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Context

· The audience for this activity is an undergraduate class on introductory physical geology or quantitative reasoning.
· The skills and concepts that students must have mastered include general knowledge about paleomagnetism and seafloor spreading (magnetic reversals, magnetic anomalies) and how to do basic tasks in Microsoft Excel (enter data, enter formulas, fill down).
· This is a laboratory activity that follows lectures on continental drift, paleomagnetism, and seafloor spreading, and it falls near the beginning of the course.

Goals

· The content and concept goals for this activity include understanding and explaining a bathymetric map of the Atlantic Ocean, reconstructing how the Pangaea supercontinent fit together, and measuring how two pieces of the supercontinent moved apart.
· Higher order thinking skills for this activity involve describing and comparing magnetic anomaly maps from the northern Atlantic Ocean and northeastern Pacific Ocean, interpreting magnetic anomaly profiles in terms of age using the geomagnetic reversal time scale, and calculating the rate of seafloor spreading at two mid-ocean ridges.
· Other skills goals for this activity consist of comparing and contrasting the map of sediment thickness with the bathymetric map, graphing the ages of sediments and distances at different sites to determine their relationship, and calculating the rate of seafloor spreading based on paleontological ages.

References

· Ludman, A., and S. Marshak, 2010, Laboratory Manual for Introductory Geology, Chapter 2, pp. 26-36.
· [bookmark: _GoBack]Cook, J., and V. Jones, 2014, Nannofossils Reveal Seafloor Spreading Truth: National Science Teachers Association. https://ngss.nsta.org/Resource.aspx?ResourceID=753


Seafloor Spreading
Part I: Ocean Floor Bathymetry

Overview 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In the first part of this activity, you examine the features of the seafloor between South America and Africa and use these features to infer continental movements as Alfred Wegener did.

Learning Objectives

· Understand and explain a bathymetric map of the Atlantic Ocean 
· Reconstruct how the Pangaea supercontinent fit together 
· Measure how two pieces of the supercontinent moved apart

Drifting Continents

	Alfred Wegener was not the first person to suggest that South America and Africa might once have been joined (Figure 1). Benjamin Franklin, one of the Founding Fathers of the United States, observed seashells on mountaintops and fern fossils in deep mines. He wrote in 1747 that "[s]uch changes in the superficial parts of the globe seemed to me unlikely to happen, if the earth were solid to the centre. I therefore imagined, that the internal parts might be a fluid more dense … than any of the solids we are acquainted with … Thus the surface of the globe would be a shell, capable of being broken and disordered by the violent movements of the fluid on which it rested."

[image: ]

Figure 1.1 Earliest known map of Africa next to South America, from Creation and Its Mysteries Revealed by Antonio Snider-Pellegrini (1858).
https://commons.wikimedia.org/wiki/File:Antonio_Snider-Pellegrini_Opening_of_the_Atlantic.jpg
The Ocean Floor

As far back as 500 years ago, mapmakers drawing the coastlines of South America and Africa noted that the two continents looked as if they might have fit together in the past, to form a larger continent. Alfred Wegener incorporated this idea into his hypothesis of continental drift. In spite of the wealth of detail that he assembled, most geologists rejected Wegener's idea of drifting continents, mainly because they found his explanation of exactly how continents could move around the face of the globe to be unconvincing.  
During the 1940s and 1950s, however, new instruments allowed scientists to map the ocean floors in detail, which finally provided enough evidence to convince the geological community that Wegener's basic hypothesis was indeed correct.  
Figure 1.2 is a bathymetric map for the South Atlantic Ocean. It shows the shape of the sea floor between South America and Africa, just as a topographic map shows the shape of the land. Here, darker blue colors represent deeper areas, while lighter blues indicate shallower water. 

[image: ]

Figure 1.2. Bathymetry of the South Atlantic Ocean.
https://commons.wikimedia.org/wiki/File:Atlantic_bathymetry.jpg


1. Open the Seafloor Spreading PDF that accompanies this activity and print Fig. 1.2 from the first page of the file. Lay a blank sheet of paper over it and trace the western shoreline of Africa. Mark points E-H on your tracing. Now slide the paper west, and position your traced line against the eastern shoreline of South America so that the two continents fit snugly without overlapping or leaving large gaps. Describe how well the shorelines fit together between pairs of points by checking the appropriate boxes in the table below.

	
	Shoreline (question #1)
	Continental shelf (question #2)

	 
	Good fit
	Poor fit
	Good fit
	Poor fit

	Points A and E
	
	
	
	

	Points B and F
	
	
	
	

	Points C and G
	
	
	
	

	Points D and H
	
	
	
	



2. Lay another piece of blank paper over Fig. 1.2. This time, trace the edges of the continental shelves (the shallow, flat, light blue areas adjacent to the land) rather than the shoreline, and attempt to join them. Describe how well the shorelines fit together between pairs of points by checking the appropriate boxes in the table above.


3. Based on questions #1-2, should we consider the shoreline or the edge of the continental shelf as the actual outer margin of a continent?


4. Study the shades of blue in the South Atlantic Ocean; the darker the blue color, the deeper the water. You might expect to find the deepest water in the middle of the ocean. Describe the relative water depth in the middle of the ocean.


5. Where is the deepest water in the South Atlantic Ocean?



Mid-Ocean Ridges

	The variations in water depth that you identified in the previous questions reflect the elevation of the ocean floor; where the water is deep, the ocean floor is found far below sea level, and where the water is shallow, the ocean floor is only slightly lower than sea level. Fig. 1.3 is a graph of vertical changes in the depth of the ocean floor between Africa and South America. 
	Moving from the shoreline on either side into the ocean, there is first the shallow, gently sloping continental shelf. At varying distances from the shoreline, the ocean floor drops more steeply along the continental slope. At the foot of the slope is the continental rise, leading down to the deepest parts of the ocean, called the abyssal plains. The shallower water you observed in the middle of the ocean marks the Mid-Atlantic Ridge, a mountain range that runs from north to south throughout the Atlantic Ocean. Other mid-ocean ridges are present in other oceans, and all are connected to form a chain of mountains that extends around the world like the seam on a baseball.
	Note in Fig. 1.2 that this mountain range is not continuous; it is offset by a series of parallel curved lines called fracture zones. Some fracture zones can be traced all across the Atlantic Ocean from Africa to South America.
[image: ]

Figure 1.3 Cross section of the South Atlantic Ocean showing the shape of the ocean floor (not to scale).


6. Approximately how many fracture zones intersect the mid-ocean ridge between points I and J?


7. The South Atlantic Ocean formed by expansion along the Mid-Atlantic Ridge, where new oceanic crust forms. Measure the distance between South America and Africa along the fracture zone that extends from near point A to near point E. Measure along the curved fracture zone, ending at the continental shelf on each side. Approximately how wide is the Atlantic Ocean along the fracture zone?


8. The age of the oldest rocks in the South Atlantic Ocean is 120 Ma. Calculate the average rate of expansion for the South Atlantic, using the formula rate = distance ÷ age. Express your answer in units of kilometers per million years (km/Ma).


9. Convert the rate you just calculated to units of centimeters per year (cm/yr), using 1 km = 100,000 cm. What is the rate in cm/yr?


10. Assuming someone born today lives to the age of 100, how much wider will the Atlantic Ocean become during his or her lifetime? 



Seafloor Spreading
Part II: Marine Magnetic Anomalies

Overview

	This part of the activity involves studying the patterns of the ocean floor that emerge from measurements of Earth’s magnetic field, both in map view and in cross section.

Learning Objectives

· Describe and compare magnetic anomaly maps from the northern Atlantic Ocean and northeastern Pacific Ocean
· Interpret magnetic anomaly profiles in terms of age using the geomagnetic reversal time scale
· Calculate the rate of seafloor spreading at two mid-ocean ridges

“An Essay in Geopoetry”

In the 1960s, a geophysicist named Harry Hess proposed an explanation for the matching coastlines of Africa and South America that explained a number of geologic observations and provided a mechanism for continental drift. He suggested that new oceanic crust forms by volcanic eruptions along a mid-ocean ridge. The rocks take on the prevailing direction of Earth’s magnetic field. Then the new crust splits apart, and each half moves directly away from the ridge. Later, the magnetic field changes, and new crust forms at the ridge with different magnetism. As new crust keeps forming and moving, and the magnetic field keeps changing, the observed patterns develop on the ocean floor. This idea was counterintuitive for many geologists, and Hess did not even claim that it was a hypothesis.  Instead, he called it “an essay in geopoetry,” and he named the process seafloor spreading.

[image: ]Crust

Figure 2.1 Cross section of a mid-ocean ridge showing the development of anomalies (not to scale).
https://commons.wikimedia.org/wiki/File:Oceanic.Stripe.Magnetic.Anomalies.Scheme.svg
Magnetic Measurements over the Oceans

	Measurements of the magnetic field over the oceans reveal areas in which the field is either unusually strong (a positive anomaly) or unusually weak (a negative anomaly). When these variations were first discovered in the 1950s, they presented a quite a puzzle. Geologists had expected to find values close to the average strength of the Earth’s magnetic field. Instead, the measured strength of the magnetic field turned out to be either anomalously high or anomalously low, and the change from high to low (or low to high) is abrupt, not gradual (Fig. 2.2).

[image: ]

Figure 2.2. Magnetic anomalies (a) south of Iceland and (b) west of North America.
https://www.geological-digressions.com/striped-oceans-and-drifting-continents/
https://commons.wikimedia.org/wiki/File:Magnetic_anomalies_off_west_coast_of_North_America.gif


1. Fig. 2.2(a) is a map of magnetic anomalies in the North Atlantic Ocean south of Iceland. As you can see, the anomalies are arranged in linear belts (informally called magnetic stripes). How are the magnetic stripes oriented compared to the Mid-Atlantic Ridge (parallel; perpendicular; at some other angle)?


2. Compare the pattern of stripes on one side of the ridge with the pattern of stripes on the other side. Are they completely different? Identical? Similar?


3. Fig. 2.2(b) shows magnetic anomaly stripes in the Pacific Ocean west of North America. How are the magnetic stripes oriented, compared to the Juan de Fuca Ridge? Are they parallel? Perpendicular? At some other angle?

4. Compare the pattern of stripes on one side of the ridge with the pattern on the other side. Are they identical? Similar? Completely different?




Magnetic Reversals

Why do magnetometer readings within the ocean basins show such an odd pattern? The answer came from studying rock magnetism on land, where some rocks have magnetic minerals that line up with Earth's field. But in other rock layers, magnetic minerals seemed to be pointing in exactly the opposite direction as expected. In other words, a compass needle would have pointed south! The scientists were forced to conclude that sometimes Earth's magnetic field flips direction: the magnetic north pole is located near the geographic South Pole, and the magnetic south pole is located near the geographic North Pole. We now call this a magnetic reversal.

[image: ]

Figure 2.3. Computer simulation of the reversal process, whereby the magnetic field weakens, becomes chaotic, and then strengthens again in the opposite direction.
https://commons.wikimedia.org/wiki/File:NASA_54559main_comparison1_strip.gif


Once geophysicists knew that magnetic direction or polarity of rocks could affect measurements, they interpreted marine anomalies in the same way. If the rocks of the oceanic crust are magnetized with normal polarity, then they reinforce the magnetic field produced by the Earth, and the measured strength is higher than the average. If the rocks of the oceanic crust have reverse polarity, then all of their magnetic minerals are aligned opposite to Earth's field, so they act against it and thus subtract from the average strength.
	The combination of seafloor spreading and magnetic reversals produces the observed pattern of magnetic anomalies on the ocean floor. The oceanic crust has been compared to a recorder that preserves the history of changes in the magnetic field and continued seafloor spreading.



Comparing Anomalies at Different Ridges

	Magnetic reversals affect the entire world, so the pattern of magnetic anomalies should be the same in every ocean. Fig. 2.4 shows simpliﬁed magnetic stripes from the Mid-Atlantic Ridge and the East Paciﬁc Rise, with the mid-ocean ridge at the left end of each profile. Both a distance scale and an age scale are provided. Note that only half of each ocean basin is shown; a symmetrical series of stripes exists on the other side of each ridge. 

[image: ]

Figure 2.4. Marine magnetic anomalies from the Pacific Ocean (top) and Atlantic Ocean (bottom).


5. On the profile for the East Pacific Rise (top of Fig. 2.4), an arrow marks the mid-ocean ridge at the left end of the profile. Reading the scale for distance, the oldest anomaly is located 500 km from the ridge. What is the approximate age of this anomaly? 



6. Divide distance by age to obtain the spreading rate along the East Pacific Rise.



7. The profile at the bottom of Fig. 2.4 shows magnetic anomalies for the Mid-Atlantic Ridge. What is the distance between the oldest anomaly (right end of profile) and the Mid-Atlantic Ridge (left end of profile)?



8. What is the age of the oldest anomaly shown for the Mid-Atlantic Ridge? 



9. Divide distance by age to obtain the spreading rate along the Mid-Atlantic Ridge.




10. Compare the two profiles in Fig. 2.4. Does a faster spreading rate produce wider or narrower magnetic stripes?


Seafloor Spreading
Part III: Sediments on the Ocean Floor

Overview

	In this final part of the exercise, you examine thickness, age, and distance data for seafloor sediments and interpret them in terms of seafloor spreading.

Learning Objectives

· Compare and contrast the map of sediment thickness with the bathymetric map
· Graph the ages of sediments and distances at different sites to determine their relationship
· Calculate the rate of seafloor spreading based on paleontological ages

Scientific Drilling in the Oceans

	The Deep Sea Drilling Project (DSDP) was set up in the early 1960s in order to investigate the evolution of ocean basins by drilling and retrieving cores of ocean sediments and the oceanic crust. Operating from 1968-1983, this was the first systematic program of scientific drilling in the world's oceans. Although some DSDP discoveries had economic implications, such as potential underwater oil fields, the main purpose was the scientific exploration of the sea floor. Each crew included paleontologists to identify fossils in deep-sea sediments (Fig. 3.1), sedimentologists to analyze the non-biologic materials, and petrologists to study the rocks of the oceanic crust. Reports from the scientists helped to confirm the hypothesis of continental drift and later to develop the concepts now known as plate tectonics. In 1984, DSDP was folded into the international Ocean Drilling Program, which continues today.

[image: ]
Figure 3.1. The Glomar Challenger operated from 1968-1983 during the Deep Sea Drilling Project.
https://commons.wikimedia.org/wiki/File:GlomarChallengerBW.JPG
Seafloor Sediments

	The ocean floor is composed of basalt that forms along the mid-ocean ridges. This solid rock is covered by an uneven layer of sediment consisting of mud, dead organisms, and chemical precipitates such as silica and carbonate. In Fig. 3.2, note that the areas with the thickest deposits of sediments (dark red, up to 20,000 meters) are located at the mouths of the world’s great rivers: the Amazon, the Ganges, and the Mississippi. However, sediment is transported across the oceans by storms and currents, and particles continually fall to the ocean floor and accumulate there.

[image: ]

Figure 3.2 Total sediment thickness in the world’s oceans and marginal seas.
https://commons.wikimedia.org/wiki/File:Marine_sediment_thickness.jpg


1. In the Atlantic and Indian Oceans as shown in Fig. 3.2, what is the approximate range in the thickness of the sediment layer?


2. Does the thickness of the sediment layer increase or decrease from the continents toward the middle of the oceans?


3. Compare the sediment thickness in Fig. 3.2 with the Atlantic Ocean bathymetry in Figs. 1.2 and 1.3. Does the area with the least sediment coincide with the abyssal plain, continental shelf, or mid-ocean ridge? Explain this relationship in terms of seafloor spreading.



Sediment Ages

	Open the Seafloor Spreading PDF that accompanies this exercise. The second page shows a wide-angle view with South America on the west side and Africa on the east. The bands of color in the ocean represent the age of the seafloor based on magnetic anomalies; each color indicates an interval of 10 million years (Ma). Note that the Mid-Atlantic Ridge is traced in orange and that the seafloor ages are offset along fracture zones just as the ridge is offset by transform faults. Page three of the PDF is a closer view of the same ocean with several sites marked. These locations are places where the DSDP drilled and extracted cores of sediment and ocean floor rock for study.
	One group of scientists identified microfossils in the sediment cores (Fig. 3.3). Microfossils include a variety of tiny organisms that float in vast numbers throughout the oceans and form the bottom of the food chain. Because these organisms change rapidly through time, they can be used to assign ages to various layers of sediment. This technique yields a date known as a paleontological age. Paleontologists used the technique to date the oldest sediment in each core (i.e., the bottom layer). Pages four through nine of the PDF illustrate the results for the six drilling sites shown on the map; the information for each site includes its distance from the Mid-Atlantic Ridge and its paleontological age.
	Open the Excel workbook that accompanies this exercise. Cells A4:A10 contain the six site numbers plus the ridge itself. The blank chart will fill in as you enter data into cells B5:C10.

[image: ]

Figure 3.3. Micro- and nannofossils pictured with a sewing needle for scale.
http://www.ucmp.berkeley.edu/people/klf/MicroGallery.htm
4. Look at the information for Site 16 in the PDF. Enter the paleontological age of the core at this site in cell B5 of the spreadsheet, and enter the distance from the ridge in cell C5. How old is the sediment at Site 16?


5. How far is Site 16 from the Mid-Atlantic Ridge?


6. Look at the next pages in the PDF to determine the age and distance information for the other five sites and enter these data in the spreadsheet. Be sure to enter each age and distance in the correct row in the spreadsheet. What is the paleontological age of sediment at Site 21?


7. All of the data points should now be visible on the chart. Are the age and distance of sediment samples uncorrelated (points randomly scattered across the chart), perfectly correlated (points aligned to form a single straight line) or partially correlated?


8. Explain your answer to question #7 in terms of seafloor spreading.





9. To determine the rate of seafloor spreading based on the data for age and distance, enter the following formula in cell D5: =C5/B5 (rate = distance / age). Next, place the cursor on the lower right corner of cell D5; the cursor should change appearance when you do this. Hold the mouse button down and drag from cell D5 to cell D10 to fill the formula in the lower cells. What is the range in the rate of seafloor spreading for the six sites? Round your answers to the nearest whole numbers.



10. Enter the following formula in cell D11: =AVERAGE(D5:D10). What is the average rate of seafloor spreading for the six DSDP sites?
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