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The Globe Pequot Press and the author assume no liability for accidents happening to, or injuries sustained by, readers who engage in the activities described in this book.
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Preface


We climb granite domes and sandstone towers, basalt bluffs and limestone caves. We pull on smooth pockets, jam splitter cracks, and crimp tiny edges. We read the rock, figuring out how to scale its features and protect its weaknesses. But why are the rocks there in the first place? How did their features form? Why are some climbing areas unique and others so similar? This book is your guide to the geology of the world’s most popular climbing destinations. Region by region, Flakes, Jugs, and Splitters ticks off answers to all your rock questions.


Flakes, Jugs, and Splitters is primarily focused on rock climbing areas in North America, especially in the United States. Whole separate volumes could be written about the climbing areas in Europe, Asia, Africa, South America, and Australia—and hopefully they will be. Within the scope of this book, however, only a few highlights of these destinations are presented.


Flakes, Jugs, and Splitters is organized with an introductory Geology 101 section that will get you up to speed with basic geologic concepts that are helpful for understanding the topics covered in the rest of the book. From there, chapters explore the geology of individual geographic regions in a question-and-answer format. The General Rock Questions chapter at the end of this book covers topics that aren’t restricted to a specific area: for example, why sandstone is sometimes red and sometimes white and how boulders form. Flip through the Q-and-A chapters at your leisure or read the book straight through. If there is a particular location or topic you’re interested in, try the index in the back.


The information within this book was compiled primarily from research papers in peer-reviewed scientific journals. Other sources include science guidebooks, climbing guidebooks, textbooks, and interviews with scientists. A complete list of references can be found in the back of the book. Numbers corresponding to specific sources are listed at the end of each topic.
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CHAPTER ONE
The Basics



Geology is the study of the Earth: how it is constructed, how it is changing, how it has changed in the past. It is an overarching field that encompasses many subdisciplines and topics. At its basic level, however, geology is a study of processes: of how landforms are sculpted, how mountains are uplifted, how rocks are created and then destroyed, and how environments—global and local—have changed through time. There are rarely single answers to geologic questions: that one cause corresponds with one effect, for example. Instead, the Earth is shaped by an interplay of different processes, some simple and some complex, each of which operates on its own scale and time frame. It can make your head spin at first, but once you understand a few of the most important processes and their outcomes, you will look at the rocks and mountains you climb in a different light, one that reflects the richness of the history of the land and the sometimes unbelievable power of our truly dynamic planet. In this chapter I present five of the most important Earth processes, the concepts of which are repeated over and over again in the rest of the book. Before I get to these processes, however, two integral pieces of groundwork must be laid: the concept of geologic time and the theory of plate tectonics.


Millions and Billions: The Grand Scale of Geologic Time


The concept of geologic time is not an easy one to immediately grasp. How can someone really understand the meaning of a hundred million years or a billion years when that amount of time can’t be experienced directly? How do geologists talk about millions and billions of years as easily as the rest of us talk about weeks and months? The key is to put the big numbers of geologic time into a context of a sequence of events. The more events you come to understand and mentally organize, the more familiar and useful the grand scale of geologic time becomes.


One way to begin is to structure the timescale with a history we all relate to: the history of life. The earliest evidence for life on Earth is 3.5 billion years old, which is about a billion years after the formation of our planet. The oxygen atmosphere we enjoy today started to develop 2.2 billion years ago (before that it was mostly carbon dioxide). Animals didn’t invade the land until about 420 million years ago, and the earliest humans (hominids) appeared about 5 million years ago.


Figure 1 is a chart that depicts the geologic timescale labeled with important events relevant to climbers. Ordovician, Carboniferous, Cretaceous: The names on the timescale may seem like jargon at first, but they are helpful for categorizing the relative ages of rocks as well as for talking about events that took place over long periods of time. This book uses the names of periods and epochs as well as direct dates in millions of years to give you several reference points for comparing the geologic histories of different climbing areas. Sometimes the exact age of a rock or land formation is well established—the El Capitan granite, for example, is 102 million years old. Other times, all that is known is a general or estimated age—for example, the Corbin sandstone at the Red River Gorge is Pennsylvanian in age, which means it was deposited sometime between about 318 and 299 million years ago.


How do geologists know that the El Capitan granite is 102 million years old rather than, say, 103 million years old? By the same token, why can’t they figure out exactly how old the sandstone is at the Red River Gorge? The science of determining the ages of rocks and landforms is called geochronology, and it has advanced to the point where some geologic materials can be dated with incredible precision. The secret to this type of geochronology is a group of elements that are found within the minerals of some common rocks. These elements act as tiny clocks, recording the passage of time by their radioactive decay. Radioactive decay occurs at a known rate, so by measuring the amount of the starting material, called the parent, and the amount of the material into which the starting material decays, called the daughter, scientists use the known decay rate to calculate how long the material has been in existence. One of the most important of these geologic clocks is uranium, which decays into lead over a long time period, making it useful for determining the ages of rocks that are hundreds of millions and even billions of years old. Uranium is abundant in the mineral zircon, which is a common component in igneous rocks like granite.


Another important geochronological tool is called relative age dating. This is a technique of sequencing the relative age of rocks without necessarily knowing a direct date. For example, we know that sedimentary rocks are deposited horizontally, so by looking at an undisturbed sequence of sedimentary rocks, one can determine that the lower layers are older than the upper layers. Crosscutting bodies relate to a relative sequence because they must be younger than the rocks that they cross. Often sedimentary rocks that cannot be directly dated by radiometric tools can be estimated by the direct date of a crosscutting igneous dike, and/or the age range of fossils found within the sedimentary layers.


Earth as a Jigsaw Puzzle: Plate Tectonics


Everything about the Earth that we most enjoy as climbers—the mountains, the crags, and the boulders—at a fundamental level, they all exist because of plate tectonics. It may sound overly technical at first, but plate tectonics is just a fancy title for the movements that occur in Earth’s crust. These are the movements that cause mountains to rise and volcanoes to erupt. They cause basins to subside and fill with sediment; and they are responsible for the uplift of deep rocks like granite to become exposed at the Earth’s surface.


Technically speaking, plate tectonic movements affect the lithosphere, which includes the Earth’s crust as well as the very upper portion of its mantle (see Figure 2). The lithosphere is the rigid, outermost shell of the planet (“litho” means rock in Greek), and it is broken up into a mosaic of different plates. As these plates move, sliding around on the hotter, weaker rocks below, they influence the shape and nature of the planet’s surface upon which we live and climb.


The important thing to know about plate tectonics is that most of the action takes place along the boundaries of the plates, where adjacent plates meet. Specific plate tectonic environments are created by the type of movement along these boundaries, which, in turn, create specific features like volcanoes, mountain chains, and earthquakes. There are three main types of plate tectonic boundaries: convergent, divergent, and transform (see Figure 3).


FIGURE 1


A Climber’s View of Geologic Time


Note: Ages are listed in millions of years before present (Ma) and reflect the approximate age of the rock itself, not the landform in which the rock is exposed.
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FIGURE 2
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A. The Earth is compositionally layered, with a silica-rich outer crust; a magnesium- and iron-rich mantle; and an iron core, subdivided into a liquid outer core and a solid inner core. The Earth’s crust varies in thickness from 3 to 5 miles beneath the oceans to an average of 20 miles beneath the continents. Continental crust, however, can reach over 60 miles in thickness in large mountain ranges and be less than 3 miles thick in areas of rifting. At about 1,800 miles, the mantle is Earth’s thickest compositional layer. The liquid outer core is about 1,400 miles thick, while the solid inner core is almost half that—750 miles thick.
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B. The Earth is also mechanically layered, with an outer, rigid layer called the lithosphere and an underlying, weaker layer called the asthenosphere. The lithosphere is broken into a mosaic of tectonic plates that move around the planet like rafts on top of the asthenosphere.


Convergent boundaries occur when two adjacent plates converge, or move toward each other. If the crust of one plate is denser than the other, as is the case between oceanic and continental crust, the denser material will slide beneath the more buoyant material along a trench. This process is called subduction. Volcanoes and large mountain chains of folded sedimentary rock form in the upper plate of subduction zones due to the compressional forces along this type of tectonic boundary and the magma that is generated by the heating of the downgoing plate.


A modern example of this tectonic boundary is the western margin of South America, where oceanic crust is subducting downward to the east beneath the continent, resulting in the formation of the Andean mountain chain. Another result of a convergent boundary is a continental collision zone. If two convergent plates have relatively equal buoyancy, as is the case between two continental plates, the crust between them will buckle and shorten, thrusting up a huge continental collision zone of mountains. The best modern example of this tectonic environment is the Himalayan mountain chain, which is thrust up between the colliding continent of Asia and subcontinent of India.


The second type of plate tectonic boundary is divergent. Divergent boundaries occur when two plates move away from each other, separating along a feature called a spreading center. Spreading centers are found along the central axis of most oceans, where they are called mid-ocean ridges, and they are where most new oceanic crust is made. Along these divergent boundaries, the two adjacent tectonic plates move away from each other as if riding on oppositely oriented conveyor belts. In the space created by the diverging plates, magma rises up from the mantle and then cools, forming new basaltic ocean crust. The crust along divergent boundaries is thus usually very thin, young, and relatively hot. As you move perpendicularly away from the mid-ocean ridge, the ocean crust becomes thicker, older, and cooler.


The third type of the Earth’s plate tectonic boundaries, called transform boundaries, occurs when two adjacent plates move laterally along side each other. Instead of moving directly toward or away from the boundary, the plates slide past each other, grinding along a vertical fault zone. One of the best modern examples of a transform boundary is the San Andreas Fault in California, where the Pacific Plate slides northward past the North America Plate. Small bends in transform boundaries can cause local convergent or divergent motion, but the overall tectonic environment of transform boundaries is strike-slip, or alongside fault motion.


FIGURE 3


Types of Tectonic Boundaries
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A. Convergent boundary: subduction zone
Where two tectonic plates converge, the denser plate dives down beneath the more buoyant plate along an oceanic trench. Fluids are driven off the downgoing plate, facilitating melting of the underlying asthenosphere. The magma rises into the upper plate, eventually reaching the Earth’s surface as volcanoes.
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B. Divergent boundary: mid-ocean ridge
Divergent boundaries, where plates move away from each other, are called rift zones or spreading centers. New oceanic crust is produced by magma upwelling along these boundaries.
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C. Convergent boundary: continent-continent collision
When two continental plates converge, they are too buoyant to subduct and thus crash into each other in a continent-continent collision. These collisions produce large mountain chains and ultra-thick continental crust.
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D. Transform boundary
In addition to convergent and divergent boundaries, two tectonic plates can slide past each other along a transform boundary, which is essentially a large strike-slip fault. There are many transform boundaries in the oceans, separating different segments of oceanic spreading centers. There are also continental transform boundaries, like the San Andreas Fault in California.


The three types of tectonic boundaries—convergent, divergent, and transform—can occur along different sections of the same plate edge. For example, the Pacific Ocean–North American continent boundary in Alaska is primarily convergent (there is a subduction zone beneath the Aleutian Islands), whereas it is transform along most of California.


Plate tectonics as a whole is an elegant theory that unifies nearly every aspect of the physical Earth and represents the framework by which we view and understand our planet. Despite its influences, however, the theory of plate tectonics is still relatively young and has only gained wide acceptance in the scientific community in the past thirty years. This means that there are many big, fundamental questions to still be answered about how the world works. Some of the questions geologists are tackling right now include: When and why did plate tectonics begin? What exactly drives plate tectonics? What are the mechanisms by which the continents have grown? What is the expected evolutionary track of large mountain chains? How exactly are deep rocks uplifted to the Earth’s surface? As you will find in the rest of this book, these topics relate to many of the world’s climbing areas. Perhaps in the future we will find that some of their answers are hidden away at these areas as well.
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CHAPTER TWO
Five Important Earth Processes



Liquid, Hot Magma: The Formation of Igneous Rocks


Unless you climb exclusively in the desert, it’s likely that you’ll have many of your climbing adventures on and around igneous rocks like granite and basalt. So one of the most important large-scale Earth processes to affect climbers is the formation of this rock type. Igneous rocks, by definition, are rocks that originate as magma, or molten rock. The basic process of their formation involves two stages: the generation of the magma and then the cooling or quenching of that magma into solid rock. The variations and intricacies of these two stages lead to the different types of igneous rocks found on Earth. Where and how the magma is generated controls the chemistry and type of the final rock, and the environment and amount of time in which the magma is cooled determines the texture of that rock.


There are two general types of igneous rocks: intrusive and extrusive. Intrusive igneous rocks are rocks that cool within the Earth’s crust as plutons, dikes, sills, and batholiths, emplaced within preexisting rock (see figure 31). Extrusive rocks, on the other hand, are rocks that are extruded or erupted onto the Earth’s surface, where they cool from lava flows. Intrusive rocks are also called plutonic or magmatic rocks, and they include the granite family (see below), as well as diorite and gabbro. Extrusive rocks are known as volcanic rocks, and they include basalt and rhyolite. One of the main differences between intrusive and extrusive rocks is their texture. Intrusive rocks are slowly cooled and thus are coarse grained; you can pick out individual crystals with your naked eye, and these crystals fit together in a visible, interlocking network. Extrusive rocks are rapidly quenched and are usually very fine grained, often so much so that you can only pick out individual crystals with a high-powered microscope. Extrusive igneous rocks may have inclusions or clasts brought up through the volcano during eruption, or many small holes or pockets where gasses escaped.
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FIGURE 4


Triangle Diagram of Igneous Rock Classification


The triangle shows rock types based on their relative compositions of quartz, plagioclase, and alkali feldspar. Each tip of the triangle corresponds to a composition that is 100% the mineral shown. For example, a quartz vein made up of 100% quartz would lie on the top “quartz” tip of the triangle. Furthermore, a rock with equal amounts of quartz, alkali feldspar, and plagioclase would lie in the dead center of the triangle, within the “granite” field.


This is a generalized diagram; geologists subdivide these compositional fields even more than is shown. For example, geologists will call a rock a quartz monzonite if it is closer to the border between “granite” and “monzonite” (i.e., more quartz). They will call a rock a monzogranite if it is in the “granite” field but close to the “monzonite” border.







Taken for Granite


The single-line entry in the geology section of an early climbing guide to New Hampshire echoes the opinion of many climbers: “Granite. Amen.” But what is granite exactly? Why do people call the rock in Yosemite “granite” but the rock in Joshua Tree “quartz monzonite” and “monzogranite”? The ambiguity over the word “granite” has trickled down from geologists, who have come up with so many different classification schemes for igneous rocks that a simple definition can be hard to come by. A broadly acceptable definition is that granite is an intrusive igneous rock made up of quartz, potassium feldspar, plagioclase, and usually an iron-magnesium mineral like hornblende or biotite. The relative amounts of quartz, plagioclase, and potassium feldspar determine if the rock is a true granite or if it is a related “granitic” rock like a granodiorite or a monzonite. The diagram in figure 4 depicts a commonly used classification scheme showing the relationships between these different igneous intrusive rocks. Granitic rocks may have a slight visible fabric, or alignment of minerals, caused by currents in the magma chamber as the rock cooled. If a rock looks similar to a granite but has a strong, through-going alignment of minerals in a layering pattern, it is probably a granitic gneiss—a metamorphic rock that once was a granite but then was heated and squished into its new form.





The compositions of igneous rocks can be linked to their tectonic environment. Along divergent plate boundaries like midoceanic ridges, hot rocks from the mantle rise up toward the ridge by convection currents; as they depressurize they partially melt, forming basaltic magma. This magma erupts along the ocean floor and cools in the shallow regions of the Earth, creating basaltic oceanic crust. Similarly, in regions of very thin crust, like rift basins along the Rio Grande Rift in New Mexico, magma generated in the upper mantle can penetrate the crust and the volcanism tends to be basaltic. Along convergent boundaries, however, the Earth’s crust is thickened; crustal rocks as well as mantle rocks melt in these environments. These magmas are richer in silica than basalts, resulting in the granites and granodiorites that are common in subduction and collisional zones.


Coral Reefs, Beach Sand, and Dirt: The Formation of Sedimentary Rocks


Another large-scale Earth process important to climbers is the formation of sedimentary rocks. Without sedimentary rocks, there would be no Indian Creek or Rifle, no Red River Gorge or sport crags in Europe. Rocks that belong to the sedimentary group include limestone, sandstone, shale, conglomerate, and even volcanic tuff. These are all sedimentary rocks because they formed by the accumulation and consolidation of loose particles. These particles, or sediments, were either transported and then deposited or were precipitated in place out of solution.


Most sedimentary rocks can be classified as terrigenous (meaning “of the land”) clastic rocks, volcaniclastic rocks, or carbonate rocks. Terrigenous clastic rocks are rocks derived from particles (“clasts”) that are eroded from preexisting bedrock. Terrigenous clastic rocks include sandstones, mudstones, and conglomerates. Volcaniclastic rocks are rocks that form from the accumulation of volcanic material, usually hot ash that was spewed into the atmosphere during eruption and then deposited on the land surface in a thick blanket. Carbonate rocks are limestones, which by definition are composed of over 50 percent calcium carbonate. The shells and bones of many marine animals are made up of calcium carbonate; thus most limestones are marine in origin.


Just as the chemistry and texture of igneous rocks record the deep, interior environments in the crust, the composition and texture of sedimentary rocks record the exterior environment of the Earth’s surface. With the exception of salt deposits and some carbonate rocks that form from direct precipitation out of solution, the particles or grains in sedimentary rocks are involved in some sort of physical transport in a specific environment on the surface of the Earth. For example, sandstones can be deposited by wind action in giant dune fields, by water current action along rivers, or by wave and current action in shallow marine waters along a beach shoreline. The size of the particles in these rocks is a clue to its depositional environment. The coarser the grain, the higher energy the environment had to be. Very coarse sedimentary rocks like conglomerates require high-energy deposition like landslides, floods, or glaciers to transport the big particles. Very fine sedimentary rocks like mudstones and shales are deposited in very low-energy environments like deep, calm lakes or the deep waters of oceans. Medium-grained sediment like sands can be deposited in windblown sand dunes, beaches, or rivers.
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Fisher Towers, Utah: Cutler Formation

Railay Beach, Thailand: Ratburi Group limestone
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