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INTRODUCTION

DEEP TIME

Our planet’s lifespan is measured on a timescale too vast to comprehend. Centuries of studying rocks and fossils have allowed us to assemble the story of Earth’s history and development over millions of years. Humankind has long sought to understand the world by reading the landscape, but only in the last few hundred years have we grasped the awesome ways in which the surface of the planet has been created and re-arranged many times over, and how this shaped the path of life on Earth.



The Earth is made of rocks, from her molten heart to the tough skin of her surface. The study of rocks and fossils (geology and palaeontology) has given humankind an unparalleled glimpse into our planet’s formation, development and antiquity. Despite the information we’ve gleaned, however, comprehending geological time – also known as deep time – is difficult, as it reaches far beyond the realms of human experience.

Geologists study the composition, age and distribution of rocks. This has illuminated processes such as plate tectonics, climate change and the origins of life and evolution. The principles of geology are both deceptively simple and sneakily complex. In deep time, solid rock can flow like water and crumple like paper. New rocks form while others are swallowed again. Meanwhile, fossils are distributed unevenly not only in terms of where they are located, but also which particular slices of time are represented. Animals with skeletons fossilize more readily than those without. Putting this puzzle together began in earnest around three hundred years ago, but humankind has been trying to make sense of the world for much longer, from deciphering shells on mountaintops as evidence of ancient floods, to using mythology to interpret dinosaurian bones emerging from the desert sands of Mongolia’s Silk Road.

Geologic Timescale

The geological timescale is used to chart the timing of events through the Earth’s 4.6 billion-year lifespan. It is split into increasingly fine timescales, from eons to eras, to periods then ages. Most of these were named by European geologists and defined based on obvious changes they saw in layers of rock, such as a sudden transition from limestone to sandstone, or the appearance of new types of fossil not seen in older layers. As our understanding of the processes of geology has improved, the details of these time periods have been refined, and the dates are increasingly precise.

The modern timescale used by scientists is called the chronostratigraphic chart, and it combines information from multiple sources, including the dating of radioactive elements in rocks and fossils. Yet, despite all of the advances in technology, one of the key principles underlying the geologic timescale is still the study of fossil organisms, and how they appear, change and disappear through deep time.

Stories in the Rock

The first recorded discourse about rocks comes from Ancient Greece and Rome, where authors examined stones, metals and minerals, and recognized that the Earth had changed a great deal over time. Around 1000 CE, Persian and Chinese thinkers were using the composition of rocks to hypothesize about how landscapes were formed. Ibn Sina (981–1037), one of the greatest polymaths of the Islamic world, recognized the incredible timescales necessary for rocks to be laid down and valleys gouged out. In China, Shen Kuo (1031–95) likewise saw these processes of erosion and deposition, and that the fossils of shellfish showed that parts of inland China must once have been under the sea.

One of the main figures in Western geological science is James Hutton (1726–97). Often dubbed the father of geology, he made the same observations about erosion and deposition as the great thinkers before him, realizing that these processes in the present day revealed the formation of rocks in the past. Hutton formulated new ideas about deep time, as well as recognizing that rock could be lifted, tilted and folded to create mountains, valleys and perplexing formations. This was the beginning of our modern understanding of geological processes.

Made of Many Layers

There are three main rock types on Earth: igneous, sedimentary and metamorphic. Igneous rocks come from below the Earth’s surface, being either spewed out in eruptions as lava, or solidifying beneath the surface from magma. Sedimentary rocks, on the other hand, accumulate on the surface of the planet, composed of pieces of eroded rocks and minerals, fossil organisms or chemical precipitates (such as carbonates). Metamorphic rocks begin life as igneous or sedimentary rocks, but are changed by being compressed or heated. Rock can be metamorphosed when it comes into direct contact with the intense heat of magma, or it can be folded, pressed and squeezed like putty. This often alters the chemistry of the rock, creating new textures and patterns as the minerals re-arrange themselves.

The most important principles in geology are tied intimately to understanding their great age. Rock layers lie one on top of the other, like tiers in a cake; the oldest layers on the bottom, becoming younger as you move to the surface. Fossils in the layers show changes in organisms over time, and index fossils – species that exist only during distinct time periods – can be used to date rocks. However, in deep time, layers can be tilted or folded, pushing older ones over younger. An example of this is the Moine Thrust along the northwest coast of Scotland. Layers can be also scoured away by rain and ice, creating gaps in the rock record. Volcanic activity shoots magma through existing rock layers like lightning bolts. Cracks in the Earth’s surface, fault lines and plate tectonics shift layers relative to one another, creating complex and confusing patterns. Interpreting these patterns is challenging, and they can only be understood when the vastness of the Earth’s lifespan is taken into account.

Restless Plates

Continental drift is part of the mechanism of plate tectonics, one of the most fundamental processes that shapes our planet. Although it appears as a solid coating, the Earth’s surface actually comprises plates of rock. There are around eight main plates and dozens of smaller ones, and they shift restlessly due to the boiling of the Earth’s molten core, churning beneath them. This heat creates convection currents that carry the plates, grinding them together and pulling them apart over millions of years. Depending on their thickness, plates slide under one another or fold and crush upwards to create mountain chains. Where plates meet and diverge, volcanos and earthquakes are frequent, as at the Ring of Fire around the edges of the Pacific.

Many of the larger plates contain an ancient core called a craton. These are the oldest pieces of the crust, some of them having formed over four billion years ago, shortly after the birth of the planet. By studying cratons, geologists have been able to piece together Earth’s formation. The shuffling of continents over the last 3.5 billion years – and particularly since the emergence of complex life – has had a heavy hand in the process of evolution, creating new habitats, opening and closing seas, redirecting the climate and isolating organisms from one another for millions of years.




Patterns of Life

Evolution shines the light by which we can see the technicolour history of our planet. Recognizing its processes began relatively recently but has completely transformed the study of biology and fossils. The link between evolution and the physical environment is intimate, tying the patterns of life to the ever-changing Earth.

The process of evolution was famously recognized first by Charles Darwin (1809–82), and later by Alfred Russel Wallace (1823–1913). Evolution by natural selection fundamentally shapes how we interpret the patterns of life on Earth, both now and in deep time. Studying evolution combines biology, palaeontology, geology, ecology and mathematics. It is a seemingly simple concept – the inheritance of characteristics and how they relate to survival – but encompasses such intricate complexity that it is easily misunderstood and mischaracterized.

With the advent of computers and genetics, our knowledge of how traits are selected and passed down through the generations is more refined than ever. Fundamental to that knowledge is the study of rocks and fossils, which provide information about change on timescales unobservable even over multiple human lifespans. We can appreciate how the changing face of the Earth has shaped her inhabitants. Without this insight into the past, it would be impossible to understand how our present world was formed, or what the future may hold in the face of climate change.

Hopeful Monsters, Common Ancestors

The fundamental lynchpin of evolution is that all life on Earth evolves from common ancestry. Descendants inherit traits from their ancestors, and traits that provide advantages for survival spread through the population over generations. Although this seems straightforward, for a long time people saw selection as an active process striving to perfection or improvement – an idea that persists today. Evolution has no end-goal, and traits are not actively selected or developed by an organism but instead constitute a biological lottery for every generation. Evolution is an ongoing process with no value judgements.

Animals have been arranged into groups since Carl Linnaeus (1707–78) created his system of taxonomy in the 1700s. This was based on anatomy, linking animals (including fossils) together through shared traits in their skeletons and organs. Modern science uses cladistics rather than Linnaean taxonomy. Cladistics doesn’t rank organisms but instead incorporates anatomy and genetics to group organisms based on common ancestry. These groups are called clades, and reflect a better understanding of the true relationships between organisms, and the process of evolution.

In the last few decades, genetics has rewritten animal relationships rendering many original classifications obsolete. Genetics has also exposed how the separation of animals by plate tectonics has led to them independently flourishing on each continent – often evolving similar adaptations for survival through a process called convergent evolution. Yet we have access only to the genes of living animals; fossils and the study of their anatomy still play a crucial role in interpreting the bigger picture of the evolution of life in deep time.

Tempo and Mode

Knowledge of genetics, the application of mathematics and developments in computing over the last century have led to a revolution in biological science, called the modern synthesis. This began in the first half of the 20th century. Whereas simple observation – which could be influenced by the skill or assumptions of the observer – had been the sole method for understanding animal relationships and natural selection before, these new approaches were quantitative and could be tested mathematically.

Fossils provide crucial data to understand the speed at which evolution takes place and the major patterns it has followed. They show that evolution can occur slowly and incrementally, as Darwin predicted, but that at times it can also be rapid. There have been bursts where animals have radiated out into many different new species. Evolution is not linear and directional but irregular, with many branches and no set goal. Using mathematics, it is possible to match up changes in the course of evolution with major events such as extinctions and climate change. We can conceive a more complex picture of natural selection, and this has transformed how we see the history of life on Earth.

Ecosystems and Life

A gloriously messy web of life and death transfers energy through our planet’s ecosystems. An ecosystem encompasses all the plants and animals – including micro-organisms – and their intimate interactions with geology, climate and one another. Ecosystems can be understood through the flow of energy and materials, which cycle in a pass-the-parcel game through ecosystems via photosynthesis, predation, decomposition and nutrient recycling. These interweaving webs of energy first emerged as life began, and as organisms have grown increasingly complex so their interactions have followed suit. Evolution is wound together tightly with ecosystem change.

Climate change and natural disasters have also shaped ecosystems in deep time, disassembling the intricate webs of life that inhabit them. This destruction shuffles the deck of life, giving selective advantages to new groups of animals. At points in the history of life on Earth, entire ecosystems have collapsed, carrying their inhabitants with them into the fossil record. There have also been momentous ‘births’ of new types of ecosystem, underpinned by novel energy sources or specific predator–prey relationships.
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