
  

  CHAPTER ONE


  RISE OF THE LAND FROM THE SEA Mountains Out of Mud


  FORMING THE EARTH


  The solid expanse of bedrock extending continuously from the top of Mount Katahdin into the depths of the earth’s crust is the skeleton of our coastline. This hard, crystalline material forms the earth’s uppermost crust and supports human activities and our landscape. However, the crust is just a small portion of the earth’s mass. Processes in the earth’s mantle and core (Figure 1.1), far beneath the surface rocks, create dynamic, large-scale processes that shape the earth’s surface through mountain building, ocean creation, volcanism, and earthquakes.


  Today, modern media brings distant earthquakes and volcanoes to our attention moments after they occur, but knowledge of the earth’s dynamic history was not always so abundant. In the early nineteenth century, the Belgian Royal Society offered an award to anyone who could demonstrate any measurable changes in the earth’s surface in historical times. Two years passed before the winning entry showed that an island in the Baltic Sea had eroded and disappeared since the time of the Vikings. Still, despite our global, historical perspective today, it is startling to think that just fifteen thousand years ago, as the very beginnings of agriculture were taking place in the Middle East, the Camden Hills were islands surrounded by an ice-covered sea, much of Portland was submerged beneath the ocean, and the Atlantic coast was located in Medway, almost 80 miles landward of Penobscot Bay.
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  Figure 1.1: Illustration of the layers of the earth. The lithosphere is composed of the crust and part of the upper mantle. The inner core of earth is solid, while the outer core is liquid.


  Before presenting the geological history of the Maine coast, it is necessary to set the stage with the earth’s formation and the important processes that shape and maintain the earth’s crust. The earth’s story began when small rocky/icy bodies, called planetesimals, collided as they circled the embryonic sun. Countless impacts gathered enough material to create a planet. The numerous, ancient impacts heated the young earth, forming the world’s first ocean: one composed of molten rock, or magma. With time, natural, radioactive elements in common minerals also contributed much more heat to the earth. In fact, today, radioactivity is the main source of heat in the earth’s interior. However, because it occurs at such low concentrations, this widespread radioactivity is not harmful.


  Following the earth’s fiery beginning, the most fundamental geological process influencing the earth was, and still is, cooling. Cooling by radiating heat into space was the first major step in transforming the molten earth into a planet with continents, oceans, and life. Within a few hundred million years of the earth’s formation, this process led to the formation of the earth’s cool, solid crust. That insulating crust, in turn, trapped heat below the surface and led to the two other cooling processes to shape the earth’s crust: convection and advection.


  During convection, hot, low-density materials rise from deep in the earth to the surface where they give away their heat, partly through volcanic eruptions. As the near surface material cools, it becomes denser and sinks back into the earth’s depths. This process of convection set in motion two of the largest tectonic features on the earth’s surface: spreading centers and subduction zones.


  SPREADING CENTERS AND SUBDUCTION ZONES


  Despite, or perhaps because of, their great size, geologists were unaware of the significance or scale of subduction zones and spreading centers until the mid-twentieth century, when they were revealed by undersea mapping. Spreading centers, marked by a mid-ocean ridge, form where hot materials rise from the earth’s mantle. At these locations, pieces of the earth’s crust, or plates, are forced apart, creating a mountain range. This mountain range encircles the entire earth but is only easily seen where the land rises above the waves. In Iceland, one can walk among the many small volcanoes and fracture zones associated with spreading or rifting at the center of the Atlantic Ocean (Figure 1.2a, b).


  In Africa, the Rift Valley is an example of a continent being ripped apart (Figure 1.3). Volcanoes, like Mount Kilimanjaro, occur near large Rift Valley lakes, representing continental regions being torn asunder. Arid lands are common in such continental locations now, as they were in the past. Boulder- and gravel-rich debris piles, called alluvial fans, and salty, evaporative playa lakes are common in these settings. Although there are no active spreading centers in Maine today, the Gulf of Maine
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  Figure 1.2: a) Image of Iceland and the Mid-Atlantic Ridge. The Mid-Atlantic Ridge (dashed line) trends north-south, crossing Iceland and continuing into the Arctic Ocean. b) A ground view of the spreading center, or rift valley, in Thingvellir, where Iceland is being ripped apart today.
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    Figure 1.3: Map of East Africa and the rift valleys. Arrows indicate the direction of crustal separation on opposite sides of the spreading centers. The Western Rift may fail to open into an ocean, following the pattern of similar ancient rifts in the Gulf of Maine region.


  and Bay of Fundy represent former locations of rifting. Lava deposits from volcanic fractures, alluvial fans containing dinosaur fossils, and ancient lake deposits formed from evaporated water bodies represent the location where Europe and North America began to separate and the Atlantic Ocean formed.


  As new ocean crust forms at a spreading center, it cools as it moves away from its birthplace. As it cools, it increases in density and sinks lower. After a very long time, tens of millions of years or more, its great density drags the ocean crust and upper mantle of the lithosphere back down into the mantle, forming a subduction zone. Subduction zones are marked by deep sea trenches, volcanoes, and occasional large earthquakes (Figure 1.4). Where subduction zones occur in oceans, long, arcuate chains of volcanic islands (called island arcs) outline the location of the descending material, as in Indonesia (Figure 1.4) and the Aleutian Islands of Alaska. Where dense ocean crust sinks beneath continents, as along the west coast of North and South America, a line of land-based volcanoes, called a volcanic arc, parallels the subduction zone.


  Heat is generated through friction as the ocean crust sinks into the earth, and melting occurs as material descends into the hot interior. This heat produces volcanoes and also heats the deep earth for hundreds of miles around the subduction zone.
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    Figure 1.4: Image of the subduction zones surrounding Indonesia. Arrows indicate direction of plate motion. Note Australia is beginning to collide with a subduction zone. However, it will not subduct because it is composed of lower-density, continental material. This collision will form a mountain chain. This setting is analogous to the collision of Europe and North Africa with youthful North America four hundred million years ago to begin the formation of the Appalachian Mountains.


  The heat associated with subduction zones produced igneous granitic rocks and related metamorphic rocks. Granite bodies, so common along the Maine coast, all formed beneath volcanoes associated with subduction zones. Much of the ocean mud accumulated on the descending ocean crust is scraped off at subduction zones, heated, and subjected to high pressure and temperature. This changes the nature of the material from ocean mud first to sedimentary rocks, and ultimately to metamorphic rocks with new minerals and textures (Figure 1.5). As with spreading centers, no subduction zones exist in Maine today. The past presence of subduction zones, however, is documented by the many igneous (granites) and metamorphic rocks of Maine’s coast and mountains.
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  Figure 1.5a–c: a) Ocean mud on the seafloor in the Gulf of Maine as seen from a submersible. The field of view is about 3 feet. b) Weakly meta-morphosed rocks in Orono, Maine, with sedimentary layers and structure still apparent. These rocks were once ocean mud. c) Highly contorted metamorphic rocks of the Ellsworth Formation in Ellsworth Falls. Originally ocean mud and then sedimentary rocks like those above (b), these rocks were profoundly altered by high temperatures and pressures.


  As ocean crust forms and subducts on a spherical planet, geometry demands another tectonic accommodation to these processes: transform faults. Transform faults are boundaries between tectonic plates, as are subduction zones and spreading centers. Like spreading centers, transform faults occur mostly under the sea and mark locations where plates move horizontally past one another. Transform faults commonly connect subduction zones to spreading centers or other subduction zones. However, some can be seen on land. The San Andreas Fault is the most famous transform fault in the United States and links the spreading center in the Gulf of California with an offshore subduction zone in Northern California and Oregon (Figure 1.6). Great earthquakes are associated with the movement of transform faults, but these faults do not produce enough heating to cause widespread melting of rocks or volcano formation.


  There are no active transform faults in Maine, but there were in the past. A vestige of one is the Norumbega Fault zone, extending 45 miles inland of the modern Downeast coast to Casco Bay, where it is exposed on the coast. When it was first active, hundreds of millions of years ago, movement along this fault brought rocks from very different locations together. Rocks on the coastal side of the fault do not share their early history with North America. Instead, they formed far away and moved into their present location as a result of subduction and associated faulting.
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  Figure 1.6: View of part of the San Andreas Fault zone (dashed line) in California with arrows indicating the direction of motion.


  MANTLE PLUMES


  A final way the earth cools is through advection, or the upward movement of plumes of molten rock from deep within the earth. “Hot spots” are formed where these mantle plumes reach the earth’s surface and are typically marked by large volcanoes. As tectonic plates of the rigid lithosphere move across hot spots, a linear trace of volcanoes marks the movement of the crust over the relatively fixed hot spot. The Hawaiian Islands are presently crossing over a hot spot in the Pacific Ocean, with active Kilauea near the hot spot and older volcanoes farther away (Figure 1.7). A hot spot also underlies the hot springs and volcanic rocks of Yellowstone National Park. There are no hot spots in Maine today, but the Maine coast may have passed over one tens of millions of years ago, forming the New England Seamount (or Great Meteor) chain and the relatively young, igneous rocks of southern Maine and New Hampshire. A problem with this hypothesis is that the dates on the igneous rocks do not trend from oldest to youngest from Canada to the Atlantic Ocean. The linear chain is striking though and another mechanism may be needed to explain things.


  FORMING MAINE’S FIRST ROCKS


  Despite Maine’s current quiet, geological setting, the state’s very long past records many significant and dynamic events in earth history. The beginning of the Maine coast starts around five hundred to six hundred million years ago, when this part of North America was a disconnected collection of much smaller islands and landmasses. Much of what is today Maine was under deep water, at the edge of a youthful North America. At this time, the coastline was in Quebec, more or less coincident with the present location of the St. Lawrence River, with the area occupied by today’s Maine in open water.


  During this time, Maine’s environment was tropical. Carbonate-rich muds and sands collected along the continental margin, as they do today in parts of southern Florida or Indonesia. Life existed almost entirely in the sea; there were as yet no plants on the land. Thousands of feet of sand and mud accumulated on the seafloor, slowly bending down the edge of North America under the great weight of the sediment pile. Although no
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    Figures 1.7: a) Google Earth image showing the Hawaiian Islands and the Emperor Seamount Chain. The extinct volcanoes to the west of Hawaii were formed as the Pacific Plate moved over the hotspot that now is creating the southern part of Hawaii. b) Cross section showing how the Hawaiian Islands formed from a plate moving over a plume (from the National Park Service), https://www.nps.gov/subjects/geology/plate-tectonics-oceanic-hotspots.htm.


  one was present to see these changes, they are recorded in the rocks and fossils in western Maine, New Hampshire, Vermont, and Quebec. They also record the beginnings of the Taconic Orogeny.


  An orogeny is a mountain-building event created by continental collision along a subduction zone. In this case, the subduction and collision of the early North American continental margin against a volcanic island chain approximately 485 million years ago raised a new mountain chain along the trace of today’s Taconic Mountains. This mountain range began largely as part of an arcuate island chain in a shrinking ocean. As North America moved closer (Table 1.1), the ocean became smaller and smaller. The remnants of that ocean are preserved today in the Ordovician Age greenstone rocks and asbestos deposits from Staten Island, New York, through western Connecticut, extending into northern Vermont and adjacent Quebec. As the collision continued, volcanoes and associated igneous rocks were produced by the melting of cold ocean crust as it descended along the subduction zone into the earth’s mantle. Sand, mud, and shelly layers of sediment accumulated on the continental margin and were squeezed by the collision and turned to rock over millions of years. The originally flat layers were folded and broken by faults, as rocks broke under pressure (Figure 1.5c).


  The current Taconic Mountains represent an erosional remnant of those high, ancient peaks. These mountains, like those in other alpine areas, were subject to extreme erosional forces, even as they were being raised far above the surrounding landscape by heat and compression. Freezing and thawing of water in fractures led to expansion and cracking of rocks. Massive landslides created finer material that could be carried away by wind and water.


  Many of the eroded sediments found their way to the Iapetus Ocean, adjacent to the Taconic Mountains. This now extinct ocean was so named because it preceded today’s Atlantic Ocean. In Greek mythology, Iapetus was the father of Atlas, from whence we get the name Atlantic. The Iapetus Ocean began to fill with limestone deposits very near land, with eroded mountain rocks and minerals deposited in deeper waters offshore. These deep-water rocks are now found in western Maine and to the south, but not along the Maine coast.


  

	
Table 1.1. A Brief List of Geological Time Units and Associated Geological Events in Maine



	
Time Period


	
Years Before Present (Rounded)


	
Events Recognized in Maine Coastal Rocks



	
Holocene (epoch)


	
10 thousand–present


	
Postglacial sea level, fall and rise of sea level, Indigenous people live on the



	
Pleistocene (epoch)


	
~2 million–10 thousand


	
Repeated ice sheet advances and retreats



	
Tertiary (period)


	
70 million–2 million


	
Continued uplift and erosion



	
Cretaceous (period)


	
145 million–70 million


	
Igneous activity in the south associated with passage over the New England Hot Spot, erosion



	
Jurassic (period)


	
200 million–145 million


	
Uplift and erosion



	
Triassic (period)


	
250 million–200 million


	
Intrusion of mafic dikes, separation of North America from Europe/Africa



	
Permian (period)


	
300 million–250 million


	
Continued uplift and erosion. (Alleghenian Orogeny)



	
Carboniferous (period)


	
355 million–300 million


	
Igneous activity in south, uplift and erosion of mountains. Accumulation of sand and gravel, formation of sedimentary rocks not later metamorphosed (Alleghenian Orogeny)



	
Devonian (period)


	
420 million–355 million


	
Sediment accumulation ended by continental collision, widespread metamorphism (Acadian Orogeny)



	
Silurian (period)


	
445 million–420 million


	
Deep water sediment accumulation, volcanism and formation of igneous (granitic) intrusions related to subduction (Acadian Orogeny)



	
Ordovician (period)


	
485 million–445 million


	
Sediment accumulation, volcanic activity (Taconic Orogeny)



	
Cambrian (period)


	
540 million–485 million


	
Sediment accumulation and some volcanic activity



	
Precambrian (era)


	
4.6 billion–540 million


	
Igneous and metamorphic activity





  Source: Modified from Marvinney, 2012, https://www.maine.gov/dacf/mgs/explore/bedrock/facts/geol-hist.htm.


  For millions of years the erosion of the Taconic Mountains added huge quantities of sandy and muddy sediment to the Iapetus Ocean. By about 385 million years ago, a series of new subduction zones began to form east of this mountainous coastline in a setting similar to modern Japan. In time, the first subduction zone was driven into North America. It was followed by the microcontinent, known today as Avalon, named after the Newfoundland Peninsula containing good exposures of these rocks. This great collision (the Acadian Orogeny) created a new mountain chain that we know as the Appalachians (Table 1.1).


  The Acadian Orogeny, lasting tens of millions of years, occurred in the Silurian and Devonian periods. In Maine, two chains of granitic and volcanic rocks arose from this event: the Boundary Mountains, stretching from New Hampshire to Mount Katahdin, and the coastal mountains of the Mount Desert region. Today, in each area, large granite bodies, or plutons, are associated with volcanic rocks. Mount Katahdin was the molten source, or magma chamber, for the nearby Traveler Mountain volcanic rocks. Along the Maine coast, the Cadillac Mountain granite and others in Acadia National Park are linked to the volcanic rocks found nearby on Seawall Beach and the Cranberry Islands. It is notable that the Traveler and Cranberry Island volcanic rocks represent two of the largest known volcanic eruptions in earth history.


  The process that formed the relationship of granite and associated volcanics represents a balance between erosion and uplift (Figure 1.8). The more easily eroded volcanic rocks are worn away by erosion, leaving only a hint of the large volcano that once loomed above the landscape. As layers of rock are removed, the granite body is uplifted and exposed at the surface, with smaller, remnant outcrops of volcanic rocks around its edges. The characteristic rounded shape of the plutons is the result of the removal of the confining pressure imposed by the overlying rock. The rock “relaxes” along fractures parallel to the shape of the original pluton in a process called exfoliation, or onion-skin weathering.
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  Figure 1.8: The cartoon depicts molten magma (red) beneath an active volcano (brown) (top). The middle panel shows a later time after the volcano erupts and the ground surface (horizontal line) has eroded miles down. Loss of the overlying mass led to uplift and eventual exposure of the now-solidified granite. Continued erosion up to today (bottom panel) led to more uplift and a rounded mountain of granite. The rounded nature of granites results from release of the tremendous confining pressure on the molten material at depth and concentric fracturing of the granite as it “relaxes.” The fracturing is analogous to the way onions peel apart and is called exfoliation.


  The final collision to create Maine’s rocks was centered to the south of New England and is known as the Alleghenian Orogeny (Table 1.1). Beginning approximately 350 to 300 million years ago in the Carboniferous Period and extending into the Permian Period, this collision ultimately brought parts of Europe and North Africa into contact with North America and continued the formation of the Appalachian Mountains. Even as the Alleghenian Orogeny occurred on the edge of North America, many other continents around the globe coincidently came together to form the supercontinent of Pangea.


  It was these final two collisions (Acadian and Alleghenian Orogenies) that led to the development of most of the coastal granitic and metamorphic rocks of Maine. Initially, there were large volcanoes and the granites were miles below the surface. Over a long time, following the process described previously, erosion unearthed the deep-seated granites along with associated rocks that had been subjected to very high temperatures and pressures. All of the rocks of Maine are presently eroding, but granites remain mountains because they have eroded more slowly than the associated volcanic and metamorphic rocks.


  POST-APPALACHIAN ROCKS


  Both sedimentary and igneous rocks formed on the Maine Coast after the creation of the Appalachian Mountains, but few remain. One of the few is the Perry Formation (Figure 1.9), a sandstone named for Perry, Maine, near the Maine-Canada border, where it was first described. A true example of geological rise and fall, this rock unit is a solidified sandy/gravelly alluvial fan deposit formed in a mountainous region. Close examination of the outcrop reveals the sedimentary deposit is sitting on the older Red Beach Granite and contains bits of the granite in the basal sand and gravel strata. Geologists call this rare occurrence an unconformity and interpret it as representing a vast amount of elapsed time between crystallization of the granite deep underground and deposition of the sandstone near the earth’s surface. For this feature to form, erosion first brought the cooled granite body from miles within the earth to the surface. Weathering removed overlying layers and broke the granite into pieces that were carried by water with sand and gravel into the alluvial fan. Following deposition, these layers were consolidated into solid rock by burial and subsequently brought back to the surface as overlying rocks were worn away. This remarkable record of vertical movement was first described by Charles Jackson in 1836, and it is still visited by geologists from all over the world.
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    Figure 1.9: Dipping rocks of the Perry Formation represent the only sedimentary rocks found on the Maine coast. This image is from the “type” locality outcrop, where the formation was first described at Perry, Maine. The dipping sand and gravel layers formed in a mountainous area as an alluvial fan.


  Another late, rock-forming process occurred in the Triassic period (Table 1.1), more than one hundred million years after the creation of the Perry Formation. By then, all of the continents were joined into the vast supercontinent called Pangea (“all the earth”). Continents are great insulators of the earth’s surface, and Pangea was no exception. The vast continent trapped earth’s heat sufficiently to lead to significant heating from below and created the onset of continental rifting. Eventually, molten basalt, the dark rock of the ocean basins, forced its way to the earth’s surface along zones of weakness (fractures and old fault zones) in the overlying rocks. It erupted along narrow fissures and flowed across the land, as it does in modern-day Iceland. Because basaltic lava is “runny” it often forms extensive flows, instead of peaked volcanic complexes.


  Along the Maine coast, erosion eliminated the surface lava sheets, and we see only the “feeder dikes,” or planar vents that fed the extensive flows. These abound along the coast and are especially prominent in Acadia National Park (Figure 1.10). Because basalt is more easily eroded than the adjacent granite it penetrated, or intruded, linear coves form where the basalt has worn away. Thunder Hole, a popular spot in Acadia National Park, is likely the remnant of an eroded basalt dike. Along the margins of the Bay of Fundy, more
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