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Grading Scheme

	Exam 1
	30   %

	Exam 2
	30   %

	Exam 3
	40   %


Course Outline &Tentative Schedule

	WEEK
	SUBJECT

	01…………
	Introduction to Geology
· The Structure & Composition of the Earth 

·   

	02………....
	· Introduction to Geology 
· Rock cycle

· Rates and ascpects of geoolgy 

· Principles un geology



	03…………
	Minerals & Rocks 
· Rock cycle 

· Rocks of Oman 

· Display (  Oman’s Rocks 



	04…………
	Video Show (  Geology of Oman 

Earth History

Fossils of Oman 

· Age Dating

· Relative

· Basic Principles in Geology 

· Fossils

· Absolute (radiometric elements)

· Dinosaurs:K/T boundary 

· Rudists, Coral, etc.

Visit (   Earth Sciences Museum

	05…………
	Structural Geology: example from Oman

	
	 


	(W06)

13 March
	Exam 1

Video Show (  Tracts of Oman

	(W07)

20th March
	Plate Tectonics: Oman Ophiolite,

geomorphology  
· Oman’s Major Geomorphic Features

· Oman Mountains

· Glacial deposits

· Wahiba Sand Dunes

· Um Al-Samem Sabkha etc

.

	(W08)

27th March
	Visit (  SQU Earthquake Monitoring Center

· Earthquakes

· Salalah + Rustaq seismic zones



	(W09)

3rd April
	Geomorphology & Cave Systems 
· Cave Systems of Oman

· Caves 

· Waterfalls

· Sinkholes etc.



	
	Exam 2

	(W10)

10th April
	Petroleum System 
· How Oil & Gas formed etc 

· Source rocks + Migration + Reservoir + Trap + Seal 

· Examples from Oman

Visit (  Carbonate Center
· 

	(W11)

17th April
	Exam 2

Field Visit (  ?Al-Khod Dam



	(W12)

24th April

	Hydrogeology of Oman 
· Groundwater

· Falaj System

· Springs & settlements

    Salinity of Groundwater etc.

	(W13)

1st May
	Mineral Wealth of Oman



	(W14)

8th May
	Revision



	(W15)

15th May
	Exam 3


A

90      B+  85-89   B  80-84  B-
75-79  C+
70-74

C 
65-69 C-         60-64    D+ 55-59 D     54-50  F      <50 

· Geology: the science of earth:

· Solid Earth  

· Many More Kinds of Materials

       - Wonder: extremely rare, unique, surprising, best example etc….

Earth Systems

· External Effects (Astronomical)

· Atmospheric Circulation

· Oceanic Circulation

· Hydrologic Cycle 

· Rock Cycle

· Plate Tectonics

The Solid Earth

Methods of finding out the earth's internal structure:

[i]
Seismic velocities     [ii]
Density      [iii]
Continental and Ocean Drilling

[iv]
Mountain belts         [v]
Ophiolites  [vi]
Meteorites

[vii]
Volcanoes & xenoliths

The Earth's internal structure (according to composition) 

(i) Inner core which is rich in Fe and believed to be in the solid state. This core has a radius of about 1216 km.

(ii) Outer core rich in molten Fe and Ni. This layer is 2255 km thick.

Gutenberg discontinuity

(iii) Mantle made up of Fe and Mg silicates reaching a thickness of 2885 km. The rocks in the mantle have a density of about 3.3 g/cm3 

Mohorovicic discontinuity

(iv) Crust: 6 to 60 km in thickness, made of silicates that are less dense then those in

the mantle. The crust is of two kinds: (Table 2)

(a) Continental crust made mostly of sedimentary and acidic or felsic igneous rocks, with an average thickness of 35 km but reaching 60 km in high mountain ranges. The density of the continental crust is ~ 2.7 gm/c.c. The two most common elements that constitute the continental crust are Si and Al, and it is therefore called sial.
(b) Oceanic crust made mostly of basic and ultrabasic (mafic and ultramafic) igneous rocks, with a thickness of 6 to 10 km. This crust occurs on the ocean floor and has an average density of about 3.0 gm/cc. It is rich in Mg and Si, and was therefore named sima.

The Rock Cycle

· New Rocks Exposed by Erosion

· Rocks Broken Down Mechanically and Chemically (Weathering)

· Components Transported by Erosion

· Components Cemented into Sedimentary Rocks

· Burial and Heating creates Metamorphic Rocks

· Melting Creates Igneous Rocks
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Some Unique Aspects of Geology

Importance of Time

Distinctive Problems of Evidence

· Slow Rates 

· Rare Events 

· Destruction of Evidence 

· Inaccessibility

Some Geologic Rates

Cutting of Grand Canyon

· 2 km/3 m.y. = 1 cm/15 yr

Uplift of Alps

· 5 km/10 m.y. = 1 cm/20 yr.

Opening of Atlantic

· 5000 km/180 m.y. = 2.8 cm/yr.

Uplift of White Mtns. (N.H.) Granites

· 8 km/150 m.y. = 1 cm/190 yr.

Scientific Principles in Geology 

· Parsimony (K.I.S.S.)

· Superposition

· Uniformitarianism

Using these, plus observation, we establish facts about Earth Processes

Mass Extinctions 

Causes ?

· Climate Change      * Disease  * Mountain-building 

· Sea Level Change    * Competing Organisms 

· Over-specialization   * Volcanism   * Meteor Impact 

Minerals

A rock is an aggregate of minerals formed by natural processes. This leads us to ask: what is a mineral? 

A mineral is a naturally occurring, inorganic solid, that has a specific chemical composition, and a definite internal structure. 

MAJOR MINERAL SUITES 

ELEMENTS

Metallic:Au, Ag, Cu 

Nonmetallic: C - Diamond, Graphite Sulfur 

MAJOR MINERAL SUITES

SULFIDES:   Pyrite FeS2  Galena PbS 

HALIDES :Halite NaCl 

SULFATES:   Gypsum CaSO4 

OXIDES:   Hematite Fe2O3 

CARBONATES:   Calcite CaCO3  Dolomite CaMg (CO3)2 

MOST IMPORTANT MINERAL SUITE: 
The Silicate Minerals 

· Si + O = 75% of Crust 

· Silicates make up 95% + of all Rocks 

· SiO4: -4 charge 

· Link Corner-To-Corner by Sharing Oxygen atoms 

Igneous Rocks and Volcanoes

Magma – molten rock beneath the surface
Lava – molten rock on the surface

Igneous Rocks Cool from the Molten State

· Volcanic -- Erupted on Surface 

· Plutonic -- Solidify Within Earth 

Large Grain Size ---> Slow Cooling

· Volcanic Rocks -- Fine Grained 

· Plutonic Rocks -- Coarse Grained 

Porphyritic Texture:
Large Crystals in Fine-grained Setting
Igneous Rock Classification

Volcanic Rocks

 Basalt   Andesite                 Rhyolite 

Plutonic Rocks

Dunite  Gabbro   Diorite                   Granite

1200 C            Melting Point              700 C

Mg, Fe              Rich In...             Si, Na, K

Rapid              Weathering                   Slow 

Usually Dark       Color              Often Light  

Type of Volcano

Shield Volcano     Stratovolcano    Plug Dome

Some Igneous Rocks Are Named on Textural Criteria

· Pumice - Porous

· Obsidian - Glass

· Tuff - Cemented Ash 

· Breccia - Cemented Fragments 

· Porphyry - Fine Matrix, Large Crystals 

Types of Volcanoes 

Sedimentary Rocks 

Deposited on or Near Surface of Earth by Mechanical or Chemical Processes

Sedimentary Rocks are the Principal Repository for Information About the Earth’s Past Environment

Sedimentary Rocks

Clastic Rocks

· Made of Fragmentary Material 

· Deposited by 

· Water (Most Common) 

· Wind 

· Glacial Action 

· Gravity 

Biochemical Sedimentary Rocks

· Evaporation 

· Precipitation 

· Biogenic Sediments 

Clastic Rocks
Classified by:

· Grain Size 

· Grain Composition 

· Texture 


Sediment Sizes and Clastic Rock Types

Sedimentary rocks made of silt- and clay-sized particles are collectively called mudrocks, and are the most abundant sedimentary rocks.

[image: image14.jpg]OMAN’S COURSE ACROSS THE GLOBE

The configuration of the continents has been subject to
continuous change throughout geological history as the
earth’s plates drift across the globe. From a global dataset the
latitudinal position of Oman through geological time has
been plotted. A massive swing in the latitude position of
Oman is reflected in the sedimentary record showing the
pre-Permian sediments to be deposits of dominantly
temperate or colder climates, whilst the younger sediments
reflect tropical climates. Note that the size of Oman in this
diagram is exaggerated.
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Some Special Clastic Rock Types

· Arkose 
 
Feldspar-Rich 

· Breccia 

Angular Fragments 

· Graywacke  
Angular, Immature 




Sandstone 

Chemical Sediments

Evaporites -Water Soluble

· Halite 

· Gypsum 

· Calcite 

Precipitates

Example: Ca(sol'n) + SO4 (Sol'n) = CaSO4 _

· Gypsum 

· Limestone 

· Iron Formations

Alteration After Deposition

· Dolomite 

Biogenic Sediments

· Limestone - Shells, Reefs, Etc. 

Organic Remains

· Coal 

· Petroleum 

Coal Seams,  

Coal

· Delta, continental environments

· Carbonized Woody Material

· Often fossilized trees, leaves present

Petroleum

A hydrocarbon molecule

What organisms make these?

Answer: None

Landforms Associated with Sedimentary Rocks

Mesa

· Flat-topped hill capped with hard rock

Cuesta

· Gently-tilted layer of hard rock: Door Peninsula

· The gentle upper slope, on top of the layer is called the dip slope
Hogback

· A sharp ridge of hard rock, edge of a steeply-dipping layer

Metamorphism

· Changes in Rock Composition or Texture 

· Due to Heat, Pressure and Action of Fluids 

We Do Not Live at “Normal” Conditions

· By the standards of Earth’s interior, we live in a frozen vacuum

· Things that look “abnormal” to us are normal behavior for materials

· Solids can flow

· Solids can react chemically with each other

· A given material can have several different atomic structures

Chemical Changes in Rocks

Weathering

· At Surface

Diagenesis

· Sedimentary Rocks

Metamorphism

· Starts about 200 C

· Outside range of normal near-surface conditions

Where Does the Heat Come from?

Uranium and Thorium ( Other Elements + Lead + Radiation (about 90%)

Potassium-40 ( Calcium-40 or Argon-40 + Radiation (about 10%)

Where Does the Pressure Come from? 

· Air Pressure = 14 P.s.i. (1 Atmosphere or 1 Bar) 

· Pressure Beneath 10 Meters (33 Ft.) Of Water = 1 Atm. = 1 Bar 

· Same Pressure Beneath 3.5 M (10 Ft.) Of Rock 

· Pressure in Deepest Part of Ocean = 1000 Bars 

· Pressure under One Mile of Rock = 500 Bars

· 1000 Bars (2 Mi. or 3 km Of Rock) = 1 Kilobar (Kb.)
Types of Metamorphism

Contact

· Around Intrusions 

· Shallow: 0-6 Km 

· Low Pressure 

· Local 

Regional

· Wide Areas 

· 5-20 Km, Sometimes 30+ 

· High Pressure 

· Usually Accompained by Deformation

What Happens During Metamorphism

Minerals React to Form New Minerals

· 2SiO2 + CaMg(CO3) 2 == CaMgSi2O6 + 2CO2 

· Quartz + Dolomite == Pyroxene 

Minerals Change Form

· Al2SiO5 == Al2SiO5 

· Andalusite == Kyanite 

New Materials Are Added (Metasomatism)

· CaMg(SiO2)2 + 2CO2 == CaMg(CO3)2 + 2SiO2 

· Pyroxene + CO2 == Dolomite + Quartz 

· Minerals in Solution == Ore Bodies 

Recrystallization

Geologic Time and Earth History 

Two Conceptions of Earth History: 

VI- Geologic time:

(a) Early concepts & controversies: Uniformitarianism vs. Catastrophism 

James Hutton’s Uniformitarianism: "Present is the key to the past"

(b) Relative and absolute time:


Absolute age dating: making use of radioactive isotopes of known decay rates.


Relative age dating (Fig. 1): based on:

(i)
Principle of original horizontality

(ii)
Principle of superposition of strata

(iii)
Principle of lateral continuity

(iv) Principle of cross cutting relations

(v) Principle of inclusions

(c) Geologic Time scale: Combining relative and absolute age dating.


Oldest rocks on Earth: 3.96 byrs.


Age of the Earth: ~ 4.7 byrs.

Catastrophism

· Assumption: Great Effects Require Great Causes 

· Earth History Dominated by Violent Events 

Uniformitarianism

· Assumption: We Can Use Cause And Effect to Determine Causes of Past Events 

· Finding: Earth History Dominated by Small-scale Events Typical of the Present. 

· Catastrophes Do Happen But Are Uncommon 

Uniformitarianism 

Continuity of Cause and Effect

· Apply Cause and Effect to Future - Prediction 

· Apply Cause and Effect to Present - Technology 

· Apply Cause and Effect to Past – Uniformitarianism

The Present is the Key to the Past

Geological History

I- Origin of the Sun & the Solar system

I) Big Bang: 20 billion yrs ago

II) The nebular hypothesis:

· T drops following the Big Bang

· 5 billion yrs ago: our own solar nebula collapses into a disk shaped

· Solar winds.

· Accretion: Planetesimals and protoplanets

III) Earth evolution: 

· Accretion causes an increase in the T 

· Differentiation of the Earth into crust, mantle, and core.

· Earth acquires its magnetic field during the Early Precambrian.

IV) Earth’s early atmosphere

· Outgassing

· Rich in H2O, CO2 and N2
· Precipitation and the beginning of the hydrologic cycle.

· How did it evolve to the present composition? ( Cyanobacteria & plants.

II- The Precambrian “Era”

· The Precambrian spans about 88% of Earth's history

· Between 4.5 billion years ago and ending approximately 540 million years ago

· Represented in the cores of the continents known as “shields”

· Important rock types: Greenstones and “granitoids”, Granulite facies metamorphic rocks.

· Important deposits of Fe-ores, U and Au in Canada and South Africa are related to the paucity of Oxygen in the atmosphere.

· Continents: Supercontinent of Rodinia assembled 1.5 billion years ago, broke up 700 Ma

· “Gondwanaland” existed close to the south pole triggering the “snowball earth”.

· Fossils: 

· Most Precambrian rocks are devoid of fossils

· Prokaryotes: lack organized cells

· Stromatolites: Blue green algae

· Eukaryotes: with cells containing nuclei

· Plant fossils in the middle Precambrian

· Diverse and multicellular organisms exist by the close of the Precambrian

· Late Precambrian marked by the preservation of trace fossils, as well as the first record of organisms with hard parts. 

II- The Paleozoic Era

· The Paleozoic era extends from 540 million years ago to about 245 million years ago (~7% of the time scale). 

· Thick carbonate sequences and evaporites.

· Early Paleozoic marked by 6 different landmasses that will come together to form Pangea at the end of the Paleozoic.

· Paleozoic characterized by major mountain building events such as the Appalachians, the Urals, and the Caledonides.

· Ancestral North America collided with Africa to produce the original Appalachian Mountains, and the northern continent of Laurasia formed.

· By the Pennsylvanian period, large tropical swamps, which became the major coal deposits of today, extended across North America, Europe, and Siberia 

Fossils:

· Life in the early Paleozoic was restricted to the seas and consisted of several invertebrate groups.

· Invertebrates that predominated were Trilobites, Brachiopods, Cephalopods, and Corals.

· Many of these organisms were reef builders.

· Vertebrates (armoured fish) first appeared in the Early Paleozoic.

· In the Late Paleozoic, insects and plants appeared on land, and amphibians evolved and diversified.

· Very end of the Paleozoic is marked by the appearance of the first reptiles.

· The end of the Paleozoic is marked by one of the most dramatic extinctions in all of Earth's history (the mother of all extinctions). Most likely explanation: major continental glaciation on Gondwanaland which continued and spread after the formation of Pangea!

IV- The Mesozoic Era

· Ranges from 245 to 66 Ma

· Characterized by the breakup of Pangea; had major impact on climates and evolution (through the isolation of populations).

· Major climatic changes were the result of changes in oceanic circulation patterns.

· Jurassic and Cretaceous marked by the beginning of the Cordilleran orogenies.

· Age of Reptiles; also first appearance of mammals, birds, and flowering plants.

· Extinction of Dinosaurs at the end of the Cretaceous.

V- The Cenozoic Era

· Cenozoic constitutes 1.5% of the Earth’s history; lasted for 66 Ma

· Time of major events like: 

· The Alpine Orogeny 

· The Himalayan Orogeny 

· Development of the Cascade Mountains

· Andes Mountains continued to develop. 

· Opening of the Red Sea and Gulf of Aden

· Opening of the Sea of Japan.

· Separation of Australia from Antarctica.

· San Andreas Fault: 20 Ma.

· Basin and Range extension.

· Age of mammals.

· Age of flowering plants.

· Two groups of mammals: Marsupials and Placentals.

· Very large mammals became extinct during the Pleistocene.

· Homo sapiens: ~ 100,000 years ago; ( Neanderthals, appearance of modern Humans 10,000 years ago.

Two Kinds of Ages

Relative - Know Order of Events But Not Dates

· Civil War in USA Happened Before World .Ware.II 

Absolute - Know Dates

· World War II 1939-1945 

Superposition

Fossils

Remains of Ancient Plants And Animals, Evidence of Life 

Commonly Preserved:

Hard Parts of Organisms:
· Bones 

· Shells 

· Hard Parts of Insects 

· Woody Material 

Rarely Preserved

Soft or Easily Decayed Parts of Organisms:

· Internal Organs 

· Skin 

· Hair 

· Feathers

Types of Fossils

· Original Material 

· Casts & Molds 

· Replacement (Petrified Wood) 

· Carbonized Films (Leaves) 

· Footprints, Tracks, Etc. 

· “Trace Fossils” – Our only preserved record of behavior of fossil organisms

Dinosaur Tracks 

Pseudofossils

Look Like Fossils But Aren't

· Dendrites 

· Concretions 

Where Fossils Occur

Almost Exclusively in Sedimentary Rocks

· Heat of Melting or Metamorphism Would Destroy Almost Every Type of Fossil 

· Rare Exceptions: 

· Some Fossils in Low-grade Metamorphic Rocks

· Trees Buried by Lava Flow 

To Be Preserved, Organisms Have to Be:

· Buried Rapidly After Death 

· Preserved From Decay 

Good Index Fossils

· Abundant 

· Widely-distributed (Global Preferred) 

· Short-lived or Rapidly Changing 

Geologic Time Scale

Absolute Ages: Early Attempts

The Bible

· Add up Dates in Bible 

· Get an Age of 4000-6000 B.C. For Earth 

· John Lightfoot and Bishop Ussher - 4004 B.C. (1584) 

· Too Short 

Absolute Ages: Early Attempts
Salt in Ocean

· If we know rate salt is added, and how much salt is in ocean, can find age of oceans. 

Sediment Thickness

· Add up thickest sediments for each period, estimate rate.

Both methods gave age of about 100 million years

· Problem: Rates Variable
Age of The Sun

· If sun gets its heat from burning or other chemical reactions, could only last 10,000 years or so. 

· Best 19th century guess: sun was slowly contracting. 

· Problem: only 30 million years ago, sun would have extended out to earth's orbit! 

· Geologists wanted more time, but you can't fight the laws of physics... 

· Sun actually gets its energy from nuclear reactions and can keep going for billions of years 

· The Geologists were right after all. Go Team.
Radiometric Dating: Half-Life

Present Radiometric Dating Methods

Cosmogenic

· C-14 5700 Yr. 

Primordial

· K-Ar (K-40) 1.25 B.Y. 

· Rb-Sr (Rb-87) 48.8 by 

· U-235 704 M.Y. 

Some Geologic Rates

Uplift of Alps

· 5 km/10 m.y. = 1 cm/20 yr.

Opening of Atlantic

· 5000 km/180 m.y. = 2.8 cm/yr.

Fossils 

Fossils are the remains of creatures which existed long ago. Fossils range from thousands of years to many millions of years in age. The earliest fossils date from around 600 million years ago, however recent reports suggest bacteria may have existed up to 3 billion years earlier. To put this in context, the dinosaurs became extinct just 65 million years ago.

Not all former life was preserved as fossils; in fact the vast majority simply vanished without trace. The most likely materials to survive fossilisation are the hard parts such as shells and objects which in life were constructed from resistant materials, such as Coral.

In order for softer materials to survive, the conditions must be extremely favourable.

Fossils come in a variety of sizes, from minute traces to large skeletons. Trace fossils are clues to former life; they result from the activities or presence of creatures and plants. Examples of these traces include footprints, burrows and root tunnels. At the larger end of the scale, fossils also include bones, the largest of which belong to the dinosaurs.

Generally many people often think of fossils as mineralized bones stored in museums.

However, fossils can be any remains or traces of ancient organisms. Fossils can be footprints, burrows, or casts of bodies. Some of the best preserved fossils are frozen in permafrost soil or ice, dehydrated in dry desert caves, or encased in tree resin that hardened into amber. In any of these three harsh environmental conditions, even soft body parts can be remarkably well preserved indefinitely. The mummies of ancient Egypt are fossils that contain both soft and hard body parts. Bodies submerged in cold stagnant swamps or bogs thousands of years ago have also been found in remarkably good condition with their soft tissues intact. They were preserved by anaerobic environments and by natural antibiotics released from decaying plants in the swamps.

Even though the ancient Greek Aristotle had considered the presence of fossils of marine animals in high places to be a problem, that recognition that fossils are the remains of life was not universally acknowledged until very recently. Only a minority of 'pre-scientific philosophers' believed that fossils were the remains of ancient organisms.

By the mid 1990's, 1 % million species of living organisms had been described and given scientific names. Every year, thousands more are identified. There are probably millions of species that have not yet been discovered, especially in tropical forests. It is likely that most of these are insects and plants. Estimates of the total number ofliving species range from 10 to 100 million, but the general consensus in the biological sciences is that there probably are about 13 to 14 million. This tremendous diversity of life is not new on our planet. There has been even greater diversity at times over the last billion years. The noted paleontologist, Stephen J. Gould, has estimated that 99% of all plant and animal species that have ever lived are already extinct and most have left no fossil evidence of their existence.

The Rock Record

There are several techniques which aid us in understanding the geological history (millions-or even thousands of millions-of years ago) of this planet of ours. This can be achieved by studying the record of the rocks, a record which indicates that both the earth and its inhabitants have undergone many changes throughout the long life span of our planet. What does this record consist of? By what means do interpret it?

Keys to the Past

It is now a common belief that the earth is at least 4,500 million years old. There is credible, evidence which suggests that life may have been present on our planet for as long as 3,000 million years. In addition there are many indications that the earth's physical features have not always been as they around today. For instance, mountains now occupy the sites of ancient seas, and oil and gas is being produced where deserts existed lOOs's of millions of years ago. Furthermore, some life forms have remained virtually unchanged with time whilst others have become extinct.

The Law of Fauna) Succession.

This law states that fossils faunas follow each other in a definite and determinable order. In other words these faunas are distinctive for each portion of earth history, and by comparing them we are able to recognize deposits of the same age. This succession in life is such that older rocks may be expected to contain the remains of more primitive organisms, while the remains of more advanced life forms are normally confined to he younger rocks.

How Fossils are Formed

The majority of fossils are found in marine sedimentary rocks. Such rocks were formed when salt-water sediments such as lime muds, sands, or shell beds were compressed and cemented together to form rocks. Only rarely do fossils occur in igneous and meta​morphic rocks. But even in the sedimentary rocks only a minute fraction of prehistoric plants and animals have left any record of their existence. This is not difficult to understand if we are aware of the rather rigorous requirements of fossilization.

Requirements of Fossilization.

There are many factors which ultimately determine whether an organism will be fossilized, but the three basic requirements are:

(a) The organism should possess hard parts. These might be shell, bone, teeth or the woody tissue of plants. However, under unusually favorable conditions of preservation, it is possible for even such fragile creatures as a jellyfish or an insect to become fossilized.

(b) The organic remains must escape immediate destruction after death. If the body parts of an organism are crushed, decayed, badly weathered or otherwise greatly changed, this

may result in the alteration or complete destruction of the fossil record of that particular

organism. .

(c) Rapid burial must take place in a material capable of retarding decomposition. The type of material burying the remains usually depends upon where the organism lived. The remains of marine animals are common as fossils because they fall to. the ocean bottom after death, and here they are covered by soft muds which are converted into the shales and limestones of later geologic ages. The finer sediments are less- likely to damage the organic remains, and certain fine-grained Permian Gharif Clastics of Oman have faithfully preserved such delicate specimens as plants and pollen. Some of the fossil trees which thrived around 300 Ma have been found in excellent states of preservation. Good examples of such trees can be seen in the Huqf area,

What do the Fossils Tell Us?

Fossils show us a great deal about earlier life forms. Not only can we learn about earlier life forms, but we can also reconstruct body shapes. Most prominent animal fossils displayed in museums usually are mineralized bones. From these skeletons, researchers can often learn about gender, physical capabilities, growth patterns, life expectancies, and pathologies. For instance, by studying muscle attachment points on bones, it is usually possible to make inferences about the size and shape of muscles. This can be an important clue to understanding locomotion. The relative size, shape, and position of

eyes, nose, and ears on a skull can lead to an understanding of the importance and capabilities of these different senses. Brains are virtually never fossilized, but the brain cases often are. These can give us a good idea of the gross structures of brains and their overall mass. The age at death can be estimated by such things as closure of bone growth plates and skull sutures as well as tooth eruption and wear patterns. Bones sometimes also show evidence of medical abnormalities such as injuries and specific kinds of diseases.

 Fossils range from thousands of years to many millions of years in age. The earliest fossils date from around 600 million years ago, however recent reports suggest bacteria may have existed up to 3 billion years earlier. To put this in context, the dinosaurs became extinct just 65 million years ago.

Not all former life was preserved as fossils, in fact the vast majority simply vanished without trace. The most likely materials to survive fossilisation are the hard parts such as shells and objects which in life were constructed from resistant materials, such as Coral. In order for softer materials to survive, the conditions must be extremely favourable.

Fossils come in a variety of sizes, from minute traces to large skeletons. Trace fossils are clues to former life, they result from the activities or presence of creatures and plants. Examples of these traces Include footprints, burrows and root tunnels. At the larger end of the scale, fossils also include bones, the largest of which belong to the dinosaurs, which existed between the Triassic and Cretaceous periods.

   PALAEONTOLOGY

Palaeontology is the study of animals and plants which lived in the past and whose remains or other indications are found in sedimentary rocks. These remains and indications are described as fossils.

  USES OF FOSSILS

  FOSSILS AS ENVIRONMENTAL INDICATORS

Fossils are valuable in the reconstruction of the conditions in which sedimentary rocks fanned. If the habitat of living plant or animal is known, it may be assumed that the same fonus occurring as fossils lived in similar conditions. For instance, modern marine animals (e.g. corals) live only in the sea, so that their remains in sedimentary rocks would indicate that sediments formed in the sea.

Fossils give infonnation about conditions of salinity, temperature, light, depth and amount of oxygen.

  FOSSILS IN ECONOMIC GEOLOGY

The study of fossils is a fundamental part of economic geology. For example, fossils are important as means of identifying the rock fonnation in which oil and coal occur.

Fossils, which usually occur in anyone part of the stratigraphic column, are distinctive and different from those which occur at other levels. This has made it possible to refer any set of sedimentary rocks to its correct position in the Stratigraphic column by examination of its fossil content.

If exactly the same sequence of fossils is found in two different areas, the rocks are probably the same age.

  AGE DATING

The age of rocks is determined by measuring the time that has elapsed since the rock was fIrst formed. Detennination of rock ages in geology is called age dating or simply dating. The age of a rock can be determined in two ways, by relative dating or by absolute dating.

  RELATNEDATING

Relative dating means that rocks are arranged in proper order or sequence according to their ages. It is cormnonly used by geologists when they are studying areas where a number of rock types occur. The basic principle of relative dating involves knowing the age of a certain rock relative to another. Steno's principles and fossils are very useful in determining relative ages.

Basic Principles in Geology


1. Original Horizontality: "Sedimentary beds made up of fine-grained sediments


(small particles) are originally deposited horizontally. "


2. Superposition: "In a sequence of sedimentary beds, the oldest bed is at the bottom


and the youngest at the top. "

3. Continuity of Strata: When we see edges (ends) of strata on side of a valley (wadi) and we see the same sequence on the other side, then the strata must have been initially continuous (connected with each other). The missing strata in the valley (wadi) were removed by water erosion.

4. Included Fragments: "If a rock contains a fragment or particle of another rock,


then the fragment is older than the rock. "

5. Cross-Cutting Relationships: "A rock is younger than the rock it cuts. "

Many sedimentary rocks contain fossils. They represent life on Earth at the time of the deposition of rocks. Using fossils, palaeontologists have identified the succession (order) in which life appeared on Earth. Initially, there was no life on Earth but as time went on various life foTITIS developed, one after the other.

In the geological past, the Earth was inhabited by many different types of animals/organisms that are not found today. The dinosaurs are among them. Clearly, each organism belongs to a certain time period in geological history. So fossils can be used as time indicators.

  ABSOLUTE DATING

Absolute dating is fmding out how long ago a particular rock was formed using the radioactive material found in rocks. Absolute dating not only gives the order of the ages of rocks but also their exact ages. Most chemical elements found in nature have stable atoms, which do not change with time. However, atoms of some elements are unstable. They change with time by the decay (breaking apart) of their nuclei. Such elements are known as radioactive elements. An example of a radioactive element is uraruum.

GEOLOGICAL TIME

We are used to measuring time in fractions of seconds, hours, years, etc. We consider a few hundred years as very large periods. In the geological history of the Earth, phenomena lasting a few thousand years are regarded as short period events. Generally, time in geology is measured in millions or billions of years because most geological

processes occur at very slow rates. Let us consider the example of a 3 km-high mountain where marine rocks are found at the top. These rocks contain shells of shallow marine organisms that lived 15 million years ago. Obviously, in 15 million years
these
rocks

were uplifted 3,000 metres. This gives an average rate of uplift of 0.2 mm year. We will regard this as a very slow rate. At this rate, even in a few decades we would not notice the change in the height of the mountain.
.

Time in geology is used in two ways, the date and the duration. The date of a geological event is given as million years ago (Ma= 106 years ago). For example, the marine rocks were deposited in the sea 15 Ma. The date can also be given in billion years ago (Ga = 109 years ago), as in the Earth was fonned 4.7 Ga. The duration of an event is given in million years (m.y.) or billion years (g.y.). For example, the fractionation (differentiation) of the Earth took 500 m.y. or 0.5 g.y.

MEASUREMENT OF GEOLOGICAL TIME

The geological processes cannot be timed using ordinary clocks or modem calendars. Even ancient records of human history are not sufficient to show geological changes. Geologists solved the problem of measuring time by examining the geological history preserved in rocks themselves. In other words, the geological clock is within the rocks. The age of rocks is determined by measuring the time that has elapsed since the rock was fIrst formed. Determination of rock ages in geology is called age dating or simply dating. Geologists have now developed many techniques to measure the geological time. The branch of geology that deals with the measurement of time is called geochronology. The age of a rock can be determined in two ways, by relative dating or by absolute dating.

RELATIVE DATING

Relative dating means that rocks are aITanged in proper order or sequence according to their ages. It is commonly used by geologists when they are studying areas where a number of rock types occur. The basic principle of relative dating involves knowing the age of a certain rock relative to another. Let us consider a simple example of

three different rocks, A, Band C found in an area. We can take the rocks in pairs A-B and A-C. Using a relative dating method, we determine the older rock for each pair. Many different geological features of rocks are used for this relative age determination. We shall discuss some of them later. Suppose B is older than A and A is older than C; then we can arrange these rocks in the following order: B-A-C. such that B is the oldest and C the youngest. Steno's principles and fossils are very useful in determining relative ages.

ABSOLUTE DATING

Absolute dating is finding out how long ago a particular rock was fonned. Absolute dating not only gives the order of the ages of rocks but also their exact ages. In the above example, absolute dating techniques may provide an age of 45 Ma for rock A, 53 Ma for rock B, and 37 Ma for rock C.

DATING TECHNIQUES

AGE DETERMINATION USING RADIOACTIVE ELEMENTS

The age determination technique using the radioactive material found in rocks is known as radiometric dating. Most chemical elements found in nature have stable atoms, which do not change with time. However, atoms of some elements are unstable. They change with time by the decay (breaking apart) of their nuclei. Such elements are known as radioactive elements. An example of a radioactive element is uranium. When a radioactive atom decays, it gives out energy (a-particle or l3-particle or y-rays) and changes into a different atom. Let us consider the decay of a uranium atom to a thorium  atom by the emission of one a-particle.

The main assumption in radiometric dating is that when the rock fonns, the radioactive atoms are locked in the rock. The rock becomes a closed system like a sealed box. The parents or the daughters cannot leave the rock. The decay of one parent gives birth to one daughter. So we can count the number of parents and the number of daughters in the rock and find out how many atoms were locked in the rock initially.

At any given time the decay rate is proportional to the number of atoms present in the system. More atoms decay in the beginning when a large number of parents are present in the rock. Gradually, the. number of decaying atoms becomes progressively smaller with time. As shown in the figure, we see that the first half of the parent atoms decay much faster than the remaining half. The decay rate for a particular radioactive element is fixed and it is not affected by physical and chemical changes.

The amount of time taken to decay the first half is known as the half-life of the element. At half-life the number of parents is equal to the number of daughters in the rock. The decay rate is exponential (constantly decreasing with time). Using the radioactive decay constant (A.) and the number of parents (P) and daughters (D), the age (t) of rock can be calculated:

Radiometric dating thus provides absolute ages. Some common radioactive

Radiometric Dating: Exponential decay of a radioactive isotope and half-life

AGE DETERMINATION USING FOSSILS

Remains of organisms or plants found preserved in rocks are known as fossils. The branch of geology dealing with fossils is called palaeontology. Many sedimentary rocks contain fossils. They represent life on Earth at the time of the deposition of rocks. Using fossils, palaeontologists have identified the succession (order) in which life appeared on Earth. Initially, there was no life on Earth but as time went on various life forms developed, one after the other. The roll owing is an example of the sequence of life:

Age of trilobites Age of fishes Age of reptiles Age of mammals

In the geological past, the Earth was inhabited by many different types or animals/organisms that are not found today. The dinosaurs are among them. Clearly, each organism belongs to a certain time period in geological history. So fossils can be used as time indicators.

There are some fossils of organisms that lived for a very short time span and were spread over a large region. Such fossils are very useful in estimating the relative age of rocks. They are known as index fossils. Sedimentary rocks do not always have index fossils. Sometimes a group offossils can be used for relative dating.

GEOLOGICAL TIME SCALE

The Earth" history of over 4 billion years is represented by a geological time scale made up of three major divisions called eons -Phanerozoic, Proterozoic, and Archean. At present three eras are recognized within the Phanerozoic. These eras are Cenozoic Mesozoic and Palaeozoic. Eras are further divided into periods and the periods into even smaller units called epochs. The time before the Phanerozoic is not divided into smaller units because the geological history for this interval is not known in detail.

The subdivisions of the geological time scale have unequal durations (lengths of time). The boundaries between the subdivisions are closely related to worldwide changes in life forms. During the first 4 billon years, the life forms were simple and restricted. Since 570 Ma (beginning of Phanerozoic) many different types of life forms developed in great abundance representing a major change. The term Phanerozoic is derived form Greek and means visible life. Each era within the Phanerozoic represents a different set of life fOnTIs:

Cenozoic Era _ Recent life Mesozoic Era _ Middle life Palaeozoic Era _ Ancient life

BASIC PRINCIPLES IN GEOLOGY

In the 17th century (1666 A.D.) Nicolaus Steno developed several principles, which form the foundation of geology. These principles allow geologists to determine the relative ages of rocks and understand the order of geological events. Geological history of even very complicated areas can be worked with the help of these principles.

UNIFORlMIITY

In the early days scientists were faced with the problem of explaining the rock record. In the absence of any clear rules, they interpreted the same record in many different ways. A good example is the fossils preserved in rocks. The presence of fossils was noted in rocks but their importance was not understood. Steno recognized that the rock-like shells were petrified sea shells. In particular, he recognized that the tooth​shaped objects found in rocks were fossils of sharks' teeth. He personally cut up sharks and compared fossil teeth with the teeth of modem sharks. He concluded that the fossil teeth must have come from the same kind of sharks. Steno was also one of the fIrst scientists to use illustrations (drawings) as evidence for his theory. Before Steno fossil teeth were called tongue stones and were thought to have been put in rocks by the devil.

Steno and later geologists have a natural but very powerful rule: "The present is the key to the past. "

This is also known as uniformitarianism. It forms the basis of modem geology. It says that the events in the geological history of the Earth can be studied by knowing the nature of modem geological processes. In other words, the physical, biological and chemical laws that operate today have also operated in the geological past. VIe observe today that the surface rocks disintegrate due to weathering and erosion. The soft sediments (e.g. sand) are transported by streams and rivers and deposited in the sea. With tir.'1le they change to hard sedimentary rock (e.g. sandstone) as they are buried deeper. Steno realized that the rocks he studied were hardened sediments. We can assume that many sedimentary fonn in the manner in the sea and are later uplifted.

The geological processes have been at work for long time. However, the rates at which these processes operated may not have been the same for different periods. For example, the rate of volcanism in the early part of geological history must have been higher than today because the Earth was much hotter.

SIGNIFICANCE OF SEDIMENTARY ROCKS

Generally, a sequence of sedimentary rocks is made up of many layers called strata (or beds). The study of strata is known as stratigraphy. The strata contain information about the environment at the time of their deposition. The also provide information about later (younger) events that affect them. For example, during mountain building the strata are deformed and sometimes penetrated (intruded) by igneous rocks.

DEFORMATION OF LAYERED SEDIMENTARY ROCKS

Often, the sedimentary beds are not found in the original position or shape. The natural Earth forces deform the rocks. They squeeze, bend, twist and fracture the rocks. The age of deformation event will always be younger that the age of the deformed rocks. The deformation is of three types:

1. Tilting: The strata have a different angle of dip that original. The angel of dip is the angle between the horizontal plane and the tilted bed.

2. Folding: The strata are bent due to squeezing from two sides.

       FOLDED STRATA

3, Faulting: The strata are ftactured and displace along a plane known as a fault or fault plane. The continuity of strata is broken by fault and, in general, the sedimentary beds are not aligned on either side of the fault.

IGNEOUS INTRUSIONS

Sometimes hot magma forces into weak zones within the sedimentary strata where it cools and solidifies forming igneous rocks. The igneous rocks take the shape of the crakes or cavities with in the strata. These rock forma are called igneous intrusions. They are very different from the surrounding strata and can be easily recognized. A common igneous intrusion is dyke, which is a thin tabular igneous body cutting across many strata.
 

STRATI GRAPHIC PRINCIPLES
 


Observation of layers rocks led Steno to defme some Stratigraphic principles that

are very useful in determining relative ages.

1. Original Horizontality : "Sedimentary beds made up of fine-grained sediments (small particles) are originally deposited horizontally." Fine-grained sediments entering the sea (or lakes) settle down at the bottom in layers that are parallel to the sea level. Thus, initially the strata are horizontally or near horizontaL Of ten .we fine strata with high dip angles. It is reasonable assumption that dip was given to strata by much younger process or events.

2. Superposition: "In a sequence of sedimentary beds, the oldest bed is at the bottom and the youngest at the top

3. Continuity of Strata: When we see edges (ends) of strata on side of a valley (wadi) and we see the same sequence on the other side, then the strata must have been initially continuous (connected with each other). The missing strata in the valley (wadi) were removed by water erosion.

4. Included Fragments: "If a rock contains afragment or particle of another rock, then the fragment is older than the rock. " Suppose a granite boulder (larger block) is found in a sandstone bed, then the granite is older than the sandstone.

Granite boulder
'

5. Cross-Cutting Relationships: "A rock is younger than the rock it cuts. " This principle was initially used for igneous intrusions in sedimentary sequences, If a dyke cuts through sedimentary strata A-G (figure below), then it is younger than stratum. This principle is now extended to faults that also cut through sedimentary strata.

EXTINCTIONS

The fossil record shows mass extinction events in the geological past when many species totally disappeared from the Earth. Extinction events occUlTed throughout geological time as shown on the diversity-time graph by a sharp drop in the number of families (Figure). Major extinction events separate the Mesozoic (Age of Reptiles) from the underlying Palaeozoic and the overlying Cenozoic (Age of Mammals). The most severe mass extinction period was towards the end of Period 6 (end ofPalaeozoic). There have been many arguments as to the cause of the extinction events. The major hypotheses (scientific ideas) have been:

1. Climatic change over several million years 1 m.y. - 10 m.y.

2. Volcanism leading to shorter term climatic cooling 1 ky. - 5 m.y.


3. Impact of meteorite(s) or comet(s), over a short time span leading to a "nuclear

winter" and or poisoning of the seas. 1 day - 1 ky. - 1 m.y. (the extraterrestrial hypothesis).

4: Heating due to a supernova about 1 ky.

5. A combination of 2 or more of the above.

ill all of the above, a consideration of time scales is crucial to solving the problem.

The extinction event at the Mesozoic-Cenozoic boundary is the most famous one. There was a great extinction of animals on the land and in the sea. There were no plant extinctions at this time.
.

Crustal Deformation 

Economic Consequences of Geologic Structures

· Tracing Coal Seams, Aquifers, etc. 

· Ore Deposits are often localized along faults and folds 

· Petroleum Traps 

Types

(a) folds, which are a form of ductile deformation, and (b) fractures, represented by faults and joints which generally result from the brittle behaviour of rocks in response to stress. 

Folds are bends or flexures in the earth's crust

A fault is a fracture in the earth's rock units along which there has been an observable amount of movement and displacement.

Joints are fractures in the rocks characterized by no movement along their surfaces

An unconformity is a surface (or contact)  which represents a break in the geologic record.

Anticlines and Synclines

Types of Faults

Faults Are Classified According to the Kind of Motion That Occurs on Them

· Joints - No Movement 

· Strike-Slip - Horizontal Motion 

· Dip-Slip - Vertical Motion 

Strike-Slip Fault – Left Lateral

Strike-Slip Fault – Right Lateral

Dip-Slip Fault – Normal

Dip-Slip Fault - Reverse

Dip-Slip Faults

· Normal Faults: Extension

· Reverse Faults: Compression

· Reverse Faults are often called Thrust Faults

Continental Drift and Plate Tectonics 

Wegener’s Theory

Continental Drift

In 1912, Alfred Wegener suggested that all continents were once joined together as one supercontinent that he called Pangea  . According to Wegener, Pangea began to break up into smaller continents that drifted apart through the superocean Panthalassa about 200 million years ago. Other scientists (e.g. Suess and Alexander du Toit) who had different versions of the continental drift hypothesis, introduced the names Gondwanaland and Laurasia for supercontinents. Nowadays, Pangea is considered to have first broken up into two supercontinents: Gondwanaland, which later broke up to Africa, India, Australia, Madagascar, Antarctica and South America; and Laurasia, which included North America, Europe and Asia. The ocean between these two supercontinents is called Tethys  

Wegener's evidence for continental drift included:

1- The good geometrical fit of the continents, particularly when the continental shelves are considered.

2- Geological evidence: similar rock types and structures were found on different continents that seem to fit   These rocks (or structures) now on different continents were found to have formed at the same time.

3- The occurrence of identical fossils on widely separated land masses or continents. 

4- Paleoclimatic evidence: Rocks that once formed by the movement of ice sheets (glacial deposits) occur in present - day warm regions as Africa and Australia, whereas rocks of the same age in present - day cold regions as e.g. Pennsylvania, formed under tropical conditions. This observation led Wegener to conclude that Africa and Australia were at one time located near the South Pole, whereas parts of North America were near the equator at the same time, and have since drifted northwards to their present-day positions.

Plate Tectonics

The concept of plate tectonics may be considered a revival of the continental drift theory with one major modification: the earth's "outer layer" consists of several rigid lithospheric plates consisting of continental as well as oceanic crust and the uppermost part of the mantle (in contrast to Wegener's theory). These plates slide on top of a weaker plastic layer (the asthenosphere; moving towards, away from or past each other. Accordingly, there are three types of plate boundaries: 


(i) Divergent (constructive) boundaries where oceanic crust is being created at mid oceanic ridges , a process known as "sea floor spreading".


(ii) Convergent (destructive) boundaries, where crustal material is dragged down through trenches along subduction zones into the mantle (i.e. where crustal material is being destroyed; "subduction";. Convergent plate boundaries are of three types: 



(a) ocean - ocean marked by the formation of island arcs   



(b) ocean - continent, marked by the generation of volcanic arcs on the continents along the plate margin 



(c) continent - continent collision zones, marked by the development of mountain ranges    


(iii) Transform (conservative) boundaries, where the crust is neither created nor destroyed, but where plates slide past one another

A point where three plates meet is known as a triple junction. The plate boundaries in such cases may be ridges, trenches or transform faults. Like plates, triple junctions move and have velocities. However, only certain types of triple junctions are considered stable, depending on the nature of the plate boundaries involved.

Therefore, according to plate tectonics and unlike the continental drift theory, not only do the continents move, but the ocean floor as well. A plate may therefore consist of continental crust and mantle (e.g. Persian plate), oceanic crust and mantle (e.g. Pacific plate), or continental + oceanic crusts and mantle (e.g. African plate;  ). The generation of new oceanic crust at mid oceanic ridges seems to be compensated for by the consumption of old oceanic crust along subduction zones.

Processes occurring at each type of plate boundary and examples

Evidence of Plate Tectonics:

To "prove" the plate tectonic "theory", we must find evidence for:

1- continental drift (see lines of evidence listed above) + role of magnetic inclination (see below)

2- concentration of "tectonic" activity along plate boundaries

3- subduction: or destruction of old oceanic lithosphere in subduction zones. 

4- activity within plates: (example of Hawaiian volcanic chain;  

5- sea floor spreading: or generation of new oceanic crust at mid-oceanic ridges 

Evidence for activity along plate margins:

1- Earthquakes are concentrated along all three types of plate boundaries, with the strongest earthquakes occurring along subduction zones  

2- Volcanoes on the continents occur close to subduction zones.

3- Island arcs with strong volcanic eruptions also occur close to subduction zones and on the plate that is not being consumed.

Evidence for subduction:

1- The oldest rocks on the ocean floor are of Jurassic age, suggesting that older rocks were indeed consumed by subduction. 

2- Volcanic activity along convergent plate boundaries

3- Occurrence of certain rock types or rock associations that can only form by burial to extreme depths in present day mountain belts believed to have formed by continent continent collision; and in present day subduction zones (deep drilling in trenches).

Evidence for Sea Floor Spreading:

1- Age dating of volcanic rocks on the ocean floor has shown that the youngest rocks lie closest to the mid - oceanic ridges, whereas the oldest rocks occur close to the trenches.

2- Paleomagnetic evidence: Rocks of equal age on both sides of a mid - oceanic ridge have the same paleomagnetic signature, and in many cases show an overall symmetrical pattern around the ridge  .

Benioff’s Interpretation  

Worldwide Standardized Seismic Network

The Plate Tectonics Model

What Drives It: Convection

How Plates Move

The Driving Force of Plate Motion

The driving force of plate motion is still poorly understood. Many scientists believe that convection cells within the mantle are the main driving force behind plate motion. Such cells are thought to originate from the heterogeneity of the mantle, with heat produced from radioactive decay causing some parts of the mantle to melt (a process known as partial melting). This hot molten material rises to shallower levels giving rise to mantle plumes, hot spots and mid ocean ridges. When this molten material reaches the top of the asthenosphere, part of it spreads laterally beneath the lithospheric plates, where it cools down, becomes denser, and starts to sink back into the less dense asthenosphere, thus completing a convection cell. However, the size and extent of these convection cells remain unknown, with several possibilities envisioned (Fig. 16).

On the other hand, the generation of new oceanic crust at mid ocean ridges is in itself a force known as "ridge push", which contributes to plate motion. At destructive plate boundaries, the descending slabs are cold and dense compared to the asthenosphere, and provide another force known as "slab pull" as soon as these slabs start getting subducted (Fig. 15). Many scientists believe that slab pull is the most significant force behind plate motion, and is definitely more significant than ridge push..

Earthquakes

Some Important Earthquakes 

1755 - Lisbon, Portugal 

· Killed 70,000, Raised Waves in Lakes all over Europe 

· First Scientifically Studied Earthquake 

1811-1812 - New Madrid, Missouri 

· Felt over 2/3 of the U.S. 

· Few Casualties 

1886 - Charleston, South Carolina 

· Felt All over East Coast, Killed Several Hundred. 

· First Widely-known U.S. Earthquake 

1906 - San Francisco 
•Killed 500 (later studies, possibly 2,500) 

•First Revealed Importance of Faults 

1923 – Tokyo - Killed 140,000 in firestorm

1964 - Alaska 

•Killed about 200 

•Wrecked Anchorage. 

•Tsunamis on West Coast. 

1976 - Tangshan, China 

•Hit an Urban Area of Ten Million People 

•Killed 650,000 

What is an earthquake?

Causes of earthquakes  


Stress buildup causes a new fault


Stress buildup causes movement on an existing fault plane.
Definitions:

Seismic wave

Seismology

Earthquake focus  
Earthquake epicenter   
Recording earthquakes

Seismographs:  
Seismograms 
Seismometers

Types of seismic waves

Body waves

(i)
Primary waves: 6 - 7 km/sec; compression and dilation  

(ii)
Secondary (shear waves): 3.5 km/sec, particles move perpendicular to the direction of wave motion  

Longitudinal (surface waves): up and down + side to side movement; drag + shear!, slowest.

Intensity of earthquakes

Mercalli intensity scale

Magnitude of earthquakes

Richter's scale:

For a Wood - Anderson type seismograph located ~ 100 km from epicenter in California (or where the rocksaffected are similar to those in California), the magnitude of an earthquake "M" according to this scale, is given by a formula similar to:

M = log (A . 104)

where A is the amplitude (in mm) of the largest wave on a seismogram. However, the value of A will differ according to the type of the seismograph used, and its distance from the epicenter! Therefore, a more accurate formula which corrects for these parameters is given in Fig. 7.

Example: Magnitude 1 earthquake swings the “needle” of the Wood – Anderson seismograph  1/1000 mm.

Energy in relation to magnitude:

log E = a + b.M

Where a & b are constants (~5.8 and 2.4; respectively), and E is expressed in ergs.

One unit increase on Richter's scale is equivalent to a ~ 33 fold increase in energy!

Disadvantages of the Richter scale:

[i]
underestimates the energy released by major earthquakes (M > 7)

[ii]
device specific

[iii]
rock specific!

Moment magnitude scale

Seismic moment = length of fault rupture . depth . slip . strength of the rock

Epicenter and Focus

Focus

· Location within the earth where fault rupture actually occurs

Epicenter

· Location on the surface above the focus

Locating earthquake epicenters  
If the circles intersect at a point, the focus is close to the surface, but if they define a triangular region of intersection, then the focus is deep. The larger the area of this triangle, the deeper the earthquake focus.

Depth of earthquake foci:

Shallow: < 70 km

M: < 9.5

Intermediate: 70 - 300 km
M < 7.5

Deep: > 300 km

M < 6.9

· 90% of all earthquake foci located at depths of < 100 km; 75% of earthquakes are shallow focus.

· Shallow level earthquakes cause greater devastation

Earthquake zones

Brittle - ductile transition: maximum depth: 50 - 80 km ???

Subduction zones (Benioff - Wadati zones): < 700 km
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Intense friction between plates at shallow levels
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Brittle slab interior in the middle of a more ductile mantle at deeper levels; slab breakoff or delamination always a possibility!!
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At depth > 700 km, no more earthquakes, as the slabs deform plastically

80% of earthquakes in the Pacific region, 20% in the Mediterranean and Himalayas

Intraplate activity:
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Old faults

SYMBOL 183 \f "Symbol" \s 12 \h
Causes for rejuvenation:

(i)
erosion and deposition (vertical movements)

(ii)
excessive rainfall

(iii)
plutonism and igneous activity

(iv)
simple plate motion: planes of weakness!

Earthquake zones in the US (Fig. 10)

Effects of earthquakes:

(i)
ground displacements

(ii)
landslides and liquefaction

(iii)
seiches

(iv)
tsunami: characterized by velocities of up to 800 km/hr. or more!

(v)
volcanic eruptions

 Tsunamis

Probably Caused by Submarine Landslides 

Travel about 400 M.p.h. 

Pass Unnoticed at Sea,  Cause Damage on Shore 

Warning Network Around Pacific Can Forecast Arrival 

Whether or Not Damage Occurs Depends on: 

· Direction of Travel 

· Harbor Shape 

· Bottom 

· Tide & Weather 

Earthquake prediction:

1- Tectonic creep and seismic gaps (long – term)

2- Statistical studies (long - term).

3- Dilatancy: effects: (short – term)

[i]
microearthquakes (foreshocks)

[ii]
tilt in rocks

[iii]
seismic wave velocity change

[iv]
lowering of the electrical conductivity (or increasing it if water enters the cracks)

[v]
changes in groundwater level

[vi]
increased concentration of radon gas in groundwater

Ground Water

Hydrologic Cycle

· Evaporation from Oceans

· Precipitation on Land

· Infiltration into Ground (Ground Water)

· Runoff (Erosion)

I- Source of Ground water


Meteoric water


Amount of underground water: 60 times more than water in lakes and rivers.

II- Definitions:

Zones 


Zone of aeration: Vadose zone


Zone of intermittent saturation


Capillary fringe


Zone of permanent saturation (Phreatic zone)

The water Table  

Perched water table  

Recharge

Aquifer:

A Saturated, porous, permeable stratum or group of strata, e.g..  


Sands, Sandstones, Clastic and fissured Limestones, 


alluvial gravels,weathered and/or fractured bedrock.
Aquiclude:

A wholly impermeable rock unit that transmits no water.

          e.g..Unfractured igneous and metamorphic rocks 
Types of Aquifer

III- Movement of ground water:

A- Mode of movement


(1) Infiltration: through the vadose zone


(2) Percolation: through the phreatic zone down to the level of a local stream or valley (i.e. downslope).
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Gaining and losing streams  

B- Velocity of flow:

Between 1.5 m/day and 1.5 m/month

C- Factors controlling ground water velocity:

i-
Permeability of the rock

ii-
Structures of the area

iii-
Gradient of the water table

IV- Rock types based on their ability to transport ground water:

Aquifers

Aquicludes

V- Wells:

A- Definitions

Cone of depression  

Drawdown  

B- Types:

1- Ordinary wells ( 

2- Artesian wells: Artesian wells are either flowing or non-flowing.
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Conditions for an artesian system:  


1- Catchment area


2- Inclined aquifer sandwiched between two aquicludes


3- Fissures or wells reaching the water table

C- Problems associated with pumping wells:

Salt water incursion ( 

Subsidence due to increased drawdown

VI- Oases:  
VII- Springs: 

A- Types: ( 

(a) Gravity springs


(b) Fault springs


(c) Joint springs


(d) Dyke springs


(e) Unconformity springs

B- Hot springs and geysers 


Why do geysers erupt  

VIII- Erosional and depositional features caused by ground water action:

1- Caverns:  (Fig. 13)


H2O + CO2 + CaCO3 SYMBOL 219 \f "Symbol" Ca++ + 2 HCO3-
                                                                  SYMBOL 174 \f "Symbol" Caves

       Stalactites, stalagmites, .. etc.       SYMBOL 172 \f "Symbol"    

2- Stalactites, stalagmites and columns (Fig. 14)

3- Karst topography: (Fig. 15)


(a) sinkholes


(b) disappearing streams


(c) Karst valleys

4- Travertine

5- Siliceous sinters and geyserite

6- Petrified wood

IX- Ground water contamination


Types of contaminants


Natural purification of ground water: A distance of travel of 35 - 40 m through sandy or loamy soil is generally sufficient for the purification of ground water contaminated with human litter and bacteria.

Requirements for Drinking use

* TDS not more than 1500mg/l


* water Shouldn’t has unusual materials


* colorless


* Should’t have
 - Arsenic     > 0.05 ppm

                                         
 
 - Cadmium ~ 0.01ppm




 - Cyanide   ~ 0.2 ppm




 - Silver       ~ 0.05 ppm

Irrigation Purposes


* Sodium content is very important ( when Na increases it reduces the permeability in the soil)


Sodium Adsorption Ratio (SAR) = Na/(Ca +Mg)½)/2


* The presence of Bicarbonate especially Ca(HCO3)² & Mg(HCO3)² which will precipitate as 

                        CaCO3 & MgCO3 and harm the soil.

                     Determination of Residual Sodium Carbonate (RSC) = ( CO3 + HCO3) - ( Ca +Mg)
                     if RSC = 2.5 epm it is harm

                     if RSC = 1.5 epm it is save  (epm : Equivalent part per million) 


* Boron Content 

Classification of Water




TDS(mg/l)


Fresh Water

0-1000


Brackish water

1000-10,000


Saline water

10,000-35,000


Brine water

>35,000

Irrigation Purposes

* Sodium (Na)  Reduces Permeability of the soil



Na increases  ((  Permeability Decreases in the soil


 


Sodium Adsorption Ratio (SAR) = Na/(Ca +Mg)½)/2

* Bicarbonate  (Ca(HCO3)² & Mg(HCO3)²) 



Precipitate as CaCO3 & MgCO3 and harm the soil.


Determination 



Residual Sodium Carbonate (RSC) = ( CO3 + HCO3) - ( Ca +Mg)
                     
RSC = 2.5 epm (( it is harm

                     
RSC = 1.5 epm (( it is safe  



(epm : Equivalent part per million) 


* Boron Content 

A Caves is a natural underground opening in the rock that is large enough for human entry.

Karst consists of limestone landform which are the product of the dissolution process. 

Example: Karst feature on Tertiary Limestone behind Armed Force 



Hospital in Al-Khod.

Caves occur mainly within limestone formation of super sequence AC and CT.

In Ac they represent 3km of grey limestone deposited between 270-65 Ma.

In CT they represent yellow colored limestone up to 2km thick deposited within the last 65 million years.

How caves form?

Rainwater dissolves CO2 in the atmosphere and passes through soil, this makes rainwater acidic and over thousands years it dissolves and eats away the limestone at weakness zone and cracks forming underground caves.

How Stalactite from?

It forms when water enters the cave usually from a fracture in the roof. When water reaches the air in the cave some of the CO2 in the water escape and a very thin film of CaCo3 residue is left behind before the water drops on the floor. This process continues and stalactite are formed. 

How stalagmite form?

They form in similar way to stalactite but they accumulate from the cave floor and grows upwards. However, stalagmite are more massive and do not have hollow central tube like the ones found in Stalactite.

Al-Hota & Al-Falah Cave System:

Found in Southern side of Jabal Akhdar near Al-Hammra. Al-Hota cave represents an inlet while Al-Falah is an outlet in Wadi Munbuk. 

Age: 

Inner part 120,000 - 125,000 years

outer parts 6,000 - 1,000 years

Majlis Al-Jinn

· 3rd largest cave in the world

· Larger than the greatest Egyptian Pyramid.

· 5x Al-Bustan Palace Hotel

· Volume 220mx170mx12om = 4 million M3
· Cave pearl have been found in Majlis Al-Jinn

What are Sinkholes?

Caves are usually formed at higher levels first followed by formation of caves beneath. These younger caves collapsed first followed by the collapse of the older caves above to produce sinkhole.

e.g. 
Tawi Atayr Sinkhole

Taiq Sinkhole

Tawi Atayr Sinkhole:

· One of the sinkhole in southern Oman

· Found in Jabal Samhan Karst Plateau, E. of Salalah

Ayn Hamran Cave:

· Cave does not “breath”

· Huge number of bats live in it

Taiq (Teyq) Sinkhole

· One of largest sinkhole in the world

· Volume 300 million m3  (1250mx1,000x250 
= 312,500,000 m3)
· 75x Majlis Al-Jinn

· 375x Al-Bustan Palace Hotel

Why Oman caves have excellent record of the preservation of wood, bones, plant fibers etc ?

· Because Oman caves are often moistureless

· Limited bacterial activity 

· Introduction:  Oman  Amazing Geology 

Oman has been known in Mesopotamia since at least 3rd Millennium B.C. for its copper. The origin of this copper mine dates back to ancient hydrothermal vents on the Tethyan mid-ocean ridge more than 100 million years ago. During the first 2-3 centuries of Islam, Oman experienced a great wealth and importance due to a very active trade between Baghdad and the Far East via India, and Europe. Oman, located on the eastern edge of the Arabian Peninsula, has mountainous ranges in the north, green oases in the south and vast desert in land. The Northern Oman Mountains attaining 3000 m in altitude divide the coastal plain and desert to the west. The ridges, mainly composed of serpentinite altered after mantle peridotite, are subject to erosion along fractures and joints, which gives an alpine appearance to the mountains. The serpentinite is a main reservoir of ground water and sources of oases in the desert distributed along the foot of the mountains.

Oman is a geological wonder. The main reason for its listing as a wonder is its unique geological values. It is the only country in the world composed mostly of oceanic crust and rocks from the mantle - deep below the earth's surface.  Oman probably began as a spreading ridge under the sea with the formation of new oceanic crust somewhere between 94 and 96 million years ago. At some stage the spreading halted and the crust began to compress, squeezing rocks from deep within the mantle upwards like toothpaste from a tube. As the ridge grew it eventually became exposed above the ocean's surface about 96 million years ago. 

For the first time, rocks normally only occuring deep within the earth's mantle have become exposed on the earth's surface.   The geodiversity of Oman provides the foundation for the landforms, soils, plants and animals occuring here. It is an island of unique natural diversity, a site of major geoconservation significance and one of the truly remarkable places on earth.  Oman provides evidence of the rock types found at great depths in the earth's crust but also for plate tectonics and continental drift, the geological processes which have dominated the earth's surface for many millions of years. Appreciate the colours of the varying landscape, the rocks of Oman present a valuable record of Earth's history

Whilst travelling through Wadi Bani Kharus or Wadi Bani Auf  in the Oman Mountains, you can gain a "slice" through geological history, with the oldest rocks representing environments present 540 million years ago. Oman has not always been the witness to hot sub-tropical climates apparent today. Glaciers once covered much of the country as the continent drifted southwards during geological time. The effects of glaciers scouring the country can be seen in Central Oman.

Features such as volcanoes, thick reefs of trumpet-shaped fossils named "rudists", petrified forests and lithified sand dunes can all be found in Oman. Perhaps one of the most famous features of coastal Northern Oman is the distinctively red rock that surrounds the Mutrah harbour and The Al Bustan Hotel. This is the so-called "ophiolite", a thick wedge of oceanic crust that has been pushed up onto the coast of North Oman. To have this sitting literally on top of the mountains is unusual in the World, and only a few other examples are known, including Cyprus and The Lizard Peninsula of Southern Cornwall in the UK.

Rocks from 6 km below the surface 

Oman a geological wonder, a site of world significance. Rocks outcropping on the Oman have been forced up from about 6 km below the ocean floor, a unique exposure of rocks from the earth's mantle technically known as ophiolite. No drill hole has penetrated these depths and so these exposures provide a rare opportunity to gain an understanding of geological processes from some of the deepest rocks in the earth. 

The central part of Oman is composed of rocks, which are typical of those currently forming along mid-oceanic ridges that contribute directly to the process of continental drift. These ridges occur on the ocean bed, where lava erupts out of long fissures running for hundreds of thousands of kilometers across the major ocean floors. They are only visible above the sea floor at a few places such as Oman and Cyprus. 

 Why is Oman different? 

Oman has a number of special features. Firstly there are lands which have been squeezed upwards from the oceanic crust to form a country like this.  Secondly most of the  rocks of Oman which are in their original (oceanic) geological setting, are well exposed than similar rocks elsewhere. For example, the Troodus complex of Cyprus, and the Bay of Islands complex of Newfoundland although geologically similar to Oman.  


The ophiolite is dominated by basalt which cooled under 2.5 km of water producing spectacular features such as pillow lavas . These are shaped like pillows and have a diameter of about 1 m. They cool very rapidly on coming into contact with sea water, forming round to oval shaped pillows which implode, or explode inwards. Evidence for this include a glassy external margin on the pillows which indicate rapid cooling and very little time for any crystal development. 

 The Oman Mountain is a place of truly unparalleled majesty. Its magnificent vistas have been a source of wonder and inspiration throughout its history. The combination of beautifully colored rocks, spectacular drop-offs, uniquely shaped buttes and monuments and sheer size is unmatched anywhere in the world.   The geological distinctiveness of the Oman Mountain has led to its acclimation as one of the geological  wonders of the World. While rocks are the country's most distinctive features, they are not all it has to offer. The Oman Mountains are home to a great variety of plant and animal species.   The mountains are rich in historical features as well, from old mining operations to pre-isalmic sites dating back thousands of years. 

Geology of the Oman Mountains


A geologist once said, that Oman is one big open Museum of Geology.    Oman is something extraordinary and that there is plenty of geology to see.One of the good things is that most of the geologic phenomena are exposed at the surface.

With an area of 300,000 sq km, Oman lies at the south-eastern end of the Arabian Peninsula and embraces geological provinces for a variety of rocks and minerals. The north-east is occupied by the Oman mountains, a complex of igneous and metamorphic rocks emplaced by south-westerly directed thrusting in late Cretaceous times. The rest of the country overlies the Arabian Shelf, with complex strata generally dipping north-west from the coast into the Rub' Al Khali (Empty Quarter) Basin. The deep-ocean sediments are revealed in the Hawasinah nappe, while the ophiolites comprise the Samail nappe.  The contact between the two nappes is marked by a thrust zone named the Samail thrust. An ophiolite sequence is an uplifted section through rocks which form oceanic crust.  Ancient ophiolites provide very good evidence for what is happening at tectonic plate margins.  The Oman ophiolite is the largest and most studied in the world.

Even the most casual visitor to Oman cannot fail to be impressed by the Oman Mountains.  They resemble the strange landscapes seen in science fiction films.  They form the beautiful backdrop to the capital area and plunge down to the sea to form the rugged coastline.  The scenery in these mountains varies from rocky pinnacles typical of the Alps to the moon-like landscapes of Saih Hatat.

For the amateur geologist the Oman mountains offer a great opportunity to explore one of the geological wonders of the world ( in a place where the rocks are exposed, not hidden beneath soil or vegetation.

Today Oman is largely a desert.  This has not always been the case and the climate has varied dramatically over Oman’s geological history.  Ancient glacial deposits have been discovered in the interior showing that at least twice, the Arabian continent lay at a latitude closer to the South Pole.  At the summit of Jabal Shams (Oman’s highest mountain) there are marine fossils that once lived in a shallow tropical ocean.  Coal also occurs, suggesting the presence of ancient forests.

Dinosaur bones have recently been discovered close to the Nizwa road near Fanjah and Al-Khod. The world’s second largest cave exists in the hills behind Tiwi.  A trip into the desert reveals domes of salt that have brought rocks over 600 million years old to the surface.  Geodes, round cauliflower-like spheres filled with quartz crystals, are found near Salalah.  Their beauty is undeniable but their origins are still controversial.  Gold has been discovered and lead, zinc, chromite and copper are all mined.  The latter has been mined for thousands of years and the tunnels of these ancient miners are still being discovered.

Oman has much to offer the professional and amateur geologist.  The discovery of oil has led to intense geological research throughout Oman.  New maps have been drawn up and an international symposium attended by over 300 geologists was recently staged here.  A stamp was produced to mark this occasion.  Classic and textbook examples of rare geological features are found in abundance in Oman.  The mountains are considered the best natural geological museum in the world.

Geological Diversity

It would possibly take a lifetime wandering around the world to observe all the geological features which can be found in Oman.  The geology of Oman represents a cross section of almost all the rocks in our planet.  It includes upper mantle, continental and oceanic crust rocks.  Its rocks vary in age from those over a thousand million years old to sediments formed by recent wadi flushes.  It also includes a wide range of various sediments from deep oceanic to shallow marine and continental.  Fossils of all kinds are found in rocks of all ages:  stromatolites from about 600 million years old to palm trees caught in a recent travertine near Fanjah.  Two of the best fossil localities in the world for rudists and stromatolites are found in the Huqf area of central Oman.  Rare vertebrate bones have also recently been discovered in abundance in Dhofar and the Northern mountains.  The country is also geologically unique, being divided into three quite distinct terrains:  the Northern mountains, the interior (known as Huqf) and the Dhofar region in the south.  These three are bounded by the Gulf of Oman, the Arabian Sea and the Gulf of Aden respectively.  The geology of these three seas has left its signature on the three regions at varying stages of their geological history, thus creating 3 totally different geological settings.  This book deals with Northern Oman.

Ocean Floor Topography

If the water that covers 70% of the Earth’s surface was removed, the scars and marks of these plate motions would be seen.  The ocean floor has a remarkable topography, the most striking feature being long, continuous mountain chains (known as the mid-ocean ridges) which run along the centres of the major oceans (for a length of 150,000 km in the case of the Mid-Atlantic Ridge).  Volcanic mountains along the ridges occasionally rise to a height of 5 km above the sea floor.  These submarine ridges are the sites where a new part of the lithosphere (the Earth’s outer shell) is created as two plates split, then move apart through a process known as seafloor spreading.

The new lithosphere formed in this way is called oceanic crust and together with the upper mantle associated with it forms what is known as an “ophiolite suite”.

When two plates start to drift apart from each other, they do so along a spreading axis.  Beneath this axis the upper mantle is decompressed causing partial melting and the ascent of magma towards the surface.  The melts extracted from the upper mantle accumulate in a string of magma chambers beneath the mid-ocean ridges.  Crystals deposited from these cooling magmas sink to the bottom of the magma chamber to form layered gabbros at the base of the oceanic crust.  Above the chamber, pulses of magma are injected along vertical dykes to be extruded as lava on the ocean floor.  Subsequent pulses of magma rise to the surface from these magma chambers, pushing aside the earlier dykes, thus expanding the crust beneath the oceans.  Initially this spreading process produces a narrow sea (e.g. the Red Sea) which eventually may become an ocean.

Therefore, the key to understanding the mechanism of plate spreading (drifting) lies within this inaccessible oceanic lithosphere.  It is extremely difficult if not impossible to study rocks covered by the oceans.  Deep sea drilling is very expensive and does not penetrate deep enough to enable detailed study.

However, in Oman, the oceanic crustal and mantle materials are accessible on dry land.  Oman has the best preserved and most complete example of oceanic lithosphere known in the world.  It once formed part of the vast Tethys ocean which extended from the eastern Mediterranean to the western Himalayas.

How has the Oman ophiolite come from the deep ocean to the top of the continent to become easily accessible for the geologist?

The unusual process of pushing oceanic crust up over continental crust is known as obduction.  When an oceanic plate is pushed down into the mantle beneath another plate it is called subduction.  This is the more usual case and the zone along which it takes place is known as a subduction zone.

In Oman the sea and land collided at a subduction zone which was dipping northeastwards (seaward).  The Oman ophiolite was obducted from the northeast and transported hundreds of kilometres.

The creation of the Tethys Ocean (ophiolite formation) and its closure (ophiolite arrival)

The creation and closure of the Tethys Ocean which resulted in the creation and obduction of the Oman ophiolite is a classic example.

Pangaea (the super-continent) began to break up as another continent, Gondwana, moved southwestwards.  The southwestward movement of the Afro-Arabian plate about 270 Ma initiated an axis of spreading in the South Tethys Ocean producing oceanic crust.  The deep oceanic (Hawasina) sediments and volcanics were deposited on the floor and flanks of this ocean basin.  Afro-Arabia reversed its direction in the Early Cretaceous (90 Ma) as the South Atlantic began to open, pushing Arabia northwards.  The Tethyan oceanic crust was squeezed as a result, over a northeasterly dipping subjection zone.  The Hawasina sediments were bulldozed in front and underneath the obducted ophiolite slab forming a growing wedge-like mass beneath the advancing ophiolite.  This movement stopped in the Late Campanian (70 Ma) when the buoyant crust of the Arabian continental margin could not be pushed deeper into the dense mantle.

The continued northward convergence of the plates created a new subduction zone in Iran.  The half buried continental margin of Oman was uplifted together with the overlying Hawasina wedge and the Semail ophiolite.  As this happened, the ophiolite and Hawasina sediments may have slid further onto the Arabian shelf.

The final stage of the creation of the present day mountains resulted from the northeastwards movement of Arabia as a result of the opening of the Red Sea and Gulf of Aden.  This has caused the collision of Arabia with Eurasia, a process which continues today.

SUMMARY OF THE GEOLOGICAL HISTORY

The geological history of Oman has been controlled by the geology of a large ocean which opened ( 270 Ma and lasted for about 190 million years (My).  This is known as the Tethys Ocean, a remnant of which now comprises the Gulf of Oman.  The rocks exposed in Oman tell the colourful geological history of Oman before, during and after the formation of this ocean.

Oman was part of Gondwanaland which was made up of continental crustal rocks over 700 million years old. These rocks are exposed in Qalhat, Jabal Jaalan , Huqf and mirbat area in Dhofar. Some 600 Ma Oman was close to the South Pole and covered by ice.  When Oman drifted north the melting ice formed sediments which were deposited under sea water.  These are found in Wadi Mayh, Wadi Mijlas, Wadi Dayqah and Mesareh area of Saih Hatat Window
. 

Then the sea encroached over the land and black fetid limestones were deposited above the glacial sediments.

Following the melting of the ice, the sea level rose and the climate changed to a warmer environment as Oman moved northwards from the South Pole.  Algae (the oldest form of life in the past 800 million years) known as stromatolites formed many of the rocks above the glacial sediments.  The stromatolites are also seen in the Saih Hatat window and Huqf. 

About 300 million yeas ago Oman was once again close to the South Pole and experienced another Ice Age which resulted in the famous Al-Khalata glacial sediments in Huqf.  Their age is Carboniferous-Permian (between 300 Ma and 270 Ma).  Rocks from this phase are not exposed in the mountains.  Here only younger limestones and dolomites belonging to the Middle and Late Permian are exposed.

Gondwanaland then began to fragment into separate continents as it moved southwards during the Permian and Mesozoic.  The Afro-Arabian plate moved southwards from Eurasia and the Tethys Ocean began to open as a consequence of this motion.  Intervening oceanic crust (ophiolite) was formed.  Sediments were deposited on the floor of this ocean and submarine volcanoes were abundant.  Above these volcanoes (possibly seamounts), shallow-water marine limestones were deposited which later were pushed landwards over Oman.  These shallow water limestones are called the Oman Exotics.

The continental shelf of Arabia was covered by the shallow water of the Tethys Ocean and shallow water limestones were deposited in a reducing environment, resulting in their grey colour.  The sea was warm and rich with life.  This limestone (known as Hajar Super Group) contains numerous fossils.  They are found on Jabal Shams and along the deep gorges of all wadis crossing Jabal Akhdar, Saih Hatat and Jabal Nakhl (Wadi Mistal, Wadi Bani Kharus, Wadi Sahtan and Wadi Bani Awf).

These rocks together with rocks formed before the opening of the Tethys Ocean are here called Supersequence A.

As the American plate moved away from Africa, the Atlantic Ocean began to open, causing Africa to reverse its direction of motion and move northward.  As a result the Tethys Ocean was consumed (closed), pushing sediments from the sea floor (Hawasina), as well as the ophiolite, landwards, until it was emplaced above the shallow marine limestone of the Hajar Super Group.

During the emplacement of these rocks, some submarine sediments formed.  These are known as syntectonic sediments as they were deposited during and as a result of the tectonic movements.

After the emplacement of the rock complex described above they were exposed above sea level during which time sediments very similar to the recent wadi gravel were formed near the shore.  Dinosaur remains, turtle bones and fossil wood are all found in these conglomerates, indicating a dominant tropical environment similar to that of present East Africa.

Oman was once again drowned by a warm, shallow sea between 65 million and 2 million years ago.  This resulted in the deposition of the yellow Tertiary Limestones (named in this book Supersequence C).  These limestones and shales are very rich in fossils common in such an environment e.g. snails, bivalves (shells), corals, sea urchins and many more.

This period also saw a drop in sea level, which resulted in the deposition of coal at about 45 Ma.  This coal can be seen in Jabal Ja’alan, Al-Khod and the Muscat area.

Although the Oman mountains were formed as a result of major earth movements between Oligocene and Miocene times (25 Ma), they were initiated during the arrival of the ophiolite and deep ocean sediments almost 90 Ma.  The uplift of these mountains has continued until the present time which is evident by the raised beaches seen around the Capital area.

In summary the geological record in Oman is represented by 3 major rock supersequences:

A
-
Rocks forming the continental crust and the sediments above it which were present before the opening of the Tethys Ocean.  These are autochthonous rocks called the pre-Permian and have been classified as Supersequence ‘A’ and labelled ‘App’.



Rocks formed as a result of the opening of the Tethys Ocean.  They are seen in Oman as shallow water carbonates deposited on the Arabian platform which are also autochthonous, being formed in or near the position they are found today.  They also belong to Supersequence ‘A’ and labelled ‘Ac’.

B
-
Rocks formed away from the continental edge; those from the slope and into the deep oceanic floor as well as the Tethyan oceanic crust known as ophiolite.  These rocks are allochthonous and were formed away from the Arabian margin where they are now found.  This suite of rocks is here called Supersequence ‘B’.

C
-
Rocks formed after the closure of the Tethys Ocean and the arrival of the ophiolite.  These are shallow marine limestones and referred to as neo-autochthonous.  They are here called Supersequence ‘C’.

GEOLOGICAL BACKGROUND TO THE OMAN MOUNTAINS

In Oman there is a unique contrast between the old and the new.  A visit to the Al Bustan Palace Hotel via Wadi Al Kabir takes you along a spectacular new road.  Before you reach the junction to Qantab you will notice three different colours in the rocks on either side of the road.  Grey rocks form the high mountains on your right, chocolate brown rocks form the lower hills on the left with a yellow sequence above them.  They represent the three major rock supersequences in Oman:  A (the grey), B (the brown) and C (the yellow).

Supersequence A (Autochthonous)

Formed in the place where it is now found.  This can be divided into pre-Permian (App) and the carbonates of the Hajar Super Group (Ac).

The pre-Permian

For over 500 million years Oman formed part of the NE corner of the ancient Afro-Arabian continent.  It was on the margin of a continental plate and suffered a great deal of deformation and mountain building as a result.  The igneous, metamorphic and sedimentary rocks of which it was composed were folded, tilted and lifted above sea level for a considerable period of time, over 300 million years, during which time they were worn down and eroded.

The oldest of these rocks are igneous and metamorphic, the former originally molten and the latter changed into their present form through heat and great pressure.  For example, marble is metamorphosed limestone.  These old igneous and metamorphic rocks can be seen at Mirbat near Salalah, Jabal Ja’alan north of Bilad Bani Bu Ali and Qalhat near Tiwi, and include granites, schists and gneisses. High presure is manifested in the rock by developing a fissile-like feature called 'schistosity'. The most interesting metamorphic rocks in Oman are known as blue schists and they are exposed closed to Asifa and along the Asifa beach. They are rocks formed under enormous pressure and some workers suggested that they were buried under about 30-50 km of rocks. The blue schists have provoked intense speculation as to their origin and uplift to the surface.

The pre-Permian metamorphic rocks found in the Saih Hatat bowl are known as Hatat schist. and Amdeh Quartzite. The blue schists belong to a younger metamorphic event during the emplacement of the ophiolite in the Cretaceous time.

The oldest sedimentary rocks of Supersequence A provide evidence of an Ice Age that Oman experienced 600 Ma as it drifted nearer to the South Pole.  They are known as the Mistal Formation, after Wadi Mistal, and were probably deposited by melting glacial ice in a marine environment.  They include striated (scratched) boulders of granite and gneiss known as drop stones, and thick beds of sedimentary rock called tilites and conglomerates  In Huqf they are known as Abu Mahara Formation.

The younger sediments of the pre-Permian were deposited as the land drifted northwards from the South Polar regions into warmer latitudes.  They include the large pillar or mushroom-like fossils of algae known as stromatolites (among the oldest in existence).  They can be seen in the Kharus limestones found in Wadi Bani Kharus and Wadi Hajir of the western Hajar mountains but also exposed in abundance in Saih Hatat area in the Hiam dolomite at Wadi Amdeh excursion. By far the most immpresive stromatolite possibly in the world is in Huqf. They are found in a Formation called Boah Formation. Individual fossil may reach over 10 m diameter and they have critical economic value as they are major source of oil in Oman. Stromatolites still exist, which makes them one of the oldest living life forms, and they can be seen at Shark Bay in Australia in the inter-tidal shallows

The sedimentary rocks of the pre-Permian comprise four major formations ( two clastic sequences (that is rocks made up from fragments of older rocks) and two carbonates (limestones).  They can be divided into the lower clastic (the Abu Maharah  siltstone), the lower carbonate (the  Khufai limestone), the upper clastic (the  Shuram siltstone) and the upper carbonate (the Boah Formation).

They are equivalent to Mistal, Hajir, Muaidin and Kharus Formations of Jabal Akhdar area.

The Hajar Super Group

The pre-Permian rocks (App) were exposed above sea level for about 300 My before being submerged by the waters of the Tethys Ocean.  This huge ocean came into existence about 270 million years ago and during its life span of 190 million years, 3 km of shallow marine carbonates (Ac) were deposited on top of the drowned pre-Permian land surface, producing a major unconformity.  These marine carbonate rocks are known as the Hajar Super Group and are a distinctive grey in colour.  They are Mid-Permian to Mid-Cretaceous in age.  They were deposited in a shallow water environment on the continental shelf or platform of Eastern Arabia during the formation of the Tethys ocean.  This means that they were being deposited at the same time as the formation of the oceanic crust and the deep ocean sediments which make up the rocks of Supersequence B.

The Hajar Super Group is divided into 4 groups known from base to top as the Akhdar, Sahtan, Kahmah and Wasia Groups.  They are further subdivided into formations.  These rocks are the most visible of all the major rock sequences in Oman as they form the impressive skyline of the grey mountain peaks of Jabal Akhdar and Jabal Nakhl.  They form the rim of the Saih Hatat bowl south of Muscat.  They also make up the impressive north-dipping rocks in the gorges of almost all the major wadis on the northern and southern sides of Saih Hatat.  These limestones form the high mountains of the Semail Gap as far as Izki. They also form the isolated and rounded mountain of Jabal Madar south of Saih Hatat near Snaw in the way to Duqm in Huqf.

Supersequence B (Allochthonous)

This supersequence is said to be allochthonous (from ‘allos’ which means ‘others’) i.e. they have been moved from the place where they were formed or deposited.  The supersequence includes ancient Tethyan oceanic lithosphere (ophiolite) and sediments deposited on the slope and deep in the ocean floor (the Hawasina basin).  The Hawasina basin is divided into two basins:  one proximal (near) to the Arabian platform which as been called the Hamrat Duru basin and a more distal (further) basin which was closer to the mid-ocean ridge and has been named the Umar basin.  The two basins were separated by a major ridge comprising limestones and volcanics known as Oman Exotics (Kawr Group).

The Hamrat Duru basin comprises sediments and volcanics which belong to the Sumeini Group (on the slope), Hamrat Duru and the Arid Groups (at the bottom).  The latter was deposited close to the dividing ridge.  The rocks from this ridge system are classified as the Kawr Group, whilst rocks deposited in the distal Umar Basin are known as the Umar Group.

The Hawasina rocks were originally thin sediments deposited at the same time as the Sumeini Group and the Hajar Super Group (Middle Permian to Cretaceous).  They were deposited on the margin slope and shelf respectively.  The Hawasina sediments in contrast to the shelf sediments were deposited in extremely deep water, possibly 5 km in depth.  They have, therefore, very distinct lithologies (rock characteristics) and are void of the megafossils that are seen in abundance in the shallow water sediments of the Hajar Super Group.  These deep water rocks have subsequently been uplifted and pushed landward onto the continental margin and emplaced above the carbonates of the platform sequence (Ac).  Thus the Hawasina rocks are now highly folded and faulted.  This transport occurred before the end of the Campanian (70 Ma).  During the movement of the ophiolite, the proximal deep oceanic sediments were overridden by the more distal rocks which in turn were overridden by the ophiolite.  So today the ophiolite is emplaced above rocks of the Umar basin which in turn are emplaced above the rocks of the Kawr Group which are above rocks of the Hamrat Duru Basin.

The Sumeini slope sediments (Su)

These are sediments that were deposited on the slope between the continental edge and the ocean floor.  They comprise conglomerates, debris flows, limestones and cherts.  Being close to the platform carbonates the Sumeini Group was the first to arrive during the emplacement of the ophiolite.

Rocks from this group have therefore travelled a distance considerably less than those of the Hawasina sediments and Semail ophiolite.

The Hamrat Duru Group (HD)

Sediments of the Hamrat Duru Group display a wide range of rock type depending upon their original proximal or distal position relative to the Arabian platform, which was the major source of sediment.  Submarine canyons acted as conduits for transporting material derived from the shelf to the deeper basin.

The Group comprises the Al Jil, Matabat, Guweyza, Sidr, Nayid and Wahrah Formations whose ages vary from Triassic (250 Ma) to Late Cretaceous (90 Ma).  (See the summary diagram for a brief description).

Oman Exotics (Ex)

The Oman Exotics (Kawr Group) are distinctive white blocks of limestone that vary from fist-size to huge mountain ranges (e.g. Jabal Kawr - which is 30 km x 20 km - Jabal Misht and Jabal Misfa south of the Jabal Akhdar massif).  Their light colour contrasts with that of the dark Semail ophiolite, the red to light grey deep oceanic sediments and the darker grey carbonates of the Hajar Super Group.  This makes them stand out.  They readily form numerous hills in the mixture or melange of rocks that underlie the ophiolite.  Most forts and watch towers have been built on blocks of the Oman Exotics.  (See the Nakhl and Semail Gap excursion.)

These rocks consist of shallow marine reefal limestone deposited from mid-Permian to Triassic times.  They contain corals, crinoids, and stromatolites (algae).  It is thought that they were deposited above submarine volcanoes and can often be seen in the field underlain by volcanic rocks such as pillow basalts or trachytes.  They were overridden by the heavy hot ophiolite and many Exotics have been metamorphosed to marble.

The Oman Exotics are mainly to be found on the southern side of Jabal Akhdar along Wadi Ghul, the Al-Hamra area, Jabal Kawr, Misht and Misfa.  Apart from the Exotics near Bowshar, Nakhl and Rustaq, it is not common to find them on the northern side of the mountains.

The Umar Group (Um)

The Umar Group is found in the Hawasina Window and around Birkat Al-Mawz.  It comprises a thick volcanic base overlain by cherts and fine carbonates.  This group overlies Hamrat Duru sediments and is itself overlain by the metamorphic sole (see later section) and the Semail ophiolite.  Its sediments lack clastics or detrital material because the Exotics of the Kawr group (separating ridge) acted as a barrier to the transport of such materials from the continental shelf.  However, they contain fragments from the Oman Exotics and volcanics.

The Metamorphic Sole (Mt)

Origin of the metamorphic sole

The metamorphic sole is a thin unit sandwiched between the Semail ophiolite and the Hawasina sediments.  It was formed as a result of the sudden increase in temperature and pressure caused by the emplacement of hot dense ophiolite at about 90 Ma.

The temperature was as high as 500(C and the pressure may have reached as much as 5 kilobars.  This caused metamorphic alteration of the underlying rocks.

The upper parts of these rocks in contact with the ophiolite were closer to the source of heat and these now display a much higher degree of metamorphism (they are more cooked) than the lower parts, as if a hot iron (ophiolite) has burnt the top layer of sheets more than the sheets below.  This is unlike standard metamorphism which generally increases with depth as temperature and pressure become greater.

The metamorphic sole therefore shows an ‘inverted metamorphic grade’.  The upper part (amphibolite) is highly banded and includes the brown mineral garnet, indicating a much higher temperature and pressure than the phyllitic (slate-like) rocks at the base of the same metamorphic sole.  Metamorphosed sandstone (quartzite) also occurs.

The metamorphic sole with inverted metamorphism (metamorphic grade) is not easy to find.  It generally occurs as a thin band underlying the Semail ophiolite along Wadi Tayin, in the Hawasina Window, in areas of the Semail Gap and in the Fanjah area.  The Wadi Tayin exposure (green pool) is by far the best example (see volume 2 of this guide).

The Oman Ophiolite (Bo)

The name ‘Ophiolite’ is derived from Greek words ‘Ophis’ for a snake and ‘lithos’ for rock as a common green mineral in the ophiolite is serpentine which is supposed to make the rock look and feel like snake skin.

Ocean lithosphere (called ophiolite when exposed on land) is made up of an upper mantle material which partially melts to provide a chamber of magma in which layered gabbros form at the base and normal (high level) gabbros at the top.  Dykes represent the conduit pipes which allowed the extrusion of pillow lavas from the magma chambers below.  The crystallisation of basic minerals from magma within the chamber forming gabbro leaves acidic, quartz-rich residuals that form an acidic or granitic rock called plagiogranite.

In many of the wadis of Oman, it is possible to walk from the upper mantle through the Moho and into now-fossil magma chambers which were once at thousands of degrees Celsius.

If a deep bore hole were to be drilled in the middle of an ocean, the hole would first penetrate a veneer of sediments on the ocean floor.  It would then enter the oceanic crust, the Moho and finally the mantle.  

The sequence found in the crust would be, from the top, basaltic pillow lavas, sheeted dykes and then gabbro (layered at the base).  The mantle would be made up of a rock known as peridotite.  In Oman this complex of rocks can be seen, examined and sampled on dry land.  Numerous road and wadi sections cut through this sequence and below is a description from the mantle up the sequence to the pillow basalts.

Ophiolite Anatomy

Upper Mantle (peridotite or harzburgite)

Over 50% of the Oman Ophiolite is composed of rocks from the mantle.  H.M. the Sultan’s Palace in Muscat is built upon mantle rocks.  It is a brownish rock mainly made up of 3 minerals called olivine, orthopyroxene and black chromite.  The olivine is normally green and the orthoyroxene is brown but in the mantle sequence they are often altered to shiny green serpentine and bronzy bastite respectively.  Common light brown metre-scale lenses of dunite (mainly olivine and chromspinel) are also apparent in most outcrops.  They weather easily, leaving characteristic holes.  These plus the colour make the mantle sequence easily distinguishable from the overlying crust.  The mantle sequence is frequently cut by white veins of the white mineral magensite (magnesium carbonate).

These rocks can be seen around Muscat, Ruwi, in Wadi Al-Kabir and behind the Al-Bustan Palace and Sheraton Hotels.  They form the backdrop to Muttrah and Muscat.  In Oman chromite deposits are ubiquitous in the mantle sequence.  They were deposited in pods or lenses in over 500 localities forming about half a billion metric tonnes.  (See the Nakhl excursion.)

The Moho

Between the top of the mantle and the base of the oceanic crust is the most important of all the Earth’s internal boundaries.  It is known as the Moho after Mohorovicic who discovered it.  At this level the massive harzburgite of the mantle is truncated by layered gabbro that forms the base of the magma chamber and thus the base of the oceanic crust.  Again on the dry land of Oman and along many of its running wadis the Moho can be touched and examined for a distance of almost 700 km ( you can even have a picnic on top of it.  (See the Wadi Abyad excursion and volume 2 of this guide.)

Layered Gabbro (cumulate)

This rock type is common near the base of the magma chamber and is up to several kilometres thick.  Layered gabbro is made up of layers of minerals.  The dark layers are rich in olivine and iron and magnesium silicates called clinopyroxene.  The light layers are made up of plagioclase.

Gabbro (High level)

High level gabbro is a term used to describe the gabbro formed higher in the magma chamber above the layered gabbro and beneath the sheeted dykes.  They display no layering or preferred orientation of the constituent minerals.  These rocks contain very little olivine and are made up almost entirely of plagioclase and clinopyroxene minerals.

Dykes
Dykes represent the upper part of the ophiolite complex.  They are fine-grained, dark, wall-like features made up of basalt.  They are therefore more resistant and weather to form thin, elongated ridges.  They are finer than the coarse-grained gabbro and it is difficult to recognise any minerals in the rocks.  This is because these dykes cooled rapidly and large crystals could not form.  However, the core of the dykes remained hotter for much longer than the margins which chilled quickly.  Thus minerals are much coarser in the centre of the dyke and the grain size is much finer at its “chilled” margins.  The chilled margin is therefore a common feature of most dykes.  Each 1m thick dyke took almost 50 years to form.  Dykes are either dark grey or green.  The grey dykes contain igneous plagioclase and pyroxene minerals.  The green minerals epidote and chlorite are common in the green dykes.  These green minerals are metamorphic and replaced the original igneous ones in a thermal hydration reaction resulting from the deep penetration of sea water.  These percolating fluids carried economically important sulphides and copper minerals which were carried up to the ocean floor where they were deposited, in some cases forming an ore deposit (see the Hawasina Window excursion).  This process takes place at the mid-ocean ridge where there are hot fluids, hard rocks and fracturing which helps complete the fluid circulation.

Pillow Lavas

Pillow lavas are situated above the dykes from which they were fed.  They cooled rapidly when they reached sea water and have a characteristic shape controlled by the underlying earlier pillows.  The upper ones are curved upwards while the bottom of the pillow flowed into the space between the two underlying pillows.  Thus the bottom of a pillow has a V-shape and points downward like a mushroom stem.  At Wadi Jizi the lavas are the best examples to be seen in the world.

The lavas are overlain by deep sea sediments, usually shales, cherts and mudstones.  The age of these sediments is approximately 95 million years.  The ophiolite reached Oman from a position further oceanward to the northeast almost 90 million years ago.  It took approximately 20 million years to complete this journey, traveling several hundreds of kilometres at a rate of about 3-5 cm/year.  The reason for their emplacement over Arabia is discussed in the section on plate tectonics.

Supersequence CT
Tertiary 65-2Ma.

The Tertiary sediments are yellow limestones deposited in a shallow marine environment, similar to that of the grey carbonate sequence of the Hajar Super Group.  They indicate that Oman was once again flooded by a shallow tropical sea after the arrival of the Oman ophiolite.  The sea level subsequently dropped and the exposed land was covered by forest in a delta-like environment which later became coal.  The Tertiary sediments lie unconformably on top of almost all previous rock formations including the crystalline basement rocks.

In the northern Oman mountains, these rocks are of lower Tertiary age and represented by a lower limestone unit, a shale unit, an upper limestone, a coral reef unit within shales and finally marine chalk and limestone of Miocene age which are only exposed in some of the offshore islands e.g. Fahal Island and the Daymaniyats.

The lower limestone unit is best examined in Al-Jafnayn village and is called the Jafnayn Formation; the shale is seen in Rusayl and the upper limestone is known as the Seeb Formation.  They are very rich in a wide variety of fossils including snails, bivalves, corals, fossil-wood and species of large foraminifera called Nummulites, Alveolina and Assilina.

The Seeb Formation is overlain by a unit known as the Asmari named after well-known oil-bearing rock beds in Iran.

These rocks are best seen in Rusayl (close to the Nizwa road), Fanjah, the Al-Khod road cutting and along the Batinah Coast where they form a narrow belt running along the front of the mountain range.  They also occur in the Muscat area around Bandar Jissah, Wadi Al-Kabir and Mina Al-Fahal (see volume 2).  They are also well exposed in the Sur area, mainly Wadi Bani Khalid and Jabal Ja’alan.

The intervening groups between Supersequences

One group of sediments was deposited during the tectonic emplacement or the movement of the ophiolite.  These are called syntectonic sediments and are classified as the Aruma Group.  They are found between the units of Supersequence A & B, and result from the weathering of the ophiolite and the other rocks.

Another group of sediments known as the Al-Khod conglomerates was formed after the arrival of the ophiolite and resulted from their weathering and erosion on land.  They are known as post-orogenic and are found between Supersequences B & C.

The origin of the Syntectonic ‘Aruma Group’ (Ar)

The Aruma Group was formed when the ophiolite and the deep oceanic sediments of Supersequence B were travelling landwards.  The sediments are therefore a mixture of many rock types and were produced by the submarine weathering and deposition of earlier rocks.  The rock types of this group vary depending on the type of rocks being weathered.  Near the advancing ophiolites most of the Aruma Group are made up of conglomerates containing debris derived from the ophiolite.  Near the shelf carbonates of the Hajar Super Group, the fragments in the conglomerate are derived from the top of the limestone shelf and are known as Muti Conglomerate (commonly seen in the Wadi Ghul and Jabal Shams excursions).  Away from the advancing sheets of B the Aruma becomes finer and is mainly a shale unit called the ‘Fiqa’ shale.

The Aruma Group is found above the shelf carbonates (top of Ac) and beneath Supersequence B, and is therefore seen on top of the Hajar Super Group in, for example, Wadi Muaydin, Wadi Ghul and Jabal Shams.

The Aruma sediments are also found staining the distinct yellow triangular flat-iron features which occur along the entire flank of Jabal Nakhl on the western side of the Nizwa Road.

The post-orogenic (obduction) sediments 

Al-Khod Conglomerates

After the ophiolite and deep ocean sediments of Supersequence B arrived they were subjected to weathering for some time before the deposition of the Tertiary sediments of CT.  The weathering of Supersequence rocks B and A resulted in a thick conglomerate sequence being deposited on land near the shore.  It was an environment similar to that in which the gravels of the Batinah coast were deposited.  Small bivalves typical of estuarine environments are found which indicate a fresh to brackish water environment.  Some fossil wood has been burrowed and bored probably by marine organisms, showing proximity to the sea.  The conglomerates also include fossil oysters and snails.  The conglomerates are sandwiched between Supersequence B and C and are called post-orogenic sediments.  These post-orogenic sediments are best examined in the Al-Khod area after which they are named.  The source of the fragments within the conglomerate is the older rocks of the previous sequences which were exposed during the emplacement.  The ophiolitic rocks were the uppermost and first to be weathered, and so are found as fragments as the base of the conglomerates.

Fragments of dinosaur, turtle and crocodile bones have recently been discovered in these conglomerates in both the Al-Khod and the Fanjah areas.  The next time you drive along the Nizwa road or visit the old Al-Khod village try to imagine these creatures roaming this area.

The climate at the time these conglomerates were deposited was different from that of today.  It was humid with thick vegetation because, 65 million years ago, Oman was halfway between the equator and its present day position.

Al-Khod Conglomerates can be found in the area east of the old Al-Khod village and in the Fanjah area underneath the characteristic table-shaped hill known as Fanjah Hill and underneath the Tertiary rocks in numerous localities, such as near Bander Jissah, in Wadi Tayin, around Quryat and the Mezarh area.

Geology of the Dhofar area

Dhofar is characterised by the coastal plain and steep mountains rising to form its backdrop.  These mountains form a large plateau which constitutes Jabal Samhan and Jabal Qamar, both of which are dominated by limestone rocks.

The geological map of the Dhofar area shows the Precambrian crystalline rocks of 830-550 Ma which are exposed in Marbat and the Hallaniyat Islands.  These rocks form the foundation of the geology of Dhofar.  They are made up of granite and gneiss rocks.  These basement rocks are overlain unconformably by the pre-Permian equivalent Marbat Formation and El-Hota-Ain Sarit Formation.  The former is made up of glacial sediments similar to those found in the northern Oman mountains (the Mistal Formation).  The latter comprises shales and grey sandstones.  Unconformably overlying these rocks are sedimentary rocks belonging to the Cretaceous and made up of dolomitic limestone and sandstone (the Qishn Formation), marl and limestone (the Kharfut and Dhalgut Formations).  These are much thicker westwards in Jabal Qamar near the Yemen border.  The end of the Cretaceous is marked by the limestone or Aruma Group.

The Cretaceous rocks are overlain by a Tertiary sequence with a marked unconformity.  The Tertiary is a thick carbonate similar to those found in northern Oman except being grey in colour.  They belong to the Hadhramaut, Dhofar and Fars Groups.  Most Dhofar Caves are in the Hadhramaut Group which comprises 4 formations.  From bottom to top they are:  Umm er Radhuma (limestones) Rus (shale and evaporites), Dammam (limestone) and Aydim (limestone).  These formations are equivalent to the Jafnayn, Rusayl and Seeb Formations of the northern Oman mountains but note that the Aydim Formation has no equivalent in northern Oman.

The Rus Formation is made up of shales, dolomites and evaporites and is underlain and overlain by carbonates (limestone and dolomites) belonging to the Umm er Radhuma, Dammam and Aydim Formations.

The Dhofar Group is made up of the Zaluma, Ashawq and the lower part of the Mughsayl Formation.  The remainder of the Mughsayl, Adawnib and Nar Formations belong to the Fars Group.  These formations start with lacustrine limestone (Zalumah Formation) passing up to marl, sandstone and limestone (Ashawq Formation).  The Mughsayl Formation is a striking white turbiditic chalk up to 700m thick.  The Adawnib Formation of the Fars Group is shallow marine limestone and conglomerate rocks, while the top of the Nar Formation is alluvial red conglomerate.

Structural Geology of Oman

Oman can be divided into five structural elements: The Arabian Paltform; the Huqf-Haushi Uplift; the Oman Mountains; the Masirah Ophiolite Uplift and the Gulf of Oman. 

The Arabian Peninsula, which was earlier attached to Africa, comprises a Precambrian basements (Proterozoic) that is overlain by a thick Phanerzoic shelf succession (5500 m thick). 

The Huqf-Haushi Uplift, southeastern margin of Oman, trending NE-SW, formed due to the subsidence of the Ghaba Salt Basin to the west and the Masirah Trough to the east. Uplifting started in the Infra-Cambrian and continued until the Late Cretaceous. 

The Oman Mountains represent the the margin of the Arabian continental paltform. They stretches from the Strait of Hormuz in the northwest to the Arabian Sea in the southeast. The mountains contain a great thickness of authochthonous shelf carbonate rocks. The mountains are geogically distinct from the rest of the Arabian Peninsula because of the presence of extensive nappes of pleagic sedimentary deposites and ophiolites which overly the shelf carbonate rocks tectonically. 

Ophiolites are very common in the Middle East They occur in elongate belts that make up an integral part of the Alpine mountain chains. These ophiolites extend eastward and southoward from Cyprus into Syira, the Turkey-Iran boerder fold belt, through Neyriz in Iran , then across the Arabian Gulf into Oman. The Semail ophiolite , Sultanate of Oman, is part of these ophiolits. It provides the best exposure in the world to study oceanic lithosphere. The Semail ophiolite crops out in a belt 600 km long and 150 km wide and between 5 and 10 km thick. The Oman ophiolite is a remnant of the Tethysian oceanic lithosphere obducted on the Arabian continental margin during the Maastrichtian (around 70 Ma). The obduction followed an intra-oceanic detachment which occurred 95-100 Ma ago). 

The geology of the Oman mountains has been widely investigated . Seven major rock units were defined, which from bottom to top are: 

Pre-Permian basement. 

2- Mid-Permain to Mid-Cretaceous Hajar Supergroup (shelf succession). 

3- Turonian to Maastrichtian Aruma Group (syn-tectonic sediments related to emplacement of the Oman passive margin). 

4- Permian to Late Cretaceous Sumeini Group (carbonate plateform slope sediments). 

5- Permian to Late Cretaceous Hawasina Group (tectonically sliced basinal sediments). 

6- Cretaceous Semail ophiolite (a slap of oceanic crust and mantle) 

7- Late Maastrichtian and Early Tertiary neoautochthonous limestone and basal clastics 

The geologists divided the Oman Mountain rock units into four major groups: 

1-An authochtonous Group: Pr-Permain crystalline basements are exposed at Sih Hatat and Jabal Akhdar. They contain Hercynian metasediments and metavolcanic The Pre-Permian metamorphic rocks are overlained by about 3700 m of middle Permian to middle Senonian shallow marine shelf carbonates. These rokcs are referred to as the Hajar Supergroup. Exposure of the basment are limited to structural highs within the mountains (e.g. Jabal Ja’alan). The Aruma Group is represented by Tournain to Maastrichtian sediments related to Late Cretaceous obduction of the nappes. 

The Hawasina Group: The group is represented by deep sea limestone, radiolarian chert, shale with volcanics. These rocks were deposited parallel with the Hajar Supergroup. The Sumeini Group is represented by Permain to Late Cretaceous carbonate slope deposits. 

3-The Semail Ophiolite: A tick allochthonous sequence of peridotite, gabbro, diabase, pillow lava and pelagic Cretaceous sedimentary rocks. 

4- Post-ophiolite authochthonous: These comprise the Upper Maastrichtian-Lower Tertiary transgressive shallow marine limestone and basal clastics and an Upper Tertiary-Holocene limestone, terraces and wadi alluvium. 

The Masirha Ophiolite was upthrust in the Early Cretaceous during the northward movement of the Gondwanaland away from the Oman coast. 

Stratigraphy of the Semail Ophiolite 

The Semail Ophiolite can be broadly divided into two major units 

1 - Mantle Sequence: The sequence represent the upper sub-oceanic mantle. It is composed of tectonized harzburgites (85-95 %), lherzolites and dunites (5-15%). The sequence may reach a thickness of 10-12 km. The sequnce is being cut by numerous dukes, veins and bods of ultramafic and mafic rock types. The primary silicates are usually altered to lizardite and chrysotile. The dunites locally contain chromatite pods. The contact between the mantle sequence and the overlying crustal layers is marked by a structural and petrological boundary which is taken to represent the sub-oceanic "petrological Moho". 

2 - Crustal Sequence: Consisting of a layered series (cumulate peridotites and gabbros) , which is overlain by non-layered plutonic rocks (high-level Intrusives), a sheeted Dyke Complex and an Extrusive sequence of lavas which is interbedded with and overlain by pelagic sediments. The sequence varies in thickness between 4 and 9 km. The layered series of the Semail Ophiolites consists of layered peridotites (dunite and wehrlite 25 %) and gabbros (75 %) The series vary in thickness between 0.5-6 km. They rest disconformably on the petrologic Moho. They are characterized by rhythmic layering on scale of 0.5 cm to 2 m. The cyclic layering points to open system fractionation. The overlying high level gabbros are characterized by the absence of layerig and variable texture. They form a discontineous unit up to 700 m thick. They are characterized by medium-grained hypidiomorphic to ophitic textures. The gabbros grade in turn into diorites to trondhjemites. Late intrusive complexes composed of peridotites, gabbros, diorites and plagiogranites intrude up into the upper crustal units of the ophiolite. These complexes were subdivided into an older series of differentiated gabbro to plagiogranite plutons and a younger group of peridotite-gabbro intrusions. The older group composed mostley of layered and massive gabbros and diorites with few plagiogranite. The younger group consists of a completely differentiated series from wehrlite at the base, overlain by layered and non-layered gabbros and diorites and plagiogranite. The sheeted dyke complex occurs between the plutonic rocks and an overlying volcanic sequence. The complex consists of near vertical dykes that have lava and gabbro in the upper and lower contact zones. The upper part of the Semail Ophiolite, that overlying the Sheeted Dyke Complex, consists of up to 2000 m of pillowed basaltic lavas. The metalliferous and associated pelagic sediments found in the upper parts of the ophiolite sequence, provide strong evidence for a deep-water origin for the lavas. 

The base of the Semail Ophiolite is marked by a major thrust zone that separates the ophiolite and its basal metamorphic sheet from the underlying rocks. The metamorphic sheet forms a separate thrust slice attached to the base of the nappe and is composed of about 500 m of amphibolite to green shcist facies rocks which show a marked decrease in temperatre from top (~800oC) to the base (~450oC) 

The Oman Tehtys (Neo-Tethys) appears to have formed in the Early Triassic by the rifting off and migration of small continents (e.g., Iran, Tibet, Afghanistan) northward from the remainder Gondwanaland. The Triassic marks the first appearnance of a deep water basin in which the pelagic Hawasina sediments were deposited. The Haypi Volcanics started int eh Late Triassic and shows a trend from alkaline through transitional to later tholeiitic compositon. Quartz-rich turbidites were deposited in the Hawasina basin in the Mid-Jurassic. In the Early Cretaceous there were deep-water conditions across the whole continental margin. In the mid-Cretaceous tectonic instability was reflkected by uplift and erosion and the formation of sedimentary melanges. The Semail Nappe represents a slice of oceanic lithosphere that was formed above a northward-dipping subduction zone in a marginal basin tectonic setting. The nappe was attached by intr-oceanic thrusting int he Turonia and was then obducted southwestward over the Hawasina and Haybi allochthons onto the continental margin in the Santonian to Campanian. 
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Ophiolites are pieces of oceanic plate that have been thrusted (obducted) onto the edge of continental plates. They provide models for processes at mid-ocean ridges. 

Ophiolites are an assemblage of mafic and ultramafic lavas and hypabyssal rocks found in association with sedimentary rocks like greywackes and cherts.
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Fossils are found in sedimentary rocks and provide us with evidence of animals and plants that once lived on earth. By studying fossils, geologists can interpret what kind of environment was in existence at the time of sediments were deposited.

Oman is blessed with numerous forgotten life forms that have been well preserved throughout time. Precambrian Stromatolites as old as 600 million years to Tertiary Nummulites as young as 20 million years litter the rocks of Oman.

There are many examples of the different types of fossils to be found in Oman's rocks. Large fossils can be easily spotted, but many are so minute they need a microscope to locate and identify them. When enlarged, these microfossils dramatically reveal their unique features.

Oman's sedimentary rocks were created over a time-span of more than 600 million years. During this long period, the nature of life on earth changed markedly. Oman's fossils reflect a vast range of life-forms from the very simple- mainly one-celled plants or bacteria- in the oldest strata, to a wide variety of plants and animals not unlike those we are familiar with. The main objective of this lecture to explore briefly the fossils of Oman in order to show why Oman is geologically unique. So, It will focus on few examples of Oman's fossils and the significance of fossils in general.

Fossils of all kind are found in rocks of all ages: stromatolites from about 600 million years old to palm trees caught in a recent traveltine near Fanjah. Two of the best fossil localities in the world for rudists and stramatolites are found in Huqf area of central Oman. Fragments of dinosaur, turtle and crocodile bones have recently been discovered in both the AI-Khod and the Fanjah areas. Rare vertebrate bones have also recently been discovered in abundance in Dhofar and the Northen mountains. Tertiary super-sequence are very rich in a wide variety of fossils including snails, bivalves, corals, fossil-wood and species of large foraminifera called Nummulites, Alveolina and Assilina. It is clear that variety and abundance of fossils is another geological wonder exists in Oman.

The Oman Ophiolite

Oceanic crust constitutes more than two third of the Earth's surface. Tectonics of the Earth is principally controlled by plate tectonics at least in the upper mantle to crust. The plates are produced at ocean ridges where intensive magmatism occurs and new oceanic crust is continuously produced day by day. The production rate of magmas in ocean ridge system is the largest in the Earth and therefore understanding for processes in ocean ridges is important to know the circulation system of material in the Earth. However, the direct information from oceanic crust is very poor in particular for the plutonic rocks such as gabbro and peridotite. Furthermore, most of plutonic rocks obtained from oceanic area are restricted in those from slow-spreading ridges. Therefore we have still very poor information for plutonic rocks from fast-spreading ocean ridges so far.
The Oman ophiolite, exposed along the east-northern margin of the Arabian Peninsula, is the largest and most beautiful ophiolite in the world. Here we can observe a complete oceanic crust-mantle section from residual peridotite, layered gabbro, sheeted dyke complex and effusive basaltic layer. Thus, the Oman ophiolite can offers an invaluable example to study the processes in depths beneath ocean ridges.
GEOLOGY OF OMAN OPHIOLITE, SULTANATE OF OMAN 
Oman has been known in Mesopotamia since at least 3rd Millennium B.C. for its copper. The origin of this copper mine dates back to ancient hydrothermal vents on the Tethyan mid-ocean ridge more than 100 million years ago. During the first 2-3 centuries of Islam, Oman experienced a great wealth and importance due to a very active trade between Baghdad and the Far East via India, and Europe.
Oman, located on the eastern edge of the Arabian Peninsula, has mountainous ranges in the north, green oases in the south and vast desert in land. The Northern Oman Mountains attaining 3000 m in altitude divide the coastal plain and desert to the west. The ridges, mainly composed of serpentinite altered after mantle peridotite, are subject to erosion along fractures and joints, which gives an alpine appearance to the mountains. The serpentinite is a main reservoir of ground water and sources of oases in the desert distributed along the foot of the mountains.
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	Oceanic lithosphere is divided into crust and mantle by the difference in seismic velocity. The mantle, mainly consisiting of peridotites, is not usually exposed on the surface of the Earth. However, we can see deeper part of the oceanic crust and mantle in the Oman Ophiolite on land.
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	Sequence of thousands of lava flows emplaced one after the other. These were extruded on the floor of the Tethys ocean.
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	Sheeted dykes are remnents of the paths through which magma was transported from the deep reservoir up to the surface.
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	Fossil magma chamber showing stratified layers of crystals of different mineral species.
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	Mid-ocean ridges are segmented not only by transform faults and large propagating rifts, but also by overlapping spreading centres and offsets of ridge axes (Macdonald, 1991). These ridge segments are manifest of asthenospheric convection cells in the upper mantle beneath the ridge. 

Structural analyses of the mantle peridotite in the Oman Ophiolite showed diapiric upwellings of asthenosphere beneath the paleospreading axis (Nicolas, 1989). Such mantle diapirs are centres of magmatic supply to the ridge segments.
We found a new segment bounded by Wadi Fizh and Ghuzayn (Miyashita, 1996; 1999), on which our researches are focused.
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	The ophiolite obducted onto the Arabian Continent separating into many blocks called "nappe". The study area has the larger main nappe in the west, which is overlain by the smaller nappe in the east. 
The segment centre is located at Wadi ath Thuqbah, where the moho transition zone is thicker than elsewhere in the segment. The northern end of the segment at Wadi Fizh is demonstrated by numerous dykes intruding the layered gabbro and the presence of xenoblocks of layered melagabbro in the upper gabbros. The southern end is believed to locate to the south of Wadi Sudum.


	BASEMENT OF ARABIAN CONTINENT 

The ophiolite nappes are underlain by sedimentary rocks, which were obducted onto the continent in advance of the ophiolite. These are limestones and chert deposited on the deepening Tethys ocean as it opened.
The oldest rocks in Oman are granites and gneiss more than 800 Ma, which constitute the Arabian Shield. Volcanic and sedimentary rocks > 500 Ma overlie the Proterozoic shield. These old strata are exposed in Saih Hata to the south of Muscat and around Jabal Akhdar, surrounded by younger strata.


 Mineral Potential of Oman

Mineral:

1. Naturally occurring 

2. Inorganic
3. Solid Substance 
4. Definite Chemical Composition
5. Well-ordered atomic Structure
Types of Minerals:

1. Metallic e.g. Au, Ag, Cu, Pb, Pt

2. Industrial e.g. Marble, Gypsum, Clay, Limestone, Aggregates
3. Energy e.g. Coal
4. Strategic e,g, U 
Tecton Stratigraphic sequence of Oman 

C
Postobduction sequence


Samail Ophiolite

B
Metamorphic Sole


Hawasina

A
AC 
Hajar Supergroup


App
Pre-Permian rocks



Igneous & Metamorphic Basement

Each super sequences is characterized by a particular suite of minerals. Thus it is important to Properly Quantify and Explore in greater Detailed all the Potential Ore deposits. 

Examples:

Only recently it has been discovered that kimberlitie like pipes are present in Oman. (See Al-AShkhrah Geological Map & Explanatory 

So without a clear understanding of geology a great mineral potential might be undermined or underestimated.

The understanding of the geology can be achieved by:

· Research 

· Exchange of knowledge through conference 

· Feasibility Studies 

· Survey 

· Drilling 

To exploit the mineral resource we need to:

· Train Omanies

· Market Oman Mineral potential 

· Relax foreign investment laws encourage small national mining companies e.g. Chrome Co

Gold Distribution:

· As a by-product mined with copper in Sohar

· As a principle ore in Yanqal 

In general can occur in 

· Gabbro e.g. Skeyguard, Greenland

· Listwaenite e.g. Russia  & Oman (Amqat)

· Massive Sulphide deposit occurring in pillow lava.

Manganese (Mn):

In Hawasina of Al-Ajal and Batain Coast.

Lead-Zinc (Pb-Zn) carbonate Minerallization:

· Pre-Permian basement

· Hajar Supergroup 

· Particularly at Limestone dolomite interface rimming large sedimentary basins.

Platinum Group Element (PGE)

In chromites of Samail Ophiolite in Samad + Samail.

Placer Deposits.

Grain Size





Sediment





Rock Type





1mm +





Gravel





Conglomerate





.01-1 mm





Sand





Sandstone





.001-0.1 mm





Silt





Siltstone





less than 0.001 mm





Clay





Shale






















































































































































































































































































































































































� A 'window' is basically a large hole or 'bowl' through which one can see underlying rock strata.








