Subduction Zone Geometry in Three Dimensions:

Using authentic data to explore relationships between earthquakes, volcanoes and plates 
at convergent margins

Background

The Ring of Fire is a common focus of instruction in middle grades Earth Science. This zone, which encompasses the majority of the Pacific Rim, is characterized by frequent earthquakes and volcanic eruptions that often have devastating potential for human endeavor. These natural hazards are surface manifestations of an important plate tectonic phenomenon: subduction of oceanic crust. On its eastern, western and northern margins this oceanic material is subducted beneath both oceanic and continental material (the southern margin of the Pacific Ocean floor is not subducting; figure 1). 
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Figure 1. (a) Schematic representation of the Ring of Fire along several boundaries of the Pacific Ocean. (b) Plate boundary map of the Pacific Ocean, indicating spreading ridges between the Pacific, Nazca and Cocos plates. 

The Pacific Ocean and the Pacific plate are not synonymous. The Pacific Ocean comprises four oceanic plates (Pacific, Antarctic, Cocos and Nazca; figure 1) separated by several distinct mid-ocean ridges analogous to the Mid-Atlantic Ridge. These ridges are spreading actively at a rate roughly ten times that of the Atlantic spreading ridge (Pacific ~10 cm/year). The Pacific Ocean is therefore becoming both larger and smaller at the same time, as the spreading along ridges must be balanced by subduction along the ocean margins. If we look backwards in geological time, the subduction of the Pacific Ocean (Pacific, Nazca and Cocos plates) started roughly 200 Ma, when the Atlantic Ocean began to form as Pangaea split apart. During the time that Pangaea was intact, the Pacific Ocean was Earth’s only ocean. Today, it shares the spotlight with the Atlantic.
At subduction zones, or convergent margins, two plates collide and one plate is forced under the other. Oceanic crust is recycled at subduction zones as it is forced into the mantle and may descend as far down as the core-mantle boundary. Subduction processes form many spectacular features of our planet including deep ocean trenches and the volcanoes that form the Pacific Ring of Fire (figure 2). Convergent plate boundaries are also where the planet’s largest earthquakes and the great majority of tsunami-producing earthquakes occur. 
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Figure 2. (a) Schematic representation of an oceanic plate being subducted beneath a continental margin. This image is a familiar 2-dimensional representation of subduction zone processes, but the vertical distortion and the lack of spatial coverage in the third dimension make it difficult to reconcile with actual Earth processes. 
myweb.cwpost.liu.edu
The ability to visualize features of the Earth in three-dimensional space, and to conceptualize how these features change over long timescales, is a crucial skill for geoscientists. Students have little hope of internalizing big picture ideas about the Earth if they have an inadequate mental model of how those ideas are manifest in space and time. Here we present an exercise that is specifically designed to build geometrical visualization skills while exposing students to authentic real-time data. In this activity, we address the challenge of three-dimensional visualization by giving students the opportunity to construct their own graphs of spatial data using openly available authentic sources. The data in this exercise consist of earthquake and volcano locations at a variety of subduction zones around the world. Subduction of oceanic crust is associated with deep trenches that form along the plate-to-plate boundaries, with curved arrays of volcanoes, and with violent earthquakes. The real action in subduction zones takes place under the Earth’s surface, as the plates interact with one another to cause earthquakes and as melting in the mantle above the subducting plate produces lavas that create volcanoes. Visualizing the three-dimensional geometry of subduction zones is a logical step in the progression students make towards developing a conceptual mechanical understanding of the theory of plate tectonics. In the process, students will reconstruct the approach and thinking of the pioneering scientists who developed the plate tectonic model for our planet. All materials for teaching this activity including instructions and map templates are available for download from the PAESTA Classroom at http://www.paesta.psu.edu/classroom/subduction-zone-geometry.
Learning Objectives

The objectives of this exercise are to use authentic data to discover (1) how earthquake locations define the shape of the down-going plate at a convergent margin and (2) how the distance between arc volcanoes and the trench allows us to infer the angle of subduction. Most students are accustomed to seeing maps where earthquake locations have been projected onto the Earth’s surface, but in this activity we will also explore the subduction process using graphs that allow the depth of earthquakes to be displayed. Because earthquakes occur within and along the top of the subducting plate, these earthquake locations tell us where the slab is located. Indeed, mapping of earthquake locations was a critical step in early research documenting the subduction process (e.g., Isacks et al., 1968). Once the locations of subduction zone arc volcanoes are added to the map, students can observe the spatial relationships between the trench, the overriding plate and the subducting plate. This exercise demonstrates how scientists combine evidence from a variety of observations to develop a big idea and it can serve as an introduction to more in-depth lessons concerning descriptions of the mechanics of earthquakes and volcanoes. Although designed for upper middle grades, this activity can be used in upper elementary classrooms or for differentiated instruction by changing the amount and nature of information given to the students. 
Another objective of this activity is to enhance students’ spatial thinking abilities. The inability of many students to think critically in the spatial realm has been identified by researchers in geoscience education (e.g. Kastens et al., 2009; Kastens, 2010) and is also the focus of more general endeavors to study human “sensemaking” abilities (Lee and Bednarz, 2012 and references therein). Furthermore, the ability of students to develop an adequate mental model of complicated and dynamic Earth systems has been shown to depend on their prior knowledge of the system (Sell et al., 2006). This exercise is designed to build a simple foundation of accurate spatial thinking about subduction zones with the hope that students will be able to add to their model as their learning progresses in later years to include such complex topics as arc volcanism and mantle convection. This exercise also incorporates important skills such as map reading, converting distance to map scale, and basic plot-making.

The Activity
This activity can be used in several different formats, depending on the abilities of the students and the specific learning goals selected by the teacher. In brief, there are six areas around the globe for which we provide the means necessary to obtain data on the 3-dimensional locations of both earthquakes and volcanoes (two dimensions are apparent on the surface of the Earth, and the third is the depth within the Earth). Details, maps and data for all six locations (Southern Andes, Lesser Antilles, Indonesia, Kuril Islands, Aleutian Islands, and Fiji Islands) are in the PAESTA Classroom. If you wish to focus on data-gathering and computer literacy skills, it is appropriate to task the students with retrieving the data from the primary source locations in government data repositories as outlined below. If you wish instead to focus on geography, geometry and plotting data (which is best done by hand), we provide files that contain the location information for earthquakes and volcanoes that you can provide to the students. This approach makes the most sense for younger students and for those situations where computer access is limited. 

We provide below a detailed description of how to use the activity for the Southern Andes subduction zone, but it can be extended as a jigsaw activity to include other subduction zones. Figure 3 shows a map marked with the subduction zones for which this activity is available.
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Figure 3.Map of the world. Boxes indicate portions of subduction zones used in this activity. For detailed instructions on how to extend this activity to other subduction zones besides the Southern Andes example detailed in this article, go to the PAESTA Classroom http://www.paesta.psu.edu/classroom/subduction-zone-geometry.
Teacher notes for Part 1. Earthquake location data
The United States Geological Survey http://www.usgs.gov compiles a catalog of all earthquakes in the world of approximately magnitude > 4.2 and all United States earthquakes of approximately magnitude > 2. This catalog is openly available in a variety of searchable formats from this link: http://earthquake.usgs.gov/earthquakes/eqarchives/epic/
The first step in the activity is to create a small dataset from the USGS catalog by searching in a short time window and small area centered around the subduction zone of interest. To take the Southern Andes subduction zone as a working example, appropriate parameters are for 6 months of data between latitudes 25 and 30 south and between longitudes 60 and 75 west. This search typically produces 25 - 30 earthquakes ranging in depth from 10 - 600 km. This time and area window is selected to maximize the probability that enough earthquakes of differing depths will be found, yet to produce a catalog that is not so large that the task of plotting earthquake locations by hand will be overly tedious for the students. For younger students or for classrooms without live internet access, an alternative approach is to compile the seismic catalog before class and hand out copies of the resulting text file to the students.  Note that while individual subduction zones around the world tend to have fairly self-consistent rates of seismicity over time, seismic rates vary around the globe. For example, a 6-month catalog in the Southern Andes contains about the same number of earthquakes as a 2-month catalog from a similar window centered on the Fiji subduction zone. An extension of this activity for more advanced students asks them to consider some reasons for different seismicity rates at different subduction zones. 
Once a catalog has been created, all participants plot the earthquake locations from their dataset on two maps. They first plot latitudes and longitudes on a traditional plan-view map, and then plot longitude vs. depth on a cross-section-view map. A feature of the Southern Andes subduction zone that may prove tricky for students who have less well-developed map skills is that it is located in the southern and western hemispheres. Therefore, students encounter negative latitude and longitude values, and may need help plotting them.

Students are asked to examine their maps and discuss the observations that can be made about earthquake locations with respect to depth. Specifically, they are asked to make a claim about why the earthquakes are where they are. The following question prompts are designed to help students come up with the evidence needed to support or refute the claim they made.

· Look at your cross-section map. Describe the trend of earthquake locations with respect to longitude and depth. Is there a clear pattern or are the locations just in a randomly scattered cloud?
· How can the earthquakes patterns be used to infer the kind of plate boundary at this site?
· This map does not have information on it about the direction of motion of each of the two plates. How can we infer the directions that each plate is moving at this plate boundary from looking at the earthquake locations? 
· How can we infer the location of the plate boundary from this data?
· What is going on at this plate boundary to cause these earthquakes?
· Can you use these observations together with some scientific reasoning to support your claim about why the earthquakes are where they are?
After the students have had time to reflect on their maps and work through their reasoning involving the mechanics of subduction as inferred from earthquake locations, it is time to introduce the second piece of corroborating data: locations of arc volcanoes. 

Teacher notes for Part 2. Volcano Location Data

The next part of this activity involves adding the locations of known volcanoes on the two maps of earthquake locations. Information about Earth’s active volcanoes is openly available through the Smithsonian Institution’s Global Volcanism page. http://www.volcano.si.edu/index.cfm. To continue with our working example of the Southern Andes subduction zone, the students are given the locations of the following five volcanoes. The exact link to the data used in this example is: http://www.volcano.si.edu/world/region.cfm?rnum=1505
Volcanoes:

Tipas: Latitude: 27.20°S Longitude: 68.55°W

Peinado: Latitude: 26.62°S Longitude: 68.15°W

Cerro el Condor: Latitude: 26.62°S Longitude: 68.35°W

Unnamed: Latitude: 25.10°S Longitude: 68.27°W

Aracar: Latitude: 24.25°S Longitude: 67.77°W

Using a different symbol than the symbol used for the earthquake locations, students first plot the location of each of the 5 volcanoes on their plan-view map. Next, they plot the volcanoes on their cross-section-view map, using zero as the depth so that all the volcanoes are correctly located at the surface (see Figures 2 and 3 for examples of completed maps).

Once the maps have been completed, students are asked to observe the relationship between the earthquakes and volcanoes and use those observations to make a claim about why the volcanoes are located where they are. The following questions prompt the students in collecting the observations necessary to support their claim:

· Where are the volcanoes in relation to the plate boundary?
· Where would you draw the plate boundary on your plan-view map? How far are the volcanoes from this boundary?
· Two plates meet at this plate boundary. On which plate are the volcanoes?
· What spatial pattern do the volcanoes have on the plan view map? 
· How deep are the earthquakes under the volcanoes? 
· Can you use these observations together with some scientific reasoning to support your claim about why the volcanoes are where they are and what might cause them?
This part of the activity may function as an introduction to the geometry of subduction zones as well as a discussion of the causes of arc volcanism. Students may observe that earthquakes directly underneath volcanoes occur at about 100 km depth (see Figure 3). This is approximately true at all subduction zones and can be a point of emphasis if students are broken into groups, each focused on a different subduction zone. It is at about 100 km depth that volatiles such as water and carbon dioxide are forced out of the rock in the sinking plate. Those volatiles play an important role in forming the melt that eventually becomes the magma in arc volcanoes. Since arc volcanoes occur at the location on the upper plate that is directly above the point at which the lower plate equals 100km depth, students can sketch a right triangle on their cross-section map that connects the trench, the volcano locations and the earthquakes at 100km depth on the lower plate. Students may then be prompted to consider some basic points about the geometry of subduction zones:
· If the lower plate were diving less steeply, but the volcanoes are always above the 100-km depth mark, then would the volcanoes be closer to or farther from the trench?

· If the lower plate were diving more steeply, would the volcanoes be closer or farther from the trench?
· How could you guess how steeply the lower plate of a subduction zone is diving if you only had a plan-view map, but you didn’t have a cross-section map?

The goal of this last part of the exercise is for students to reach the conclusion that the distance between the plate boundary (trench) and the arc volcanoes tells us the angle of subduction. When this activity is used as a jigsaw activity with a variety of subduction zones, students will be able to compare their results and observe first-hand that the lower plates of different subduction zones dip at different angles. Another observation that may be made is that the ocean is an extremely shallow feature of our planet when compared to the overall size of our planet. At the scale of the cross-section map in Figure 3, the ocean was plotted as a 5 km-deep layer, which is actually a slight exaggeration, and yet it is still so thin that it is hard to see on the map.
Discussion and Conclusions

This activity stresses the skills of data manipulation, plotting, and visualizing locations on a map. In addition, students must infer Earth processes from remotely collected data using scientific reasoning, which is an important skill in any field of science, but particularly Earth and Space science. The goal is to provide students with the foundation of an accurate mental model regarding what manifestations of plate tectonics (i.e., earthquakes and volcanoes) happen at subduction zones, where they happen in relation to each other, and how that information gives scientists better understanding about the mechanics of convergent margins.
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Figure 2. Map view of the completed exercise for the southern Andes. Area shown is the same as in the box labeled “Andes” in Figure 1. The South American continent is brown, and the Pacific Ocean is blue. Circles are the earthquake locations and triangles are volcano locations. 
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Figure 3. Cross-section view of the completed exercise.  The solid Earth is brown and the liquid ocean is blue. The earthquake locations approximately denote the boundary between the sinking plate and the overriding plate. Note that the earthquakes immediately below the volcanoes are at approximately 100 km depth (see text for discussion). 
Subduction Zone Geometry in Three Dimensions: The Southern Andes
This activity allows you to use data from US government repositories to explore relationships between earthquakes, volcanoes and plates at convergent margins, that is, where a large piece of ocean floor descends below another portion of the Earth’s crust in the process of subduction.

Materials needed (all except the pencil are downloadable from PAESTA Classroom):

Dataset of earthquakes occurring over a period of 6-12 months in the Southern Andes

Dataset of volcano locations in the Southern Andes

Blank map (top view, or map view) of the Southern Andes with plotting grid included

Blank cross-section (vertical slice) through the Southern Andes with plotting grid included

Pencil with eraser 

The accompanying file SAndesdata.xls contains a sample suite of earthquake data for students to use if you choose not to have them seek these values by themselves. 
Part 1. Earthquake location data
The United States Geological Survey http://www.usgs.gov compiles a catalog of all earthquakes in the world of approximately magnitude >4.2 and all United States earthquakes of approximately magnitude >2. This catalog is openly available in a variety of searchable formats from this link: http://earthquake.usgs.gov/earthquakes/eqarchives/epic/. There are two possible ways to obtain a dataset of earthquake locations for this activity. You will either receive a data file prepared by your teacher or you will receive instructions from your teacher about how to download a dataset from the USGS website.  In either case, you will need at least data from a time period of at least 6 months.  
Using the data catalog, each student must plot the earthquake locations from their dataset onto two different maps. They first plot latitudes and longitudes on a traditional plan-view map, and then plot longitude vs. depth on a cross-section-view map. Be aware that the Southern Andes subduction zone is located in the southern and western hemispheres, and so the earthquake locations are expressed in negative latitude and longitude values. 
Examine your maps and describe the relationship between earthquake locations and depth below the surface of the Earth. Formulate a claim about your observations that explains why the earthquakes are where they are. Think carefully about the evidence needed to support or refute your claim. When you have completed this section of the activity, you may move on to part 2. 
Specific questions to answer:

1. Look at your cross-sectional map. Describe the patterns that you see and the relationship between longitude and depth for the earthquake locations. 
2. How can we infer the location of the plate boundary from these data?

3. How can we infer the type of plate boundary in this location?

4. What is happening at this plate boundary to cause the earthquakes?

5. Can you use these observations together with some scientific reasoning to support your claim about why the earthquakes occur in the pattern you described above?

6. By looking at the earthquake locations, how can we infer the direction that each plate is moving at this boundary?
Part 2. Volcano location data
In this section, begin by adding the locations of known volcanoes on the two maps of earthquake locations. Information about Earth’s active volcanoes is openly available through the Smithsonian Institution’s Global Volcanism page. http://www.volcano.si.edu/index.cfm. Below are the locations of five volcanoes from the Southern Andes subduction zone:

Tipas: Latitude: 27.20°S Longitude: 68.55°W

Peinado: Latitude: 26.62°S Longitude: 68.15°W

Cerro el Condor: Latitude: 26.62°S Longitude: 68.35°W

Unnamed: Latitude: 25.10°S Longitude: 68.27°W

Aracar: Latitude: 24.25°S Longitude: 67.77°W

Use a different symbol than what was used for earthquake locations to plot each of these 5 volcanoes on your plan-view map. Next, plot the volcanoes on the cross-section-view map, using zero as the depth so that all the volcanoes are correctly located at the surface.

Once the maps are complete, observe the relationship between the earthquakes and volcanoes.  Formulate a claim about your observations that explains why the volcanoes are where they are. Think carefully about the evidence needed to support or refute your claim.
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Map 1. Map view / Plan view of the Southern Andes area for plotting earthquake and volcano locations. Land surface is colored brown, and ocean is colored blue. 
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Map 2. Cross-section view of the Southern Andes area. Land surface is colored brown, and ocean is colored blue. Note that the ocean depth is exaggerated greatly in order to enable it to be shown on this map. 

Twelve-month catalogue of earthquake events in the Southern Andes (2 columns, on 2 pages)
DATE
Latitude
Longitude
Depth (km)

	4/20/2013
	-29.399
	-68.543
	6

	4/16/2013
	-27.699
	-64.698
	23

	4/13/2013
	-29.052
	-68.87
	94.5

	4/7/2013
	-29.44
	-67.984
	98.1

	3/29/2013
	-29.306
	-69.287
	89.9

	3/27/2013
	-25.882
	-70.016
	58.2

	3/23/2013
	-28.024
	-70.841
	47.7

	3/20/2013
	-27.905
	-66.766
	149.8

	3/19/2013
	-27.892
	-69.463
	10

	2/26/2013
	-27.472
	-71.257
	39.1

	2/22/2013
	-27.993
	-63.195
	585.8

	2/20/2013
	-27.757
	-66.44
	153.5

	2/10/2013
	-26.998
	-70.133
	61.2

	1/31/2013
	-28.065
	-70.809
	52.4

	1/31/2013
	-28.084
	-70.813
	44.2

	1/31/2013
	-27.878
	-70.941
	26.8

	1/31/2013
	-28.504
	-67.365
	117.7

	1/30/2013
	-28.093
	-70.615
	55.4

	1/30/2013
	-28.08
	-70.621
	45

	1/30/2013
	-26.176
	-69.034
	7.9

	1/22/2013
	-25.469
	-68.824
	99.9

	1/17/2013
	-28.627
	-69.279
	82.6

	1/1/2013
	-26.895
	-63.137
	552.1

	12/28/2012
	-29.553
	-71.068
	39.7

	12/26/2012
	-29.255
	-70.987
	67.2

	12/24/2012
	-29.037
	-71.494
	19.7

	12/22/2012
	-28.152
	-70.771
	59.2

	12/22/2012
	-25.862
	-66.849
	35.8

	12/14/2012
	-27.647
	-70.195
	107.6

	12/5/2012
	-28.644
	-70.21
	74.9

	12/3/2012
	-28.745
	-70.302
	95.4

	12/2/2012
	-29.656
	-71.383
	50.6

	11/28/2012
	-27.975
	-66.504
	177.1

	11/14/2012
	-29.118
	-71.19
	63

	11/14/2012
	-27.328
	-69.041
	91.4

	11/5/2012
	-27.538
	-69.118
	106.7

	10/30/2012
	-29.641
	-70.922
	104.6

	10/27/2012
	-27.807
	-66.631
	143.8

	10/25/2012
	-29.568
	-70.968
	69.1

	10/25/2012
	-25.925
	-70.093
	24.3

	10/23/2012
	-25.767
	-70.55
	32.5

	10/15/2012
	-25.552
	-70.543
	10

	10/10/2012
	-26.163
	-70.706
	26.2

	10/9/2012
	-29.393
	-69.211
	96.5

	10/8/2012
	-29.411
	-71.706
	44.5

	10/2/2012
	-27.5
	-69.405
	117.9

	10/2/2012
	-27.79
	-70.359
	80.8

	9/27/2012
	-28.475
	-70.084
	99.4

	9/9/2012
	-27.994
	-70.461
	51.6

	9/9/2012
	-27.49
	-67.237
	162

	9/5/2012
	-28.434
	-69.523
	92.9

	9/1/2012
	-27.24
	-71.114
	27.7

	8/30/2012
	-28.619
	-71.105
	38.6

	8/24/2012
	-28.428
	-70.521
	49.5

	8/9/2012
	-28.74
	-71.419
	41.9

	8/7/2012
	-25.358
	-69.143
	119.3

	8/7/2012
	-27.801
	-70.803
	67.6

	8/6/2012
	-28.877
	-66.449
	31.6

	8/5/2012
	-27.716
	-70.269
	100.6

	8/3/2012
	-26.003
	-70.903
	65.1

	7/25/2012
	-28.034
	-66.526
	139.6

	7/18/2012
	-26.339
	-69.797
	76.3

	7/15/2012
	-27.194
	-69.566
	126.8

	7/14/2012
	-27.496
	-70.853
	83.6

	7/4/2012
	-28.389
	-68.949
	88.6

	7/3/2012
	-28.168
	-70.424
	62

	7/1/2012
	-28.561
	-70.878
	35

	6/21/2012
	-25.442
	-69.77
	73.2

	6/20/2012
	-28.502
	-70.48
	71.2

	6/8/2012
	-29.657
	-72.753
	10

	6/6/2012
	-27.426
	-63.264
	573.6

	6/4/2012
	-29.328
	-71.214
	47.4

	6/3/2012
	-26.504
	-63.385
	559.6

	6/2/2012
	-27.769
	-66.667
	154.6

	5/28/2012
	-28.094
	-63.079
	580.6

	5/28/2012
	-28.018
	-71.001
	76.5

	5/28/2012
	-28.043
	-63.094
	586.9

	5/24/2012
	-27.516
	-71.028
	23.3

	5/24/2012
	-27.839
	-70.904
	31.6

	5/19/2012
	-29.065
	-69.702
	110.7

	5/19/2012
	-25.729
	-70.562
	28

	5/18/2012
	-25.304
	-70.635
	10

	5/5/2012
	-28.842
	-68.869
	107

	5/1/2012
	-27.505
	-71.04
	48.5

	5/1/2012
	-29.456
	-70.77
	57.2

	4/30/2012
	-29.868
	-71.46
	37

	4/25/2012
	-26.181
	-70.851
	55.1

	4/20/2012
	-28.046
	-70.31
	70


Southern Andes Instructor Key

Subduction Zone Geometry in Three Dimensions: Using the USGS earthquake catalog to explore the relationship between earthquakes, volcanoes, and plates at convergent margins.

Plan-view map
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Cross-section map
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Be aware that the exact representation of the earthquake locations will depend on the time period for which data are used. The maps above were based on the data shown here; your students’ answers will vary depending on the data you provide for them, but the general pattern should be the same.  

Catalog file used to produce the maps
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