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will be addressed. Finally, earthquake hazards in the central United States
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GLY150: Earthquakes and Volcanoes

Potential recitation or in-class exercises. The instructor will review the
material with the TAs in the prior week,

Some assignments are full class period length. For ether recitation periods,
appropriate lecture materials will be reinforced through inquiry process.
When time is available during recitations and lectures, quizzes to prepare
students for the exams will be given.

Week 1) The Scientific Method: reinforce classroom discussion of the scientific
method. Distinction between the scientific process of discovery and knowledge and
the pseudoscience is clarified. Advantages and limitations of the method of multiple
working hypotheses is discussed.

- This assignment could be done in a number of different ways.One approach
is to ask students to come up with examples of pseudoscience and ask them to give
reasons for why it is a pseudoscience and how a scientific process may be able to (or
how they would) prove that it is a pseudoscience.

Week 2} Geometry of the Earth, Latitude and Longitude using Google Earth and
discussion

WeekKks 3 to 7, excluding week 4) Discovering Plate Boundaries exercises (3
recitation or in-class periods + 1 in-class periods for group presentatlons) - see
the abstract of an attached paper of this exercise

Week 4] Review for exam #1

Week 8) Faults and Folds using Google Earth and discussion

Week 9) Locating earthquakes from the origin time and three or more earthquake
records

Week 10) Figuring out earthquake magnitude from amplitude of earthquake record
and the distance to the earthquake (from multiple seismometer stations from the
same earthquake) - leading also to thinking about and discussion of errors in data
and imperfection of mathematical and physical models connecting data to
information

Week 11} Review for exam #2

Week 12} Volcanic landforms using Google Earth and discussion

Weeks 13 - 14 Using data from Hawaii Volcanic Observatory on the web
{(vepp.wr.usgs.gov — the current access userid/password for this site are:
greensand/Mg2Si04 - don't divulge - the site can be made available to students
with prior permission of the site manager): to observe and evaluate real data from
the GPS, Tilt-meter, and Seismic instruments to assess the risk of eruption and the
likely location of the next eruption. A research paper is required - the paper will
include design, data collection, analysis, summary of the results, conclusions,
alternative approaches, and future studies.

Week 15) Review for exam #3

Other potential recitation or in-class exercises:

- Minerals and Rocks

- Geologic age

- Figuring out plate speeds from a chain of hotspot islands

- Calculation of frequency, period, and speed of seismic waves




A Data Rich Exercise for Discovering Plate Boundary Processes

Dale S. Sawyer

Department of Earth Scierice, Rice University, MS-1286, P.O. Box 1892, Houston,

TX 77001, dale@rice.edu

Alison T. Henning

Department of Earth Science, Rice University, MS-126, P.O. Box 1892, Houston,

TX 77001, ahenning@rice.edu

Stephanie Shipp e e

Robyn W. Dunbar

Department of Earth Science, Rice University, MS-128, P.O. Box 1892, Houston,

Stanford University, 110 Sweet Hall, Stanford, CA 94305,

robyn.dunbar@stanford.edu

ABSTRACT

"Discovering Plate Boundaries® is a classroom exercise
based on four world maps containing earthquake,
volcano, topography, and seafloor age data. A novel
aspect of the exercise is the "jigsaw" manner in which
student groups access the maps and use them to
discover, classify, and describe plate boundary types.
The exercise ta{es three 50 minute class periods to
complete and involves the students making
presentations to one another in small groups and to the
whole class. The students are first organized into four
groups where they work together to become "specialists”
n a particular dafa type. They are later reorganized into
groups containing a specialist in each data type to study
the boundaries of a particular tectonic plate. T}fxe exercise
concludes with student presentations of their group
work, followed by a presentation by the teacher and a
group discussion,

The exercise is useful at a wide variety of levels
because it is based only on observation and description.
We have used it successfully with middle school, high
school, and college major and non-major Earth science
classes, as well as with pre-service and in-service K-12
teachers. The students come away from the exercise with
krowledge of the key features of each type of plate
boundary and a sense of why each looks the way it does.
While the materials to conduct the exercise are available
on the Internet (hitp://terra.rice.edu/ C;[)latebm.mc{ary/ Y
the actual exercise is not based on student access to the
Web and does not require sophisticated classroom
technology equipment.

INTRODUCTION

The questions addressed in this exercise are "Where are
the boundaries between tectonic plates?” "What
observations are useful for characterizing plate
boundaries?," and "What physical processes occur at
late boundaries?” Answering these questions forms the
oundation of Earth science understanding. These topics
are included in the WNational Science Education
Standards and many state science standards for K-12
education. The Discovering Plate Boundaries activity
allows students to build accurate content knowledge
through their own observations, classifications, and
descriptions, and it also promotes group collaboration,
written and oral communications skills.

We have used Discovering Plate Boundaries with
middle school students, high school students, university
students not majoring in science, universig; students
majoring in Earth science, and pre-service and in-service
teachers. It is extremely versatile because it requires the
students to observe, describe, and classify data. Students
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do not need previous knowledge of plate tectonics,
geography, or Earth science. In fact, we often find that
students who are bright and curious, but have no
knowledge of the subject, get the most out of the exercise.
1t is desirable for students to have an idea what
earthquakes and volcanoes are and to be familiar with
the world map and know the names of the continents
and oceans. We have found that most middle school
students are familiar with these topics. If students arenot
familiar with names of geographic locations, the teacher
can use a world map in the classroom to introduce these.
We vary the expectations we have of the students doing
the exercise according to their age level. From older
students, we expect more detail in their descriptions of
the data at plate boundaries. We expect them to be more
insightful into anomalies in the datasets and give clearer,
more organized, presentations to the class. When the
teacher moves through the room while the students are
meeting in their groups to discuss the data, they should
push older students to think more deeply about the data.
We are surprised to find that 7th graders often do this
exercise as well as college freshmenl!

We use this exercise as an introduction to plate
tectonics; it is a natural stepping stone for subsequent
exploration of other Earth science topics (e.g., volcanic
processes, seismology, the rock cycle). We do not ask the
students to read about plate tecfonics before doing this
exercise. We find that students learn more efficiently if
they begin without too many pre-conceived ideas. In our
experience and that of others (Bransford et al, 1999;
Harcombe, 2001}, prior knowledge of plate tectonics and
plate boundary processes often includes as many
misconceptions as it does correct perceptions, A sense
that one already knows all about something is a
tremendous impediment to actually confronting data
and letting the data suggest models of how a process
really works. This is something faced by scientists
everyday; stopping frequently to really see data is a key
to scientific progress. It is also important in daily life! If
students let the observations they make during the
exercise guide their thinking, fhey can come fo
understand the basics of plate tectonic boundary
processes.

We do not suggest that this exercise covers the entire
plate tectonic story. For example, it teaches little about
Fiate motions, past plate tectonic configurations, or Earth
history. We recommend that the teacher follow
Discovering Plate Boundaries with other, possibly more
computer-based exercises. Unlike Discovering Plate
Boundaries, most of these exercises are designed for a
patticular age group. Thus, teachers must identify those
most suited to their students' level.

The teacher should expect to be very active with his
or her students during this exercise, It is not something
that can be handed out with the expectation that the
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students will complete the exercise on their own, Hisalso
important that the teacher be familiar with the data on
each map and how they relate to plate tectonic boundary
processes.

MATERIALS

An exercise based on observing, describing, and
ciassi%ing data must be built on rich and well-displayed
data (Figures 1-4). We use 4 data maps that contain
information about large-scale plate tectonic processes on
the Earth. These geophysical datasets have been
acquired over many years by many scientists. When the
maps are examined together, most of the basic tenets of

late tectonics are laid Eare. Scientists developing the key
ideas of plate tectonics over the past 40 years had only
fragments of these data to work with as they tried to
describe, classify, and interpret what they saw. In
Discovering Plate Boundaries, you will be asking your
students to walk the same path, but with the advantage
of more complete data sets.

An imporfant feature of the maps used in this
exercise is that they are all displayed at the same scale,
grojection and graticule (grid). Uniformity of the map

ase makes it easy for students to compare data from
map to map. The students are asked to observe data on
one map and relate its location to the position of plate
boundaries on another map. Depending on the level of
the students, we use two different versions of the data
maps. Younger siudents (elementary and middle school)
benefit from having the plate boundaries superimposed
on the data maps: these students need the visual cues to
make the connections. Plate boundaries do notneed to be
superimposed for older students. The additional
chaiien%e of relating features from map to map hones
their observational skills and often leads to deeper
questions, Map uniformity is an important aspect of the
exercise. It is possible to obtain excellent maps (better
than ours!) of each of these data from other sources, but
they are unlikely to be displayed in exactly the same way.
We have found inconsistent display to be a source of
frustration for students.

The four data maps (Figures 1-4) can be expensive to
produce, but are not consuimed during the exercise. They
are attached to the walls of the classroom for the students
use, but the students are asked not to mark on them.
Most teachers use 24x36 inch maps and laminate them
for durability. We know teachers that have used a single
set of maps many times and one school district that
shares a set among several schools.

The students are asked to do their work on black and
white plate boundary maps (Figure 5). We use 11x17 or
8.5x11 inch photocopied maps for this purpose. Each
student uses 2 of these maps during the course of the
exercise. We also provide each group of 4 students with
an 8.5x11 inch overhead transparency of the plate
boundary map, and they are asked to make a
presentation using an overhead projector at the end of
the exercise.

The students will use colored pencils and overhead
transparency markers during the exercise. Each student
will use about 5 colors to do the exercise, They work in
groups and do not all need to use the same colors at the
same time so it is easy to share. We keep a bucket of
colored pencils available in the room. Each group of 4
students will need to prepare an overhead transparency.
We provide a set of transparency markers to each group.
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Seismology Data Map (24x35 inch) 1 per class
Volcanology Data Map (24x36 inch) 1 per class -
Geography Data Map (24x36 inch} 1 per class B
Geochronology Data Map (24x36 inch) | 1 per class
Plate Boundary Maps {11x17 or 8.5x11
inch paper) 2 per student
1’_Iate Boundary Maps {8.5x11 inch 1 per 4 students

| transparency)

i 1 per student
2-3 pencils per

_Student Insiruction Handout

Colored Pencils, 5-6 colors

_ student
Transparency markers, non-permanent, ; 1 set per 4
5-6colors students
Tape for mounting data maps to wall 1 per class
Overhead projector on Period 3 of the .
_exercise E.per class
Set of overhead transparencies for wrap | 4 per class

up discussion
Seismology Data Map (11x17 inch}
{optional%

1 per 4 students

Voicanology Data Ma}ﬂ filxl? inch) 1 per 4 students

_{optional)
Geography Data Map (11x17 inch)
(opt;gona;) T per 4 students
Geochronclogy Data Map (11x17 inch) ot
{optional) & P T per 4 students

Table 1. Materials.

We find that it is convenient, but not mandatory, to have
smaller versions (11x17 inch) of the four data maps for

uick reference by the student groups during Period 2 of
the exercise.

The only classroom equipment needed for this
exercise is the overhead projector used by the students
and the teacher giving presentations during Period 3 of
the exercise.

METHOD

We usually do the exercise over three 50 minute periods.
These can be distributed over several days, or over one
3-hour lab period. The exercise sometimes runs over into
an additional period. We will refer to the main parts of
the exercise as Period 1, Period 2, and Period 3.

We have used the exercise with classes of 4 to 120
students, but have most often done it in classes of 20-30.
The number of students is an issue because each student
is assigned to one of four science specialties and one of
ten tectonic plates. A "perfect” class for this exercise
would have an integer multiple of four students. In this
case, the teacher would use as many fectonic plates as
needed and have each science specialty covered. If the
number of students is not evenly divisible by 4 then it is
better to have a duplicate specialist for a plate than a
missing specialist. In this case, assiﬁn one duplicate
specialist to each plate to handle each of the 1-3 extra
students, Because there are 4 specialties and 10 plates, the
basic exercise using one set of maps tops oul at 40
students. We have accommodated groups larger than 40
(in college level classes) by having multiple sets of the
data maps and teaching assistants to work with the
groups.
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Figure 1. The seismology map shows earthquake
locations and depths (Data obtained from
Incorporated Research Institutions for Seismology
(IRIS) databank at http://www.iris.washington.edu/
). This is a black and white rendition of the map. The
map we use for teaching the exercise is in color. The
location of each earthquake is indicated by a dot and
its depth is indicated by the color of the dot. The red
dots indicate earthquakes having depths between
zero and 33 km. The orange dots indicate
earthquakes having depths between 33 and 70 km,
The green dots indicate earthquakes having depths
between 70 and 300 km. The blue dots indicate
earthquakes having depths between 300 and 700 km,
Our maps show all earthquakes of magnitude 4 and
greater between 1990 and 1996. We found that a 6
year period provided the right density of events, The
time period chosen was up-to-date when the exercise
was originally created. We can update it at any time,
but it will have no effect on the exercise. The color
version of this map may be found at
htip://terra.rice.edu/plateboundary/quakes.24.36.p
df .

BEFORE THE ACTIVITY

Before the students arrive, we hang the four data maps
UF on the walls of the room, far enough apart that groups
of 8-10 students can stand around a map and not
interfere with a group standing around and discussing
another map, 24x36 inch laminated versions of the maps
are large enough for everyone in such a group to see the
map readily and participate in the group discussion. We
try to do the exercise in a room where the students have
access to some space in front of each of the maps.
Sometimes we move tables and chairs to accomplish this.
We find that students discuss the maps more readily if
they are standing, rather than sitting, around the map. It
makes it less likely, and more obvious to the teacher, that
one or two students are not participatin% in the map
discussions. There must also be places in the classroom
where groups of students can sit together, ideally ata lab
table, to discuss their plate boundary classifications
during Period 2 of the exercise.

Period 1 - When the students arrive for Period 1, each
student receives a Student Instruction sheet and a plate

Sawyer et al. - Exercise for Plate Boundary Processes

Figure 2. The volcanology map shows locations of
recently active volcanic features on the Earth
{Siebert and Simkin, 2002). This is a black and white
rendition of the map. The map we use for teaching the
exercise is in color, In this dataset, “recent” refers to
the past 10,000 years. The dots represent volcanoes,
geysers, hot springs, and similar features. The color
version of this map may be found at
http:/ fterra.rice.edu/plateboundary/volc.24.36 .pdf

Summary of Discovering Plate Boundarles

Period 1 Students work in "Specialty" Groups

The students assemble in their specialty groups in front
of their data map

They are instracted to become familiar with their ma
and to observe how their data behave on or near plate
boundarics

They are to OBSERVE rather than INTERPRET, and
discuss what they see with their f‘oup

They are to look at the whole worl

They are to develop a classification scheme for up to 5
boundary types using their data.

They should write a description of each boundary type
on the back of their plate boundary ma

They should assign a pencil color to each boundary type
and color the boundary with that color

Period 2 Students work in "Plate” Groups

Fach plate group will consist of four students, each an
experi in one specia[ti,r

The group will visit each data map for a briefing by
their expert on that map.

Each plate group now focuses on the boundaries of
their plate

Students classify those boundaries using data from all
four data maps

Each group will prepare for one spokesperson to
present their work to the class during Period 3

Period 3 Full class Presentations and Discussion
Each plate group spokesperson presents their work to
the class
The teacher wraps up the exercise witha
presentation/ discussion on plate boundary processes

Table 2. Summary of project.
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Figure 3. The geochronology map shows age of the
oceanic crust under most of the world’s oceans
{Miiller et al.,, 1997}. This is a bhiack and white
rendition of the map. The map we use for teaching the
exercise is in color, The scale bar on the right shows
how the colors correspond to age of the seafloor in
millions of years. Red signifies the youngest crust
while blue signifies the oldest known oceanic crust.
The color version of this map may be found at
http://terra.rice.edu/plateboundary/age.24.36.pdf .

FLATE BRURNDBANY s

Figure 5, Plate boundary map (digital plate boundary
locations from Miiller et al,, 1997},

boundary map. We have the students count off by 4 to
determine their Scientific Specialty {e.g. 1-Seismology,
2-Geochronology, 3-Volcanology, or 4-Geography). We
prefer that student groups be determined randomly, so
that one of the benetits of the exercise is to have stuc?ents
work with others outside their usual social groupings.
The studenis then assembie in their specialty grouEs
at their respective maps: Seismologists at the Earthquake
map, Voleanologists at the Volcano map, Geo- chronolo-
gists at the Seafloor Age map, and Geographers at the To-
pography map. Each group is asked to become familiar
with their map. They should read the side label to see
what is bein? displayed and how it is displayed. Some
maps show locations of events (Seismology and Volca-
nology). Other maps show contoured data using colors
{Geography and Geochronology). The students should
work as a group to figure out what they are looking at.
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Figure 4. The geography map shows topography and
bathymetry of the Earth {Data are ETOPO2 available
from the National Geophysical Data Center,
http://www.ngdc.noaa.gov/ }. This is a black and
white rendition of the map. The map we use for
teaching the exercise is in color, This is the elevation
of the land surface and the depth of the oceans. The
map uses color to indicate varying elevation and
depth and simulates sun shading to add a sense of
3-dimensionality to the map. The scale bar on the
right shows how colors on the map correspond to
elevation in meters. The color version of this map
may be found at http://terra.rice.edu/plate-
boundary/topo.grad.24.36.pdf .

Seismelogy Classilication Map
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Figure 6. Example of an ideal Seismology based
classification map for Period 1 of the exercise, The
companion legend for this map is shown in Fig. 7.
Note that the students will be using colored pencils to
symbolize these houndary types. The use of color
makes this much easier!

Often, those who dominate the discussion at the maps at
first are the students who normally talk in class. After a
while, other leaders usually emerge, because they really
begin looking carefully at the map and the data.

These Specialty  names, for example ‘“geo-
chronology,” may seem daunting at first to students. One
7th grade teacher we work with presenis the word
"eeochronology” to his students and asks them to break
the word apat to figure out its meaning. The students
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Figure 7. Example of a Seismology based
classification map legend to accompany the map in
Figure 6, Note that the students will be using colored
pencils, rather than black and white symbols, to
symbolize these boundaries. In this case, the Type 1
and 2 plate boundaries generally correspond to
divergent boundaries, the Type 3 plate boundary
generally corresponds to convergent (subducting)
boundaries, and the Type 4 plate boundary generally
corresponds to transform plate boundaries. Type B is
a catchall for boundaries not well characterized by
seismicity.

get "Earth’ from "geo" and "study of" from "ology"
readily, but have to work on getting "time or age" from
“chrono.” He does the same with "seismology",
“sepgraphy”, and "volcanology." It is very effective, even
at the 7th grade level.

While the students are discussing their maps, the
teacher circulates among the groups to listen, answer
guestions, and clarify any misconceptions thal pop up.

hen each group has reached an understanding of the
basics of their data display (this usually takes about 5-10
minutes), we ask the students to begin to describe and
classify their data. Each group is to work only with its
data map. They are to OBSERVE rather than
INTERPRET, Their descriptions should include words
like wide or narrow, straigl?t or curved, symmetric or not
symmetric, deep or shallow, ridge or valley, and active or
inactive,

A brief discussion about "classification” can be
helpful at this point. Students often understand
classification in the context of problems where they are
given objects and a defined classification scheme to
apply. Sorting a bag of US coins by denomination would
be an example of such a problem. They handle this type
of problem fairly easily when given the classification
scheme, provided that each object falls into one of several
defined classes, and that each class assignment they
make can be clearly identified as right or wrong,

In Discovering Plate Boundaries we are asking them
to do something much harder: to invent a classification
scheme of their own. There are many "correct” answers to
this type of problem! We often ask students to think
about a big box full of diverse clothing items, and ask
them to invent a classification scheme for the clothing,
They will easily come up with classification by type of
clotfﬁng, ie. shirts in one pile, shoes in another anc{J etc.,

Sawyer et al. - Exercise for Plate Boundary Processes
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Figure 8, The upper left is a close-up of the
Seismology data map (Figure 1) showing a portion of
the plate boundaries in the central Atlantic Ocean.
The black dots are shallow earthquakes. The gray
lines are the plate boundaries, shown here for
reference. Based on these data, a student might
describe the earthquakes along the Mid Atlantic
Ridge as shown at the bottom. They would invent a
symbol for plate boundaries of that type. This symbol
would then be added to their plate boundary map as
shown in the upper right,

classification by color, classification by size, and
sometimes others. This illustrates the idea that there isno
"one right way" to classify things. We then ask them to
imagine that they have hundreds of such boxes and
helpers to do the sorting for them. In order to make
things work, they will have to devise an ap;lzoropriate
classification scheme, and then define it so that the others
can apply it to their boxes. This requires that they write a
simple description of the categories that they created. We
also note that they may find clothing items that they do
not recognize or cannot put into one of their categories.
In that case they may need a new category for items that
fit no category!

Each scientific specialty group is now asked to come
up with a classification of the plate boundaries of the
world based on their data. They are instructed to use up
to 5 plate boundary type classitications of their creation.
The boundary tyyes that they invent are fto be given
generic names stich as boundary type 1, boundary type 2,
etc. They are asked not to use plate tectonic terminology.
They are to write a description of how they identified
their plate boundary types. The description should be
clear enough so that someone unfamiliar with their map
could use their description to find examples of that
boundary type on the map Srefer back to the clethin
sorting helpers in the example}. They use a colored penci
to mark (on their individual map) all plate boundaries in
the world which fit that description. They should use
different colored pencils for each of their boundar
types. Figures 6 and 7 illustrate what we have in mind.
Note that we have done this in black and white in these
examples because of the journal format. Color makes it
much easier!

The students write their boundary type descriptions
on the back of their plate boundary map or on a separate
piece of paper. They select the boundary symbol they
want to use to represent the data. Note that for plate
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Figure 9. Example of an ideal North American Plate
classification map for Period 2 of the exercise. The
companion legend for this map is shown in Fig. 10.
Note that the North American Plate boundaries span
the edge of the map. During Period 2, only the
boundaries of the assigned plate are classified. Note
that the students will be using colored pencils to
symbolize these boundary types.

boundargr zfpes with no asymmetric component (such as
types 1, 2, 4 and 5 in Figs. 6 and 7) a simple colored line
may be used. The colors may be chosen based on what
colored pencil each student can find. The colors do not
need to match from student to student or group to group,
The Type 3 boundary symbol showrn here reflects that the
deep earfhquakes occur on one side of the boundary. The
students should invent a symbol for this. I chose to use
dots on one side of the PB'to indicate this (Fig. 6). Note
that the nature of this symbol (that the dots are on the
side of the plate boundary that has deep earthquakes) is
described in the Type 3 Boundary description (Fig. 7). If it
were clear! statedp in the description, tﬁe symbol could
just as well been on the side of the plate boundary
without deep earthquakes.

In spite of the earlier discussion of classification,
students are often stumped by the instruction to classify
data without being given the classification descriptions
in advance. The teacher can usually get them on track by
asking someone in the specialty group to select (by
pointing it out on the data map) a plate boundary
segment. They might choose, for example, the boundary
between the North American Plate and the Eurasian
Plate in the Atlantic Ocean. The teacher can then ask the
group to describe their data on or near that plate
boundary segment (Figure 8}. The seismologists might
notice that there are only shallow earthquakes along that
boundary. They might add that the quakes are almost all
exactly on the boundary, and that the line of quakes and
the plate boundary both have a maiching zig-zag
ﬁattern. The teacher can then suggest to them that thee/

ave just defined their "Type 1" plate boundary. Bach
student writes the definifion of their groups' Type 1
boundary, as they have just described it, on the back of
their copy of the plate boundary map SFigure 8) and
marks the boundary type in colored pencil over the plate
boundary se%ment they have been discussing, on their
map (Figure 8).

Students then examine the plate boundary and data
maps to find other plate boundary segments that fit this

70

North American Flale Legend
Desernton

Synmot

Type A Boundary

Figure 10. Example of a North American Plate
classification map to accompany the map in Figure 9.
Note that the classifications now include
observations from all four data types.

description. They usually find others quite easily and
thent mark those boundaries with the color they have
assigned to Type 1 plate boundaries. When they run out
of p%;te boundar?’ segments that they wish to call "Type
1" they should locate a plate boundary segment they
have not vet classified and repeat the whole process to
define a Type 2 plate boundary. At this point, they
usually "get it" and can offen proceed without aid for the
rest of the period. They will each be asked to turn in these
marked maps with accompanying descriptions at the
end of the exercise. This keeps everyone engaged in the
grou_lp discussions and creates individual accountability.
here are a number of student misconceptions that
arise while they are doing this exercise, We find that we
have to explain, sometimes several times, that we are
classifying the boundaries, not the interiors, of the plates.
Students are more accustomed to "coloring in" the white
areas on a map than in coloring on top of the lines. This is
something that the teacher should watch for when
visiting the groups on Period 1. We have also noticed thaf
some students assigned to the Seismology specialty try to
color the area over the deeper earthquakes, rather than
associatinﬁ the earthquakes with the plate boundary
nearby. We try to lead them to make this association and
to include the pattern in their description of the plate
boundary type. Geochronologists often start off coloring
their maps to mimic the seafloor age map. They must be
reminded that they are trying to represent the seafloor
age along their plate boundary, not copy it. We have not
seen similar problems appear with the other specialties.
The marked-up map and plate boundary type
descriptions shown in Figs. 6 and 7 are idealized
examples and we do not expect students to reproduce
thein exactly. Encouraging students to be as descriptive
as possible often elicits appropriately detailed
descriptions of the boundaries. Note also that Figures 6
and 7 do not represent the only correct answer. The
classification labels are completely arbitrary. What we
look for in assessing these maps is a sense that the
students have really observed the data and then created
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Cenvergent Plate Boundary
Southeast Asia

Figure 11, Example of overhead transparency used to relate the 4 types of data to the plate boundary
location. We use about 15 similar transparencies to illustrate different plate boundaries. A color version of
this figure may be seen at http:/ fterra.rice.edu/ plateboundary/seasial.4map.pdf. All the overhead
transparencies we use in the Period 3 presentation can alsc be obtained at http://terra.rice.edu/

logical classifications, For example, we check whether
they have correctly identified all the Type 1 boundaries
on their map, or whether they have missed some that
also fit their description of a Type 1 plate boundary. At
this stage, we do mnot worry about them having
classifications that match exactly with current plate
tectonic understanding. These links will be made during
Period 3. We also find that many students (particularly
younger ones) are not able to complete their maps during
the class period. Usually, they have identified most of the
areas that are faitly simple intheir data, while leaving the
more complicated areas blank. A teacher might elect to
extend the time that they have for this part of the
exercise. Teachers must adjust their level of expectation
based on student age. This is one of the characteristics of
the exercise that makes it so flexible. Sometimes students
will ask if we can leave the data maps up for them to
work on between classes. We take that as a sign that they
are engaged in the exercise!

With older students, we have the students keep their
maps and Plate Boundary Type classifications after
Period 1 to be used again on Period 2. We have them tinrn
them in at the end of Period 3. With younger students, we
recomumend that the teacher collect the Period 1 maps at
the end of Period 1 and then redistribute them at the
beginning of the Period 2 class period.

Sawyer et al. - Exercise for Plate Boundary Processes

Period 2 - When the students gather for Period 2 of the
exercise, we ask them to initially assemble in their
scientific specialty groups from Period 1. We then have
each specialty group count off from 1 to n, where n is the
number of plate groups needed for the class size (see
earlier discussion of class size issues). Each student is
assigned a plate group based on their number (e.%
1-North  American, 2-Pacific, 3-African, 4-Souf
American, 5-Furasian, 6-Indian, 7-Australian,
8-Antarctic, 9-Cocos/Nazca/Caribbean, or 10-Arabian).
We end up with groups of four students assigned to each
plate §roup. Hach plate group should consist of a
seismologist, a volcanologist, a geographer, and a
geochronologist.

We usually have each plate group move to a lab table
together. This will be a different group of students than
they worked with during Period 1, the jigsaw aspect of
the exercise. The jigsaw concept was first developed by
Aronson, et al (fE)%S) and has become a widely used
cooperative learning technique.

We then explain that each group contains experts on
all the data types, but that each expert has only looked at
data in their own specialty area. Therefore each plate
Eroup needs to sequentially visit each of the data maps to

ecome familiar with all the data. As a plate group stands
at each map, the expert on that map should make an
informal oral presentation to the others in their group
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about their data. The expert should first tell what the data
are and how they are symbolized. They should then
point out the most important features shown on their
map. They should briefly introduce the plate boundary
types they came up with on Period T and where they can
be found’in the world. They may want to pay particular
attention to the boundary types they found at the
boundaries of the plate to which they are now assigned.
Note that during this part of the exercise, every student
makes a short presentation to the other members of their
group. This is less imposing that speaking to the whole
class. Each speaker is also at a relative advantage because
they are presenting information that the others in their
group have not seen before,

After about 15 minutes, each plate group should
have visited and learned about all of the four data maps.
Their next task is to come up with a new classification
scheme for the boundaries o?their plate (not the whole
world). This scheme should be labeled boundary type A,
B, and etc, and should be based on all four types of
scientific data. For example, plate boundary type A
might be described as "having shallow earthquakes right
on the plate boundary, sparse or no volcanoes, lying ona
topographic high with deeper water to either side, and
following a line of very young seafloor.” In most cases the
students will do this by bringing together the
classification maps they did the first period. Hopefully
they will notice that the plate boundary types based on a
single data set, correlate well with data of another type.
Students write their new boundary type descriptions on
the back of their new map and color the boundaries on
the map (Figures 9 and 10). Again, each student will turn
in a map with accompanying descriptions, We also pass
out the transparencies and markers and tell the students
that a spokesperson from each group will need to speak
to the whole class, using the marked-up transparency, at
the beginning of Period 3.

Much of Period 2 is spent with plate groups working
together at lab tables and occasionally consulting the
data maps. The teacher should move from table to table
listening in and asking leading questions of the groups.
We often provide each plate group with a set of 11x17in
versions of the data maps. This allows the plate group to
consult and discuss the data without having to move
around the room. We keep the big maps on the wall so
that they are available to ttle groups.

Period 3 - Period 3 of the exercise begins with the
student  group  spokespersons  making  their
presentations to the class using the overhead ésrojector.
We generally ask them to describe their plate bounda
classifications and then to give us a tour around their
plate. Often there are questions from other students.
Sometimes we ask questions to draw out some feature
they have on their map, but have not talked about. Each
presentation usually takes 2-3 minutes. Older students
can be asked to pay particular attention to the
presentations of plate groups for plates that border their
own plate and to note similarities and differences
between the groups' classification schemes.

We lead the students in applause for each talk and
thank the speaker. We are sure to listen carefully to what
they say, as we try to repeat their observations when we
are describing plate boundary processes later in the class.
This emphasizes to the students that they have been
successful in identifying the key data patterns that
characterize plate boundary processes.
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We then spend the remainder of the Period 3 class
leading a discussion of plate boundary processes and
introducing the terminology Earth scientists use to
describe these plate boundaries. We first use several
%raphics from the USGS "Dynamic Earth" (Kious and

illing, 1996) to discuss the broad categories: divergent
boundaries, convergent (subducting) %oundaries, and
transform boundaries. We discuss why each of these
boundaries have the particular observable phenomena
the students have observed and classified. We try to
frequently repeat words that they used in their
presentations to describe these.

We have designed a set of transparencies that show
close-ups of the Discovering Plate Boundaries data maps
for locations that are particularly good examples of each
tf/pe of plate boundary. These are very handy for
illustrating the data relationships that characterize each
fundamental type of plate boundary. The example in Fig
11 illustrates {(ocean-ocean) convergent plate boundaries
in Southeast Asia. Fach map in the transparency covers
exactly the same area, making comparison of data easy.
We try to let the students steer this wrap-up discussion
based on their interests. There are usually many
questions about what is going on at various plate
boundaries, and sometimes away from plate boundaries
(ie. Hawaii), This type of discussion inevitably finishes
off Period 3 of the exercise and may usefully continue
into the next class period.

An important aspect of these data and of
observational science in general often emerges in the
Period 3 discussion. We like to let the students raise it,
but will lead them to it if they do not, It is the issue of data
quality and completeness. One example that the students
almost always notice is the lack of volcanoes along the
mid-ocean ridges. When we present the Period 3
discussion of divergent plate boundaries we usually say
that most of the volcanic activity on earth takes place
along these boundaries. A hand usually shoots up with
the obvious question. We use this opportunity to discuss
the methods emploved in assembling the volcanic
activity data, direct observation or historical accounts of
eruptions, and the difficulty of observing seafloor
eruptions. We show that where the divergent boundary
rises above sea level (Le. Iceland) there are many
volcanoes on the map. We discuss whether it is
reasonable to conclude that these data are flawed. They
do not really represent all volcanic activity on Earth, but
rather the easily observable activity. We go on to point
out that although incomplete, the volcano dataset is
incredibly useful in characterizing the location and
polarity of most of the convergent plate boundaries on
the Earth. Therefore, we would not want to throw away
the volcano data just because they are not perfect. We
note that scientists almost always have to work with
incomplete or flawed data. If used carefully, even flawed
data may yield great understanding.

Anocther similar "flaw" that students usually pick up
is that the Plate Boundary Map we distribute does not
have all the plate boundaries on it. We consciously
eliminated some of the very small plates from the
exercise because we wanted the plate groups to work on
the large plates with diverse boundary types. For
example, the boundary between the Phillipine plate {not
included) and the Pacific plate is very clear in the data.
Students also almost always comment on the lack of a
boundary on our map along the African Rift Valley. We
have considered “fixing"” these problems, but find it
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useful to let the students observe them and ask
questions. Interesting discussions invariably resull!

For strong middle school students and all older
students, we often have the students reassemble in their
plate groups during the next class period to re-examine
their classiications in terms of the terminology and
processes that were presented and discussed ciuring
Period 3. The students can usually recognize their
classifications as corresponding to  divergent,
convergent, and transform boundary types. Theg are
often more insightful in looking at the data given a better
grasp of the reasons why earthquakes, volcanoes,
topography, and etc. behave as the 30 near each type of
boundary., We consider this to add an "interpretation”
phase to the exercise, an important part of the scientific
process.

ASSESSMENT

We ask the students to turn in their two annotated plate
boundary maps after Period 3. We usually grade these in
a very simplified way. We give them a zero, check minus,
check, or check plus for each map. Check minus reflects
very little or careless work on the map. Check plus
reflects an above average product relative to the age and
ability of the students. We also check for consistency
within their classification schemes.

As mentioned above, we do not insist that the
students' maps match an "answer key." There are many
reasonable ways to classify these complicated data.
Remarkably, even with this potentially "chaotic"
characteristic, the classifications c%)one by the students
generally pull out the Important distinctions that allow
them to “discover” the plate boundary types.

BENEFITS OF THE EXERCISE

Relation to National Science Standards - The
objectives of this exercise mesh very well with National
Science Education Standards, for Earth and Space
Science (Content Standard D, Structure of the Farth
Systemn) and for Science in Personal and Social
Perspectives (Content Standard F, Natural Hazards) at
Levels 5-8. Some [undamental concepts of the standards
are addressed explicily by Discovering Plate
Boundaries, while others are most effectively agdressed
usin_;r; this exercise as a framework.

he national standards for levels 9-12 include
fundamental concepts and principles that build on the
knowledge gained in Discovering Plate Boundaries. It is
our experience that students at these levels {and also at
the coﬁege level) often have been introduced to plate
tectonics, but have developed many important
misconceptions, Because plate tectonics is the basis on
which almost all Earth science is built, we suggest that an
exercise like Discovering Plate Boundaries is not wasted
on, and is indeed very valuable for, these more advanced
students. The data sets are quite rich and permit
increasingly sophisticated observations {o be made. We,
and most professional geoscientists, often find ourselves
pausing to look at maps g‘ust like these to gain new
msights into the working of the Harth!

Sawyer et al. - Exercise for Plate Boundary Processes

COLLABORATIVE LEARNING

The exercise involves random student groups interacting
to reach consensus on patterns in the data. Normally, the
groups reach consensus and each student in the group
uses the group's classification on the map that they turn
in at the end of the exercise. However, the exercise
accommodates differences of opinion, because each
stieclent's work turned in can be unique. We like to see
groups of students standing around a data map
presenting alternative inferprefations of data that all can
see and evaluate, This is exactly how scientists work and
science progresses.

The jigsaw aspect of the exercise enables each
student to have a clear role in the work of their group,
and specific kinds of information that they bring to the
table, It has proven to be an effective tool for promotin
collaborative learning. A side effect of the jigsaw metho
with random groups is that students work with
classmates they would be unidikely to choose if left to
form their own groups. When we have let students
seH-select groups, we find that the usual students do all
the work, and those that do not normally participate do
none. Unusual mixes of students encourage different
students to come forward with good ideas.

CONCLUSIONS

Discovering Plate Boundaries is a versatile classroom
exercise that encourages active learning. Understanding
plate tectonic concepts is crucial for all students, whether
or not they choose to pursue careers in science. Plate
boundary processes govern the locations and frequency
of natural hazards, such as earthquakes and volcanoes,
and generate the topography that influences flooding
and weather patterns. A significant portion of the
world's population lives near plate boundaries. The
construct of Discovering Plate Boundaries provides a
new way for students to develop understanding about
these fundamental plate tectonic processes by
encouraging active learning. Rather than being provided
information in a lecture format, students discover the
different types of plate boundaries by examining four
ﬁiobal geophysical data sets: earthquake locations and

epths, recent volcanic activity, topography and
bathymetry, and seafloor age. These four data sefs
represent cubting-edge data generated and used by
today's Earth scientists. Students work in teams to
classify the boundaries of the plates according to their
own observations of these data, thus experiencin% the
process of science. Discovering Plate Boundaries allows
students to build their own knowledge of the Earth
system and challenges common misconceptions about
how our Earth works. This activity can be used with
middle school, high school, and college-level students
(including pre- ang in-service educators), as well as with
a wide variety of class sizes. Minimal resources are
required to conduct this exercise, which makes it
extremely versatile because it does not rely on expensive
clagsroom equipment. It is thus an ideal activity to use in
many settings to introduce a wide variety of learners toa
fundamental concept of Earth science,
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Check List for Inquiry in the Natural/ Physical/ Mathematical Sciences
Area-Level Learning Outcomes Checklist

Using the course syllabus as reference, identify when and how the
following learning outcomes are addressed in the course.

o Course activities that enable students to demonstrate an
understanding of methods of inquiry that lead to scientific
knowledge and distinguish scientific fact from pseudoscience.

Date/location on syllabus: Recitation Week 1

Brief Description: Reinforce reading and classroom discussion of the scientiffc
method in the context of the Geosciences and plate tectonics. Distinction
between the scientific process of discovery and knowledge and the
pseudoscience it clarifies.

- One approach is to ask students to come up with examples of pseudoscience
and ask them to give reasons for why it is a pseudoscience and how a scientific
process may be able to (or how they would} prove that it is a pseudoscience.
This assignment could be done in a number of different ways.

o Course activities that enable students to demonstrate an
understanding of the fundamental principles in a branch of science.

Date/location on syllabus: Recitation Week 9
Brief Description:
Locating earthquakes from the origin time and three or more earthquake records

o Course activities that enable students to demonstrate the application
of fundamental principles to interpret and make predictions in that
branch of science.

Datel/location on syllabus: Recitation Weeks13 and 14

Brief Description: Using data from Hawaii Volcanoes Observatory on the web
(vepp.wr.usgs.gov) to observe and evaluate real-time measurements from the
GPS, tilt-meter, gas analysis, and seismic instruments to assess the risk of
eruption and the likely location of the next eruption.

o Course activities that enable students to demonstrate their ability to
discuss how at least one scientific discovery changed the way
scientists understand the world.

Date/location on syllabus: Recitation Weeks 3 to 7 (excluding Week 4)

Brief Description: Discovering Plate Boundaries Exercises (see the attached
abstract of the student discovery of the unifying theory of how the Plate Tectonics
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was figured out).
Also includes oral PowerPoint based group presentations in the last period.

o Course activities that enable students to demonstrate their ability to
discuss the interaction of science with society.

Datel/location on syllabus: Several occasions. Example: Lecture Meelings 16
and 18

Brief Description: - Earthquake Mitigation: Where and where not to put
resources in mitigating effects of earthquakes is a question that comes down fo
priorities of the society

- New Madrid Video - The Day the Earth Shook: This video has footage of fires,
damage to houses, inferviews with scientists in addition fo discussion of scientific
concepts related to New Madrid region and also a few of the world’s major
earthquakes. In-class or homework assignments can be designed so that
students could demonstrate their ability to discuss the interaction of science with
society.

~-Discussion of M. Pinatubo, Philippines video (NOVA: In the Path of a Killer
Volcano) that documents the impact of volcanic eruptions on developing cultures.

o A description of the required student product (paper/laboratory report)
based on the hands-on project. This project to enable students
to demonstrate their ability to conduct a scientific project
using scientific methods that include design, data collection,
analysis, summary of the results, conclusions, alternative
approaches, and future studies.

Dateflocation on syllabus: Recitation Weeks 13 and 14

Brief Description: Using data from Hawali Volcanic Observatory on the web
(vepp.wr.usgs.gov) to observe and evaluate real data from the GPS, Tilt-metfer,
and Seismic instruments to assess the risk of eruption and its location. A
research paper that includes design, data collection, analysis, summary of the
results, conclusions, alternative approaches, and future studies.

o Course activities that demonstrate the integration of information
literacy into the course

Date/location on syllabus: Class meetings 13, 21, and 30 (Exams #1, #2, and
#3, respectively)

Brief Description: The exams in the course will demonstrate the integration of
information literacy. When time is available during recitations and lectures,
quizzes to prepare students for the exams will be given. Other assignments
such as Discovering Plate Boundaries exercises and Hawaii Volcanic
Observatory project also achieve integration of information literacy.
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