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Geology is a history lesson where the main events are rocks. Carefully interpreted in a wide variety of ways a single outcrop can reveal what and how changed at a place millions or billions of years ago. Data is revealed by macroscopic and microscopically examination, geochemical and geophysical tests, and analysis of arrangement of layers or texture of crystals. Placed within a broader context of comparison of outcrops down the road, or across the county, or across the state, key plot lines begin to emerge to tell a coherent story.  Like many stories important elements might be missing or only come to light after diligent and careful study. The study of Michigan’s geologic history began in xxxx. Since then over 30,000 geologic articles and reports have been written about our state, each one tells part of a story. This book describes key places where the rocks tell an interesting story; think of them as chapters in a larger book.  Each vignette is insightful and stands alone but the more places you visit and explore the deeper your understanding and your ability to weave rocks, places, and time into geologic history. In this chapter we will condense Michigan’s more than three billion years of history into xx short paragraphs. 
Maps are two dimensional representations of rocks and materials at the Earth’s surface; think of a carpet that displays a picture. A cross-section is a two dimensional slice through the Earth. It can be at many scales and can be constrained down to a minute increment or generalized to illustrate a concept. This book is filled with maps cross-sections to help us visualize what is in the Earth as well as what is on the surface. Two important maps, the Bedrock Geology of Michigan and the Quaternary Map of Michigan, frame the larger picture of our state and are inside the front cover. In simplest terms the bedrock map is in three pieces. The oldest piece is in the central Upper Peninsula, from about Munising to L’Anse, and is made of metamorphic and igneous rocks from 3.6 to about 1.8 billion years old. To the west, bands of volcanic and sedimentary rocks make the Keweenawan Peninsula and Isle Royale, the result of rifting of the continent about 1.1 billion years old. Rocks in the central and eastern Upper Peninsula and all of the Lower Peninsula, define a bulls eye pattern that is made of layers of sedimentary rocks between about 500 and 250 million years old, a feature called the Michigan basin. The Quaternary Map shows glacial, dune, and lake deposits associated with the Ice Age that might be as old as 1.6 million years at depth but range from 15,000 to 10,000 years old at the surface. 
Careful interpretation of a cross-section places events in relative time, such as this happened before that. Geologists can also date materials in absolute time, millions of years old, for example. The cross-section of Michigan in this book is more a cartoon; it is not to scale and some aspects are exaggerated to be better illustrated. With that caveat it does show the general type, age, and arrangement of the rock units in the state. As you visit the locales and read the vignettes place them spatially and temporally on the cross-section and in your mind. Now we’ll work our way through the cross-section by looking at each package of rocks and how they relate to other packages.
Nearly the first billion years of Earth history goes unrecorded in Michigan. Based on the age of numerous meteorites, the age of the Earth is about 4.5 billion years old.  Our oldest rocks are gneiss that ranges in age from 3.6 to 2.8 billion years old. Scattered, poor exposures of the rock can be found from central Marquette County to the south and east down into Wisconsin. Gneiss is a metamorphic rock defined by alternating layers of light and dark minerals. Gneiss forms as preexisting rocks are subjected to new pressures and temperatures.  For our rocks this was about 10 miles down and at temperatures up to xx °F. These conditions are only found deep beneath mountain ranges. A caveat to finding gneiss at the surface is that tremendous erosion must have stripped all of the overlying rock away. 
The next evidence is the nature of the contact between the gneiss rock unit and the next youngest, adjacent rock. The contact could be conformable, when layers of rock are added one after the other, erosional, as we just mentioned, or structural, as we will see in this case. Structure refers to folds and faults within the rock. The large block of gneissic rock, also called a terrane or microcontinent, is faulted against younger igneous rocks. This collision zone runs for hundreds of miles along the northern edge of Michigan and Wisconsin. This fault contact marks a convergent plate tectonic boundary and was probably similar to the present-day collision of India with Asia. N=828onTu
Across the fault is a second microcontinent made of two types of igneous rock, granite and greenstone. Granite is made of light-colored minerals, like quartz and feldspar that are visible to the naked eye. It commonly forms by the melting of continental crust. The greenstone is made of basalt, dark-colored minerals too small to see without a microscope. The presence of igneous rocks indicates that conditions at a deeper level could melt solid rock. The likely plate tectonic setting is called subduction where a denser ocean plate is pushed under a lighter, overriding continental plate. Fluids leaving the ocean plate promote melting of hot mantle rocks to make basalt magmas. Both rocks were later subjected to higher pressures and temperatures. This low-grade metamorphism recrystallized some minerals in the granite to make a foliation. In the basalt, new minerals, such as chlorite and calcite were added, giving the rock a greenish hue. 
Following a quiet period marked by erosion lasting nearly 300 million years tectonic activity shifted to what is now northern Wisconsin. The geologic setting in Michigan was a passive continental margin, much like the eastern coast of the United States today. Three periods of deposition followed and each of these was separated by periods of non-deposition and erosion. The first period, from 2.3 to 2.2 billion years ago produced a sequence of rocks called the Chocolay Group. From base to top is consists of glacial sediment, sandstone that formed on a shoreline, shallow carbonates from water ocean waters, and shale from mud deposited in deeper ocean water. Most notable of these is the Kona Dolomite. It contains spectacular stromatolites, layers of mud and algae, that are beautifully preserved near Marquette. All of these layers were sedimentary in origin but were later metamorphosed. The sandstone is now a quartzite and the shale is now a slate. N=1136 on Th am
Following more erosion, the second period of deposition, from 1.9 to 1.86 billion years ago, produced a sequence of rocks called the Menominee Group. Again, shoreline sandstone is at the base. It is overlain by mud that accumulated in deep water. The youngest layer in the sequence is called banded iron formation. Well exposed near Ishpeming and Negaunee it was deposited as chemical layers of silica and iron oxide. Iron mining began as early as xxxx and continues today.  

The last sequence of rock near this age, The Baraga Group, formed from 1.85 to 1.84 billion years ago with sandstone and the base and then a thick layer mud. Again, these layers have been metamorphosed to quartzite and slate, evidence of deep burial. As these rocks formed another microcontinent collided at a plate tectonic boundary in what is now northern Wisconsin. The collision was called the Penokean Orogeny. An orogeny is a mountain forming event. From 1.84 to 1.83 billion years rocks in Michigan were folded, faulted, and cooked at higher temperatures and greater pressures.   Marquette Trough
This brief history lesson has already noted erosion and or non-deposition a few times. Geologists call such a break in the rock record an unconformitity. Considering all of the time the rocks in Michigan represent we have far more “gap” or missing rocks/time than we have rocks and the time they represent. We can’t say much about what was happening, beside erosion, if we have no data, no rocks. An unconformity serves as a break between major sequences of rocks. A great example is near the town of L’Anse, where the mountains from the Penokean Orogeny had been eroded to a flat plain and then covered by the red Jacobsville Sandstone. The gap in time is nearly 700?? million years. The unconformity is easy to recognize because slate, a rock that forms deep in the crust, is overlain by a sandstone, a rock that only forms at the Earth’s surface. Enough??  Jacobsville
At about 1.1 billion years ago the North American continent began to break into two pieces and move apart. This process, called rifting, created a zone roughly xx miles wide that extended xxxx miles, from the edge of the continent to the central part of the Lower Peninsula, along the axis of present-day Lake Superior, and down into the mid-continent, all the way to Iowa? The Great African Rift would be a modern-day analogy. As the crust thinned and stretched the underlying mantle rose towards the surface and began to melt, making basalt magma. Fed by dikes, the magma erupted in great volumes and covered a large area with a thick stack of lava flows. These lava flows, commonly referred to as Keweenawan PLACENAMES basalts, extend from eastern Lake Superior to eastern? Minnesota. In Michigan they form the backbone of the Keweenawan Peninsula and Isle Royale. In some places batches of light colored rhyolite lava erupted. During pauses in the eruptions layers of sand and conglomerate filled low areas.  N=1679 on Fri am
Shortly after the rifting and volcanism the area was compressed and folded into a syncline, layers of down-warped rock. The axis of the syncline is parallel to the length of Lake Superior.  The lava flows on the edge of the fold are tilted about 30 degrees which has a profound effect on the shape of the landscape. Additional compression formed a major fault that bounds the Keweenawan rocks along their east margin. Heated associated with the magma drove circulation of fluids that scavenged metals and resulted in the formation of some the puriest and largest copper deposits in the world.
A long period of erosion followed that lasted for nearly 500 million years. By the time the ocean returned to the Michigan landscape the planet was a profoundly different habitat. Life had evolved from the simple single-celled prokaryotes, to more complex eukaryotes, multicellular organism with individual cells each containing a nucleus. The ocean was teeming with critters like trilobites, brachiopods, crinoids, corals, and fish.  N=1963 on Mon am
The core of the North American continent remained in the southern hemisphere, near tropical latitudes. Increasing rates of volcanism at mid-ocean ridges forced sea level to rise and transgress across Michigan. The rates of sediment accumulation were higher in some areas, resulting in thick sequences of rock. In Michigan, deposition centered in the Lower Peninsula, over the axis of the older mid-continent rift. As the thickness and weight of the new sediment increased the crust began to sag, deforming the originally horizontal layers downward.  Sagging and sediment accumulation continued concurrently for most of the Paleozoic Era, from about 542 to xxx million years ago. During this time sea level rose and fell over xxx major cycles. With each major rise the ocean marched towards the interior of the continent and the conditions that rocks formed in shifted laterally. You might think of flying over a continent and out over the ocean watching the changes beneath you. The common changes are from rivers, to coastline, to warm and shallow ocean, to deeper ocean. The corresponding rock types are sandstones with channels, to sandstones, to limestones, to shales. As sea level dropped these same set of conditions and their associated rock types shifted back off the continent. At times, less common environments led to the deposition of interesting and valuable rock types. Examples include pinnacle reefs, closed basins, and swamps that produced fossil-rich limestone, salt and gypsum, and coal, respectively.  When the ocean retreated far enough the land was exposed and erosion resumed, producing unconformities. By the time that deposition ended in the late Pennsylvanian, about xxx million years ago, sedimentary layers extended as far north as near Houghton. All layers dipped towards the central part of the Lower Peninsula. Geologists call this kind of structure a basin. Think of the rock layers as a series of nested bowls. The first bowl you sit down is on the bottom, the rocks it represents would be the oldest. The next bowl is on top of the first and rests inside the first. In cross section the rocks are younger towards the top and towards the center. Looking down from the top the concentric pattern defined by the top rim of the bowls mimics the bulls-eye pattern we see in the Paleozoic rock layers. The oldest layers are on the outside and the youngest are towards the center. The exact geologic age of the youngest rocks in the basin, either Jurassic or late Pennsylvanian, is a topic of ongoing research. 
For most of the remaining Earth history, nearly 300 million years, sedimentary rock layers are absent from Michigan. This period of non-deposition and/or erosion is marked by yet another unconformity. Erosion produced a land surface with topography similar to what we have today. 

An exciting but brief exception to this erosional period is an eruption of a small but violent volcano in the Upper Peninsula about xxx million years ago. An odd type of rock, called kimberlite is found near Lake Glen Ellen? At other locations kimberlite is associated with diamond deposits. 508 words at 10 am, 2485 total
By 1.8 million years ago orbital patterns related to how the Earth moves around the Sun, the concentration of carbon dioxide in the atmosphere, and the position of the tectonic plates facilitated the growth and expansion of glaciers in the Northern Hemisphere. For at least the last 800,000 years conditions have been favorable for ice to extend to the mid-continent. Glacial deposits have been mapped as far south as Kansas and as far west as Montana. Michigan lacks evidence for the older episodes of glaciation. Deposits of this age were probably removed by erosion during younger episodes or remain buried and undiscovered in the subsurface. Evidence for glaciation are layers of till and outwash. Till is a poorly sorted mixture of clay and larger sediment deposited directly by glacial ice. Outwash is layers of sand and gravel deposited by streams flowing away from the glaciers. Timing of events is constrained by carbon-14 dating of organic matter, commonly tree trucks or other organic material, left within or under the deposit. 
The two most recent episodes of glaciation are called the Illinoisan and the Wisconsin. The Illinoisan extended from 202,000 to 132,000 years ago with maximum extent of glaciers about 150,000 years ago. The Wisconsin episode began 79,000 years ago and continued to 10,000 years ago. The maximum extent of glaciers was reached about 23,900 years ago. Six lobes of ice covered the state. Ridges of till, called moraines, that formed as the ice retreated, profoundly influenced the shape of the land.  Intervening valleys were filled with layers of outwash. Although we think of the glaciers from a landscape perspective the outwash deposits can host significant groundwater or be mined for sand and gravel.
Our state’s identity as a Great Lakes state reflects relatively recent geologic events. Prior to the onset of glaciation, the framework of older geology, such as the soft sedimentary layers in the Michigan Basin and along the axis of the Midcontinent rift, were exploited by rivers that down cut to make valleys and watersheds. As glaciers advanced they flowed down these river valleys, creating depressions that would later fill with water. The size and extent of these early lakes was controlled by several factors. The timing of advance and retreat of each lobe of glacial ice influenced the size of the lake basin. Outlets for lake water switched from the south, like the Chicago River, when ice advanced, to the north, near Georgiana Bay, when ice retreat farther north. With the weight of glacial ice removed the elevation of the land surface rose causing outlets to switch to lower elevations. Climate varied from cold and wet to warmer and drier. Over the last 17,000 years the interplay of these factors led to at least a dozen discrete lakes forming the Michigan and Huron basins. Drowned forests testify to low lake levels. Elevated beaches and wave-cut bluffs indicate high stands. By 2,280 years ago the lakes took their present-day form.
As lake levels stabilized impressive sets of coastal dunes formed in a few different environments. Abundant sand in glacial deposits, fluctuating lake levels, sparse vegetation, and constant wind directions favored dune formation. Examples of dune types include foredunes, parabolic dunes, perched dunes, and interior dunes that can be seen in numerous parks, such as P.J Hoffmaster State Park and Sleeping Bear Dunes National Park. Once thought to be static features formed near the end of glacial times the dating of soil horizons has demonstrated the dunes have a complex history of stability and growth. 2932 on wed am
As ice retreated rivers became the dominant force on the landscape. Some rivers, like the Grand, formed as they drained lobes of ice and discharged into early Great Lakes. Many of our modern rivers occupy these valleys that are relicts of glacial times. All of the rivers are eroding the landscape, making a “gap” in geologic time, perhaps the most common of all geologic events in our state’s long history.
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	Timing
	

	
	3.6-2.5
	= “domes”  of gneiss, migmatite, and granitoid

	protolith
	3.0 Ga
	Age of protolith in gneiss-granite belt south of the Marquette trough

	
	
	

	Marquette greenstone belt
	2.6-2.7 Ga


	

	
	
	

	Marquette Supergroup
	2.2-1.9 Ga
	Baraga Group               all = “keel” of keel and dome 
Menominee Group

Chocolay Group

	
	
	

	
	
	

	Penokean orogeny
	1.88-1.83 Ga
	Mountain building event;

Increased pressure and temperature

Folding and metamorphism of older rocks

North-verging thrust faults (Klasner)

	Dome uplift?
	1.75-1.70 Ga
	Metamorphism and dome uplift after the orogeny

	
	
	

	rifting
	1.2-1.1 Ga
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