to 2cm in 15 min)

low P fractional crystalliza-
tion followed by gravita-
tional settling is still the
widely accepted model for
their formation

Ol Juad e laldie ) Jayersd) ¢ sS5 e A g saall (& Aolaall o2a
dasay Y c.l:u.ul\ & magma b i 1A S glilis oy
Transitional ) Tuffs Jis pyroclastic <ilS 13 Y1 \x) layering

(area between igneous & sedimentary rock




o Types of igneous layers
1. Rhythmic layering: sequences is repeated &
you can see this repeated sequence in the field
2. Crypticlayering: The sequence cannot be seen
in the naked eye, but it can be inferred through
chemical analysis, found in Gapproic rocks

Rhythmic layering

Cryptic layering in
a gabbroic stock

FoAn En,

N E—

Pyroxenc rich layer
Olivine rich luyer

Sy O (a9 aolil) Gl Gdag () 89 pally oud Rhythmic Jw

Fog.. Ang,, En.

O) e Al ) Sacldl) ¢ ciliie B3R 13) cryptic layering J4
OO ) LAY Janig Al A5 gSall (palaal) AaS A aldiie CANA) Slia
Fo = olivine, ) ¢l High-T Laila (& 4 gua 34l endmember

(An > plagioclase, & En - orthopyroxene

e Layering can be found in Gapproic, or Basaltic
(Mafic) but there’s no in granitic or Rhyolite Why?
1. Density There is no differences in densities
between minerals in felsic rocks (Na-
plagioclase, K-feldspar, & quartz all have
almost the same density)
2. Viscosity granitic rocks has very high viscosity
(10 times of mafic viscosity) which prevents
the mineral to move in the batholiths

chromitite-anorthosite Rhyt
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e Liquid-Liquid impeccability 2 melts controlling
mineralogical of the crystallization of the magma

Liquid
impeccability

Hou ‘ Tweo ._u..un\)a
Jﬂ“ : 1713

500 J) (3 allal) : OO

Jda¥) e 30 ) 98 g sulfide 4-u9 A £ s L) g () 350 S

Fractional crystallization calculation

A: 80%0lI,
20%Px

2 o1&
80 — X
[®] 0 o
s X2
bo —_—
© e
o O R

m 488 388 466 525 47.1 404 488 488  50.7
2.68 005 3.80 015 240 0.80 160 2.80 3.40
P 144 003 627 291 114 127 17.0 140 163
Bl 111 200 825 089 121 177 575 108 875
BTN 047 027 103 003 027 042 045 023 027
B75H 665 406 135 010 124 352 950 674 0.36
P 117 030 196 123 107 417 140 124 152
BN 274 004 059 433 212 015 241 261 3.01
%W 079 002 005 037 0.60 003 021 074 085
O : original magma composition, A Cumulate, B Cumulate, FM1: composition of
fractional melting after separation 20% of magma in form of cumulate A, FM2:
composition of the remaining magma after separation 30%0I
The cumulate form by gravitational settling, Water are 100% complementary
To calculate any oxide continents in O, A, or B
2(Oxide%in mineral * Wt% of mineral)/Wt% of mineral
Example: we have to calculate silica continents in O
There are 0.75glass, 0.150I, & 0.1Px
W1t% of mineral = Total percent =0.75 +0.15 + 0.10=1.0
2 (Oxide*W1t)=(48.8*%0.75)+(38.8*0.15)+(46.6*0.1) = 47.11
Silica continent =47.11/1.0 = 47.11 = 47.1
To calculate silica continent (in FM1) after separation 20%
of magma in form of cumulate A
Oxide in FM1 = (Oxide in O — Oxide in A)/Remaining Oxide
Example: SiO, in O=47.1*1 =47.1, SiO, in A =40.4*0.2 =8.1
Remaining SiO, = 100% - 20% = 80% = 0.8
SiO; in FM1 = (SiOz in O — SiO, in A)/Remaining SiO,
SiO, in FM1 = (47.1-8.1) / 0.8 = 48.57
J <A uniform J) gsill ge &L 2 5a¥) Obsidian J) o
K A Laml) a1y (max 3%Vol JS& i) Fe
(35) e 9all e ¥ Obsidian J) dax (z )
Garnet, & amphibole is the source dacite
of Alinmantle, .~~~ 7777
& Phlogopite
“Biotite-Like” is
the source of
Al & K

Mixed with
granitic magma

aranodiorite

Basaltic
andesite

||

Originally

Gravitational settling of olivine and Pyroxene
Gives an intrusive coarse-grained
Peridotite (Olivine + pyroxene)
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QUESTIONS

Q1 : Defined the following

prPmoOoOZIrA-T T ITOMMOO® >

Phase

Variance

Phase Rule
Equilibrium

Isopleth line
Isotherm line
Eutectic point
Peritectic point
Marginal accretion
The phase diagram
Gravitational settling
Hydrothermal solution

. Magma differentiation

Fractional crystallization
Liquid-Liquid imeccability
Uniformitarianism principal
Instante solid or melt composition

Q2 : Complete the following

A.

moonow

The magmatic origin of basalt & rhyolite
recognized by a group of geologists known
as

volcanic equivalent for peridotite
Founder of Plutonism:
Basalt melted overrangeof T __ to
Rapid cooling produces structure &
Slow produced
If the magma are rich in Fe & Mg, the first
mineral crystallize is
Solid solution series in bowns reaction
series is + &~ +
If the are changed the equilibrium
system shift type of minerals, or amount &
composition of melt to achieve
Systems are consisting of phases, which
are described by
_____isaHomogeneous part of a system,
that can be mechanically separate from
another, & can have either a fixed
composition (eg. SiO,) or a variable (eg.
Melts or solid solution phase: plagioclase)
A/An of equilibrium is a
process of energy minimization

is the minimum number of

constituents that needed to describe all
phases in a system, & can have the same
compositions as mineral phases

. All igneous & metamorphic minerals are in

state (in a process of change

Shaas N Hamdan

Q3:

Q4.

over long periods of time) since they are at
higher energy than equilibrium phase
N. known as an isobaric condition &
known as an isotherm condition
0. Ultramafic rocks consist of __ %Vol H,0,
Mafic rocks ___ %, &Felsic (granitic) ____ %
P. T versus composition diagram is called
diagram & P versus composition
diagram is called diagram
Q. Most important process responsible for
the formation of igneous layers is
(That doesn't depend on density!)

R. & is the source of Al in
mantle, & the is the source for
poth Al & K

S. is the biotite-like mineral

Explain the following

A. Granitic rocks crystalline (or solidified)
over a range of T, why?

B. Granitic magma formed by partial melting
of lower continental crust (rether than
oceanic crust), Why?

C. Boailing point in the pure mineral system
that don’t contain solid solution series
increasing with increase P, This doesn’t
apply to systems that contain solid solution
series, Why?

Choose the correct answer

A. whosayinthe theory of the origin of basalt
& rhyolite: was precipitated from a
primeval ocean, as evaporate & Limestone
1. Plutonists 2. James Hutton
3. Igneousists 4. Neptunists

B. Very Rapid cooling of magma produced
1. Coarse-grained rock 2. Volcanic rock
3. Plotonic rock 4. Volcanic glass

C. The mineral of Discontineouse Bowns
reaction series differ in
1. Composition 2. Structures
3. Composition & structure 4. Non of them

D. Thermodynamic system which can
exchange energy, but not mass, is
1. A closed system 2. An open system
3. Anisolated system 4. All systems

E. Geological Thermodynamic systems is/are
1. Aclosed system 2. An open system
3. Anisolated system 4. All except isolated

F. Lithostatic pressure is
1. Load pressure 2. Atmospheric pressure
3. Fluids pressure 4. All of them

G. Zoned crystal commonly found in ___ rock
1. Volcanic 2. Plutonic 3. Gapproic
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Q5:

T/F

Zoning most commonly found in

1. Plagioclase & Pyroxene 2. Olivine

3. Plagioclase & olivine 4. Amphibole

A pure solid phase melts completely at its
melting T to produce a liquid of the same
composition as the solid

1. Congruent melting

2. Equilibrium melting

3. Fractional melting

4. Incongruent melting

occur by meteorite impact, or about
2000km depth in the earth’s surface

1. B-quartz silica 2. Crystabolite silica
3. Stishovite silica 4. Trydimite silica

if a solid phase doesn’t melt to a liquid of
its own bulk composition, but breaks down
to form liquid & another solid phase

1. Congruent melting

2. Equilibrium melting pressure

3. Fractional melting

4. Incongruent melting
Chromitite-Anorthite layers which found in
Bushveld complex is formed due to

1. Gravitational settling

2. Liquid-Liquid impeccability

3. Convection currents

4. Marginal accretion

. The rare magma composition such as

carbonate & sulfur magma formed due to
1. Gravitational settling

2. Liquid-Liquid impeccability

3. Convection currents

4. Marginal accretion

Basalt & rhyolite are aphanitic or fine-
grained or volcanic rocks, & both are felsic
The rock melted over range of T

A number of phase diagrams are used to
introduce several principles which are
used to interpret magma formation &
crystallization

In granite all minerals are one phase
(Quartz, Biotite, Muscovite, K-Na-feldspar)
In any system: number of components 2
number of phases

Max. Number of phases exist in any system
at equilibrium = number of component + 2
2-component system (binary): bounded by
2 pure solids, & plots T versus composition
or P versus composition diagra

Shaas N Hamdan

H. Inequilibrium melting:melt is continuously
removed from the solid, so the system is
divided in 2 fraction One consists of melt &
the other consists of solids, no bulk
composition constraint or mass balance

I.  Rhythmic layers formed by gravitational
settling & you cannot see layering in the
field (observe through chemical analysis)

: List at least 3 points for each of the following

A. The magmatic origin of basalt & rhyolite
recognized by Plutonists through

B. understanding of igneous rock formed
mainly from

C. 2type of pressure effect milting point

D. Processes of magma differentiation

E. 2type of hydrothermal solutions

F. List 2 incongruent binary system

G. 2 invariant points involving
incongruent binary systems

H. fractional crystallization processes

liquid in

I. Layering can be found in Gapproic, or
Basaltic (Mafic) rocks but there’s no in
granitic or Rhyolite (felsic) rocks Why?

Q7: based on the diagram

I|I|I|I|I|I|I|I|I|I|I|I|I|l|I|I|I|I|I|I|I|I|I|I|I|I
1 2 3 45 6 7 8 910 11 12 13
1553
1500 |
-
@
5
® !
@ 139
o
E
=
1300
1274
Diopside + Anorthite G K
0 20 40 60 80 ‘IO(?
CaMgDSii206 Weight % An CnAliilzog
1. What is the type of this system, & does it
contain solid solution series?
2. How many liquidus line exist & what are their
symbols?
3. What is the solidus line symbol?
4. Whatis the phasesin G, E, & F field?
5. If we cooling sample composed of anorthite &
diopside (As shown in the orange line) , At what
T do you see the first enortoite crystal & at
what T is the first diopside crystal?
6. At what point does the process of

crystallization of the solution begin & at what
point does it end?



7. system is (mafic, intermediate, felsic), & Why?
8. How many phases on this diagram?
9. T at which the lowest T liquid can exist in the
system called
10. Describe point | (P, T, composition)
e (Q8: based on the diagram
1600 7
1400 |-
)
O
- 1200
1000
800 1 l 1 1 L 1 1 1
0 20 40 60 80 100
NaAlSi;Og %An CaAl,Si)Og
Ab An
1. What is the type of this system, & does it
contain solid solution series?
2. What is the phases at point A, B, & D?
3. At point C the number of decreasing in
freedom equal
4. If we cooling sample composed of anorthite &
alpite (As shown in the orange line) , At what T
do you see the first crystal? (with composition)
5. List other systems that such as this system
6. How many minerals exist under the solidus?
7. Write tha substitution formula of f this system
e Q9: based on the diagram
1900 T T T | T T T T T .
1800 ]
1700 i
~ 1600 .
g
£ 1500 .
% 1400 .
=
1300 e%us
1200} N1205
Solid Solution
1100} i
1000 | 1 | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Atomic % Fe,Si0,
Forsterite Fayalite
Mg,Si0, Fe,Si0,
1. Write the substitution (with type)
2. Olivine found in ultramafic rocks, Gappro, &

Basalt rocks, Why?
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Why we don’t see many volcanoes with UM
materials??

Why we can see zoning in plagioclase but not
in olivine?

Q10: Answer the following question based on diagram

800 -

feldspar

ngle fel

Or
L Wit 3 Al

What happens if water is added to this system?
& what happens if a lot of water is added?
This system is (Granite, basaltic) & Why?
What's the name of point at the solids &
liquidus lines intersection? & What's the
difference between this point & eutectic?
What is the solvus line?

if K-feldspar (alpite) is more than Na-feldspar,
the textural is called

If K-feldspar (alpite) is less than Na-feldspar,
the textural is called

What is the importance of distinguishing
between Hypersolvus & subsolvuse?

Q11: based on the diagram

Sl A

ToC

e
PRIMPETIUIE P

10" 11<12" 13

gL
6

roo0 [0

1800

1700
1600
|
|
1500 '
s |
| |
[ L ! I ! WY |
0 20 40 60 80 100
Mg,SiO4 MgSiO SOy
Fo En Qz
Point E called , & point P called
Describe the center point at 1700 degrees
Write the reaction at the Peritectic point
Forsterite completely melting at T = °C



e Q12: Depending of the following diagram,

Complete the following Table

FpUpEpuepuepepepepepupepepepepepepuepepepngt
NEGREUNUUERROUTEIT

9 10 11412 13
/ 1553
1500 ek S
v
(-]
® - - R Te———
S
S
2 .4
@ 1391
=%
E - - b e do o wn
=
1300 | 1
- == 1 1274
Diopside + Anorthite
o 20 40 60 80 100
CaMgsSi20g¢ Weight % An CaAl3Si0g
Di An

Oxid Wt%A Wit%Di
HEEs onn PV 1tsolid | 17%

Degree of partial melting (for melt)

35% | 100%

Mm:Ca=40.1,Mg=24.3,0=16.0,Al=27.0,Si=28.1

Q13: Complete the following Table

<
X
S
—
[

48.8 38.8 46.6 525

Xl 144 460 627 291
BEFM 172 406 275 6.10
BT 196 160 196 123

O : original melt, 55%A, 15%B, & 15%C
E : Cumulate include 80%C, 20%D
F: Cumulate include 10%A, 40%C, 50%D

40%C,50%D
FM1
FM2

FM1 : fractional melting include remaining magma after
separation 30% of magma in form of cumulate E
FM2 : fractional melting include remaining magma after

separation 30%C in form of cumulate F

Q14: The following image expresses (mention the

name of the phenomenon & explain it)

Roof accretion

-~
O
=
=
&

Cooler

Floor accretion
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Sadewall
accretion

Q15: Study the phase diagram

1900g
A B 5
F : 1 I
1800} ¢ o liquid | !
I
< I : I
2 | | :
£ 1700} - : [
3 I
3 ! : :
k) A2 I s
b= 1600F G : [): E llqmd +:(,r
| G X
£ : o v 1
| L)
1500 ' [ -
1A3 ' . [
| : Enstatite + Cr
|
7 I S S PRI
1o 20 30 40 50 60 70 80 90 100
Mgz8i04 Mg28i206 Si02
fo En Silica

1. The name of the lines indicated by F & G

Name of the points D & E

3. Describe the reactions that take place at D & E
in both directions

4. Name & amount of phases at the isotherms
passing through A2 & A3 for melt A

5. Asolid that consists of 95%Fo has been
heated at what T start to melt?

6. At this T express the composition of the melt
in terms of Wt%SiO,-MgO provided that Fo
consists of 57.32MgO & 42.6 8SiO,

7. What is the composition the original solid in
terms of these oxides?

8. What should happen for this melt to start
change in composition?

9. At this point you decide to remove the melt,
at what T would the remaining solid melt?

N

Q16: The next image represents layers, what kind of
layers? What's the name of this complexity? What's
the name of this rock? What processes led to this
layer & where did it originate?




Divergent Plate
Boundaries
(constructive)

Convergent Plate
Boundaries
(destructive)

Transform Fault
Boundaries
(conservative)

PLATE TECTONIC (REVIEW)
FROM FOUNDATION OF EARTH SCIENCE

Definition

2 plates move apart

Two plates move
toward each other,
one slides beneath
the other

Plates slide
horizontally past one
another & no new
lithosphere is
created or destroyed

Occur on

along the oceanic
ridges

Oceanic-oceanic
Oceanic-Continental
Continental-
Continental

between segments
of the mid-ocean
ridge

on land (San
Andreas Fault)

' Produce

Seafloor spreading
Oceanic ridges
Rift-valley

Trench (subduction
zones) : Surface
expression of the
descending plate
volcanic arc
Mountains

Fracture zones
Fault Zone

Example

Hawaiian Island

Japan (Island
volcanic arc)

Andes & Cascades
(continental volcanic
arc)

Himalayas, Alps
(Mountains)

San Andreas Fault
Deadsea Foult

Machinesem

The leading edge of
one is bent
downward

Older (Cooler,
denser) plates are
returned to the
mantle in
Convergent Plate
Boundaries

join 2 offset
segments of a
oceanic ridge along
breaks in the
oceanic crust

 Definition Produce Eample _________|

2 oceanic plates, descends
beneath the other

Denser oceanic slab sinks into
asthenosphere

Oceanic-oceanic

Oceanic-Continental

Continental-Continental

Less dense, buoyant continental

lithosphere doesn’t subduct

e QOceanic

ridges:

elevated areas

of seafloor

characterized by high heat flow & volcanism
» Length 65,000km, 20% of earth surface

» Width 1000 — 4000kms
» Crest of ridges 2-3 km above seafloor

e Rift-valley: deep down-faulted structure along the
axis of some ridge segments
e Hot spots & mantle plumes

e Hot spot: area of volcanism, high heat flow, &

crustal uplift, caused by rising mantle plumes

e As hot plume ascends via mantle, confining P

decreases causing partial melting of the upper
surface of a plume (produced magma)
» This activity is seen as hot spot on surface

e As Pacific plate moves over hot spot a chain of
volcanic structures is built
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Volcanoes on the ocean floor

Island volcanic arc

partial melting of mantle rock

generates magma

Japan (Island volcanic arc)

Andes & Cascades (continental

volcanic arc)

Continental volcanic arc

mountain chain

Resulting collision between 2

continental blocks deforms the
sediment accumulations
producing mountain belts

Divergent

plate boundaries
are sites of
seafloor spreading.

North-—=_ ~

America

Himalayas, Alps




IGNEOUS ROCK IN OCEANIC LITHOSPHERE

4.1 Source Of Basalt

The principal magma type of the oceanic crust is
Gappro & basalt (mafic rocks)

Basalt including 2 types mid-ocean ridge basalts
(MORBs) & ocean island basalts (OIBs)

The differences between MORB & OIB in chemical
composition but cannot be see in the hand species
oceanic crust is made up almost entirely of MORB

The source rock for MORB is spinel or garnet
Iherzolite, which undergoes significant degrees of
melting & melt removed residual UM rock such as
dunite or Harzburgite in the upper mantle

WL.% ALO,

WL% TiO,

The existence of residua UM rocks has been
demonstrated by the presence of dunite &
Harzburgite as xenoliths in intraplate basalts
Experimental studies have demonstrated low-P
(shallow) mantle origin for most of these magmas
The source of the magmas uppermost mantle,
(lithosphere beneath ocean crust, asthenosphere)
Compositional characteristics of magmas are
indicative of tectonic setting (divergent plate
boundaries) which can found in oceanic or
continental plates
OIB are the 2" major type of magmatic occurrence
in oceanic lithosphere, After MORB
» is far less than the MORBs but provide
important information about high-P melting
processes in the mantle
» Hawaiian Islands in the center of the Pacific
plate are the example of an occurrence of OIB
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4.2 MOR & igneous structures

They were revealed using remote sensing & depth
sounding instruments developed during the WWII
The length of mid-oceanic ridge = 65,000 Km

Seafloor spreading theory: new basaltic material
was constantly added to the oceanic crust by active
magmatism at the ridge & then transported away
from the ridge, ultimately to be returned to the
mantle through subduction at the oceanic trenches

+ kimberlites,




e Intracontinental rift: such as East African rift
valleys, & red sea, is the first stage of the formation

of the oceanic crust
Flood basalts

Stage 1 Stage 2 e Back-arc basin: subduction zone, is the 1%t stage of
the formation of continents, destructive of the
oceanic crust & constructive of continental crust

e Oceanic Island Basalt: Island arcs

Continental crust

Continent Ocean Continent

Plate motion

— Hot spot

Plume

Plume g
residue

residue

Asthenosphere

Sumatra

Asthenosphere Asthenosphere
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4.3 The Nature of MOR

e compositions of magmas erupted at the MOR are
broadly similar, regardless of spreading rate

o There're different parts of the MOR system are
characterized by different spreading rates

e Spreading rates: is the rate at which the plates
move away from ridge

Rate of Range of Width of
rate
(mm/yr)
80 - 160
40 - 80

10-40

Speculative
neovolcanic recurrence
zone (m) interval (yr)
100 - 200 5
200 - 2000 50
2,000- 12,000 5,000

Eruption
volume
(*106 mi)
1-5
5-50
50-1,000

spreading

Fast
Intermediate
Slow
Slow rate: red sea & Atlantic (central or axial rift valleys)

Fast rate: such as Pacific ridge system

Slow-spreading ridges characterized by prominent
rift valley that range from 8-20km wide,1-2kmdeep
Fast-spreading ridges show a topographic high at
the ridge axis, with a very narrow axial trough that
is only 5-40km deep & 40-250 m wide

Slow (21 mm/yr) ,H:"’"'__--- Axial rift valley —_

g al voleamie v
s o\ Axial voleanic ridge

s

MAR 37°N

q(f‘ R e &

yp

Intermediate (60 mm/yr)

B i T T e S S e e e s R

EPR 21°N

Axial summit graben

/\

SR T

Intermediate (60 mm/yr) JdF 44739'N
™~

—
S YV e T
—-/'“\r"_'-/_ \_r\__/

Axial summit

Fast (162 mm/yr)
TN TN AN

W E
L | ] | |
20 km 10 0 10 20 km

4.4 Mg Number

differences in element composition

between slow-intermediate-fast-spreading Basalt

Magmas in slow-spreading ridges have higher Mg#

Mg#=100Mg/(Mg + Fe), always decreases

Mg#= 100*MgOmol prop./ (MgO+FeO)mol prop.

Mg#= 100MgO;rop./(MgO+FeO+Fe;03)prop.
Mole proportion = Wt%oxide/ MMoxide

Mg number (Mg#): is the chemical parameter,

used to distinguish between basalt types

o Mg# inversely proportional to the differentiation

Mg# > 65 (Primary) <65 fractionated

EPR 19°30'S

There’s

Spreading R Slow Fast
| Evolved  [EER More
Less Highly

Mg Minerals Rich (Px, Ol)
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Separating Mg

W e WO

Pressure, kbar

e Near Mid-Oceanic Ridge, the partial melting < 40%

|5 |-Melt over a range of T if they ar

at 1450°C & 25Kbar (or 82.5km)
20 = 1kbar = 3.3km

251 Point of mutual saturation of

basaltic melt with ol, opx, and cpx

| 1 | B

1100 1200 1300
Temperature, °C

4.5 Oceanic lithosphere

5

1400

_l\i[vl

P e S S T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 280
Age of oceanic lithosphere (mm year™')

W el Laadg ridge J) (8 Uiy LalS jgduall jlee a3
a3 Allg seafloor spreading J! 4w ) alledll 3a) g2
plate tectonic theory 4 ki 4slua 3ale) Loy

Mid-oceanic ridge
rift valleys b s oceanic crust ¢ 4adi y 4ikaia



CéJé ridge Y= aa Ly ‘5:\.“ B ol dahaiall ) Jaibow) 3y 3o
continental crust J) ¢isSE uS) ) o3 (ha Lu B9 5 LA

o

s
i

NORTH AMERICAN
PLATE
dom=

Distribution of melt
& crystals beneath
fast spring ridge

epth, km

Depth, km

1
10

o —

0 5 10
Distance, km

Distribution of melt & crystals beneath fast spring
center, no melt lens below the ridge

(L) ) (2 31 e 0 ¢S 2 e e il

oceanic lithosphere J! (= ¥ ¢ s<al) Gappro JI

Axis of mid-ocean ridge
Ocma ) Seawater sinks,
Ocean Spreadin Spreading  heats up, and rises
sediments S— — as hot springs

| km

01 2 3 45 67 89

Thin sedimentary layer Chert or limestone
0.5-1.0km

Pillow lavas & sheeted dikes Tholeiitic (alkali) basalt

1.5-2.0km
Gappro (Two thirds of the

Gappro, some diorite,

ocean crust) 4.5-5.0km & hydrothermal basalt

¢ Thin sedimentary layer fine clastic materials, & biogenic
material (which made of silica)

» The thin layer of sediment consist of chert rether
than limestone, Why? Limestone (consist of CaCOs)
is stable as high Ph (> 7.8), but deep in the ocean, the
Phis < 7.8 (Alkali)

Shells of
microorganisms
make up the
thin cover of
chert & pelagic
limestone

Such as
radiolaria (made
of silica) &
foraminifera,
Which live in the
open sea

Foldgd‘.ﬁhéﬂil\a\y‘éf;

—4 <

o ¥ e

e Pillow lavas & sheeted dikes

> Pillow lava: as lava solidified under the water

> sheeted dikes (Dolerite, or Diabas): tabular body
(sill or dike) below pillow lavas

» the upper part of magma chamber beneath the
oceanic crust is molten & the lower is molten &
crystals, The Gappro crystallizes from it & part move
to the top of the oceanic crust via sheeted dikes
forming Pillow lava

» The borders near source of magma is finer than the
far end of the dike (distinguished by the existence of
Chilled on one side)

» Chilled margin found in all ophitic sequences

: o —

Cross- -

section
of :

pillow 4

Iava;ﬂ =
.

Radial
crakes



fresh pillow lobe with quenched rind ruptures,
chilled glassy rind inner skin stretches, and
the next pillow lobe advances

© Dave Tucker

quenched and shattered
glassy beccia

N

FuDture gk oF
Oider peiow

.- enrront ~
P
—_—— ~ C__b

- -
. ———

—
yOoUnges! pvFom Srectron of fiow ond
o llow o opoponor

Formation of pillow lavas
La slaily ¢l ol dikes J) (e A Al 3 jgualall Salal) (o dagiea
il g puuli o Jand A plall lgtianadla A 4S jata A5 Yy
magmad! &5 (Chilled margin) ¢nsSiy AR ake
magmad) O ) pillows-like sheets A Jualliy gz adaii
138 9 3aaa pillow JS&i g e 7 A Lo dadaiall
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Vesicular texture in basalt
> Center of basaltic flow = less vesicles &l ¥
oaall el b s o ya
Quartz » Top of basaltic flow region = highly vesicles
iy el M de o yaall labys z a0 W Y
(LSl zih) 3 jguaiall salally e ) Jall e al

Quartz + feldspars * Mg-orthopyroxene

Feldspars + Mg-orthopyroxene only

4.6 Classification of oceanic rocks

(a)

Quartz-Rich

Granitoids

Qtz Monzodiorite/
Monzogabbro

‘ Q‘Qm:.‘:’*‘“ VNI Feldspathoids (leucite, nepheline)ifeldspar
N e T o / \ /\}(MWW Quartz Al-abundant Al,0; vs CaO0, K,0, Na,0
Alkali Fqldspu Syenite Monzonite Diorite/Gabbro/ N
Syen (b) CEVEI DTG I [Al05] > [Ca0 + K0 + Na,0] > [K,0+ Na,0]

K. st Syenite | Monzonite — Plagioclase
Foid-Bearing| Foid-| qun"x / 4 J
h,,d&. Syenite Monzonite Foid-Bearing

Alkali S\emle Diorite/Gabbro/
Anorthosite

[Ca0 + K,0 + Na,0] > [Al,05] > [Na,0 +K,0]
[Al;0;] = [K;0 + Na;0]
Paralakaline [Al,03] < [K20 + Na,0]

4.7 character of primary magma

Foid Foid
Monzosyenite Monmdwnlo

Feldspar~ /% e only few magmas at MOR are of primary character
Foidolite : my7 Qu / S \ . . .
VA B ] Wl e High mgt reflecting high MgO content (10- 11 %),
K-feldspar s - Basaltic Andesite/ p . .. ..
M,:m FoidBourig| Foid-Bewring [N which indicates that the olivine was not removed
Alkali Feldspar . . . .
oy Ty honale B @ e Highest concretions of Ca & Al (lack of fractionation
Nepheline, Sodalite, v \&? . X .
Leucite) P § of either augite or plagioclase)
» o S .
oo/ B\ Ancrthosie i § e Only few magmas meet these requirements
X i
4.8 Magma Vs Seawater
A 2
O, . . .
% 5 %@ e Newly formed oceanic crust is susceptible to
livine ®©
- Feldspathoid various kinds of interaction with seawater
(Nepheline, Sodalite, Leucite) . . .
e A hydrothermal convection system is established
A \ \ in vicinity of submarine magmatism: Seawater
Px Plagioclase-bearing ultramafic rocks 0l
penetrates crust - heated by magma or hot rock
> basalts have variation in K,0 oxide & classified > rises back to the surface
based on this variation e Vents near the ridge crest emitting jets or plumes
TABLE 8-2 Representative chemical compositions of various basalts o
S 000000 erersiretiesississessssssessssssssssssssssscscnce: OfVery hot water (Up to 350 C)
Co ts N-MORB® E-MORB® OIT? OIAB* IATY  CFT' . .
s e On contact with the cold seawater, the hot fluids
Si0; 48.77 47.74 50.51 47.52 5190 5001 ; i ;
no. % o G e 480 400 rapidly plfeupltat(.e dense conC(.en.tratlons of very
Al;03 15.90 15.12 13.45 15.95 1600  17.08 small sulfide & oxide, thereby giving the plumes a
Fe;0 1.33 2.31 178 7.16 — -
FeO 8.62 9.74 9.59 5.30 956  10.01 smoky appearance (black smoker or gray smoker)
MnO 0.17 0.20 0.17 0.19 0.17 0.14

MgOo 9.67 8.99 741 5.18 6.77 7.84
CaO 11.16 11.61 11.18 8.96 11.80 11.01
NayO 243 2.04 2.28 3.56 2.42 2.44
K20 0.08] 0.19 0.49 1.29 ] 0.44 0.27
P;05 0.09 0.18 0.28 0.64 0.11 0.19

N-MORB normal mid-oceanic ridge basalt
E-MORP enriched mid-oceanic ridge basalt
OIT ocean Island tholeiite

OIAB ocean Island alkali basalt (kohala, hawaii)
IAT Islands arcs tholeiite

CFT continental floods tholeiite Lo
subduction J! «ww continental-continental &l e Blake or gray smoker: Stalagmite-like columns of sulfide

J e e zooA A5 Obduction dlee &a35 ocean J Gl mineral & colons of unique marine animals (surround vent)

continentald! J) b I oceanic crust & upper mantled) Gyser (A 358 an) g2

Jie mafic & ultramafic J Jsaam 4l 50 Jeust Al dilaal) 028 J) Jaa g ysduall ) e 5 a8 Ml g Alle g5 ) sa An 0
Olee/iess Jis ophitic sequences < W s s Gappro J! 3 9] @ ll) iS5 13¢d 5 dissolved material
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4.9 Tholeiitic Magma Series

A magma series: is a chemically distinct range of a

magma compositions that describes the evolution

of a mafic magma into a more evolved (silica rich

end member)

There are 2 main magma series in igneous rocks

1. The tholeiitic magma series: (after the German
municipality of Tholey) classified as subalkaline
(contain less K than other basalts)

2. calc-alkaline magma series

tholeiitic less oxidized & K,O0 than calc alkaline

&saa daii mid-oceanic ridge J e Lladll sy
d oY P u=ledsl Aa decompression (partial melting)
Ly mafic magma J) oS58 JAY (s 5iue (e 555 magma

“

Jsaaa Lamd oceanic crust J i85 Cua ridge JI dlaial e

35

(tholeiitic) K;0 J) causd (aldaily jaams <l 5l

4.10 Ocean Island basalts

most of the volcanic activity in the oceans occurs at
MOR, there are widely scattered occurrences of so-
called intraplate volcanic activity (ascribed to hot
spot) which produce linear arrangement of islands
The basalts produced by intraplate volcanic activity
accounts for about 1/10t of the activity at the MOR

Plate motion
—— Hot spot

the position directly over the hotspot rising mantle
melts to produce magma that erupt on the seafloor
to building a volcanic island directly above hot spot
As the lithospheric plate moves over the hot spot
the volcano is cut off from its source of magma, &
becomes extinct, & a new volcano forms on the
plate at location directly above the hot spot
Volcanoes that have moved away from the hot
spot eventually begin to erode until their
elevations are reduced below sea level, At this
point they are called seamounts
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) Kamchatka W - o
" / -
v, ,.~ﬂ‘ Kodiak '-"_

— Island

t
* g2l
R 4
Zie
2% 4
E Uiz g
'\.’dge
. <. ~ Hawaii
L]
! %\ %'%/
AR
“'%O’% L, <
t o e0G
2z % y
D, ‘9 o ' Society Islands
& "“. -t . e
~: : " -, . Easter
o ¢ v Island
‘ Australs ..\....o. ..0‘. ‘. ’
< }— Australia Cha; Moun 4, l}décdonald i

Major linear Island trends in the Pacific Ocean
O g o) WS a rising magma J) o) s Jleai¥) dlaal (g2 (53
Loin il L) o1 Ale 550 pa An ) b Jading) 5 ) jall Jlam
volcanic islands J 0585 leai¥) dilee fasi Laic 5 (Ui
»3Y1 s hotspots Jl e 26 la jlee] 58 ) all oda 355 L
Islands arc
) aalat 4t () <3 Wil volcanic JI oo alias
OV (Sang yandl ai L () 5 ALl o4 5 subduction boundary
Aalisg Hleely Alls (pe SS) 2al gy

Jls 4dle magma d)s0la da 3 OY o ey S o glsla
pyroclastic materials ¢S5 Lo J8 ¢ 433t <l 5L viscosity
P ufanl6 bl Gany s Au/ang o gl i lgie ju
» Range of T of Hawaii mafic magma 1070 - 1250,
most of crystallization series were known from
study of Hawaiian mafic magma

Distribution of hot spot
The differences between hot spot & mid-oceanic ridge: in
the hot spot the source of magma deeper (150km,from
mantle blume) & the degree of partial melting is less (<10%)
so most of hot spot magma is alkaline (KO > 1%)
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Questions

Q1 : Defined the following

A.

J.

K.

—IemMmMOOw®

Mid-Oceanic Ridge
Rift valley

Hot spot

Sea-floor spreading
Foles

Island arc
Spreading rates
Mg number (Mg#)
Ophitic sequences
Gyser

A magma series

Q2 : Complete the following

A.

MORB formed by partial melting of
or which undergoes significant
degrees of melting which removed
residual UM rock (Eg. Dunite, Harzburgite)
in the upper mantle (Hint. Rock types)
The existence of residua UM rocks has
been demonstrated by the presence of
dunite & Harzburgite after partial melting
asa/an in intraplate basalts
The Hawaiian Islands are the example of an
occurrence of basalt
In a triple junction, the angle between each
2 arms equal , & this due to
Under the east African rift system, the
thickness of the crust constantly decreases
as a result of repeated
The first stage of the formation of oceanic
crust is & the first stage of the
formation os continental crust is
There’re different parts of the MOR system
characterized by different
characterized by prominent

rift valley (8-20km wide,1-2kmdeep)

Ridges show a topographic high
at the ridge axis, with a narrow axial trough
that is only 5-40km deep & 40-250 m wide
(axial summit)
_____ spreading ridge has Mg#<65, highly
diffractiated, fractionalted, & evolved,
with less Mg minerals (such as Ol & Px)
Thin sedimentary layers on the oceanic
floor made mostly of

is the two-thirds of the ocean
crust (4.5-5.0km thick)

. Pilow lavas & sheeted dikes (1.5-2.0km

thick) are mostly made of
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Q3:

Q4:

<

: Lava that solidified under water
Chilled margin found inall ____ sequences
make up the thin cover of
chert & pelagic limestone
Pillow lavas show ___ “internal habit”
Tholeiitic basalts classified based on
variationin ___ oxide
MORB with high MgO content (10 — 11)%
represents high continent, &
MORB with high Ca & Al represent high
& (Hint. Minerals)
Black-color of black smoker due to
Tholeiitic series is than calc alkaline
Intraplate volcanic activity ascribed to
, which produce linear
arrangement of islands called

. Volcanoes that have moved away from the

hot spot eventually begin to erode until
their elevations are reduced below sea
level, At this point they are called

Explain the following

A.

0

H.

OIB far less than MORB but But it’'s very
important. Why?

Explain the intercontinental rift

Explain the formation of triple junction
The thin layer of sediment consist of chert
rether than limestone, Why?

Explain how pillow lava originates

The borders near source of magma is finer
than the far end of the dike (distinguished
by the existence of Chilled on one side),
Why?

Which has higher vesicles in the basalt
magma that is located in the center of the
basaltic flow or on the surface, & why?
Explain how the black smoker formed
Explain how the tholeiitic magma formed

Choose the correct answer

A.

The differences between MORB & OIB in
(Hint. cannot be see in the hand species)
1. chemical composition 2. structure

3. Composition & structure 4. Non of them
Oceanic crust is made up almost entirely of
1. Gappro 2. MORB 3.0IB 4. Chert
The source rock for MORB is

1. Spinel lherzolite

2. Garnet lherzolite

3. Ultramafic lherzolite

4. All of the above

The source of the MORB magmas

1. Upper mantle 2. Oceanic lithosphere
3. Asthenosphere 4. All of them
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the compositional characteristics of

magmas are indicative of

1. Tectonic setting

2. Equilibrium crystallization

3. Differences in structure

4. More than one parent magma

The 1st stage of the formation of the new

oceanic crust is

1. Mid-oceanic ridge 2. Intercontinental rift

3. Back-arc basins 4. Volcanic islands

Red sea & Atlantic ridges are example of

1. Slow spreading ridges 2. Axial rift valleys

3. Axial volcanic ridges 4. All of them

Pacific ridge is an example of

1. Slow spreading ridge

2. Intermediate spreading ridge

3. Fast spreading ridge

4. All of them

Axial summit graben is

1. Slow spreading ridge

2. Intermediate spreading ridge

3. Fast spreading ridge

4. All of them

Called as Axial- or a center- rift valleys

1. Slow spreading ridge

2. Intermediate spreading ridge

3. Fast spreading ridge

4. All of them

Has higher Mg# (primary magma)

1. Slow spreading ridge

2. Intermediate spreading ridge

3. Fast spreading ridge

4. All of them

Near Mid-Oceanic Ridge, partial melting =

1.60% 2.>40% 3.<70% 4.<40%
is the region where the oceanic

ridges can be seen on the continental crust

1. Hawaii islands 2. Japan

3. Iceland 4. Red sea & EARS
Tholeiitic basalt is

1. MORB 2.0IB

3. Alkali rich basalt 4, Basanite

. Tabular body (sill, dike) below pillow lavas

1. Sheeted dikes 2. Dolarite

3. Diabase 4. All of them
Tabular body (sill, dike) below pillow lavas
1. Sheeted dikes 2. Dolarite

3. Diabase 4. All of them

If the magma contain Feldspars + Mg-
orthopyroxene only, called

1. Paraluminouse 2. Saturated

3. Paralakaline 4. Undersaturated
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Q5:

Qe6:

R. If [Al,O3] > [CaO + K,O + Na,O] > [K,O+
Na,0], the rock is called
1. Paraluminouse 2. Saturated
3. Paralakaline 4. Undersaturated
S. Given that, mol proportion (Mg0=23,
Fe0=20, Fe,03= 15), calculate Mg#

1.2.52 2.535
3.39.7 4,1.89
T. Inthe question (S), this magma is
1. Has high Olivine 2. Has high Ca

3. Highly differentiated 4. Has high Al

U. Inthe question (S & T), this magma form in
1. Slow ridges. 2. Intermediate ridges.
3. Fast ridges. 4. Hot-spot.

V. Most magma in volcanic islands is
1. Thioliitic basalt 2. Olivine gabbro
3. Alkaline basalt 4. Spinel lherzolite

W. A corresponding depth of 25kbar =
1. 72Km 2.92Km
3. 82Km 4. 62Km

T/F

A. The correct path in the formation of new
ocean is Upwarping, Transion 2 upwelling
in brittle crust - break the crust into
blocks = bloks sinks = mid-oceanic ridge
& seafloor spreading

B. the 2nd major type of magmatic occur in
oceanic lithosphere is MORB, After OIB

C. Inthe formation of a triple junction, there
are 3 arms, all are active arm

D. Compositions of magmas erupted at MOR
are similar, regardless of spreading rate
Mg# is proportional to the differentiation
Fast spreading ridge has Mg# < 65 due to
Separating of Mg-minerals

G. Crustal mush is in molten form

H. Subalkaline magma series is calc alkaline

. The basalts produced by intraplate
volcanic activity accounts for about 1/10th
of the activity at the MOR

J.  What causes the formation of volcanic
islands that the magma moves faster than
thermal transmission

for each of the following

A. principle magma type in oceanic crust?

B. Write 2 types of basalt rock

C. Write 2 techniques, that have been used to
discover the MOR ( during the WWII)
Write 2 main magma series in igneous rock
Hawaii's moving so fast, why?
What is the differences between hot spot
& mid-oceanic ridge



CIPW norm calculation, for anhydrous minerals

A B C D E F G H I J K L M N 0] P
2 A N N e o T
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Calculation

Oxides in each mineral Apatite 2Cas(PO4)sF = 2CasP30:; = 10Ca0 + 3P,0s

. . Limiting reactant: diphosphate-oxide
Minerals Formula Oxides

2Cas(POa)s(F,Cl,OH) 10Ca0, 3P,05 3molP,05~>10molCa0, molP,0s5—>3.3molCa0
FeTiO, FeO, TiO, Mole proportionp,o, = 3.3 Mole proportioncao

2KAISi;Os K20, Al,0;, 6Si0; Mole proportionp,o,= 0.0030

2NaAlSi;0s Na,O, Al,Os, 6Si0, Mole proportioncao = 0.0030 * 3.33 = 0.00999

CaAl;Si,Os Cao, Al,0;, 2Si0, Molpro mineral = Mole prop,o,-0.0030

Al;0; Al;0; Wit%apatice = 0.003 * 336.21 = 1.0

Fes0a(Fe®"0.Fe*;05) Fe*'0, Fe*';0; & in the same way as the rest of the minerals...

Fe;0, Fe®*20;

Diopside(di) CaMgSi;06 Ca0, Mgo, 25i0; in the calculation of apatite, we took all the P-oxide,
MgFeSi06 FeO, Mgo, 25i0, so P-oxide wasn’t left to make another minerals that
ok 5102 contains it, & also we took a portion of Ca-oxide,

Rules other minerals that contain Ca-oxide will consume the

Wt% : Experimentally (Vol%), 2Wt% = 100% remaining Ca-oxide

Mole oxide: from periodic table (MMoxide) For example anorthite contain Ca0, Al,0s, & 2Si0,

Limiting reactant: The oxide that has fewer moles Limiting reactant: Al-oxide (It's the lowest

Mole proportion = Wt% / Mole oxide molAl,0s=> molCa0 = 2molSiO,

Mol PrOnormative-mineral = mole Prop.jimiting reactant Mole proportionm,oﬁ remainingano,=D-H-G

Mol-wt conversion factor = MMmineral Mole proportionc.o = Mole proportionao,

W1t%normative mineral = MOl Pronormative* Mol-Wtconversion factor Mole proportionsio, = 2*Mole proportiona,o,

Molpro mineral = Mole prop,o,-0.0781

Terms Wt%apatite = 0.0781 * 278.2 = 21.7

Silica saturation Key minerals indicators
Oversaturated Quartz + feldspars + Mg-orthopyroxene This rock is Oversaturated & Metaluminouse

Feldspars + Mg-orthopyroxene only Oversaturated because there’s remaining
Feldspathoids (leucite, nepheline)*feldspar silica oxides which form quartz

P‘::::b:_:zn:e [A>c 0] Metaluminouse because [Na,O +K,0] = 0.0877
_ iInou 2Us3 2 2
[Ca0 + K;0 + Na;0] > [Alz05] > [Na,0 +K;0] [Na,0+K,0+Ca0]=0.1967, [Al,03] = 0.1658
[Al,05] = [K>O + Na,0] then [CaO+K,0+Na,0] > [Al;03] > [Na,0 + K,0]

Paralakaline [Al;03] < [K20 + Na,0]



CONVERGENT PLATE BOUNDARIES

(SUBDUCTION ZONES)

5.1 convergent plate boundaries

e Wilson's cycle: continental drift > formation of
the oceanic crust (at mid-oceanic ridge) &
formation of volcanic arc (above hot spot) 2>
formation of continental crust (near subduction
zone where 2 oceanic or oceanic & continental
crusts collides, forming islands arc which called a
proto-continents) = collision of continental crust
(mountains & close ocean crust forming ophiolite)

e regions of island arc is S- & N-America (ring of fire)

Worldwide distribution of subduction zones
(active & recent volcanoes)

Called Ring Of Fire or Andesite Line

e Convergent (active margins) where lithospheric
plates collide, are the most active parts of the Earth
Convergent

Give rise to Such as

Oceanic- Island arcs Japanese,
oceanic indonesian,
aleutian
Volcanic arcs Andes, rockies
Continental
Continental- No any Alps, &
Continental subducted himalayas

5.2 Volcanic arcs Vs Island arcs

e Oceanic crust form often from Tholeiitic basalt
(near MOR), & alkali-basalt (above hotspot)
Continental crust formed by all types of rocks from
all categories but the dominant rock is granite rock

Arc Location Age & note
VLU Hot  spot  closest to the hotspot is the
arcs (plume) newest

subduction  All
zone same age

have first step to
formation of the
continent (proto-
continents)

o The reason that the island arcs take the arc-shape
is the curvature of the earth
e Most of earthquakes occur at subduction zone,

because the plates that slide under each other are
not smooth!
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Worldwide distribution of subduction zones

The direction of the arrows is the direction of the subduction
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5.3 Tranche
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The deepest area is the tranche
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Unimodal distribution

Intermediate

N e Some andesite have high Mg#,
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are derived from high Al
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e Andesites are by far the most abundant rock in the ; ! i\ - .
arcs like the Indonesian & Philippine arcs 40 50 SO, (wt %) 60 70 80

e Therocks in these arcs vary from high Mg tholeiitic
basalts to strongly differentiated dacite &
granodiorite(basalt- andesite- rhyolite-association)

e Tholeiites here are different from the MOR by
more Al (Al,0; > 16%) “called high alumina basalt”

Alkali-Lime index J) 233 Al & Best fit J) gl ki
(wt%Si0,) where CaO = [K,0 + Na,O0]
Calc alkaline found in subduction zone
Calcic (tholeiitic) found in the Mid-Oceanic ridge
Alkali calcic & alkalic found in the continental crust
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moles

biotite pyroxene aegirine
muscovite hornblende riebeackite
cordierite biotite arfvedsonite
andalusite
garnet
Peraluminous Metaluminous Peralkaline
Alumina saturation index
Paraluminouse : high feldspar content
Paralakaline : high alpite, (within the continents)
Na20 + KZO wt%
Phonolite
soTs (q<20%)
Foidite Trachydacite
(q>20%)
andesite Rhyolite
Basanite
(O1>10%
Dacite
basalt

37 41 45 49 53 57 61 65 69 73 77

Ultrabasic | Basic IIntermediate | Acidic
45 52 63

Sio2 wt%

Further subdivisions of shaded fields

Trachyandesite

. . Trachy-
Basaltic trachyandesite andesite
Basaltic
trachy-

I‘rachy-mdesne

basalt

Trachybasalt

Na,0-2.02K,0 Hawaiite  Mugearite Benmoreite

l

Potassic ~ Shoshonite  Latite

Na,0-2.0<K,0 trachybasalt

Classification of volcanic rocks
Intermediate volcanic rocks classified based on the
variation in alkali oxides

41 Shaas N Hamdan

Diorite: Andising. * guartz & K-feldspars

RIS T

\ T g Y _EA T Tyl
“» Monzonhitejfound in subductionzo e

. ? B id MY )
Plagioclase +prth‘dﬁ_’ase + biotite ﬁe hornbiende ",
o™ > B " - o N

A4

] ] | |
0 200 400 600 800
Hoarizontal distance, km

Thermal structure beneath offshore island arc
Subducted plate has T less than overriding plate
because the subduction rate is faster than conduction
(thermal movement which move in conduction or
convection)

T are high in the Arc region due to volcanic activity

5.5 Subduction Zone & Related Rock
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Features of subduction zones in an island arc setting



e Most of the granite & granodiorite rocks
(batholiths) are located in subduction zones

e Partial melting occurs in these areas as a result of
the production of the fluids by the dehydration
reaction which penetrate the rocks & lower the
melting point of these rocks to get partial melting
of wedges, oceanic crust, metamorphic &
sedimentary rocks, to get different types of magma
(different melting source =2 variation in rock type)

\EF{E] Sources

Partially melting of a Mantel wedge ]
Completely melting of oceanic crust . ( '\

€N
LUEERIEIER Melting of <40km within earth e The difference between subduction & hotspots
Partial melting of Oceanic crust cause of partial melting
— Part!al melt.lng ot il wedge » Insubduction zone due to hydrothermal fluids
Granitic Partial melting of shell (Clay minerals) > In hotspot due to decomposition (lowering P)
(felsic) - quartz & feldspar melting to S L— , . : ;
produce magma (batholiths) 3 -
10t ’ )
o . .. ’4’
K-CA . .e ot o
—» C & CA>| [ ACDH—-AD> Alkaline . 3 ~ o
3 P | 8t . 3 - s~ °
0 1 q‘ S - e ‘. * 4” .
: l ' l 1 Oceanic lithosphere f I . % °3 s S 1
100 I l 4 s L Nssles '
_______ : : 2 U .'~o’3‘: "n -
R > .- & O ) . :: :.. //. %
200 | I - 4 f .:.' -". o 4/ s s ® o
: L RS
g£30F I - 2t B, oo 4 Y
§- Oceanic lithosphere I /":"' - Subalkaline
400 # ———————————————— T 1 1/ 1 | 1 .
A . N\ 35 45 50 60 65
~ ~ %Si0,
500 \\\ “a -
. e Classification of igneous rocks into alkaline &
| | | | .
0 200 200 500 300 subalkaline
Distance, km

Relationship between depth of melting to the location of
various igneous rock types

Mantle
derived
basalt

e subduction zones are characterized by rocks that

formed at low T & high P & contain Glaucophane
(blue), lawsonite, & geodite (green), such as blue
schist & ophitic rocks

Lawsqp’ifé%‘i’neiblué’s‘chi’s’t_f § -~

.

Classification of subalkaline rocks



- Calc-alkaline
I Tholeiitic + calc-alkaline

r~ Volcanic front

Boninite
Asnukitoid
:GELGES

Intermediate
rocks has high
Mg# & SiOZ

Backarc basin

Mantle lithosphere
ﬁm

Asthenosphere

5.6 rocks of the continental Margin

Continental margin: is the site of sediments

accumulation, metamorphism, & magmatism

> Places of continental accretion

2 type of margin : Passive & Active Margins

» Passive margins: such as Americas-atlantic
margins, normal fault without trench

» Active margins: such as Pacific-Americas, with
active subduction

There are similarities with island arc magmatism, &

differences arise from the crust mantle interaction

in the case of the latter

5.7 Ophiolite Sequences

Suite: A different rocks linked to the same source
of formation (genetic relation)

Ophiolite: a peculiar assemblage of ultramafic
rocks, gabbroic rocks, sheeted dikes & pillow lavas
overlain by a thin cover of sediments

An ophiolite: section of oceanic crust & upper
mantle that uplifted & exposed to the surface
Most of ophiolite rocks have superficial texture
Ophiolites formed in the back arc basins above
subduction

Volcanic arc
Forearc basin (Sea level) S

Trench

Mantle lithosphere

125-150 km

Melage: mixed zone of fractured & deformed rock

formed in subduction zone due to compressional
-1
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- Calc-alkaline + sodic-alkalic

‘rom: Dilek e Flower (2003)
seol. Soc. London Special
‘ublication, 218, 43-68

. Tethys-derived

ophiolites

~ . Tethys suture zones
v

s

' Depth, km Lithology

Interpretation

(Sce Table 8-1)
Sediments FITG 0 (F) Layer |
Pillow lavas Extrusions (E)
Layer2
Sheeted dikes 4
and Intrusions
dike breccias (D)
Gabbro l Layer3
" —
A”‘;c"‘l’:‘;“;m:: Geophysical Moho =
Clinopy ite, Chromi Petrological Moho
N ‘/ IS
£*%%1
/N1 -
\N?
Ly Mantle
Harzburgite /1~ ,Y | Depleted mantle
\’1rs ®
123,/
Lherzotite [ 2 - %
" :f:‘;l'.“ SiNa1y 4 Primary mantle
mphi e r)f.".' oIl R o T =
Greenschist R

Phyllite

Sequence of rocks found in the island ophitic

5.8 Turbidities

Turbidities: are syntectonic sedimentary deposits
originated by deep submarine turbidity currents,
especially in foreland basins, in tectonic setting of
convergent margin (active)

Turbidite: is a sequence of layers that consist of a
grano-classified set of sandstone strata/pelitic
sediments, generally in fining-upward that were
deposited by turbidity currents & covered by hemi-
pelagic pelites containing deep-water fossils
alternation of calcareous clay & marl are classic
example of Flysch, i.e. classical turbidite sediments

Oceanic crust equivalent:



~

5.9 Continental intraplate
magmatism (magmatic Arcs)

e Huge batholithic provinces of Earth occur on the
continental side of the subduction zone at the so-
called Andean-type margins

e Magma generation in these areas are almost
similar to the islands but the differences is:

1. interaction & magma differentiation is more
complex due to the interaction with the
continent (i.e. magma mixing, assimilation etc)

2. more complex diversity

3. plutons more abundant

4. Thickness of continental crust varies

e Continental intraplate magmatism & volcanism
produce:

1. Continental flood basalts, such as aLill 5 s

Continental rift assemblages

Bimodal volcanism, most important feature

Layered basic & ultrabasic intrusions

Ultrabasic suites: include komatiite, kimberlite
6. unusual array of alkaline & anorogenic granites

e Why is there a Bimodal activity?

4eldi )Y 25 W asthenosphere J! &si mantle blume gdais

east African rift system (EARS) Jie 3_ll extension s

partial <isas crust ) b 4 iy normal fault Gasy

ool Alee  cmlays mafic magma @i melting

Jl Adhie cpaid e Jaad 35 al) 38 5 exothermal process

Lasi s partial melting ddeal i L s 5 lower crust

(carbonatites magma 0sS5 O)) (Saass) felsic magma ke

felsic 0sS5 Sl s mafic magma 3l caas Wiy deasdl 4

e Carbonatites magma: Formed due to liquid-liquid
impeccability, & it's the coldest type of magma
(500 — 600)°C, There is an active carbonatite
volcano in Tanzania/Africa

vk W
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Ankerite Galena
Siderite Sphalerite
Strontanite Oxides-Hydroxides
Bastnésite (Ce,La)FCO,) Magnetite
* Nyerereite ((Na,K),Ca(COx).) Pyrochlore
* Gregoryite ((Na,K)CO:) Perovskite
Silicates Hematite
Pyroxene limenite
Aegirine-augite Rutile
Diopside Baddeleyite
Augite Pyrolusite
Olivine Halides
Monticellite Fluorite
Alkali amphibole Phosphates
Allanite Apatite
Andradite Monazite
Phlogopite
Zrcon
CaO
Carbonate
magma
composition &
classification

Mg0

50 FeO+Fe,0,+MnO

Carbonate magma with Pohoehoe structure

- .
.
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Questions

Q1 : Defined the following

A.

mooOo®

Oceanic Tranche
Suite

Continental margin
Ophiolite sequence
Turbidities

Q2 : Complete the following

A.
B.

Q.

the most active parts of the Earth
No any subducted (such as Alps, &
himalayas mountains) are exampleof
crust formed by all types of
rocks from all categories but the dominant
rock is granite rock
The deepest area in the oceanic flooris
are by far the most abundant rock
in the arcs (e.g.Indonesian & Philippine)
Tje Andisitite rocks that have high Mg#
(found in island arc) are produced by

from basalt
Intermediate volcanic rocks classified
based on the variation in oxides

Most of the granite & granodiorite rocks
(batholiths) are located in

Partially melting of a Mantel wedges or
Completely melting of oceanic crust
produce magma

Partially melting of <40km within earth, or
of Oceanic crust or of mantle wedges
produce magma

Partial melting of shell (Clay minerals) -
quartz & feldspar melting to produce
Subduction zones are characterized by
rocks that formedat  T& P

. Subduction zones are characterized by

rocks that contain , , &
(Hint. Minerals)

Subduction zones are characterized by

rocks such as &

Most of ophiolite rocks have _ texture

syntectonic sedimentary deposits

originated by deep submarine turbidity

current, in , &

Alternation of ___ are classic example of

Flysch, i.e. classical turbidite sediments

Q3: Explain the following

A.

B
C.
D

Wilson’s cycle

differences between island & volcanic arcs
The island arcs take the arc-shape, Why?
earthquakes occur at subduction zone

Shaas N Hamdan

Q4:

—zTom

The major source of magma in volcanoes
near subduction zones

Subducted plate has T < overriding plate

T are high in the Arc region, Why?

Partial melting occur in subduction zones
There are different types if rocks near
subduction zones, Why?

Choose the correct answer

A.

The regions of island arc is

1. WN-America 2. WS-America

2. Andisitite line 4. Ring of fire

5. All of the above

Island arcs such as Japanese, indonesian,
aleutian, are example if

1. Oceanic-oceanic convergent

2. Oceanic-continental convergent

3. Continental-continental convergent

4. Any subduction zone

Oceanic crust form mainly from

basalt (near MOR), & _ (above hotspot)
1. Calc-alkaline, tholeiitic

2. Tholeiitic, alkaline

3. Alkaline, Tholeiitic

4. Non of the above

First step in formation of continental crust
1. Hot spots activity

2. Mantle plumes activity

3. Volcanic islands arc

4. Island arcs

Tholeiites basalt in island arc are different
from the MORB by

1. More Al (Al;03>16)"high alumina basalt”
2. More Ca0O

3. More Alkali elements

4. All of the above

diagrams for the common rocks of the
subduction zones is called

1. James Hutton 2. Harker variation
3. Plutonic 4. Volcanic

Rock contain (51 — 56) wt%SiO, where CaO
= [K,0 + Na,0], classified as

1. Alkalic 2. Alkali-Calcic
3. Calc alkaline 4. Calcic
found in subduction zone

1. Alkalic 2. Alkali-Calcic
3. Calc alkaline 4. Calcic

Found in the Mid-Oceanic ridge

1. Alkalic 2. Alkali-Calcic
3. Calc alkaline 4. Calcic

Have high feldspar contents

1. Paraluminouse 2. Subluminouse

3. Paraalkaline 4. Matalumiuse
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K. Ophiolites formed in the
1. back arc basins above subduction
2. For arc basins below subduction
3. Above hot spot
4. All of the above

L. Carbonatites magma Formed by
1. Gravitational settling
2. Filter pressing
3. Fractional crystallization
4. liquid-liquid impeccability

Q5: T/F
A. Convergent Plate Boundaries

margin) where 2 lithospheric plates collide

B. Volcanic arcs (e.g. Andes, &

mountains) are example of continental-

continental convergent

C. Volcanic arc farthest from hot spot is the

newest island

D. Island arc farthest from subduction zone is

the oldest island

E. In the subduction zone, volcanoes occur

above subducted plate

F. High heat flow is the region of for arc

basins (toward tranche)

G. The rocks inisland arcs vary from high Mg
tholeiitic basalts to strongly differentiated

dacite & granodiorite

H. The graph of distribution of rock type in

island arc is bimodal

I. Alkali calcic & alkalic found in the

continental crust

J.  Carbonatites magma is the coldest type of
magma (500 — 600)°C, There is an active
carbonatite volcano in Tanzania/Africa

Qe6: for each of the following

A. Write the most abundant rocks in island

arc (From the most to the least)

B. The major difference between subduction

& hotspots is
C. 2types of continental margins

D. Magma generation in intraplate areas are
similar to the islands but the differences is
E. Continental intraplate magmatism &

volcanism produce
F. Why is there a Bimodal activity?
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Chapter one
Q1

Is the study of rocks, or explanation or
understanding of rocks & Their formation
Naturally occurring, mechanically formed
aggregates of minerals or mineraloids, some with
interstitial fluids, & most consist of several
different minerals
molten or partially molten material, most of them
consist of minerals, rock fragments, fluids, & gases
Fine-grained borders against rocks, producing
because the rock near dike or cell are cooler than
dike, so the rocks cooling rapidly at borders &
slowly in the center
Loose materials accumulate in layers to produce
sedimentary rocks
Huge igneous body, most of the batholiths have
granitic composition
Transitional rock between igneous & sedimentary
rocks, such as Tuffs (volcanic sediments) that
classified as igneous rocks but consist of layers
Transitional rock between metamorphic &
igneous rocks, outcrop-scale mixture of light &
dark rocks, represent the onset of melting in crust
at high-grade metamorphism
Rock that formed by solidification of magma
Rock that formed by consolidation of sediments &
accumulation in layers
Formed by preexisting rocks by changing min-
eralogy, structure, or chemical composition of
rock in response to marked changes in T, P,
sharing stress, or chemical environments below
the zone of weathring & cementation
Machanically formed fragments of older rocks
that has transported from their source &
precipitated in water
Rocks formed by precipitation in solution
Rock consist of organic remains, from organism
that lived in the past (animal, plant)
Transitional zone, Rock exist in one or another of
the categories due to historical precedence or the
bais whim of the classifier
Q2

B. Magma

D. Igneous, sedimentary

F. Migmatite,Pyroclastic

A. Geosphere (litho...)

C. Aqueous

E. 200°C — 700°C

G. Layering or stratification
Q

If the magma reach the surface, it cools fast, &

there’s no time for it’s ions to be formed in a

regular order to make crystals, But it hardens

randomly to produce glass (solidified)

Because we study geosphere which consist of

minerals & rocks, petrology occupies central

position between earth’s science

I
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(& Limestone & marble composed of Ca-carbonate,
in the simple composition the ions rearrange
during metamorphism to produced rock with
same composition but with larger crystals so
limestone metamorphosed to marble (coarser)
with same composition

Granitic magma have higher viscosity

Regional metamorphism (high-grade metam.)
occur near subduction zone where different plate
move in different direction, so the stress isn’t
equal in all direction

AT B. F (increase)
C.T D. F (structure, texture)
E.T F.T

G. F (Basaltic at ridge, & granitic in the continentals)

1. Characteristic shape: dike, veins, stock,
batholith, laccolith, laccolith, lava,volcanoes

2. Lack of fossils or stratification except for
pyroclastic rocks

3. Chilled : fine-grained borders against rocks

4. Thermal effects on adjacent rocks

5. Found in Precambrian & orogenic terranes

6. Cross-cutting relationships

1

2

. Sorting & stratification
. Characteristic shapes : mud-cracks, ripple
marks, cross-beds
3. Wed spread & interbedded with known
sediments
4. May be consolidated or unconsolidated

U-I .

. The shape may be characteristic form delta,
river, drainage systems

. Distorted pebbles, fossils, or crystals

. Parallelism of planar, & elongate grains

. Located adjacent to igneous, occasionally

. Rock cleavage related to regional structures

. Progressive change in mineralogy

. Some rocks composed of interlocking grains

NOoO U w N

H Porphyritic, glassy, vesicular, amygdaloidal,
graphic, pyroclastic, interlocking aggregate

E Fragmental, fossiliferous, oolitic, pisolitic,
stratified, interlocking aggregate

n Brecciated, granulated, crystalloblastic, hornfels
Bowns series (olivine, pyroxene, Amphibole,
biotite, muscovite, anorthite, Labradorite,
andisine, oligoclase, alpite, Sanadine, microcline,
orthoclase, anorthocalse) & peldspethoids
(Leucite, & Nepheline) & related minerals

n Quartz, chert, clays, carbonates (calcite &

dolomite), Anhydrite, Halite, Gypsum
' Amphibole, Andalusite, Epidote, Feldspar, Garnet,

Graphite, Kyanite, Sillimanite, Micas



Chapter Two
Q
Adding new components (mass) to the earth by
meteorites bombardment

E The boundary between 2 earth’s layers such as

||

moho boundary between crust & mantle
(& Law velocity zone, below the lithosphere, major
source of mgma, & consist of UM rocks & have
little volume of interstitial melt
Is the igheous body, move from the hot outer core
I by currents (from lower to a higher level) &
originating near core-mantle boundary
Is the cycling of magma in mantle toward the
I surface as cooler mantle sinks, is the primary
mechanism by which heat is transported from the
interior of Earth to the exterior
ﬂ Changing in T with depth (3.3°C/Km)
E Part of the oceanic lithosphere Rich surface by
abduction process
Q
Asthenosphere (mantle), lower continental
crust(lithosphere), 640Km discontinuity
Meteorites bombardment
(& Xenolith, Xenocrystals
Moho boundary
50Km — 100Km, 250Km depth
2.8g/cm?
Moho boundary
250 km (the crust & upper mantle)
Liquid
P-wave
A-olivine, B-Mg,SiO, (wadsleyite), spinel, MgO +
perovskite
|8 Linearly, exponentially
Convection currents (mantle convection)
670km depth
Mantel Plume
Volcanic islands
Decreases pressure, extension process
Granitic (batholiths)
Mineralogical Transitional Zone
Q3

I

>

Due to little volume of interstitial melt

1.Seismic evidence shows that at least some
subducted slabs probably sink to the vicinity of the
core-mantle boundary

2.Mantle plumes are originating in this area
Magmatic processes result in move of the large
cation from the mantle into a crust, so crust are
rich in the radioactive elements that increasing T
The outer core composed of other elements than
Fe & Ni such as S & Si which decreasing melting
point of the solution
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Because granitic magma consist of low T mineral
like quartz (unstable in the mantle)

Basaltic magma has the same p as surrounding
rock at depths 100 — 150 km (30-45kbar)
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F —> liquid state (melt)

F —> solid & liquid

F —> higher than continental lithosphere
T

F —> mafic magma

T

_|

F —> norite composed of Opx, & gaproo Cpx

1. Geophysical measurement (gravity,

magnetization, seismic wave)
Study of the meteoric composition
Experimental petrology
Study of the cross section in the lab
Study of the xenolith & xenocrystals
New techniques: computer Simulation
Heat that stored in Earth by accretion (adding
nwe components to the earth by meteorites
bombardment) from 4.5Ga
LAIL (large ions lithofile element): radioactive
elements
Fractional heat generate
Mid-oceanic ridge
Subduction zones
. Hot spots (&mantle plumes
0, 45.2%, FeO 8.48%, & MgO 37.48%, (91.2)
Increasing in fluid such as H,0, & CO,
Decreasing load pressures
Q7
G.olivineorthopyroxenite
H. Websterite
I. Olivine Websterite
J. Lherzolite
K. Wherlite
L. Harzburgite

(Sl eSS

A. Peridotite (>40%0lI)
B. Pyroxenite (<40%0l)
C. Dunite (>90%0I)

D. Clinopyroxenite

E. Orthopyroxenite
F.olivineclinopyroxenite

GGoce(s00- 1000) = (1000-500)/(100-25) = 6.67°C/km
GGeon(s00- 1000) = (1000-500)/(120-35) = 5.90°C/km
GGoce(1000- 1500) = (1500-1000)/(420-100) = 1.6°C/km
GGcon(moo. 1500) = (1500-1000)/(420-120) = 1.7°C/km

Norite (P, Ol, pyroxene), harzburgite (Ol, Opx)

Q10
Moho boundary, becouse the upper rock is felsic
(granitic, continental crust) & the lower is ultramafic
(composed of Ol & Pyroxene)



Equilibrium relationships of minerals & melts
described graphically by phase diagram
(Homogeneous part of a system, that can be
mechanically separate from another, & can have
either a fixed composition or a variable)

Number of decreasing in freedom, the max.
number of variables of a given system which can
be changed independently without changing the
state of the system

Rule that Relates number of components to the
number of phases to T-P variation

A geologic system (rock or magma) is in state
where there is no driving force for change
Verticalline on diagram represent composition
Horizontal line on the pinary diagram represent
Temperature

The point where 2 liquidus line intersect with
solidus line (represent min. crystallization T)
Called reaction points, liquid can leave it as
cooling proceeds, moving down the liquidus to the
eutectic point, where we have Icongruently melt
The early formed mineral phases separated from
the magma & the remaining magma enriched in
the low T minerals due to preferential cooling of
the boundaries of the magma chamber: roof, side
wall, & floor

Fundamental tools used by any scientist deals
with molten materials to illustrate crystallization
& melting

Is the process by which particulates rise to the
bottom of a magma due to gravity, important
operation in many applications, such as mining
(Ores are formed by separating minerals)

Fluids that transported & milting some rock, &
carry ions, & when the T of fluids decreases
precipitate the ions to form rocks, such as water &
carbon dioxide

We can get different rocks or magma composition
from parent magma

Separation of crystals from melt, lead to magma
differentiation

2 melts controlling mineralogical of the
crystallization of the magma, is the process
responsible for the production of rare magma
such as carbonite & sulfate magma

By Hutton, the present is the key to the past
m Composition at any given time

Q2
¥ Plutonists

B Komatite
J. Hutton

800°C — 1200°C

E Fine-grained, coarse-grained
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Olivine

Si** + Na* <> AI3* + Ca?*

Physical condition(T,P), new equilibrium state
Components

Phases

A spontaneous attainment
Components

Metastable

Pressure, Temperature
1.5%VolH,0, 3%VolH,0, 6%VolH,O
Isothermal, isobars diagram

Filter pressing

Garnet & amphibole, phlogopite

E Phlogopite
3

.30 Due to presence of several different minerals
T of lower continental crust is > oceanic
Due to solid solution series (substitution)
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A. F: basalt is mafic B.T

C.T D. F: each mineral phase
E. F: less than or equal F.F

G.T H. F: fractional melting

I. F: you can see

Study of Oldest rocks, & active volcanoes
1. observations in field (mineralogy, texture)
2.laboratory studies (thinsections, minerals)
3.analyses of chemical compositio
1. Load P (lithostatic) : P of rock, increase B.P
2. Fluid P (H,0, CO,) : decreases Boiling poin
Fractional crystallization, Liquid impeccability,
Rock assimilation, Magma mixing, & Degree of
partial meltin
1. Water goes deep into earth, heated by GG
2. Water that separates from the magma during
magma differentatio
1.Enstatite(Mg,Si»04)-Forsterite (Mg,SiO,)
2.Quartz-feldspathoid (leucite, nepheline)
1. Eutectic point (min. crystallization point)
2. Peritectic point (reaction point
Marginal  accretion, Gravitational
Convection flow, Filter pressing
Density There is no differences in densities
between minerals in felsic rocks
Viscosity granitic rocks has very high viscosity

Q7
Binary congruent system, no
liquidus line, A & B
C
G: solid, E & F : solid + melts

settling,



1510°C, 1247°C

Start at H, & end at J

Mafic or intermediate because pyroxene, Ca-
plagioclase is intermediate or mafic minerals

3 phases (An, Di, An + Di)

The solidus T (or eutectic point temperature)

1 kbar, 1410°C, 2 phase 27.8%solid (100%An) &
72.2%melt (90%An, & 10%Di)

n Binary congruent system, yes
A. Melt, B. Melt&crystal,C.Homogenies crystal

F=C-0+1=1-2+1=0
1500°C, 80%An + 20%Ab

Olivine & pyroxene systems

1 homogenies mineral (plagioclase)
AB* + Ca?*¢> Na* + Si**

Mg2+ PAEN Fe2+
Perfect substitution, because Mg & Fe have nearly
same atomic volume, charge & electronegativity
Becouse olivine is stable in mantle
7100 Apssty bl (g ¢ 3 e allay @lly (Y
Due ro type of substitution
Q10

J s & ckﬁﬁ_, solidus J) b gha 1w oLl ddlal dic
' minimum crystallization point J Jsiis solvus
J @yl Jadii Laily uilatie e OS5 U eutectic
Jliy Lkl (4 U=l lear e anorthite & alpite
Laidls il HlaY) oda A anorthite J! OIS 1315 zoning
Apand alatia ye (IS 13 Ll normal zoning 4sens Lalsiia
Lidsin elall (0 508 S 2 a5 Alla 8 Wl oscillatory
s granitic bigmatite J Jaa gy 1S daghadll
J e sl L Al a5 very coarse grained granite
cod g3m L e fluids J) dss 4 ¢S5 13 granitic

5mS Gl sk o S8 il ) AS s
Granite: because consist of K-feldspar (orthoclase)
& Na-feldspar (albite)
Minimum crystallization point, at this point melt +
homogenies solid exist, but at eutectic point
eutectic melt + 2different solid exist
The line between homogeneous crystals
(subsolvuse) & heterogeneous (hypersolvuse)
Perthitic texture
Antiperthitic texture
A fluid S () it 2 feldspar 43 2 s granite Las 5 13)
hydrothermal solution 1 xas GS 43 (gl 3 S 43 ailS
Jie At ) Galaall (A Led lSe Y Galaal Ledany el ()

gemstones, silver, gold..
Ql1

Peritectic point, Eutectic point
50%VolFo (solid)
50%Vol peritectic melt (rich in silica) with
composition 37%Qz + 63%Fo
Enstatite (Opx) <> Forsterite (Ol) + Quartz
Mg,Si206 = Mg,SiOa + SiO;
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v

W 1880°C
Degree of partial melting (for melt)

Ox | An DI acolid | 17% | 35% | 100%

SiO; 43.2 555  44.43 49.7 | 466 444

Al,Os | 36.7 | 0.00 & 32.99 17.2 26.9 33.0

Ca0 20.2 259 | 20.73 23.2 21.8 20.7

MgO | 0.00 186 1.860 9.87 5.12 1.86
Q13

46.6 47.8  49.8 46.1 @ 45.9
10.5 10.8 185 619 68.5
23.8 23.2 158 241 226
19.1 184 16.0 194 19.3

Q14
Filter pressing: The early formed mineral phases
separated from the magma & the remaining magma
enriched in the low T minerals

Due to preferential cooling of the boundaries of the
magma chamber: roof, side wall, & floor
Q15

n F: liquidus, G:Solidus
P: Perthitic, E: Eutectic
If we heat sample that tack place in D, result is
homogenies liquid composed of silica & Fo, &If we
cool this sample at the solidus another liquid
(eutectic) & a solid will be created

If we heat the sample that tack place in E the result
is homogenies liquid composed of silica &
forsterite, & If we cool this sample solid mineral
will be created, with same composition
Az: 25.9%s0lid(100%Fo) + 74.1%Peritectic melt
(80%ENn+20%F0), As: there’s one solid phase only
100%solid with comp. (60%En, 40%Fo)
T=1757°C
71.0%Si0,, 29.0%MgO0
7/ 45.5%Si0,, 54.5%MgO
The composition start to change by changing T
(melt & solid proportion changes & composition
of melt change)
[ER T =1900°C (T of melting pure forsterite)
Ql6
kind of layer: Rhythmic layers

name of complex: Bushveld complex

name of rock: komatite-Anorthite (intrusive rocks)
processes led to layer: 2 possess, 1st gravitational
settling (separation of minerals depend on Ap) & the
2nd is filter pressing (separation by preferential cooling

of the boundaries of the magma chamber)

where did it originate: within the earth (intrusive)



Chapter Four

Q
Elevated areas in the oceanic floor characteristic
by high heat flow & volcanism
Is the deep-down-faulted structure near the axis
of some ridge
Is the area of volcanism, high heat flow, & crustal
uplift, related to mantle plume
OR are volcanic regions underlying mantle that is
very hot compared to the surrounding
Basaltic magma constantly added to the oceanic
floor at MOR & then transported away from ridge
until return to the mantle at trench
Is the magma Chanel, near intercontinental rift,
produced by P generated from partial melting at
the surface of mantle blume
Made of OIB, formed due to rising magma from
blume, & transported away from hot spot due to
drifting of plates forming arc-shaped islands
Rate at which the plates move away from ridge
Is the chemical parameter, used to distinguish
between basalt types
At the subduction zone, the ocean is closed due to
abduction (the process of exiting part of the
Mantel & the oceanic crust over the continent) &
this process facilitates the study of the M & UM
rocks, called ophitic sequence such as Jee/Jilas
Called Blake smoker, Stalagmite-like columns of
sulfide & unique marine animals (surround vent)
Chemically distinct range of magma compositions
that describes the evolution of a mafic magma
into a more evolved (silica rich end member)

Q
Garnet Iherzolite, serphentine Iherzolite
Xenoliths
OIB
120°, same P in all directions (or tension f)
Normal Fault
Intercontinental rift, back-are basin
Spreading rates
Slow spreading ridge
Fast spreading ridge
Fast
Chert (microcrystalline quartz)
5 Gabbro
Alkali basalt or tholeiitic basalt
Pillow lavas
Ophitic
Shells of microorganisms (radiolaria, foraminifera
Radial cracks
K20
Olivine, Augite (Cpx) & plagioclase (anorthite)
11 | Dissolved ions (such as oxides & sulfides)
Less oxidized
Hotspots, Volcanic islands
1 Shaas N Hamdan
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m Seamountains
Q

“ information about high P melting process
As plume originate at the Mantel-Core boundary,
the confining P decreases which result in partial
melting (Upwelling), & melting produce P under
continental crust which upwarping, & thinning, &
Finally divided into 2 crust which move away from
each other forming new ocean (in between) such
as red see & EARS
plume originate P below new oceanic lithosphere
& P is equal in all directions, so the crust is
exposed to equal tension forces that lead to
formation of triple junction, The Domal structure
will formed due to rising magma
Limestone (CaCQs) is stable at high Ph (> 7.8), but
deep in ocean (below CCL), the Ph is < 7.8 (Alkali)
The upper part of magma chamber is molten & the
lower is Mush, Gappro crystallizes from it & part
move to the oceanic crust via dikes forming lava
laid clall lgiwadle Ao il mhall daa; e
& @2l magmad) 255 Chilled ¢Sy > Leadaw
pillow JSu s g 7 Haiu peall Ol g) sheets ) duadi s
Because the border near source of magma crystals
more slowly than at the far end
Center of basaltic flow = less vesicles
Seawater penetrates oceanic crust > heated by
magma or hot rock = dissolve surrounding rocks
& carry ions = as the water return to ocean form
smoke
Sg P oJi AY e On pedll JE e
sle thioliitic magma ¢s4d 535 W decomposition
L3l 5 AL K50 AaaS (5 5ini Ll (3 e S 5 ridge I Jshe
less oxidized

>
[y

B.1 C.1 D.4 E1 F.2 G.4 H.3
.2 J1 K1 L4 M3 N3 0.4 P.1
Q.2 R1 Ss3 T.3 U3 V.3 W.3

AT B. F (15t major type)
C. F (one isn’t active) D.T

E. F (inverse proportion) F.T
G. F (solid + magma) H. F (Tholeiitic series)
I.T JL.T

“ Gappro, & then Basalt (in form of MORB)

MORB: Formed near mid-oceanic ridge

OIB: partial melting in the upper surface of a blum
(&8 Remote sensing & depth sounding instruments
Tholeiitic magma series, & Calc-alkaline series
High T of magma, & the viscosity is very law

In hot spot

1. Source of a magma is deeper (150km,blume)

2. the degree of partial melting is less (<10%)

3. most of hot spot magma alkaline (K,0 > 1%)



Chapter Five
1
Is the deepest area in the oceanic floor, formed by
Oceanic-oceanic convergent
A group of igneous rocks associated with its
origins (genitic relations)
site of sediments accumulation, metamorphism,
& magmatism (Places of continental accretion)
a peculiar assemblage of UM rocks, gabbro, pillow
lavas, & sheeted dikes overlain by a thin cover of
sediments, as uplifted & exposed to the surface
is a sequence of layers that consist of a grano-
classified set of sandstone strata/pelitic
sediments, generally in fining-upward that were
deposited by turbidity currents & covered by
hemi-pelagic pelites containing deep-water fossils
p
B.Continental-Continental
D. Oceanic tranche

||

H

ok, WNE BW

A. Active margins
C. Continental crust

E. Andesites F. FC, mantle basalt
G. Alkaline H. subduction zones
I. Mafic J. Intermediate

K. Felsic (granitic) L. low, high
M. Glaucophane (blue), N. blue schist & ophitic
lawsonite, geodite (green) rocks
O. superficial P. forarc, & active margin
Q. calcareous clay & marl  R.
Q3
Continental drift = formation of the oceanic crust
(at MOR) & volcanic arc (hot spot) = formation of
continental crust (subduction zone) & islands arc
(proto-continents) = collision of continental crust
(mountains & close ocean crust forming ophiolite)
Arc Location  Age & note
Hot spot closest to the hotspot is
arcs (plume) the newest
subduction All have first step to
zone formation of the

same !
continent (proto-
s continents)

(@]

Due to the curvature of the earth

Due to the roughness of a plates that slide under
each other (not smooth)

subducted plate partially melted to produce
magma in the volcanoes above overriding plate
subduction rate is faster than conduction (thermal
movement)

T are high in the Arc region due to volcanic activity
the production of the fluids by the dehydration
reaction which penetrate the rocks & lower the
melting point of these rocks to get partial melting
of wedges, oceanic crust, metamorphic &
sedimentary rocks

Due to different melting source (mantle wedges,
oceanic crust, metamorphic & sedimentary rocks)
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A.5 B.1 C.2 D.4 E. 1 F.2

G.2 H.3 .4 J.1 K. 1 L.4
AT B. F (oceanic-continental)
C. F (oldest) D. F (all have same age)

E. F (overriding plate) F. F (back arc basins)
G.T H. F (Unimodal)
I.T JL.T

“ Intermediate > mafic > felsic > dacite, granodiorite
cause of partial melting
1. In subduction zone due to hydrothermal fluids
2. In hotspot due to decomposition (lowering P)
1. Passive margins: such as Americas-atlantic
margins, normal fault without trench
2. Active margins: such as Pacific-Americas, with
active subduction
1. interaction & magma differentiation is more
complex due to the interaction with the continent
(i.e. magma mixing, assimilation etc)
2. more complex diversity
. plutons more abundant
. Thickness of continental crust varies
. Continental flood basalts, such as sl 3~
. Continental rift assemblages
. Bimodal volcanism, most important feature
. Layered basic & ultrabasic intrusions
. Ultrabasic suites: include komatiite, kimberlite
. unusual array of alkaline & anorogenic granites
@25 L asthenosphere J) <3 mantle blume gdas
east African rift Jis 3 Gl extension Gasd aclds jY
J b 4 cud normal fault sy system (EARS)
mafic magma ¥ partial melting &5~ crust
5l all 238 5 exothermal process sl dalee aliay
s s Al g Jower crust J Al ppad e Jaad
(Kass) felsic magma leie Liii s partial melting 4ales!
carbonatites magma ¢S ()

~N

=

Q10
Ql1

Q12
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WEATHERING & SOILS

6.1 Introduction

Mechanical Weathering
Exfoliation: as the batholiths rises to the surface, P

decreases so they are cracks parallel of their surfaces
il 1585 small scale Laaa jiual abual Lileal) 032 ciaa 13
o) day sal) adalll Jyga3 A 9 spheroidal weathering 3_aUal)

MJQMQA&MJLJH

ba,i5 4BUa ) zUal) metastable ¢S5 S AN gduall oda

54

(LAY g o Jal

Exfoliation term used to describe sheet joints that

resemble the curved surface of an onion

Weathering: is the breakdown of rock materials

into smaller pieces

» important in generation of soil, & sedimentary
rocks which cover > 80% of surface

6.2 Soils & Sediments

Sediment originate as detrital particles & dissolved
solid which produced during weathering, then
eroded & dispersed by water, wind, glaciers, &
mass flows across surface to be deposited as
detrital, & biochemical to produced soils

Shaas N Hamdan

Topsoil — matter ———{ |7 .

Subsoil— of clay

Soils: one of the major product of the chemical
weathering & important in the liking inorganic with
organic world (lithosphere with Biosphere)

Soil horizons & profiles

O-horizon
loose and
partly decayed
organic

A-horizon
mineral matter
mixed with
some humus

E-horizon
light-colored
mineral
particles; zone
of eluviation
and leaching

B-horizon
accumulation

transported
from above

C-horizon
partially
altered
parent
material

Unweathered
parent
material

Horizons: Layers of soils produced by weathering
O-horizon upper portion of soil, characterized by
organic material

B-horizon (zone of accumulation / illuviation)
C-horizon: is the interaction regions, moderate
weathered, slightly altered materials

6.3 distribution of rocks

Sedimentary rock make up 14% of continental rock
The most abundant component of the continental
crust is the granite (55%)




44.0°% Shales & siltstones
1 1 20.9% Sandstones & greywackes
Continental lithosphere S S
14.5% Carbonates
0.1% Evaporites
0= — - g — -
— R w\\‘ Sedimentary Rocks(14% U.C) l
g’;\\/\f—j‘\ SN Besnamema Sxropapidpten !
7\ —————— N M . °
K et ,\\Q’/»;‘;ﬁ\ IO Felsic Intrusives (50% U.C.)
3 g A ~N — o 5% Granites
ey et i R\ "Y\\" T 40% Granodiorites
g— J:i_‘ —d =T C :: 10% Tonalites
10 ‘V_ 1 ! \ \Y\~———-— /.:‘, : E Gahbl’Oﬂ |6l' l? (“'
%) a o Metamorphic Rocks (30% U. C)
15 \ \1 - = Low & medium grade
[ S 1 b 64% Gneisses
15.4% Mica Schist
17.8% Amphibolites £
2.6% Marble -
S
- g == -
l
o Felsic Granulites (61.5% L. C.)
7 t:; 50% Archean
’E M % Post-Archean
-
=~ E
@ X
B o v i s i
Q —: I S ———— B
o a
—
Mafic Granulites (38.5% L. C.)
X Y. Moho
Upper Mantle
e Basalt rocks don’t exist because they rise to the <«— 1m —>

surface & produce lava flow (due to low viscosity)

6.4 Weathering

e Weathering Vs Erosion: weathering involve the
breakdown of rock material in particular location,
erosion is the removal of rock material from a
location & transportation to another location

o Differential weathering: different rock material <dme
weather (or altered) at different rates Disintegration enhance decomposition by increasing the
e Weathering  processes  subdivided into surface area of rock fragments
disintegration & decomposition processes
« Disintegration (machanical Weathering) e Factors controlling rate of chemical alteration

1. Chemical composition: (Goldlich’s series)
Compounds with covalent bonding are less
soluble in water than those with ionic

2. Structural integrity: smaller grain size, &
presence fractures facilitate chemical attack

3. Crystallinity: Crystals lacking any defects are
more stable (K-feldspar more stable than
perthites, amorphous solids are easily
dissolved in water than crystalline silica)

breakdown of large , & more coherent rock into
smaller fragment with same composition
> generates an increased surface area for
chemical weathering
e Decomposition (chemical Weathering)
breakdown of rock, with changes in composition
e Disintegration more prevalent in cold & dry climate
e decomposition dominate in warme, wetter climate
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Halite
Temperature of  FEWNRRPHTS Resistance to
gwsmlllmtlon Calcite Weathering
High Low
Olivine Anorthite
Pyroxene
-
e
Bowen's Is related to
Reaction Biotite  Albite  Weathering
Series ‘ Resistance

Clay minerals
Aluminum hydroxides (gibbsite)
Iron oxides and hyrdroxides

High stability of quartz is one of the reasons why
it's the most abundant in sandstones &
gravelstones (conglomerates & breccias)

High stability of clay helps to explain why they are
the major constituents of mudrocks (shale)

High susceptibility of olivine to altration explain
why they are not found on Earth surface

6.5 Alteration & Decomposition

Silicate minerals are less stable in acidic
environments & less stable at higher T
Soils in semi arid climates tend to be basic, with

calcite accumulation in the B horizon, Those in
more humid climates are acidic because of the
growth & decay of organic matter (organic acids)

lons in solution

Radius | lonic lons in solution
A°*100 | Potential Z/r

i.
+

133 0.75 K* ag)
B o7 1.0 Na* (aq)
Ca> B 2.0 CaZ*(aq)
80 25 MnZ*(.q)
ol 74 2.7 Fe*(aq)
58 66 3.0 Mg?* (aq)
S 23 13.0 BO3* (aq)
il 35 14.3 PO (aq)
30 20.0 $042"(ag)
c* 16 25.0 CO32_(aq)
64 4.7 Fe(OH)s, Fe,0s(s)
51 5.9 Al(OH)s(
Mn** [l 6.7 Mn(OH)s,MnO5(
N 42 9.5 Si(OH)a, HaSiO5)
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lonic Potential = charge of ion/radius (Directly
proportional to the strength of chemical bonds, ion
that has more IP, goes to the structure first)

Major Product Of Chemical Weathering
Mineral Weathering Products

Quartz Quartz as sand grains
Feldspar Clay (Kaolonite) + K, Na, or Ca
Biotite Chlorite + Fe, or Mg
amphibol Chlorite + Fe, or Mg
Pyroxene Serpentine + Fe, or Mg
Olivine Serpentine + Fe, or Mg
Calcite Carbonate + Ca
Pyrite Iron oxide + Fe + sulphuric acid
> Kaolonite Al,Si,Os5(OH)s: major product of
weathering of feldspar, major mineral in shale
ila €l A satl) Y alae 4 3) sl
13) cudhall & Al s immobile elements J) <l 1
(i s S Anilis aa) e (ld IS a3l (IS
o~ JS5 Al sl 8 ol g Al i o1 (i 2
Si(OH)4(s) S Sid oils .3
H*4LabH J o)ls sl H,0 L0 d o)l .4
Orthoclase = Muscovite + dissolved silica
3KAISi3O0g+2H*+12H,0-> KAI3Si3010(OH)2+6H4Si04+2K

Muscovite = kaolonite
2KA|3S|3010(0H)2 + 3H,0 + 2H*>> 3A|zS|205(0H)4 + 2K*

Kaolonite = Gibbsite + dissolved silica
Al,Si;05 + 9H,0 + 4H* = 2AI(OH);3 + 2H,4Si0,

Albite > kaolonite + dissolved silica
zNaAISi303+2H+9Hzo9A|25i205(0H)4+H4Si04+2Na+

Ferromagnesian minerals = hematite or goethite
ZFE(OH)?. 9 F6203 + 3H20 or FeOOH + Hzo

Mg,SiO, +4H* > Si(OH), + Mg**

Mn,SiOz + H20 - Mn(OH), + HsSiO4
2Fe?*,Si04 + 4H,0 + 0, > 2Fe3*,03 + 2H,4Si0,
Mn?*,Si03 + 4H,0 + O, > 2Mn3*0; + 2H,4Si0,

CO; + H,0 - H,CO; - [HCOs3]™ + H*

[HCOs]™ - [COs)*"+ H*
Halite: NaCl + H,0 > Na*(aq) + Cl-(3q) + H.O0
Calcite:  3H,0 +3CO; > 3H2CO3(aq)
3H,C03(aq) + CaCO3 > Ca?*(aq)+ 2(HCOs)'-

m = nMm : Clel jall dae Cilual

<ileld 4 5 endothermic @Sleld uaal ¢l siny) lad (e Ly j8
(3~ ) il ) #lias

Ferromagnesian minerals altered to chlorite (green,
stable to up 500°C)
Chert are produced from calcic acid (dissolved silica)
Sandstone & Conglomerates make up 30% of the
sedimentary rocks
Shales is most abundant sedimentary rocks



SEDIMENTARY CYCLE

7.1 Sediments & Sedimentary Rocks

e Sedimentary materials including soils, sediments &
sedimentary rocks, cover > 80% of earth’s surface
e Contain most of the fluid resources such as
groundwater, gas, petroleum
e Sediments are classified genetically, according to
the processes involved in their formation:
1) Detrital sediment: solid product of weathering
include gravel, sand, & mud
2) Organic sediment: solid products of organic
synthesis & precipitation
3) Chemical sediment: solid product of inorganic
precipitated from solution (mineral crystals)
4) Biochemical sediments: Chemical + Organic
e Lithification: set of processes that converte
unconsolidated sediments to sedimentary rock

7.2 Sedimentary Cycle & Deposition

Source area

Weathering
and
erosion

A simple
model of
sedimentary
cycle.

Uplift and
exposure
of source
rocks

Weathering & uplifting - Erosion & Transportation -

deposition - Diagenesis & lithification

e Deposition: accumulate of sediments on surface
o Diagenesis encompasses suite of low T processes,
affect sediments after accumulation (after burial)
» Include lithification compaction& cementation
e Stratification layering of sediments & sedimentary
rocks, One of the most striking feature
e Strata layers of deposited sediments
G Al Ry 2R o ikl dgag A cuudl e
e Thick strata (>1cm thick) are called beds
e Thin strata (< 1cm) called laminations or laminae
e Strata form when sediments come to rest on flat
surfaces (horizontal so at the time they form)
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e laminar parcels of flow move parallel to each other

in a well pattern, with negligible mixing

e Turbulent flow adjacent parcels of the flow move

in chaotic patterns, with random mixing

Turbulent flow

Laminar flow

Flow

depth

Flow velocity

Flow velocity

7.3 Type of bedding structures

e Ripple Marks: oblique layer, produced by
water current (dune, Asymmetrical layers ) or
oscillatory movement of wind (on beach area,
Symmetrical layers) prior to Lithification

spasanarnnomre e ’ o % -

Erosion /,_;

B N R AP

\Deoosmon Erosion

Ripples: Gentle slope in the direction of upstream &
steep slope in the direction of down stream

Equal slopes Waves
[\ -
Symmetrical ripples (beach)
Gentler Steeper &
slope slope urrent

Asymmetrical ripples (dune)
e Cross-bedding: strata inclined at an angle to the main
bed (wind or water), tangential layering

“UP” at time of
deposition

: ¥
Crrnt—

Sharp upper contact

Lee Slope
Flat lower contact




e Graded bedding: particle size changes from coarser to
finer, produced by Turbidity currents, Rhythmic layers

Formed by X
turbidity currents:

Faling mud cracks in the bed of overlying strata
b

- -
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DETRITAL SEDIMENTARY ROCKS
Detrital Sedimentary Rocks J

(pa.::izlu::lz e) Sediment Name Rock Name

Gravel

(Rounded particles)

~ Gravel
(Angular particles)

Coarse
(over 2 mm)

Sand

i (If abundant feldspar
is called Arkose)

Medium
(1/16 to 2 mm)

Fine
(1716 to
1/256 mm)

Very fine
(less than
1/256 mm)

Mud




SAND GRAVEL

SILT

Name Millimeters Micrometers (W)

4096 -12
Boulder
256 -8
Cobble
64 -6
Pebble
4 -2
Granule
2 s — — -]
Very coarse sand
1 0
Coarse sand
0.5 501 1
Medium sand
0.25 250 2
Fine sand
0.125 125 3
Very fine sand
—+ 0.062 —— —
Coarse silt
0.031 31 5
Medium silt
0.016 16 6
Fine silt
0.008 8 7
Very fine silt
0.04 ———— - 8
Clay
1) ) ‘ A
D = - logy 178 1M MMy, e shisa gl 0¥ lamal) 358 Aluaal) Al pall @ Gubiha aaing
most common rock s s shells I mud J Jsak s kaolonite I % 315 plagioclase s sisy Al granitic o« g 470 < mud J)
e The solid, inorganic components of residual soils e Fermability: rate of fluid movement in the rock,
are detrital sediments conglomerate has higher fermability & mud lower
e mineral fragments depends on: e Sorting: the variation in a grain size in a given rocks
1) Mineral composition of source bedrock SD 035 0.50

2) Erosion, Transportation, & Deposition rates

8.2 Gravel Size Rocks

Very well Well
sorted sorted

v ¥
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Very poorly
sorted sorted sorted

Sorting Depending on the standard diviation (S)
1. LowerS > Well-Sorting
2. Higher S = Poorly-Sorting
» % of a grains have size [1.5-2.5]®, so S =%
> Sis accepted as a measure of the SORTING
» Very poorly sorted formed by glaciers ( xdadl ¥
(Ao ) iy Sl 1 JB5 (o )38 5 codany A jay

e Transpiration of sediments
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PENNSYLVANIA

¢ o -
Bradford \

2550 %075 mm

The amount of erosion is a function of relief &
climate 1000cm/ka years
» Alps & Himalayas 100 cm/ka years
> average erosion in world high relief areas
50cm/ka in low lands cm/ka

Stream competence: the ability of the stream to
transport large particles
Oligomictic (monomictic) conglomerate consists
almost exclusively of one type of fragments
Polymictic conglomerates consists of a set of
fragment types
The composition of gravel (conglomerate) is a
function of several factors:
1. Lithology & climate of the area
2. |Initial size of the fragments
3. Transport distance
4. Grain size of gravel particles in conglomerate
To have a rock fragment in the conglomerate, the
rock should be exposed upstream!

Shaas N Hamdan

Weathering type may affect the proportions of the
minerals in the source

The initial size of fragments depends on:

1. the type of the source rocks

2. thickness of bedding

3. spacing of joints

Metaquartzite, cherts, & rhyolites are highly
durable during transport to the contrary of
limestones, schists, & shales

Conglomerates are very useful in determining
Provenance (source area)

The conglomerates in orogenic terranes (e.g. Alps)
contain components have low resistance to
weathering & transportation such as schist,
granites, limestones ... etc
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Polymictic

8.3 Sand Size Rocks (Sand Stones)

Sandstones are at least one order (10times) of
magnitude more abundant than conglomerates
Mostly used rocks for provenance studies

Shaas N Hamdan

e provenance studies are useful for reconstruction of
paleogeographic maps which show the outcrop
distribution of past like the present day geologic

Feldspars (microperthite)
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1. Monocrystalline grains (one crystalline)

2. Polycrystalline grains (> grain) are considered
as lithic fragments

e Sandstones properties:

1. Undulatory extinction

2. Elongate structure (metamorphic origin)

3. Grain size depending on grain size of source
rock (particular as source isn’t far from basin)

4. Monocrystalline grains are coarse grained
(which formed by granites)

5. can consist alot of components depending on
the rock type in the source area

Plagioclase with albite and carlsbad twins

“"i‘ 0

& polycrystalline quartz




Fine grained volcanic basic rock Coarse grained plutonic fragment

Common accessory minerals in sandstone
m Common accessory minerals
Igneous Aegerine, Augite, IImenite,
Chromite, Topaz

\“EET I 1[8N Actinolite, Andalusite, Chloritoid,
Cordierite, Diopside, Rutile, Kyanite,
Epidote, Garnet, Glaucophane,
Sillimanite, Staurolite, Tremolite

N CEE I EIEY Enstatite, hornblende,

Hypersthene, Magnetite, Sphene,
Tourmaline, Zircon

Range in densities of accessories found in sandstones
is 3.0to 5.2 in contrast to quartz & feldspars (2.56-
2.76), so these minerals are heavy mineral

ngrturesnite

subarkose

Lithic Feldspathic
arkose litharenite

FELDSPAR

I 1

LITHIC
FRAGMENTS

10 25 ) 25 10
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Elongated quartz in a polycrystalline clast

L e bl B 58 Al ey gloconite s iy Garall
sandstone J) Jbes ) Laail aadiig A5l 131 a3
Glauconite: distinctive sand-size, granular material,
green structureless near-spheres (peloids)

Ay ‘o> Sl = .
285 sl vl 2g T4 S Qg I h

Mica arranged when sandstone precipitation under
gravity in a solution (by settling)
& i b g Ll Gaay Ladie tabular ¢S5 mica J) <lsh
(Jually Al A8 ) aea Y1 gelacdl
Related to shape of the grains (elongate or tabular)



CHEMICAL & BIOCHEMICAL ROCKS

8.1 Limestone & Dolostone

e Form 10-15 % of the sedimentary rocks
e Limestones are more abundant than dolostones
e Carbonate rocks are normally free of impurities, &
contains < 5% clays & fine-grained quartz
e Llimestones are recognized in the field by its
relative softness & by reactivity with diluted HCI
CaCOs + 2HCI > Ca?* + 2CI" + CO, + H,0
e Dolostone reacts visibly with HCl when powdered
o Dolostones commonly weather to dull brownish
material due to the presence of some iron
e The textures of limestone are quite variable due to
the complex origins of these rocks
» Textures of detrital rock, chemical precipitates,
& characteristic of growth habits of organisms
e Most of them are formed by:
1. biochemical processes
2. diagenesis (recrystallization, compaction, &
cementation at T up to 200°C)
e Mineralogy
» Calcite CaCOs (rhombohedral)
Low-Mg (<4Mg)
High-Mg (>4%)
> Aragonite CaCOs (orthorhombic)
» Dolomite CaMg(COs),

Ooids < 2mm, rock called oolite A
8.2 Grains (aIIOChemlcaIr aIIOChem) e QOoids (<2mm): Spherical,  polycrystalline

carbonate grains of sand size that have a
concentric radial structure

> have quartz or carbonate fragments as nuclei
» Oolitic limestone form in agitated shallow

marine waters & commonly have cross beds

e gravel-, sand-, & coarse silt-size carbonate particles
>30 microns that form the framework in
mechanically deposited limestone

e 4 grain type : Fossils, ooids, peloids, & limeclasts

Belemnite Pelecypods & echinoids
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e Pisoliths have organic origin, & differ from ooids by
grain size (larger than ooids)

tic intraclasts), stylolite

Péllods‘tstructl.l}géless,m
‘seams &.{ragm%nts or'%@sl’t limestone

e Peloids are silt to sand-sized of microcrystalline
calcite that lacks internal structure, elliptical to
spherical in shape
» Many believe that these represent fecal pellets

because they contain organic matter

e Limeclasts: Fragments of earlier formed limestone
or partially lithified carbonate sediment
» Most are intraclasts pieces of penecon-

temporaneous partially lithified carbonate
sediment from within the basin of deposition

8.3 Limestone Classification

e The matrix in limestones
1. mud (micrite): the Ca-carbonate mud (1-5
microns) that binds the allochemical grains,
represents low energy environments
» Microspar 5-15 um, recrystallization of micrite
» Sparry calcite cement > 20 microns
e Insoluble residues: chert, clay, detrital quartz
» shells of radiolarian & diatom (consist of silica)
» Thesilicais present in the form of nodular form
parallel to limestone bedding planes

Clastic (detrital) rocks |, Quartz

Feldspar
for comparison ORAINS thlc fragmcms
QAverage sandstone

Average mudrock

[llite Quartz
Kaolinite } CLAY - C:::;f‘:l‘ Calcite
Montmorillonite MAmx Hematit

Classification of a sandtones
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Fossils
ALLOCHEMICAL Peloids

Classification
GRAINS Ooids

is based mainly Intraclasts
on textures rather
Average sparry limestone
than mineralogy
Average micritic llmeslonc

) MICROCRYSTALLINE M CHEMICAL { Calcite
MATRIX CEMENT

Calcite

Classification of limestones

Stromatolites, limestones formed by cyanobacteria
Very important as a Water & oil tank duo to vesicles

<l Travertine s 5 chemically Jaa 4l jaall 132 o

SV Ass¥) bl 7553 N hotspring J) hlie & Lin

il (g5 Lae Dol (=838 CO, J) Lo 75 mhaudl
Travertine J) ¢psSil o sl <l 5 S

Carbonates during the high stand in the late

Cretaceous Tethys Sea wavs.

50°N

30°

30°

50°S

Antarctica not W

Jnown | NN
Warm-water Cool-water Deep ocean Shelf sea
- shallow marine - shallow marine [: including Land E including
carbonates carbonates pelagic chalk pelpic-onall 4

hi ghlia & WL coral reefs J) s cyanobacteria J) JSU
(Lisis °30 Yled °30) 4ddla (shlia LY &) g



SPARRY
CALCITE
CEMENT

MICRITE LACKING
MATRIX ALLOCHEMS

ssr-|

B T \ A
' :" “,“ .':‘\v,-“‘..‘
] ‘/’u!]\\‘

INTRACLASTS

5 ..~".~ ) a4

| AETR, [ g URG— R

INTRAMICRITE MICRITE

©
£
OOLITES

OOMICRITE DISMICRITE

FOSSILS

BIOMICRITE REEF ROCKS

PELLETS

A /
TV
\'r_of‘.! ;.‘-..‘_ n?. Dt

PELMICRITE BIOLITHITE

%3 Sparry Calcite Lime Mud
cement Matrix
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e Organic reefy Carbonate buildups of local origin
that are laterally restricted

e Reefs originate almost entirely in low latitudes in
shallow marine waters

e The carbonate sediments are produced by a variety
of frame-building organisms: corals, sponges,
algae, bryozoas rudist pelecypods

S { 7 ’;:-» e
""\ =8 L7
.\ ” f{‘ ."’.‘I}fur . _._I'.
e, ";""‘25 : LSS
- S YOV "N A 7 {4
i, 7 Db
T SR ¢ -
0° & N4
-
‘f
— e -

Distribution of reefs

8.5 Ca-Carbonate Depositional sites

e Warm T necessary to cause supersaturation of
waters with respect to CaCOs; (abundance &
growth of calcareous-shelled organism)

e (Calcareous-shelled organism are mostly marine &
need light, constant salinity, clear & warm waters

e  Water must be very shallow & far from large rivers
which cause a drop in salinity

e Modern reef-building organisms (corals) contain
blue- green algae which needs light to thrive

Reefs, skeletal sands,
Mainland ooid shoals, lime mud

7777777 <\

ISOLATED
PLATFORM

< up t0 1008 km —p

Carbonate muds and sands

EPEIRIC PLATFORM

4 100s-10008 km} ———————>

s carbonate J) 252 ¢! lia 1€ (s active margin J)
Tranche s detrial sediment J) 25>
CaCO0; JI i g Al Cisa Jll olall 7 AT Ledis passive

48l aragonite ¢S lanall g8 8 oy (52l CaCO; J) e
calcite ) Js=% 1M metastable
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8.6 Carbonates Compensation level

e Carbonates Compensation level (CCL) is deeper in
equatorial regions because carbonate formation is
larger in warmer water

e CCL is a pelagic carbonates, 4km in open ocean
(photic zone)

e Carbonate secreting planktonics didn’t evolve until
the Jurassic Period, microbiomicrite of pre-Jurassic
didn’t exist

Sea level

Foraminifera and other orgamsms live in surface wa(er

Calcium carborate shells of dud organisms sctﬂe after Qeath

Depth (km)

e Under CCL, T decreases so solubility of CaCO;
increases to produce H,COs; which controlling the
solubility of limestone (unstable in acidic
environments, & stable in alkali environment)

e pHonthesurface (7.9-8.1) & as the concentration
of H,COs increases under CCDL pH became (7.8)
limestone at this pH disintegrates (limestone fense
:pH=17.8)

e The limestone can be formed over the bridge
because it's a high area & under CCL it melts &
chert is more stable (cryptocrystalline quartz)

e chert is formed as a result of the sink of the shells
to the oceanic floor, which build their shells from
quartz or CaCOs, whose shells are built from quartz
(e.g. idolaria & diatomes) forms pelagic silica
(chert, melts at pH 8.5)

8.7 Solubility

e Lacustrine Carbonate: lake deposits & commonly
associated with other evaporites
e During late spring & early summer the surface
waters of many lakes turn white as T increase & the
removal of CO, from surface waters is at maximum
as a result of active photosynthesis by microscopic
plants called charophytes
CO; + H,0 ¢ H,CO; Kas = 10247
H,CO; ¢> HCO;™ + H* Kzs = 107640
HCO3;™ ¢ CO3*” + H* 25 = 10°10:33
CaCO; &> Ca** + CO;*” 25 = 10-3%8 (calcite)
CaCO; &> Ca** + COs* Kas = 10843 (aragonite)
Net result: CaCO; + CO, + H,0 ¢ Ca?* + 2H* + CO;%”
10.33 e s HCO;™ JS& e carbonate J 2 53 4.6 pH e
0527 s e
(S Ksp) calcite dI ¢ sSI 43313 gragonite JI



8.8 IAP & Diagenesis

The IAP (ion activity product) in river 10%>-107,

(undersaturated with respect to carbonates)

For seawater IAP = 1.7x10°%, supersatured with

respect to both calcite & aragonite

Several natural processes stimulate the rapid

formation of carbonates in seawater:

2. Increased T & salinity

3. Organic activity, photosynthesis during the day
takes CO, away & triggers CaCOs formation

4. Organic CO; production in the soil: The soil is
enriched in CO; relative to the atmosphere due
to the decay of plant tissue

Diagenesis: all process that contributes to

solidification of sediments into a sedimentary rock

include cementation, compaction, Lithification

> start after deposition of skeletal carbonates

» Alarge variety of organisms can be involved in
the process

» Cementation by production of hardground on
the shelf carbonates or beach rocks (Meteoric
water cementation)

» Mechanical compaction & Chemical
cementation (including P solution)
Meteoric Cements
Vadose zone Phreatic zone

Micrite
envelope

Phreatic zone: under water table (saturated in water)
Vadose zone (reaction zone): from Earth’s surface to

the water table (undersaturated, water + air)

Skeletal grainstone
with sparite cement

l Stylolites

Insoluble residues are concentrated
along these planes

Stylolites limestone:structure formed by P solution due to
1. Deposition of a new layer of limestones
2. Tectonic Compression: limestone dissolution

8.9 Dolostones

e Dolostones impure carbonate rock formed by one
or 2 mechanisms (Evaporative reflux or mixing of a
fresh & marine water)

Dolostones (composed of dolomite)
Is a chemically rocks forms by dolomitization (change a
limestone into a dolomite) in arid climates

YR WA W

Dolostones thinsection
We can distinguish dolomites from calcites in thinsection
by staining (staining of calcite)



Chicken-wire structure in anhydrite deposits

Isolated basins underlain by limestone
Evaporation of water continues until the
conc 100,000 ppm, CaS042H,0 precipitate
This raises the Mg/Ca ratio & brine sinks
into limestone & displaces the pore water
Dolomitization of limestones takes place
in Ocean

The formation of dolomite described chemically as:
CaMg(C0s), &> Ca? + Mg?*+ 2C052~
Equilibrium constant K5 = [Ca?*][Mg**][CO;* ]*= 1018.06
IAP for seawater is 106, supersaturated with respect to
dolomite (theoretically)

Laminated evaporates, one of the most common
structure of evaporates (Rhythmic layers)

8.10 Other rocks (Evaporates)

e Evaporate rock formed chemically by evaporation
e Minerals produced from saline solution as a result
of extensive evaporation
3L ) e U W) s 3 Alee o Al Jilladdl a0 Laie
S IPA daci Ladie (g) ¢ ) sauall o2 () 5S338 |AP s 531 58 5
cuw il a5 supersaturated Jstsall zaas ke Y Ksp

Major minerals in marine evaporate deposits

Anhydrite CaSO,4
Langbenite K;Mg»(S04)s
Polyhalite K;Ca;Mg(S04)4.2H,0

Sulfates
Gypsum CaS04.H,0

Keiserite MgS0,4.H,0
Kainite KMg(SO4)Cl.3H,0

Laminated evaporates sequence (calcite-anhydrite)

Salt deposits in the stratigraphic column O”gm.Of ?Vapor'te depOS|t|on
B e il (S5 LY 5 eigade iy gus 5 Aialad) laliall Halite _sa¥)g JY) 4huila (¥ Y9l calcite i
N Gl i) ) A Lgad g G o) i) + Sequence of precipitation
Lol @) s Jaus siall (an¥1 sl (W (e Jgsaddl - Calcite~

~
- Gypsum-_ S

~

- Halite )
\
Salt crust, dead - Ma-sulfate o
’ ~
sea
* Amount of water =
~

Boulders

1000

- 1000m = 15.9 m evaporites Sa
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amounts of dissolved constituents in seawater

Dissolved species Molarity

0.535 48.72
\EN 0.459 41.80

0.052 4.740
0.028 2.500
0.010 0.910
0.014 1.330

100.0

CONTINENTAL
" SABKHA-PLAYA
fuval-acufiine)

Z = COASTAL SABKHA
mar ne-comnaied)

BEACH RIDGE
(buried)

Environments of evaporates formation
Sabkha, Marine, & Playa Lack

SHALLOW WATER™ ~~
DEEP BASIN
MODEL

shallow water
& continantal
evaporites

SO TR

prograding supratidal

t brine level

SHALLOW WATER
SHALLOW BASIN
MODEL shallow water
subsidence evaporites

Marine models
aLa ) Aie cw B basin A slall JAsS jaul) olia @3)3 Ladic

S 3338 evaporation J) Axles fai g ) sa A 3
(evaporates J G i) G sill dlas a8 g L cliga)

8.11 Siliceous Deposits (Cherts)

e Mineralogy & texture:
> Microcrystalline quartz (1-5 microns)
» Chalcedonic quartz (5-20 microns,chalcedony)
» Megacrystaline quartz (> 20 microns )
e Mineralogical transformations
» Opal-A (Si0,.H,0, amorphous )
» Opal-CT (SiO,, Cristobalite, Tridymite, Quartz)
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fram

Fibrous'quartz, PPL

"’Vl

Bedded chert
PRS-
(L

)

chert & Limestone! <l Al
Marl is a limestone + clay, commonly found in area
where landslides occur
Concretion: eleptucal body found in limestone (by
changing mud into a limestone




£ N j] s 4
s R - 3 .
‘ . \§ Ditylum
m»

l Camphylodiscus

- |
'

Lampliscus

Mastogloia

Biddlphia

Most of chart are formed biochemically by accumulation
of a Nanoplankton on the oceanic floor

o Siliceous Ooze: mud formed by hard part of an
organism & from those the chert formed (stable in
any part in ocean)

e (Calcareous Ooze: stable above CCD
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8.12 Banded-Iron Formation (BIF)

Chemically precipitated iron
Is an iron ore (>15%Fe)

Iron oxidized during what we known as great
oxidation level (3.5Ga), by photosynthesis, &
during neo-proterozoic by snow Ball earth

the BIF metamorphosed (at 600°C) into a Fayalite
olivine FeZSiO4:‘2Fe2+ +0; + H,O - Fe,03 + 2H*

The red is hematite (Fe,03) & Magnetite (FesO,)
Others are silica SiO,

8.13 Chalk

e Biochemical limestone, composed of CaCOs, &
formed by Cocolithophones




CLASSIFICATION OF SEDIMENTARY ROCKS

Detrital Sedimentary Rocks

: Conglomerate .
(rounded fragments) (angular fragments) (usually quartz)

E. Slitstone F. Shale or Mudstone
{quartz, clay minerals) (clay minerals)

Chemical and Biochemical Sedimentary Rocks

G. Crystalline limestone  H. Microcrystalline limestone 1. Fosslliferous limestone "}&‘}‘{3‘"
(caicite) (calcite) (caicite)
B 7 PN - i
B'Qdﬁf;m'ca' 1 Chemical precipitated

" rocks formed in iﬂ&t R
gs (stromatolite-like
S
h is biochemical

K. Chalk L. Travertine i
(calcite) (calcite) (hallte) (gypsum)

0. Chert D, Fil
(microcrystaliine quartz) (microcrystalfine quartz) (microcrystaliine quartz) (carbon)

Q. Agate R. Bituminous coal







METAMORPHIC ROCKS

9.1 Introduction e Calcsilicate class of metamorphic rocks which
formed by limestone & silicate such as marble
e Metamorphism: occur when sedimentary (in o Pelitic or argiliceous: shale protolith
most case) or volcanic rocks are subjected to e Protolith: is a rock which is suggested to the
elevated T &/or P within the crust & change in metamorphism
mineralogy or structure or both e Grain size increases with increasing grade of
e Rarely plutonic rocks may be metamorphism metamorphism (intensity of metamorphism)
because these rocks are formed in high T & P e In ashallow crust (e.g. 5km depth) There’s no
compressional stress (o Cu =5 1) Jadin 48 sl ) sauall metamorphism process because T is very low
foliation 25> 5 Lssaall eda udi 5 subduction zones J) e Metamorphism occur because Rocks & their

minerals reach new chemical equilibrium, or
physical or chemical environment

Sodalite g-ranitic gneiss

5., A
= E ;,,4/ ) ~ £ 9.2 Classification of metamorphism

Y -
":'J'-

e Retrograde (or retrogressive): is a change
from a higher grade to a lower grade

o Prograde (or progressive): is a change from
lower grade to higher grade of metamorphism

‘ Temperatwre. *C
oo o o0 0 w0

A word “granitic” is an evidence for protolith

-

o5 P P N~ \
g t;lges rock, oldest rocks:in Jordag

contact metamorphism 2 s saall dihial)
grade of metamorphism & Ayl ghal) Ja gladt)
facies (* fieldsJ)s geothermal-gradant 4 kil agu)

e Folding: most common character of metamorphic Classification according to grade of metamorphism
rocks, but not all metamorphic rocks are folded e The Grac!e '-'.’f T[°C] Grade
because require high T & P (200° - 700°), regional metamorphism is Transitional

&t h i f
Folded I\M’ble, calcite™ biotite :n:tam::e:issiq ° m Very low
Protolli/thiisiMarl (Clayor.shell + limestone) Vet ph' Low
- 2 [ ] g
Clay suc "'q‘eghontmorillonite, Kaolinite, smectite etamorphic range SUUSCEVE Medium

200 -750°C =L ERO High
e lIsograde: equal Very high

metamorphic grade Transitional
&separated by zone

e equivalent metamorphic grade does not imply
equal values of the environmental variables (P,
T, & fluid P or composition)
Classification according to the facies
e Metamorphic facies: regions of T-P
characterized by particular metamorphic
assemblages or paragenesis (Facies=T & P)

S 2550
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e The term facies used also in sedimentary rocks

e e.g. Green-schist facies: foliated rocks, with a
green color, characterized by chlorite, biotite,
muscovite, epidote, & Alpite plagioclase

e e.g Amphibolite facies = medium grade

s\ amphibolite facies J! (=23 jaa ) O 35 0l Ll
T-P Ua 2 paidl o) 5) hornblende s sisy o) medium

e QOceanic crust (mafic rocks) is the best rock that

give Amphibolite facies
Mafic=>subduction zone—> Greenschist=> Amphibolite

e The upper limit of metamorphism is a
boundary between igneous & metamorphism
processes (metamorphism in a solid-state)

e Mudrock compositions melting at T < 650°C,
mafic & some aluminous quartzofeldspathic
(Arkose) continue to undergo solid-state
reactions, without melting at T > 800°C

Classification according to the geothermal gradant

Pressure, kbar

e Contact metamorphism called Hornfels
e Geothermal-gradant: is the change in T with h
dT/dh = AT/Ah
Classification according to the pressures type

e Facies Series: P-T gradients aren’t geotherms,
nor actual P-path taken during metamorphism
o They are simply lines connecting the recorded
& T of the individual rocks across each terrene
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Hornfels series
| N

500°C
Temperature
Al,SiOs diagram
Hornfels = P negligible = lack of foliation = contact
Low P = Buchan or Abukuma, Sillimanite & Andalusite
Medium P = Barrovian facies, Kyanite & Sillimanite
High—> Ky, Glaucophane, Jadeite, Lowsonite, Aragonite

9.3 Index Minerals

e isograds = idea of metamorphic zones

e metamorphic zones: zone of metamorphism
characteristic by certain minerals

e OQOutcrop: where the rock appears on the surface of
the earth (striking lines)
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10 km

Biotite

zone

Granite . = Stonchaven

Transition between zone is a gradual change
Zone is a mapable (can be down in a map)
Metamorphic zone are mapable which
characterized by index minerals
Protolith here is shale or pelitic sedimentary rock

T zone Typical mineral assemblages
m Chlorite Qz, chlorite, muscovite, albite
m Biotite Qz, chlorite, mica(bi,mu), albite
m Garnet Qz, mica, garnet, sodic plagioclase
m Staurolite  Qz,mica,garnet,plagioclase,staurolite

y/)0N Kyanite Qz, mica, garnet,
staurolite, Kyanite

70N Sillimanite Qz,mica,garnet,plagioclase,Sillimanite

e Chlorite: Formed by weathering of ferromagnesian

Granulite facies contains Opx (from biotite)
Blue schist contains blue amphibole (Glucophane)
Zeolite formed by chemical weathering of volcanic

ash (have a lot of cavities which contain water) &
can be form in early Stage of metamorphism
index mineral: is a mineral used to determine the

degree of metamorphism arock, Depending on the
protolith composition, P, T, & the chemical

reactions between minerals in the solid state

AT AT
s

Shale or siltstones before & after metamorphism
(grain size increase with metamorphism)
There are textural & mineralogical changes

plagioclase,




e.g. Bar diagram
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9.5 Metamorphic Reactions

e Most of metamorphic processes is an isochemical
processes (the chemistry of a rock don’t change,
compositional & textural changes only)

e |f the composition changes during metamorphism
(due to contact with other rocks which have
different composition or by hydrothermal solution)
this process called Metazomatizem
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o Dehydration reaction: loss of water
KAI3Siz010(OH); + SiO, = KAISI3Os + AlSi, 05 + H,0
Muscovite + Quartz = Feldspar + Sillimanite + water

o Decarbonation: loss of water carbon dioxide

CaCOs + Si0, = CaSiOs + CO,
Calcite + Quartz - Wollastonite + carbon di-oxide

e Solid-Solid: phase transformations, lack of fluids,
different structure & same chemical composition,
occur at subduction zone
» As P increase = Grain Size Decrease
» AsTincrease = Grain Size Increase

NaAlSizOz~> NaAlSiOe+Si0, (Albite> Jadeite+Quartz)
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e Solid-Solid Net-Transfer: Discontinuous reactions
(different structure & different composition)
NaAlISi»06+Si0,~> NaAlSi; 05 (jadeite+quartz—> alpite)
MgSiO; + CaAl,Si,0g = CaMgSi,06 + Al,SiOs
4FeSi0;+CaAl,Si,05~> Fe;Al,Sis01,+CaFeSi,06+Si0,
o Exchange Reaction: differential partitioning of Mg-
Fe in mafic phases takes place over a range of P-T
» Thermometer reaction depending on the T &
Parmometer depend on P, & exchange occurs
due to P or T, & both depend on composition
» Garnet-biotite exchange is a most common
thermometer reaction (exchange) in a folded
rock, & occur at 400°-700°C
FesAl,;Siz01,+KMg3AlSiz010(OH),2>
MgsAl,Siz04+KFesAlSiz040(OH),
Almandine + phlogopite = Pyrope + Annite

9.6 Type Of Metamorphism

Contact or Thermal metamorphism (T dependent)

> No foliation, near magmatic body

» Grain size increase with direction of contact

» The region of contact metamorphism called
contact metamorphic thereole (region which
is affected by the flux of heat by a magma
during contact metamorphism)




Orogenic Metamorphism  Convergent margin
metamorphosed rock

At point A, temperature = 20°C, pressure = 1 bar

Limestone .
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e Regional Metamorphism: T & P dependent Oceanic Floor Metamorphism
» Tack place at plate boundaries, occur at large Pillow lava & sheeted dikes metamorphosed into
scale, & the rock characteristic by folding green schist, Zeolite, & Actinolite facies directly
> not at cratons (center region of continents, after solidified
very stable aria), or Shields (Stable, younger thioliitic basalt =Y foliation Jsiall sda & &iasy Y
than cratons), stable mean no tectonic biotite J) JS& sy K H s

processes (passive region) except for fault

9.7 Metamorphism of mafic & UM

phyllite

schist

gneiss

y

i’

5 Relative amount of magmas produced at

> There are 3 type of regional metamorphism: different tectonic setting

1. Orogenic Metamorphism: Occurs in mobile
pellets region (mountain-building areas) which
occur at convergent plate boundaries such as
ring of fire, Alps, Andes, Himalayas, & Eeast-
African orogeny (Pan-African)

2. Burial Metamorphism: Limited in some region,
occur due to increase in T as sediments buried
& load P, in Graben region (2 fault dip in the
same directions) such as dead sea
3. Ocean Floor Metamorphism: pillow lavas

o Hydrothermal (Alteration): Metazomatism

e Impact metamorphism: Shock, occur by meteorite

Pressure (GPa)

78 Shaas N Hamdan




Laumontit
o
wairakite

These rocks include: basalt + gabbro + peridotites
+ intermediate (Andesites & diorite), which are
Metabasites or metamafites, & The ocean crust is
built mainly of these rocks which consist of Ca-rich
plagioclase & ferromagnesian mineral (olivine +
pyroxene + Amphiboles + iron titanium oxides)
In the region which consist of Zeolite, Prehnite-
pumpellyite, & Greenschist facies we can see rock
with foliation, soppy texture & light-green color
(due to presence of chlorite, epidote, & muscovite)
In high-T mafic protolith Hydrous minerals are not
common so hydration is a prerequisite for the
development of the metamorphic
assemblages that characterize most facies
mafic igneous rocks will remain largely unaffected
in metamorphic terranes, & associated sediments
are completely reequilibrated
Coarse-grained intrusive are the least permeable &
resist metamorphic changes, tuffs & greywacke
are the most susceptible to metamorphism
Plagioclase: As T is lowered, Ca-plagioclases
become progressively unstable
> At low grades only albite (Ano-3) is stable
> Oligoclase stable in greenschist (Ani-7 - Ani7-20)
> as grade increases — Andesine & more calcic
plagioclases are stable in the upper
amphibolite & granulite facies
» The excess Ca & Al released to calcite, epidote,
titanite , or amphibole depending on T-P-X

mineral
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Typical Mineral Assemblages In Zeolite Facies

Kaolinite A

Montmorillonite

e
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Typical Mineral Assemblages In Perhnite-Pumpellyte

Kaolinite A A

Kaolinite
o

Calcite

e Chlorite are sheet silicate contain a lot of water
e Mafic Assemblages of the Medium P-T Series:
Greenschist, Amphibolite, & Granulite Facies which
constitute the most common facies series of
regional metamorphism
» Both the classical Barrovian series of pelitic
zones, & the lower-P Buchan-Abukuma series
are variations on this trend
» Typical minerals: chlorite, albite, actinolite,
epidote, quartz, & possibly calcite, biotite, or
stilpnomelane
> Chlorite, actinolite, epidote impart the green
color from which the facies get their name
Typical Mineral Greenschist Facies

Pyrophyllite o

Epidote
Zoisite

Stilpnomelane

Ca]mMmochneK ;,SUFC‘“”’U““‘

Serpentine/tale

&
\>
@
F

Dolomite Actinolite

o Greenschist to amphibolite facies transition
involves 2 major mineralogical changes:

1. Transition from albite to oligoclase (increased
Ca with T across the peristerite gap)

2. Transition from actinolite to hornblende
(amphibole becomes able to accept increasing
amounts of Al & alkalis at higher T)

» Both occur approximately at the same grade,
but have different P-T slopes

Mineral assemblages in upper Greenschist Facies

A

Pyrophyllite
Kyanite

Mg-chlcrite
and/or almandine
garnet

K Bictite -



MineralEpidote-Amphibolite Facies

A cphyllite A
yanite

ophyllite
yanite

Mg-chlorite -~ K Bictite F

Tal
Actinolite F

Mg-chlcrite
and/cr almandine garnet

Anthophyllite
Cummingtonite

Calcite & -
{3 Dicpside  Tremolite F

L&% hornblende J c¥ g8 (s facies J1 1 ot Ca J) duas
e Transition from amphibolite to granulite facies

occurs in the range 650-700°C

> In the presence of an fluid, pelitic & quartzo-
feldspathic rocks (e.g. granitoids) begin to melt
in this range at low to medium P, so migmatites
may form & the melts become mobilized

> Not all pelites & quartzo-feldspathic rocks
reach the granulite facies

» Mafic rocks melt at higher T, If water is
removed by the earlier melts the remaining
mafic rocks may become depleted in water,
Hornblende decomposes & orthopyroxene +
clinopyroxene appear, & This reaction occurs
over a T interval of at least 50°C

» The granulite facies is characterized by largely
anhydrous mineral assemblage

> In metabasites the critical mineral assemblage
is orthopyroxene, clinopyroxene, plagioclase +
quartz & minor amounts of Garnet

» Granulite rocks forms in lower crust with
granular texture which formed due to
hydrostatic P (equal in all directions)
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Mg-chicrite
and/cr almandine
roet 1

Blueschist & Eclogite Facies: Mafic Assemblages of

the High P-T Series, High P-T geothermal gradients

characterize subduction zones

Mafic blueschists facies recognizable by color,

good indicator of ancient subduction zones,

metabasites by the presence of a sodic blue

amphibole glaucophane (stable at high P), but

some solution crossite or riebeckite is possible

> Glaucophane + Lawsonite associated with
Diagnostic, & Crossite is stable to lower P &
extend into transitional zones

> Albite breaks down at high P by reaction to
jadeitic pyroxene + quartz: NaAlSis0g —>
NaAlSi,O¢ + SiO,

F
Arg Jd, GIn

The great density of eclogites suggests that
subducted basaltic oceanic crust becomes more
dense than the surrounding mantle




Ocean
basin

Very Low-Grade Metamorphism

> Clay-sized quartz & albite become coarser

» Crystallinity of clays increases

» Chlorite + sericite - phengite & muscovite
start to develop

» Mineral changes under these conditions are
best constrained using XRD

9.8 Aluminous clastic (Pelitic)

Mudstones & shales: very fine grained mature
clastic sediments derived from continental crust,
accumulate in distal portions of a wedge of
sediment off the continental shelf/slope

Grade into coarser graywackes & sandy sediments
toward the continental source

Metapelites: distinguished family of metamorphic
rocks, the clays are very sensitive to variations in T-
P, undergoing extensive changes in mineralogy
during progressive metamorphism
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(very fine grain size) 3 e 4

The mineralogy of pelitic is dominated by:

» >50% fine Al-K-rich phyllosilicates such as clays
(montmorillonite, kaolinite, smectite)

» 10-30% quartz

» white micas (sericite, paragonite, phengite)

» Chlorite, Albite, K-feldspar, Fe-oxid-hydroxide,
zeolites, carbonates, sulfides, & organic matter

Biotite & Muscovite are typical form metashells

Distinguishing chemical characteristics:

> high Al,03 & K,0, & low CaO

» High clay & mica content lead to dominance of
muscovite & quartz throughout most of the
range of metamorphism
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» High proportion of micas & the common
development of foliated rocks

The chemical composition of pelites represented

by the system K,0-FeO-MgO-Al,05-Si0,-H,0

If we treat H,O as mobile the petrogenesis of

pelites is represented well in AKF & AKFM diagrams

A

Andalusite, Kyanite,g Sillimanite, Pyrophyliite, Muscovite

The AFM projection from the muscovite and K

w7

A Andalusite

Kyanite

Sillsmanste A Andalusite

Chlorite \

Biotite

Potassic feldspar

LOW AND MEDIUM GRADE




cl

T

m Chlorite Qz, chlorite, muscovite, albite
m Biotite Qz, chlorite, mica(bi,mu), albite
m Garnet Qz, mica, garnet, sodic plagioclase
m Staurolite  Qz,mica,garnet,plagioclase,staurolite
yO[I8 Kyanite Qz, mica, garnet, plagioclase,
staurolite, Kyanite
y£(18 Sillimanite Qz,mica,garnet,plagioclase,Sillimanite

9.8 Metamorphic Zones
Shells consist of water (which are released during
metamorphism), ferric-Fe3* (Which reduced to
ferrous-Fe?*), & other components

Foliated Chlorite-Muscovite Schist (Phyllite)

Moy L

w23 foliation casSs = folding!dl 5V s<iud
: > £ v, V. "

eavagg' J

e B <%
A e =
' —

‘e

‘ ‘wiq}ﬂ

¥ \ ; : \ oy ’ 4 ,?' oF
Cleavage: is a different layers between different

mineral composition, found in most regional rocks
zone

Typical mineral assemblages
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Chlorite Zone
Around 200°-400°C

Mineral Assemblages:
Chlorite, K-feldspar,

a: typical P""“.. Muscovite, Quartz

b: Al-rich type
¢: Al-poor varie
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Transition between Chlorite to biotite zone involve:

(Y]

¥
a: typical pelites
b: Al-rich type

Chlorite = Biotite

Appearances of Chloritoid (Chlorite-like)

L]

Biotit Zone
400°-500°

Biotit formed as
porphyroblasts
Metapelites

in

/ Bioute X
ciAI-poorvorncho / /O[ 1 \ \ \

Potassic febdvpar

Chlorite + Quartz + Muscovite > Garnet + Mg-

rich Chlorite + Biotite + Water

Appearance of Almandine rich garnet (Al)

For most Pelitic garnet begin to form at 450°
a: typical pelites

b: Al-rich type
¢: Al-poor variety(O

Garnet Zone

500°-630°

Chlorite
Upper Boundary of
low grade facies (or
series)

Biotite

The shift in triangle
explain the gradual
disappearance of
Chlorite  (garnet
increase & chlorite
decreases)

Chiorite

Biotite

As Garnet-Biotite
tie line intersect
bulk composition
chlorite disappear
from assemblages

Garnet
porphyroblasts

with an
inclusion



Transition from Garnet to Staurolite zones:
Garnet + Chlorite = Biotite + Staurolite
Staurolite
zone

630-700°C
Index
mineral for
medium
grade

a: typical pelites .
b: Al-rich type
¢: Al-poor vornc?yo

Transition from Staurolite to Kyanite zones:
Chlorite + Muscovite + Quartz + Staurolite 2>
Biotite + Kyanite + Water
Kyanite begin to form at T = 550° (by
thermoparometric reactions)
In most Pelitic Kyanite appears will staurolite
is still stable

_ A a typical pelites Kyanite zone

Ky@ b: Al-rich type
¢ Apoor verey O 630°-700°C
N\ Indicate medium P-type
) TR (e.g. Barrovian series) & in

low-P type the Andalusite
formed rether than Kyanite
(Buchan-Abukuma series)

\ M
LN
ATOTT TV

Potassic feldspar

Transition from Kyanite to Sillimanite zones:
Muscovite + Quartz + Staurolite > Biotite +
garnet + Sillimanite + Water

Sil (in the sillimanite zone)

a: typical pclncs.
b: Al-rich type

¢: Al-poor vorne?yo

Sillimanite zone
> 700° - 750°

Bictite

T ERL D

Potassic feldspar

A a: typical pelites
Sil b: Al-rich type
¢ AlpoorvareyOO - Upper Sillimanite zone

(sillimanite-orthoclase)

> 700°C
Microcline + Adularia
- Orthoclase

Vi O  Biotite N\
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Textures of migmatites:

Breccia structure

Net-like structure

Raft-like structure

Vein structure

Stromatic, or layered, structure
Dilation structure in a boudinaged layer
Schleiren structure

Nebulitic structure

IOoOmMmMOoOO®P

Short Summary

Facies series
andalusite (low T),kyanite (high P),sillimanite (high T)

Metamorphic facies series:

1) Buchan or Abukuma facies series low P type,
& high T (geothermal gradient)

2) Barrovian facies series medium P type

> In low P Kyanite replaced by andalusite

Metamorphic Reactions

84

Most of the reaction in metamorphic rocks are
dehydration reactions, isochemical process (no
change in composition)

Muscovite stable at low grade, from medium to a
high grade there’s no muscovite

Kyanite replaced by Andalusite in low P types

Shaas N Hamdan

Meneral Assemblages

Plagioclase:

> AsTis lowered, Ca-plagioclases is unstable

> At low grades only albite (Ang-3) is stable

» Oligoclase stable in greenschist (Ani_7 - Ans7-20)
> as grade increases Andesine become stable in

the upper amphibolite & granulite facies

Mafic Assemblages of the Medium P-T Series

» Greenschist, Amphibolite, & Granulite Facies
constitute the most common facies series

> chlorite, albite, actinolite, epidote, quartz, &
possibly calcite, biotite, or stilpnomelane

> Chlorite, actinolite, epidote green color

Greenschist to amphibolite facies transition:

» Albite = oligoclase (across the peristerite gap)

» Actinolite 2 hornblende (amphibole)

in Amphibolite Facies the Ca become less common

because used to form hornblende

Transition from amphibolite to granulite facies

» occurs in the range 650-700°C

> pelitic & quartzo-feldspathic begin to melt in
this range, so migmatites may form & the melts
become mobilize but Not all pelites & quartzo-
feldspathic rocks reach the granulite facies

» Mafic rocks melt at higher T, Hornblende
decomposes & pyroxene appear, & This
reaction occurs over T interval of at least 750°C

The granulite facies is characterized by largely

anhydrous mineral assemblage

> In metabasites the critical mineral assemblage
is pyroxene, plagioclase + quartz & Garnet

Blueschist & Eclogite Facies: Mafic Assemblages of

the High P-T Series, High P-T geothermal gradients

characterize subduction zones

Mafic blueschists facies recognizable by color,

good indicator of ancient subduction zones,

metabasites by the presence of a sodic blue

amphibole glaucophane (stable at high P), but

some solution crossite or riebeckite is possible

» Glaucophane + Lawsonite associated with
Diagnostic, & Crossite is stable to lower P &
extend into transitional zones

> Albite breaks down at high P by reaction to
jadeitic pyroxene + quartz: NaAlSizOg
NaAlSi,O¢ + SiO,

Very Low-Grade Metamorphism

» Clay-sized quartz & albite become coarser

> Crystallinity of clays increases

» Chlorite & sericite - phengite & muscovite

Thioliitic basalt Lack of K so biotite isn’t form from

oceanic crust metamorphism
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SUMMARY FROM EARTH MATERIALS

Facies

Albite-
Epidote
hornfels

Hornblende
hornfels

Pyroxene
hornfels

Sanidinite
hornfels

Contact Metamorphic Rocks, Non-Foliated

Zeolite

Prehnite —
pumpellyite

Low-Medium (burial metamorphism)

Greenschist

Epidote-
Amphibolite

Amphibolite

Medium grade

Granulite

Blueschist

High & Very High grade

Eclogite

Characteristics
Formed in aureoles or ocean spreading centers

T <450 ° C & P < 2kbar (depth < 6km)

Occur ocean ridges, hotspots & in volcanic arcs

Is a Low P equivalent of the greenschist facies

Index minerals: Albite & epidote

450 — 600°C & < 2.5kbar (<8km)

Low P equivalent of the amphibolite facies

IM: Chlorite, albite, epidote & actinolite

600 — 800°C & < 2.5kbar (< 8km)

The low P equivalent of the granulite facies

Hydrous minerals don’t occur except for biotite

high T > 800 °C & low P < 2.5 kbar (< 8km)

in association with basic & ultrabasic intrusions such as
xenolith, & is very rare facies

low grade metamorphic facies produced by T between
150 — 300°C & P< 5kbar (15km depth)

formed by chemical weathering of volcanic ash

Zeolites are a hydrous Na & Ca aluminum tectosilicate
Kaolinite, Serpentine, Calcite, Prehnite, Chlorite, Adularia,
Montmorillonite, Laumontite, Wairakite, phengite
form under low T (250-350), P (<6kbar, 20km)
produced by hydrothermal alteration & burial
metamorphism at T-P exceed zeolite facies

Albite, chlorite, muscovite, illite, phengite, smectite,
sphene, titanite, epidote, lawsonite, stilpnomelane
Low T (350 — 550) & P (3 — 10kbar, 10 — 30km depth
associated with dynamothermal metamorphism
abundant in orogenic belts (Appalachians, Alps, Otago),
fold & thrust belt, & convergent Plate boundaries
epidote, chlorite, & actinolite (green amphibole

High T (550-750), moderate-high P (4-12kbar, 12-40km)
Formed in regional orogenic belts at convergent margins
Increase hornblende, garnet, anthophyllite, Kyanite &
staurolite (transfer into Sillimanite at higher grade
metamorphism) & plagioclase become less sodic (more
calcic), & decrease in actinolite chlorite, biotite, talc, &

high T (700-900°C), moderate-high P (3-15kbar, 10-50km)
anhydrous mineral (due to dehydration reactions) &
Hydrous minerals hornblende & biotite (not muscovite),
with Quartz & feldspar, & may be wollastonite,
orthopyroxene (hypersthene) & clinopyroxene (diopside)

Moderate to high P (4-20kbar, 13-66km), low T (150-500°)
Glaucophane, magnesio-riebeckite, lawsonite, jadeite
pyroxene, aegirine, crossite, kyanite

Form in subduction zones where oceanic lithosphere is
forced downward to great depths at rapid rates

high T (400 — 900°C), very high P (12 — 25kbar, 40 — 82km)
garnet & omphacite, Na-rich jadeitic clinopyroxene,

enstatite, jadeite, rutile, zoisite, coesit, phengit, lawsonit,
corundum, diamond

Common rocks
Fine grained hornfels rocks & coarser rocks
with granoblastic textures
Mafic, UM, & Pelitic protolith > Hornfels
Quartzo feldspathic > Hornfels,
Metaquartzite
calcareous protolith - Marble
Mafic, UM, & Pelitic protolith 2 Hornfels
Quartzo feldspathic = Hornfels,Quartzite
calcareous protolith > Marble
Mafic, UM, & Pelitic protolith > Hornfels
Quartzo feldspathic = Hornfels,Quartzite
calcareous protolith 2 Marble
Mafic, UM, & Pelitic protolith > Hornfels
Quartzo feldspathic = Hornfels,Quartzite
calcareous protolith > Marble

Mafic, & UM > Metabasite, Serpentinite
Pelitic protolith - Metapelite, slate
Quartzo feldspathic 2 Metaquartzite,
metagraywacke

calcareous protolith > Marble

protoliths basalt, graywackes, mudstones
Mafic, & UM > Metabasite, Serpentinite,
soapstone, greenstone

Pelitic protolith = Slate, phyllite

Quartzo feldspathic > Metaquartzite
protoliths: igneous rocks, tuff, sandstones,
mudrocks, & limestone

Mafic, & UM - Greenschist, Serpentinite,
Soapstone, Greenstone

Pelitic protolith > Slate, phyllite, schist

protoliths: mafic igneous rocks, tuff,
sandstone, mudstone, & limestone
Mafic, & UM > Amphibolite, Schist

Pelitic protolith = Schist, Gneiss

Quartzo feldspathic 2 Metaquartzite,
Gneiss

Protoliths: granitic to UM rocks, schists,
gneisses, pelites, sandstones &
limestones

Gneiss, granulite, Charnockites

In orogenic belts, migmatites produced

Protoliths: mafic rock,
graywackes, & mudstones
Mafic, Pelitic = Schist
feldspathic = Kyanite Metaquartzite

sedimentary

Rocks: Fine to coarse grained, dense,
green with reddish brown garnet
Mafic, Pelitic > Eclogite

feldspathic 2 Kyanite Metaquartzite
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SUMMARY FROM FOUNDATION OF EARTH SCIENCE

Metamorphic Rock

Texture J Comments

Slate

Phyllite

Schist o

Gneiss

Quartzite
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Fine-grained, tiny
chlorite and mica
flakes, breaks in flat
slabs called slaty
cleavage, smooth
dull surfaces

%z Fine-grained, glossy
. sheen, breaks along
wavy surfaces

Medium- to
coarse-grained,
scaly foliation, micas
dominate

Coarse-grained,
compositional
banding due to
segregation of light
and dark colored
minerals

Medium- to
coarse-grained,
relatively soft (3 on
the Mohs scale),
interlocking calcite
or dolomite grains

Medium- to
coarse-grained, very
hard, massive, fused

quartz grains

b ok ik b

Parent
Rock




