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FOREWORD


The geology of Britain is immensely varied, with rocks and structures representing over 2000 million years of earth history. Geologists working in Britain were amongst the first to recognise the importance of fossils in working out the relative ages of rocks. The fossils discovered in Britain during the nineteenth century paved the way for the setting up of a geological time scale now recognised worldwide. The varied scenery of Britain is wholly dependent on the underlying geology and geological structure.


This book sets out to describe the geological history of Britain through the various recognised periods of geological time, starting with the oldest rocks in the north-west of Scotland and finishing with the young, unconsolidated sediments of south-east England, and those left behind by the recent Ice Age.


There is a public interest nowadays in geology, particularly earthquakes and volcanoes, as explained by the modern concept of plate tectonics. This book uses plate tectonics to explain the geological development of Britain and its remarkable movement across the Earth’s surface in the last 500 million years. It is written for the lay person and includes an introduction to general principles of geology, but will also appeal to students at all levels.


The reader will find a geological map of Britain a very useful complement to the book. The most suitable is the British Geological Survey’s Ten Mile Map, Scale 1: 625 000, Solid Edition. This comes in two halves (north and south), and each can be purchased through stockists of Ordnance Survey maps, or direct from the British Geological Survey (see References for the address).
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FIG. 1. Plates and plate boundaries of the present day world. After Plummer and McGeary, Physical Geology, Brown, W. C., Times Mirror Education Group 1996, 7th edition, p. 418, fig. 19.1. (Reproduced with permission of The McGraw-Hill Companies.)










INTRODUCTION


Visitors to Britain are always struck by the great variety of scenery in what is a relatively small geographical area. This ever-changing scenery and landscape pattern is a reflection of an underlying complex geological sequence and structure developed through hundreds of millions of years of Earth history.


One of the reasons why the geological sequence is so varied is that the British area has often in the past (though happily not today!) been close to plate boundaries. These boundaries are the active geological areas of the world where constant earthquake and volcanic activity occurs, and where compression of the Earth’s crust can build up large mountain chains. The presence in Britain of ancient fault lines such as the Great Glen Fault and old volcanic areas like Snowdonia, together with the evidence of deeply eroded fold mountains in Scotland dating back over 400 million years, all point to our having been at plate boundaries in the past.


The various rock types of Britain have been formed in a number of ways. During the hundreds of millions of years which have shaped the landscape, constant erosion of land masses produced sediments which were laid down to form new sedimentary rocks, such as sandstone and shale, of which many parts of Britain are made. Episodes of igneous activity have produced the volcanic lavas and ashes, and granites, which we find in many of Britain’s highland areas, and these episodes have occurred at various times in the geological past. Many of the older rocks of Britain have been altered by the effects of heat and pressure caused by deep burial in the Earth’s crust, and movements at plate boundaries. These altered rocks, which geologists call metamorphic, include slates and schists. Other rock types such as reef limestones, desert sandstone and coal-bearing sediments show evidence of the British area having been in very different latitudes from those of today. This suggests large movements of continental areas over the surface of the globe, which are explained by the modern concept of plate tectonics.


Plate tectonics


This concept explains how continents have moved over the Earth’s surface throughout geological time, and are still moving today. The early ideas of continental drift, as put forward by Alfred Wegener, although basically correct, could not produce a sensible explanation or mechanism for continental movements. It was not until the discovery in the 1960s of ocean floor growth caused by volcanic activity, now called sea-floor spreading, that a mechanism for the movement of continents, as well as for the birth and destruction of oceans, was discovered.


Geologists now accept that the Earth’s outer shell, down to around 100 km, is made up of a number of distinct areas called plates (fig. 1). These plates move independently of each other, driven by the earth’s internal heat in the form of giant convection cells. The boundaries of the plates, where they are in contact with each other, are lines of intense movement (tectonic activity), where one plate is overriding or sliding past another, or where new molten material, in the form of basalt lavas, is coming up to the Earth’s surface (fig. 2). These latter boundaries, called constructive plate boundaries, occur at the now-famous mid-ocean ridges, where volcanic activity produces a constant conveyor belt of new oceanic crust on either side of the ridge to produce a new ocean floor. These new ocean floor ‘factories’ move continents apart to a certain extent on either side of the ocean, as is happening around the Atlantic today.


The constant supply of new ocean-floor material would make the Earth’s surface area grow larger and larger if it were not for the fact that elsewhere ocean-crust material is dragged back into the Earth’s mantle at destructive plate boundaries. These destructive boundaries take the form of deep ocean trenches which mark the movement of material back down into the mantle. This process is called subduction and a subduction zone inclines downwards towards the mantle, showing where one plate is descending below another. The area around a subduction zone is a site of intense earthquake and tectonic activity where rocks are folded, faulted, altered (metamorphosed) and melted to form new igneous rocks. The majority of the world’s major earthquakes and volcanoes are associated with subduction zones. However some of the most intense earthquake activity occurs where one plate is sliding past another along major breaks in the crust called transform faults (fig. 2). These plate boundaries are called conservative plate boundaries and the best known is the San Andreas Fault in California (fig. 2). Fold mountains and volcanoes are also formed on the leading edge of the plate, which is over-riding the other if it is of continental material. This is happening in the Andes of South America. Volcanic island arcs occur when the two colliding plates are both oceanic areas, as in the East Indies today.
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FIG. 2. Plate tectonics explained using the present arrangement of continents and oceans. After Press and Siever, Understanding Earth, Freeman, 1998, 2nd edition p. 513, figs. 20.7 and 20.8. (Reproduced with permission of the McGraw-Hill Companies.)








Sea-floor spreading is certainly driven by convection cells causing a ‘push’ effect (fig. 2) at ocean ridges. But widening is also caused by a ‘pull’ effect as cold dense plates slide down subduction zones due to gravity. Finally the process of sea-floor spreading which causes new oceans to form and grow will also lead to the destruction of older oceans, and the end product of this is two continents on either side of an old ocean colliding to form a huge fold mountain chain as in the modern Himalayas (fig. 2).


Magnetic anomalies and sea-floor spreading


The great breakthrough in plate tectonics in the 1960s came about because of studies of the magnetic field of the ocean floor, and this led to the discovery of sea-floor spreading and a mechanism for continental drift. We now know that the Earth’s magnetic field repeatedly reverses every few hundred thousand years or so, and there are thus large intervals of time (fig. 3) when the field was opposite to that of today – when a compass needle would have pointed to the south magnetic pole. We refer to the magnetic field as showing reversed or normal polarity, and we can trace these cycles of changes back for over 400 million years, although the last 250 million years are best documented.


When lavas are erupted from volcanoes the iron minerals, particularly in basalts, take up the magnetic polarity of the time (reversed or normal) and this is then frozen in them and not changed by later magnetic field reversals. A study of basalt lavas dated by radioactive methods on land going back over four million years has produced the magnetic reversal time scale shown in fig. 3. Studies of the ocean floor around mid-ocean ridges have shown them to be made entirely of basalt, and to have a striped pattern of magnetic anomalies symmetrical about the ridge axis (fig. 3). The magnetic anomalies are strengths of the field greater and less than average, and it is was shown by Vine and Matthews in 1963, following work by Hess in 1960, that these stripes corresponded to normal and reversed polarity in the basalts of the ocean floor. Hess had suggested that basaltic ocean crust was newly created at ocean ridges, and a comparison of the striped pattern on either side of the ridge axis on the ocean floor showed it to be identical to the reversed-normal pattern found in basalt lavas on land (fig. 3). Thus by calculating how far a particular stripe was from the ocean ridge, and knowing the age of this stripe from continental lavas, it was shown how far the stripe had moved in so many million years from the ridge it originated from (fig. 3). Thus the concept of sea-floor spreading was conceived and we can now calculate spreading rates all over the world by comparing the magnetic anomaly pattern on the sea floor, which represent normal-reversed polarity in the basalt crust, with the known age of the anomalies as calculated from continental basalts. Sea-floor spreading rates vary from 2 cm per year in the North Atlantic to 20 cm per year in the North Pacific. These are the total amounts produced by the two limbs on either side of the ocean ridge.


Sea-floor spreading is the mechanism by which oceans grow and widen, and push continents apart. However all oceanic crust is eventually destroyed at subduction zones, where it dives back down to the mantle. Hess suggested that mid-ocean ridges were ephemeral features having a life of 200-300 million years; and in fact nowhere on the Earth today is there any ocean crust older than 200 million years – it has all been destroyed. However, as we shall see later, evidence for old oceans up to 500 million years old comes from the marine oceanic sediments of older periods, which are not subducted, old volcanic island arcs and rare pieces of old oceanic crust, called ophiolites, which are preserved within continents. We can also show how continents have moved through various latitudes in the past from the ancient climates shown in the rock sequences, and these continents must have been pushed around by sea-floor spreading within oceans long since destroyed.


All the effects of plate tectonics can be seen happening somewhere on the Earth today, and where we see these effects in older rocks we can conclude that these areas were at plate boundaries in the past.


Thus, in examining the geology of Britain, we can see for instance the great thicknesses of volcanic lavas and ashes of Snowdonia which were formed between 500 and 450 million years ago. These are the product of a destructive plate margin where an oceanic plate was subducted under another to form a series of volcanic islands as material melted at depth. The volcanic ashes often fell into the sea and entombed animals living on the sea bed. These are now found as fossils within beds of ash and can be found on the very summit of Snowdon. A modern analogy is the volcanic island arc of the East Indies with the surrounding oceanic area teeming with life.


The modern science of geochemistry, which analyses the chemistry of rocks, can identify trace element differences between volcanic rocks from continental areas such as the Andes and those from oceanic areas such as the East Indies. By applying this process to ancient volcanic rocks we can show that those from Snowdonia and the older lavas of Shropshire, the Wrekin, etc., are from island arcs whereas those from the Midland Valley of Scotland are of continental origin.
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FIG. 3. Magnetic anomalies and sea-floor spreading. After Open University Course 102, Blocks 7 & 8, Plate Tectonics, pp. 43, 45. (Reproduced with permission of the McGraw-Hill Companies.)








The Great Glen Fault in Scotland may mark the site of an old conservative plate boundary where one plate slid past another around 400–350 million years ago and caused enormous earthquakes. A modern analogy is the famous San Andreas Fault in California, where the Pacific plate is moving northwards, sliding past the North American plate and causing numerous severe earthquakes.


The old fold mountain chain which covers the Scottish Highlands area is an example of an ancient continental collision around 400 million years ago which destroyed an ancient ocean. The resulting collision folded up mountains up to 8000 m high and the process compares exactly with that which caused the Himalayas to form when India collided with Asia about 20 million years ago. Thus plate tectonics can now be applied to the study of older rocks as well as the Earth’s present-day features. Geologists now accept that processes happening on and within the Earth today, have been happening in the same way for over 3000 million years.


The geological sequence in Britain shows evidence of rocks produced in a variety of climates from cold temperate conditions to sub-tropical reef environments, Sahara-like deserts and tropical rain forests. Instead of proposing widespread global climatic changes in the past we can now simply say that Britain has drifted northwards during the last 500 million years from a position in the southern hemisphere, with southern Britain near the Antarctic Circle, across the equator and into the northern hemisphere reaching its present latitude around 50 million years ago. Since then movement following the birth of the North Atlantic has been mainly eastwards. We probably spent 300 million of those 500 million years in tropical latitudes, which explains the coral reefs, coal forests and Sahara-type deserts.


This assumes that the Earth has usually had the same climatic conditions and temperature differences between the poles and the equator. However we now believe that during most of the last 1000 million years the Earth has been warmer than today, but that during four particular periods there has been major cooling, which produced Ice Ages. We are living in one of these cooler periods today, and it has affected Britain for about two million years. So today the Earth is cooler than usual; the normal situation in the past has been such that there has been no ice at the poles, leading to higher sea levels. During cold periods oceanic water is trapped in continental polar ice caps and this lowers sea levels.


Because of our position near to plate boundaries in the past, and often at different latitudes, the great variety of rock types and structures which has resulted allows us to use Britain to understand many fundamental principles of geology. We can also use plate tectonics to explain many past events.


Geological time


In the nineteenth century the biblical belief in a young, 4000-year-old, Earth was gradually superseded by the view, based on scientific discoveries, that the Earth was very old, in fact many millions of years old. The early concept of catastrophism, which assumed that every feature on the Earth’s surface was formed by catastrophic action or biblical flood, was gradually replaced by the ideas of uniformitarianism, which suggested that the Earth’s surface has been changed immeasurably slowly, and the processes which formed rocks and geological features in the past are still happening today at the same rate. In other words, ‘the present is the key past’ - we can explain all ancient features in terms of modern processes. In fact plate tectonics is just the latest in a sequence of uniformitarian theories.


These theories were first sensibly put forward by James Hutton in 1795 in his book Theory of the Earth. Hutton was a well-known Scottish philosopher, scientist and gentleman farmer, and a leading member of the Scottish Enlightenment. He studied many geological features around Edinburgh and southern Scotland and explained them in terms of igneous and sedimentary processes. His most famous locality is at Siccar Point on the Berwickshire coast, where he described what we now call an unconformity, a structural difference between two sedimentary rock sequences, usually a marked difference in dip (fig. 4 and 5), caused by a period of uplift and erosion between the formation of the two sequences. An unconformity usually represents a long interval of time, about 50 million years in the case of Siccar Point (fig. 4).


Here Hutton saw coarse sandstones of the Old Red Sandstone in near-horizontal layers overlying a deeply eroded sequence of hard grey Silurian sandstones with vertical layers or bedding (fig. 4). He clearly realised that one sequence had been laid down, hardened, folded up and eroded before the next was laid down on top. In looking at these exposures, he said in 1788 that he could see, in terms of Earth history, ‘no vestige of a beginning and no prospect of an end’. This famous sentence indicates Hutton’s belief in an Earth of immeasurable age – an opinion which was supported in the nineteenth century by many geologists, as well as Charles Darwin.
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FIG. 4. Unconformity at Siccar Point, Berwickshire, first described by Hutton in 1795. The classic view with gently dipping Upper Old Red Sandstone rocks resting on steeply dipping Silurian greywackes. (Copyright, Landform Slides.)
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View from the south showing a thicker cover of Old Red Sandstone.





Another famous example of an unconformity occurs in Shropshire. During the Ordovician period, 510–450 million years ago, a sea covered most of the county and laid down a sequence of marine sediments. During the late Ordovician the Shropshire area suffered compression and uplift due to plate tectonic processes, and these gave rise to a number of folds and faults. The folded rocks suffered erosion for maybe ten million years, which produced an uneven landscape. During the succeeding Silurian period around 440 million years ago, the sea spread again over the eroded area to lay down a series of horizontal sediments on top of the folded and eroded Ordovician landscape (fig. 5). If this boundary is exposed, one can actually see the later Silurian sediments resting on Ordovician rocks which are clearly folded and have a different inclination or dip. This unconformity, although of a different age, is exactly the same as that described by Hutton at Siccar Point. In both cases we can see an angular discordance, or difference in dip, between the rock sequences of the two different periods. Another definition of an unconformity states that ‘time is not represented by rocks’.


Unconformities occur throughout geological time, and throughout the world, and are indications of the constant interchange between land and sea, erosion and deposition. Another famous one occurs in the Pennines at Horton-in-Ribblesdale (chapter 7, fig. 92).


Fossils


Fossils have been known for hundreds of years, but their significance as indications of ancient life forms was not recognised until the nineteenth century. During this time fossils were systematically collected from many different areas of Britain and it became clear to Victorian geologists, and to Charles Darwin, that they represented an evolving sequence of life forms.


It was William Smith (often called the ‘father of stratigraphy’) who when working on canal construction in southern England in the early 1800s showed that each layer of rock contained a distinct set of fossils, and that strata could thus be recognised by the fossils they contained. In fact it became possible to recognise different levels in the enormous rock sequence covering Britain by the fossils discovered in the 1800s. Stratigraphy, the study of the layered sequence of sedimentary rocks (strata) laid down throughout geological time, was pioneered in Britain by people like William Smith, who by 1815 had produced a geological map of England and Wales. Investigations over the whole of Britain led to a sequence of rocks being recognised and divided into major units called systems, each often thousands of metres thick, but each with a distinct set of fossils. A relative geological time scale was thus erected (fig. 6) that had the oldest rocks at the bottom of the pile of sediments and the youngest at the top. It must be remembered that this classification is based entirely on fossil content, with one group of fossils following another. The boundaries between systems are defined by major changes in fossil content, which often show up as extinction events nowadays believed by many people to have been due to asteroid or comet impacts with the Earth. The terms used for the three eras of geological time – Palaeozoic, Mesozoic, and Cainozoic – literally mean ‘ancient’, ‘middle’ and ‘new life’.
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FIG. 5. Unconformity in Shropshire between the Ordovician and Silurian Systems.





When studying a great thickness of layered sedimentary rocks (fig. 7) it is assumed that those at the bottom of the sequence were deposited before those at the top. This is called the Law of Superposition. It sounds obvious but of course when rocks become folded as in fig. 7, it can be difficult to decide which are at the bottom of the sequence. In this situation, a knowledge of the fossils can provide the answer, as can sedimentary structures such as channel bedding.


In North Wales the Ordovician System of rocks (fig. 8) comprises up to 8000 m of sandstones, mudstones and other sedimentary rocks as well as lavas and ashes. These rocks contain a distinct set of fossils. (The term Ordovician comes from the name of the ancient British tribe who inhabited North Wales, where rocks of this age were first studied in the mid-1800s.) By studying the inclination of the rock layers it can be seen that these Ordovician rocks rest on top of another sequence or system, comprising thousands of metres of sediments, again with their own distinct set of fossils. This is called the Cambrian System, which was again first studied in Wales and named accordingly. If we go back to the top of the Ordovician, particularly in south-east Wales and the Welsh borders, we can see that another sequence, the Silurian System, named after the Silures tribe of southeast Wales and the borders, followed on top of the Ordovician, again with its distinctive fossils. We refer to the time in which a system was formed as a geological period, and thus the Silurian System was formed during the Silurian Period. We can continue going up the stratigraphical column in England and Wales through the various geological systems until we arrive at the present day. We are living in the Quaternary Period, and rocks of the System are still being formed as it only started two million years ago. We thus have thirteen geological systems (fig. 6), although the first of these, the Precambrian, covers a vast interval of time, and also contains very few fossils. Precambrian rocks have to be subdivided in different ways, according to episodes of metamorphism, and radiometric dating (see below), for instance.
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FIG. 6. Geological time scale.
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FIG. 7. Law of Superposition





The stratigraphic sequence is thus a relative time scale, with each system following on from another. We can tell where we are in the sequence because of the fossils we find, but we cannot at this stage know how old the rocks are in millions of years.


We can move on to see how we can calculate absolute ages, and establish how old rocks actually are in terms of their formation millions of years ago. The science of geochronology, the absolute dating of rocks, did not appear until the early twentieth century when the slow radioactive decay of certain elements allowed the dating of mineral grains in rocks. In very simple terms, certain grains in igneous rocks contain, for example, a radioactive isotope of uranium which decays to give an isotope of lead. The rate of decay of this isotope is known – it is a constant which can be calculated in the laboratory. The decay is very slow; the half-life, as it is called, of uranium is over 4000 million years. If the amount of decay products in a rock can be measured, and compared with the amount of original isotope remaining, then the period of time during which the mineral has been decaying, and hence the age of the rock can be calculated. This is called a radiometric date, and assumes that all the decay products have come from the parent isotope as soon as the mineral crystallised. The date obtained, say 500 million years, is given the abbreviation 500 Ma (millions of years ago), and from now on this is the term I shall use.


Radiometric dating can use many different elements as well as uranium/lead, and is nowadays a very sophisticated method of dating igneous rocks. It is also easy to apply this to sedimentary rocks and stratigraphy, since if a lava flow occurs at the end of the Ordovician Period, and just before the start of the Silurian, then the date of the lava flow gives us the date of the Ordovician-Silurian boundary. Over the last fifty years more and more rocks have been dated and the detailed time scale set out in fig. 6 has been worked out. This allows us to have two sets of nomenclature – lithostratigraphic, which relates to the rock stratigraphic sequence, and chronostratigraphic for the actual ages in millions of year ago. Thus the Cambrian System is a sequence of rocks laid down during the Cambrian Period between 544 Ma and 510 Ma. Smaller subdivisions refer to series of rocks; for example, the Wenlock Series was formed during the Wenlock Epoch, part of the Silurian Period. And within the Wenlock Series are individual rock units like the famous Much Wenlock Limestone.
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FIG. 8. Cross-section through part of North Wales demonstrating the law of superposition and relative ages of rocks. Section is along C–D on fig. 29.





The time scale set out in fig. 6 is that accepted by most geologists in the 1990s. As dating techniques improve it is bound to change. The latest change is the base of the Cambrian from 570 Ma to 544 Ma. However, major changes are unlikely. It must be emphasised that the decision as to whether a rock is, say, of Devonian age or Carboniferous, when it is close to the boundary, is made entirely on the basis of fossils, not absolute dating. The fixing of these system boundaries using fossils is a world-wide debate which has been going on for a hundred years.


Rock types


Before we can understand the geological history of Britain we need to know the different types of rocks as defined by geologists.


Igneous


The very first rocks on the Earth’s surface were formed from the cooling of molten solutions, and they are called igneous. The molten material, which nowadays comes from relatively shallow depths in the Earth’s mantle – up to 60 km down – is called magma. Magma can come to the surface from a volcano in the form of lava, and when it cools the resulting igneous rock is often of a chemical composition we call basalt. Good examples from the geological past in Britain can be seen on Mull and in the nearby Fingal’s Cave on the Isle of Staffa. Other types of lava include andesite (common in the Andes), and obsidian. Sometimes lava has already hardened in the volcanic vent and is then thrown out as volcanic ash during violent explosions. This ash, called tuff if it is from an ancient eruption, can entomb whole areas, as it did at Pompeii. It can also be erupted as a dense, incandescent, gas cloud which flows down the mountain at great speed and causes great damage. Such an eruption in Martinique in 1903 killed over 30 000 people, and the early stages of the eruption of Vesuvius in AD 79 were probably of this type.


Large areas of the Earth’s crust can become molten near to subduction zones and the resulting magma rises up and cools in the crust to form a large mass of granite. This type of coarse grained igneous rock is called intrusive as it pushes its way through the crust, but never actually reaches the surface. Granites of the geological past are common in Britain, as on Dartmoor and in the Cairngorms. They formed at depth in the crust, and have been exposed today after millions of years of erosion. Smaller intrusions often reach higher in the crust and are called dykes and sills. The famous Whin Sill in the northern Pennines is a thick layer of basaltic rock forming a conspicuous north-facing cliff, which is followed for miles by Hadrian’s Wall.


When describing igneous rocks geologists refer to them chemically as being either acid, intermediate or basic. This refers to the amount of silicon dioxide (SiO2 or silica) in the rock, and our use of the terms acid and basic is in no way comparable to the terms acid and alkaline used in chemistry and soils, etc., which are based on hydrogen ion content and referred to as pH value.
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FIG. 9. Horizontal strata forming a 3500 m high peak, Mt Temple, in the Canadian Rockies near Lake Louise.





Igneous rocks vary in silica content from acid – around 75 per cent, as in granites – through intermediate – 55 per cent, as in andesites – to basic – around 45 per cent, as in basalts. The change from acid to basic includes an increase in calcium silicates but even basalts would have an acid pH value.


We do not use the terms acid and basic for metamorphic or sedimentary rocks, as these can contain calcium carbonate – as in marbles and limestones – and have alkaline pH values.


Sedimentary


When areas of the Earth’s crust exposed as land are eroded by the sea, or by rivers, wind, and ice, the material formed as small particles is called sediment. This can be transported away from the source and laid down in layers on the sea bed, in lakes or river estuaries, or on land, to give great thicknesses of sediment. Over long periods of time these are hardened to form sedimentary rocks, which usually have an obvious layered structure. Owing to plate tectonic processes these sedimentary rocks can be folded up and raised above sea level to form new continental areas. Some of the world’s highest mountains are formed of sedimentary rocks, and in areas such as the Canadian Rockies the layered structure can be clearly seen (fig. 9).


Some of the most best-known sedimentary rocks are sandstones, which are made of relatively coarse particles; and shales, and mudstones, which are made of finer clay particles. Limestones are calcareous sedimentary rocks made up of fragments of the shells of dead marine animals and plants, and also a proportion of pure calcium carbonate precipitate. They sometimes include whole fossilised reefs - evidence of the area having been in subtropical latitudes.





Metamorphic


Heat and pressure close to plate boundaries can cause rocks to be altered both physically and chemically so that the new types appear very different from their parent rocks. When shales and mudstones are metamorphosed they turn initially to slates and then to coarse-grained foliated rocks rich in shiny mica, called schists, and finally to coarse-banded rocks called gneisses. Some of the world’s oldest rocks, dated at between 3000 and 4000 million years old, are metamorphic. However not all metamorphic rocks are old, nor old rocks metamorphic. The process depends on the rocks being subject to heat and pressure on a large scale, and this usually happens near subduction zones. The fold mountain ranges which result when continents collide will contain large volumes of metamorphic rocks, as do the present day Himalayas and Alps, and here the metamorphic rocks are all usually less than 50 million years old. Wherever we find old metamorphic rocks on a large scale they usually indicate the presence of an old fold mountain chain. It may have been eroded away so that it is no longer as high as it was, but the structures in its deep root zone will still be there. In the north-western Highlands of Scotland large metamorphic areas are evidence of an ancient chain called the Caledonian Mountains which were formed around 400 Ma, and which extended into Greenland, Scandinavia and the north-eastern regions of North America.


All rocks, but particularly sedimentary rocks, can be affected by compression to form folds. Simple upfolds and downfolds are called anticlines and synclines (fig. 10), and more complicated fold structures can also be formed. A simple analogy is to push a table cloth across a table and against an obstruction and notice the various folds which are formed. Compression can also cause rocks to fracture and move along dislocation planes called faults. Compression will cause reverse faults and thrusts (fig. 10) whereas tension will cause normal faults as in rift valleys. Movement along fault planes can be vertical or horizontal, the latter movement occurring along what are called tear or wrench faults.
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FIG. 10. Folds and Faults.










CHAPTER 1












BRITAIN DURING THE PRECAMBRIAN


The word Precambrian means exactly what its name suggests – it refers to the time before the Cambrian, and thus all rocks formed during this period are called Precambrian. Rocks of this age were originally considered to be devoid of fossils, and called Azoic (without life), and the Precambrian-Cambrian boundary was initially drawn at the base of the first rock sequences with abundant and varied life forms. We now have rare but widespread evidence for marine plants and soft bodied animals within Precambrian strata, and we may eventually find the ancestors of the abundant hard-shelled life forms of the Cambrian period.


The enormous period covered by the Precambrian stretches over 4000 million years from the origin of the Earth’s crust at around 4600 Ma to the start of the Cambrian at 544 Ma. The rarity of Precambrian fossils means that we cannot divide up this huge period as we can the Cambrian and later periods. However, there is a division into an older almost wholly metamorphic sequence called the Archaean (older than 2500 Ma) and a younger sequence which contains a good deal of sedimentary rock and some fossils, called the Proterozoic.


The metamorphic Archaean rocks form the basement to all continents but come to the surface where erosion and earth movements have resulted in their exposure. Huge outcrops occur in the so-called shield areas – Canadian Shield, the Baltic Shield, etc.


In Britain we have a very important area of these ancient Archaean rocks in north-western Scotland and the Outer Hebrides, as well as in the Channel Isles. Large areas of the younger Proterozoic Precambrian rocks occur in the Highlands of Scotland, and smaller outcrops are found in North and South Wales, Shropshire and the English Midlands.


Scotland


Britain’s oldest rocks – north-west Scotland


The oldest rocks in Britain are ancient gneisses found in the far north-west of Scotland which form a coastal outcrop from the south-eastern corner of Skye and Loch Hourn, northwards on the mainland, to Cape Wrath. They also occur extensively on the Outer Hebridean islands of Harris and Lewis; in fact they are generally called the Lewisian Gneisses. Small outcrops occur on the inner Hebridean islands of Tiree, Coll, Iona and Islay. Some of the gneisses are Archaean, others belong to the early Proterozoic.
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FIG. 11. Britain’s oldest rocks. TOP: 2000-million-year-old Lewisian Gneiss, north shore Loch Torridon, Wester Ross. BOTTOM: Lewisian Gneiss near Loch Maree, Wester Ross, with Torridon Sandstone in background.








These intensely altered Archaean rocks have suffered various episodes of metamorphism but started life as a sequence of igneous rocks with some sedimentary rocks. In 1994 the age of the Lewisian Gneiss at Gruinard Bay on the mainland was given as 3300 million years old, but later work suggests a date of 2900 to 2750 million years for the oldest parts of the Lewisian. This compares with Archaean rocks in Canada which are the oldest terrestrial rocks so far dated, at 4000 million years.


It is worth going to the far north-west of Scotland (fig. 11) and standing on, and touching, these ancient rocks, and then considering what they were like before they were metamorphosed at 3000 Ma. What was the world’s surface like in those times? Geologists now consider that it was a time when continents were being built, the atmosphere had no oxygen, and there were no life forms of any complexity.


Within the Lewisian Gneiss are two major groups of metamorphic rocks ranging in age from 2900 to about 1800 million years. The older group is called Scourian, after the village of Scourie in the far northwest of Sutherland, and the younger is called Laxfordian, after Loch Laxford, even further north. The Scourian are usually coarsely banded pink and white gneisses, rich in quartz and feldspar, but sometimes darker. They are derived from igneous rocks. Included in these gneisses in places, particularly in the Outer Hebrides, are metamorphosed sedimentary rocks, now quartzites, marbles, and schists. These rocks, which were formed around 2900 Ma were intruded by basic dykes dated at 2200 Ma, and then in some areas the older rocks were affected by the Laxfordian metamorphism at around 1800 Ma.


The Laxfordian Gneisses really represent a reworking of older rocks, as well as the dykes which are often highly deformed. However, some of the Laxfordian Gneisses include metamorphosed sediments of post Scourian age at c 2000 Ma.


The first (and oldest) unconformity that we come across in Britain is that separating the Lewisian Gneiss in north-west Scotland from a remarkable group of overlying sandstones – the Torridon Sandstone Group (fig. 12). This unmetamorphosed sequence of coarse red and brown sandstones is up to 10 km thick and in many areas of the far north-west is horizontal, resting with a marked unconformity on a deeply eroded Lewisian Gneiss landscape with relief up to 400 m (fig. 13). The sandstones are of late Precambrian (Proterozoic) age and have been dated at around 1000–770 Ma. Hundreds of millions of years of erosion affected the gneisses before the sandstones were laid down on top of them. The red Torridon Sandstone appears to be river and lake deposits and the sediments indicate an arid climate close to the equator. It is possible, by studying the ancient magnetic field present in rocks, to find out where they were formed in relation to the magnetic pole, and these Torridon Sandstones indicate a latitude of around 15°N.
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FIG. 12. Torridon Sandstone. Applecross Mountains above Loch Kishorn, Wester Ross.










[image: images]


FIG. 13. Cross-section through the Precambrian and Cambrian rocks of north-west Scotland.





The remarkable mountains of north-west Scotland – including Suilven and Canisp – are formed of great terraces of these sandstones, and standing on their slopes one can look north-west across the lake-dotted Lewisian landscape; this really is an exhumed Precambrian landscape.


This whole area was inundated by the sea at the start of the Cambrian period at around 544 Ma and here we find our next unconformity with white Cambrian sandstones, the Eriboll Quartzite, resting on eroded Torridon Sandstone (fig. 13), around Loch Assynt. The Cambrian quartzites are followed by sandstones, which have trilobites in them (fig. 14) – the first abundant marine animals – and these are followed by tropical limestones (Durness Limestones) which continue into the early Ordovician.


On plate tectonic evidence we now believe this whole area of north-west Scotland was part of the eastern seaboard of North America, an area geologists call Laurentia, as a new ocean, the Iapetus Ocean, opened up between Scotland and Scandinavia close to the equator. At this time southern Britain was thousands of kilometres away to the south near to the Antarctic Circle (chapter 2, fig. 27).


This narrow area of north-west Scotland is separated geologically from the rest of the northern Highlands (fig. 13) by a major fault which is inclined south-east at a very low angle. This is called the Moine Thrust and was formed during the Ordovician Period at around 480 Ma or more probably in the late Silurian Period around 430 Ma. The sequence of ancient rocks here created great problems for the early geologists of the nineteenth century before the discovery of the Moine Thrust. The Law of Superposition states quite simply that in an ascending sequence of strata the oldest are at the bottom and the youngest at the top. When the sequence was first studied and worked out (fig. 13) it appeared that unaltered sedimentary sandstones and limestones passed up into high grade schists. The problem was to explain how unaltered sedimentary rocks could be overlain without a break by metamorphic rocks. The classic area for studying this problem, and the place where it was solved, was south of Loch Assynt.


At Knockan Cliff (now a nature reserve) the junction can be examined and limestones can be seen to be overlaid by schists. The discovery in 1882 of Cambrian fossils (fig. 14) by Charles Lapworth in the unaltered sediments created even more of a problem because it suggested that the overlying schists were Cambrian. A close look at the junction shows a layer of fine flinty rock called mylonite, a crush rock caused by grinding along a fault plane. This marks the position of the Moine Thrust. Mapping over the whole area shows that the Moine Schists are older rocks occupying a huge area to the south-east, which were thrust north-west over younger rocks during the Caledonian orogeny around 430 Ma. There is an excellent view from Knockan Cliff west and north over the Cambrian, Torridonian and Lewisian rocks. A number of other thrusts have been mapped around here which are branches of the main Moine Thrust; well-known ones include the Glencoul and Sole Thrusts.
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FIG. 14. Olenellus lapworthi, x3. A Cambrian trilobite from north-west Scotland.
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FIG. 15. Intense folding in the Alps to form nappes following compression and crustal shortening. Section is 40 km across. See also fig. 17b which shows Loch Tay nappe in Dalradian rocks of the Grampian Highlands.





Thrusts and great overfolds called nappes are common in the fold mountains of the modern world, such as the Alps. In these areas it is possible to show that huge tracts of country have been folded up and moved laterally over the younger rocks (fig. 15). The Moine Thrust area (figs. 13 and 17) shows that we are looking at the evidence of this having happened in Britain millions of years ago.


The northern Highlands


When I was a student in the late 1950s I purchased a British Geological Survey map of Scotland; over the northern Highlands area was printed ‘not surveyed in detail’. This huge area between the Moine Thrust and the Great Glen Fault (figs. 16 and 17) is occupied by a 10 km thick monotonous rock sequence of Precambrian sandstones and shales now metamorphosed to schists and other rocks, called the Moine Schists or Moine Supergroup. These are intensely deformed, with slices of Lewisian Gneiss within them in places. They have been dated at between 1200 and 870 Ma and metamorphosed around 1000 Ma, at 800 Ma and again later at around 460 Ma. This area has thus suffered three major episodes of metamorphism, and the strata are also intensely folded. The sediments from which the Moine Schists have been formed may in places be lateral equivalents of the Torridon Sandstone Group.


It is very difficult to work out the correct plate tectonic story for this part of Scotland and the far north-west during the Precambrian. Folding and metamorphism depend on subduction zones and sea-floor spreading, but here we have little evidence of ancient oceans, only sediments formed in relatively shallow seas. However, most geologists look for comparable sediments in North America and Greenland rather than further south in Scotland.


The Grampian Highlands


When we cross the Great Glen Fault we enter another of these large tracts of mainly metamorphic rocks of late Precambrian to early Cambrian age, this time the sequence called the Dalradian Schists or Dalradian Supergroup (figs. 16 and 17). Towards the top of the sequence we find rare Cambrian and Ordovician fossils to show that we are dealing with a sequence which in part is equivalent to the Cambrian shallow-water sequences of the far north-west.


The Dalradian Supergroup comprises a very thick (up to 24 km) sequence of originally varied sedimentary rocks now largely metamorphosed to slates and schists, but with important limestones and volcanic lavas. However, the grade of metamorphism decreases south towards the Highland Boundary Fault (figs. 16 and 17) and towards the top of the sequence, but everywhere there is enough original stratigraphy left to work out a detailed sequence. However, the effects of two later episodes of mountain building (orogenies) have formed enormous and complex fold structures (fig. 17) which can make it difficult to understand local sequences.


The early Dalradian is a relatively thinner sequence than that which follows later, and the Grampian and Appin Groups comprise 4 km of metamorphosed sedimentary rocks, sandstones, shales and important limestones – now schists and marbles. These rocks have been shown to follow on top of the Moine Schists around the Great Glen Fault and are not older than 850 Ma. They accumulated on a shallow shelf, with stromatolite (algal) limestones occurring on Islay. This shelf migrated north-west and reached the far north-west by the early Cambrian at 540 Ma.


The overlying Argyll Group contains at its base a remarkable sequence of beds indicating a late Precambrian glaciation – the famous Port Askaig Tillite (a tillite is the name we give to an ancient glacial deposit produced and then left behind by advancing and retreating ice sheets). The main deposit is a rock type called boulder clay – as its name suggests, a clay full of boulders. The clay is a rock ‘flour’ produced by the grinding action of the ice and the boulders it carries within its base. This particular glacial sequence contains evidence for over forty separate ice advances. Even more remarkable is the magnetic evidence that this glaciation occurred within 10–15° of the equator, within a sequence of shallow water dolomites, calcium-magnesium carbonates. This Precambrian glaciation, dated around 600 Ma, may be unique in that it affected all latitudes; we have evidence for it from other parts of the world.
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FIG. 16. Geological terranes, major rock formations, and faults of Scotland. Fig. 17 shows cross-sections from A to B.
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FIG. 17. Cross-sections through northern Scotland and the Grampian Highlands along line A–B on fig. 16. Fig. 17a shows the stratigraphy and radiometric dates. Fig. 17b shows the style and complexity of folding following 70 per cent crustal shortening in places during Grampian and Caledonian, and earlier orogenies. Fig. 17b after Open University Course S236, Block 6, Historical Geology p. 24, fig. 14. (Reproduced with permission of the McGraw-Hill Companies.)








The boulder clays, thickest on Islay at 750 m, contain large boulders and appear to have been formed by a grounded ice sheet in a shallow sea. Similar deposits in Scandinavia, where they are called the Varanger Tillite, show evidence of movement from the south, as do the Scottish deposits. We imagine that the two areas were connected, but as we shall see, they became separated by a wide and deep ocean during the Cambrian and Ordovician.


Above the glacial deposits we find a further 20 km thickness of Dalradian rocks within the Argyll (9 km) and Southern Highland Groups (11 km), many of which are metamorphosed. These later Dalradian sediments are very thick and show evidence of initially being formed in a rapidly subsiding shelf. They include sandstones like the Jura Quartzite, which is 5000 m thick, as well as thin limestones. Later on the deposits show evidence of a much deeper ocean basin. A famous granite at Ben Vuirich intrudes the Argyll Group and is dated at 590 Ma, so we know the tillites are older than this. Recent work on the dolomites around the tillites has provided evidence for the earliest metazoan animals, possibly marine worms.


Within strata 8 km above the tillites we find a sequence of submarine basalt lavas, the Tayvallich Volcanics dated at 594 Ma. These lavas occur above the Tayvallich Limestone on the Argyll coast south of Oban, and may be associated with sea-floor spreading and a new ocean forming between Scotland and Scandinavia. This subsiding ocean basin then received a further 11 km of sediments in the later Dalradian Southern Highland Group. The highest beds contain a limestone, the Leny Limestone, which has Middle Cambrian trilobites in it, so we know that this late Dalradian episode of deposition in widening ocean basin went on into the Cambrian. The sediment for these basins could not have come from the north-west, for this was the even shallower shelf area in which the sandstones and dolomites of the far north-west accumulated near to the equator. Perhaps a land mass formed in the Midland Valley of Scotland area to provide the Dalradian sediments.


We call the ancient ocean which opened up between Scotland and Scandinavia at around 595 Ma the Iapetus Ocean. It spread to include all areas to the south towards the south pole areas and it is near here that southern Britain, England and Wales, could be found around this time. The story of the opening and closing of this ocean belongs to the Cambrian, Ordovician and Silurian Periods.
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