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ABOUT THIS BOOK

Learning to Read the Earth and Sky is filled with informative visuals that enhance the 
book’s content. We have provided an online Extras page to host full-color ver-
sions of many of the book’s images. Feel free to print those images, as needed, 

for classroom instruction. You can access the Extras page at www.nsta.org/learningtoread. 
Throughout the book, images that are available on the Extras page are marked with the 
following icon: ❂.

You will also notice that this book differs from other NSTA Press books in its use of 
earth and Earth. Whereas other NSTA Press publications use earth to refer only to soil and 
Earth in all other instances, we have chosen to strictly reserve Earth for references to the 
planet—including not capitalizing earth science as a discipline. This style convention is 
very important to us and at the heart of what we perceive as a long-standing misconcep-
tion of what earth science is about. You can read more about our usage decision in “The 
Language of the Earth” section of the introduction (p. xx).
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Bringing the universe into the classroom on a scale that students can 
investigate and discover

Inspiring teachers to reach beyond prepared curricula and explore 
science with their students

INTRODUCTION

In 1997, a group of college students, a pickax, and I (Russ) were scrambling along a 
rural gravel road in western North Dakota. The brisk wind cut through our thin jackets 
as the Sun fell behind a bank of clouds on the horizon. After six weeks of lectures 

in Geology in the National Parks, students at last had a chance to discover geology for 
themselves. They gathered around the young woman with the pickax, eyes drifting from 
the soft yellows and browns in the nearby buttes to the deepening hole in the grey rock. 
About a foot below the surface, the pickax began to dredge up crisp, black imprints of 
willow leaves. Eyes widened and interest quickened. “How could it be wet enough for 
willow trees to live here on the dry plains?” “How did they get into the rock?” “How 
long ago was it?” Suddenly, science became something to figure out, not just something 
to know.C1

And that’s exactly what science should be, something to figure out, not just something 
to know. Telling stories to children does not teach them how to read a book, and telling 
facts, laws, or principles does not teach students to read the stories written in the earth 
and sky. Learning to Read the Earth and Sky explores the doing of earth science—how we 
read the stories written in the earth by applying the practices of science.

Appropriately, the Next Generation Science Standards (NGSS; NGSS Lead States 2013) 
emphasize science as a practice, not as a body of knowledge. Science is not about what 
we know, or think we know, so much as it is about how we know it. It is the person who 
knows how we know that participates in science. Only that person can reasonably discuss 
whether our understanding of the world is true or false. Anyone else must either accept 
or reject an idea based on their faith in the person who told them.

Along with science as practice, the NGSS emphasize the Earth as a complex, interact-
ing system. In the natural world, everything is connected. John Muir recognized this 
interacting connectivity when he said “When we try to pick out anything by itself, we 
find it hitched to everything else in the Universe” (Muir 1911, p. 110).
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So, the NGSS encourage both doing science in the classroom—the science and engi-
neering practices—and learning the complex interplay of systems over the whole Earth 
and space beyond—the disciplinary core ideas (DCIs). The problem is that you can’t bring 
an all-encompassing supersystem into the classroom even if middle or high school students were 
able to understand it. In fact, trying to capture the whole sweep of everything at once is 
contrary to the historical practice of scientific research—scientists break complex prob-
lems into bite-size, solvable chunks. In discussing the solution to a complex, inter-
connected problem in his book A Brief History of Time, Stephen Hawking (1996) notes 
that “it might be impossible to get close to a full solution by investigating parts of the 
problem in isolation. Nevertheless, it is certainly the way that we have made progress 
in the past” (p. 12). Learning to Read the Earth and Sky offers ways to break the immensity 
into small chunks that we can bring into the classroom.

Teachers might be concerned that the all-encompassing DCIs of the NGSS cut the 
link to more familiar big ideas of earth science. For example, the NGSS do not specifi-
cally identify classic ideas such as telling stories from rocks and strata (the wellspring 
of nearly everything we know about Earth’s past), the movement of cyclones and fronts 
(the traditional foundation for understanding weather), or the processes that shape plan-
etary surfaces (one of the primary new discoveries of the last half century). Instead, the 
NGSS DCIs emphasize interactions and cycles within Earth and space systems. Thus, 
for example, one of the components of the NGSS DCIs becomes this ESS2.A grade band 
endpoint for grade 8:

The planet’s systems interact over scales that range from microscopic to global in size, 
and they operate over fractions of a second to billions of years. These interactions have 
shaped Earth’s history and will determine its future. (NRC 2012, p. 181)

Another component becomes this ESS2.C grade band endpoint for grade 8: 

Water continually cycles among land, oceans, and atmosphere via transpiration, 
evaporation, condensation and crystallization, and precipitation, as well as downhill 
flows on land. (NRC 2012, p. 185)

Does this mean that the traditional big ideas are no longer a part of the standards put 
forth for teaching earth science? No, of course not. They are all in there (along with, no 
doubt, the kitchen sink). The NGSS DCIs are less a limitation on what factual informa-
tion all students should learn than they are a philosophical proposal that whatever stu-
dents learn about earth and space processes, they should learn within the context of how 
that component fits into a bigger picture of a system of interacting subsystems.
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INTRODUCTION

FOUR PREMISES OF THIS BOOK
Our goal in writing this book is to provide concrete examples of classroom exploration 
that meet the ambitious goals of the NGSS to both teach science as a practice and reach 
toward an understanding of how all the small parts fit into a greater whole. We offer 
some of our own experience in bringing the entire universe into the classroom on a scale 
that students can test and discover, and we break down the sweeping DCIs into specific 
examples that students can see, touch, and experience.

We start with the four premises that are described in the following sections: 

1. Earth science should engage students with the world they know.

2. Teacher and student are colleagues and fellow scholars.

3. Doing earth science requires breaking big concepts into smaller chunks.

4. The purpose of experimental and observational activities in the classroom is to 
practice doing science, and not to convey factual information in an active and 
“hands-on” way.  

Engaging Students With the World They Know 

Nicolas Desmarest was an influential figure in a heated 18th-century controversy over 
how rocks form. Did they form by cooling of volcanic lava or by crystallization and settling 
from seawater? Through careful fieldwork in which he mapped the connection between 
volcanic rocks and volcanoes, he showed an undeniable link between basaltic rocks and 
the volcanoes of central France, a contribution that swung the verdict to the belief that 
some rocks form from volcanic lava. When asked in his old age about the “truth” of the 
matter, rather than reassert his own views, he responded simply “Go and see!”

Thus, Desmarest reminds us that science doesn’t begin with theoretical ideas or facts 
but rather with the belief that we can understand our universe through observation. Like 
science research, effective science teaching begins with what students can see, feel, and 
explore, not with theoretical ideas. Earth science in particular deals with phenomena 
that people can see and experience all around them—rocks, rivers, clouds, and wind. To 
improve teaching in the classroom, the DCIs of the NGSS must be reduced to a scale that 
students can “go and see.”

Seeing alone is not enough. To do science, students and teachers must understand 
what they see and what it tells us about how the world works. Earth science is not about 
knowing the laws of nature, or even knowing the stories of Earth’s past. Earth science is 
about reading the stories written in the earth and sky, the practice of science.
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Addressing aspects of our universe that students see and experience, and teaching 
students to read those stories on their own, gives them ownership in the process of dis-
covery. They realize that science is not something they are told, coming from high oracles 
of the mysterious science world. Science becomes something that people do, something 
that they can do.

This book is not just a “rule book” of science. It is a book of practice, showing how to 
dribble, how to pass, and how to shoot in the game of earth science. It provides ways for 
teachers and students to practice the game together, remembering that science is what 
we do, not just what we know.C1

Teacher and Student as Colleagues and Fellow Scholars  

In a brand-new science room in 2003, I (Mary) engaged my eighth graders with an old 
geology activity—crystallizing thymol in a petri dish. Like magma, thymol produces 
large crystals when cooled slowly and small crystals when cooled fast, illustrating the 
foundation for one of the key stories told by igneous rocks. But this time, something 
wasn’t working for one of my groups. No crystals formed in their slow-cooled sample, 
and when crystals finally did grow, they were small. One student in the group looked at 
me with disappointment. “What did we do wrong?” he asked.  

“I don’t know,” I said. “We’ll have to figure it out.”  

The teacher doesn’t know? She has to figure it out?

Postures shifted. Eyes brightened. We started asking questions. “It’s cold, so why isn’t 
it solid?” “What did the other groups do different?” “What can we try new?” The stu-
dents hunched over the lab bench with renewed interest. Suddenly, the lab no longer 
dealt with getting the “right” answer from the teacher’s key. Now the lab dealt with how 
they could figure out something that the teacher didn’t know. In the accident of the lab 
“not working,” it had become real science.

Some comparisons and experimentation led them to the conclusion that, if they melted 
the thymol entirely, crystallization was delayed because of an absence of “seed” crystals. 
When it finally did crystallize from a supercooled state, it did so rapidly, producing 
small crystals. But the real discovery of the activity was that science is about figuring 
things out, not waiting for the teacher to hand out the answers.

We believe that the authentic teacher engages in discovery with her students, asking 
her own questions, developing her own exploratory activities, analyzing and interpreting 
results that don’t always seem to make sense. Sometimes labs developed in this way may 
not be completely polished, and the results not completely certain, but the challenges that 
arise are not a problem to be avoided. The challenges and uncertainties are the whole 
point of the activity. In taking up those challenges, the teacher gives students the valuable 
learning experience of seeing her doing science, not just assigning activities and following 
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recipes that someone else developed. Not only do the students realize that the teacher 
values true exploration, but they see and learn from the way the teacher asks questions 
and tests ideas.

Early in my (Russ’s) career at Minnesota State University Moorhead, an older fac-
ulty member in the education department characterized a teacher as a pipeline through 
which knowledge flows to the student. This image didn’t work for me. Doing science 
is no more about passive knowledge than playing basketball is about knowing the rule 
book. The teacher is better characterized as coach, illustrating good science reasoning 
skills—by sometimes allowing himself to get stumped and having to figure out a puzzle 
in front of the students—and then giving students the chance to practice solving their 
own puzzles.

Teachers often look for polished and well-tested activities to do with their students. 
This is fine to do on occasion—the teacher only has so much time, and the next class 
period is already pressing. But the point of teaching is not to make it easy on the teacher 
or the student. Easy is giving students a recipe lab where they follow the simple instruc-
tions to the inevitable outcome. Good is crafting situations where students struggle to 
figure out what to do, grapple with concepts, and have to ask lots of questions. Some 
labs should be of this latter type. And some should be of the teacher’s own making.

This book provides some activities that we have tested and find useful for cultivating 
student reasoning and discourse in the classroom. More important, it provides insight 
into the process of doing science that can help us all be more authentic teachers, develop-
ing our own activities and providing the foundation so we can truly say, “My students 
and I do science together.”

Breaking Big Concepts Into Smaller Chunks 

Back in the 1980s, a humorous list of test questions circulated among PhD candidates 
preparing for their preliminary exams. Each of the questions captured the expectation 
that candidates should provide comprehensive, detailed answers for vaguely worded, 
abstract, and far-reaching questions. One of the questions was something like “Explain 
the universe. Give three examples.”

The NGSS propose that a key outcome of education should be that every student 
understands Earth’s complex systems and how they interact— that students understand 
Earth’s place in time and space and how human actions impact broad planetary pro-
cesses in complex ways. Although this is an important goal, it may be seen as vague, 
abstract, and far-reaching. In our view, it’s difficult to get to these big-scale understand-
ings without first engaging in much smaller-scale science exploration. The good news 
is that the “big-picture” goals of the NGSS do not limit the small-scale science that the 
teacher can bring into the classroom. All of earth science, its core discoveries, its methods 
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of investigation, and its stories of past and present, fit comfortably within the broad 
learning outcomes of the NGSS. That’s not to say that all of earth science should be 
brought into the classroom. Trying to cover “all the material” causes a class to devolve 
into a listing of facts and concepts without time for the actual practice of science explo-
ration. However, the big-picture NGSS goals can be reached through a doable subset of 
classroom-size science explorations.

In real research, scientists might be studying the chemical evolution of the Moon, but 
their work will focus on a small subcomponent of how that evolution works. Likewise, 
students might examine how “water continually cycles among land, ocean, and atmo-
sphere,” but in the classroom they will look at how water condenses out of air. The job of 
the teacher is to make choices that limit the scope of the topic, allowing time for students 
to truly explore some subset of a larger system, while tying what the students are doing 
into an understanding of that system. The small-scale classroom work helps students 
understand how things work and how we know, while the bigger picture gives them a con-
ceptual understanding of the elegant workings of our world and universe.

New teachers fresh out of college often feel like they have lots of material to cover. 
For example, they might have ideas about atmospheric circulation and climate, seasons, 
movement of energy, ocean currents, and how they all work together. But how do you 
pare that down to something that middle and high school students can do in the class-
room? Maintaining a sense of the big picture without getting lost in the sea of details, 
while still giving students a real experience in science exploration, depends, like real 
research, on breaking the big picture down into small, solvable components.

Although teachers need to limit what they bring into the classroom, we should not 
limit the scope of the discipline by predefining a subset of material that every class must 
encompass. Rather, we should limit the number of examples we use to illustrate the big-
ger ideas while maintaining the full scope of the discipline as fair game for learning. This 
book offers examples of specific, small-scale activities that you can do in the classroom, 
along with connections to the big-picture ideas of the NGSS to which the activity applies.

Using Experimental and Observational Activities in the Classroom to 
Practice Doing Science  

Fads are common in teaching. Some of these fads are of lasting importance, while others 
fade away, yet each one is portrayed as revolutionary and the “final word” at the time. 
Some fads introduce important new ideas that may not be fully understood until later. 
A couple of decades ago, “inquiry-based science” was the big thing, raised to impor-
tance by Benchmarks for Science Literacy (AAAS 1993) and the National Science Education 
Standards (NRC 1996). Its intention was not unlike the science and engineering practices 
proposed by the NGSS, and thus of lasting importance, but in application the pursuit of 
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inquiry often became confused with the use of activities to convey factual information. 
For example, instead of a teacher telling students about the thicknesses and character 
of Earth’s core, mantle, and crust, the students might color, cut out, and assemble a pre-
made model of Earth’s interior—a pedagogically sound activity for learning a concept 
but not one that engages students in the scientific process.

Thus, inquiry-based science, intended to prompt teachers to do science with their stu-
dents, sometimes became an alternative avenue for conveying science knowledge. Why? 
Because doing real science is a lot harder than conveying information. It’s hard to create 
activities. It’s hard to interpret the results. It’s hard to interact one-on-one instead of as 
a whole class. And it’s especially hard to re-create in the classroom the sense of science 
discovery that in real life took thousands of scientists hundreds of years.

Teachers don’t have hundreds of years in the classroom, and yet they want to give stu-
dents a sense of the exploration and discovery inherent in science. The secret is to limit 
the options that students need to consider. Without sufficient limitations, the classroom 
lab devolves into random experiments that provide little or no insight into the science. 
With limitations set too tight, students have no real creative or analytical input and the 
lab becomes a “lecture by activity” in which the goal is to reinforce the content knowl-
edge or derive the “correct answer.”

It is helpful to have specific examples of how to apply limits to classroom investiga-
tions. Those limits depend on the ability level of the students and on the materials and 
time available. It is also helpful to have examples of obstacles that students are likely to 
encounter and misunderstandings they are likely to entertain. This book offers example 
activities and stories from the classroom that can help guide the teacher in setting those 
limitations while still providing a meaningful experience in science discovery.

ORGANIZATION OF THIS BOOK
The main part of this book is organized into three sections: “The Practices of Science,” 
“The Language of the Earth,” and “YOU Can Do It!” These sections are described in 
the pages that follow. After these sections are the afterword and three appendixes. The 
afterword includes a brief discussion of some aspects of teaching that we did not cover 
in depth in the main sections. Appendix A lists chapter activities and anecdotes related 
to NGSS performance expectations. Appendix B lists chapter activities and anecdotes 
related to NGSS science and engineering practices, DCIs, crosscutting concepts, and 
performance expectations. Appendix C provides illustrative quotes for selected ideas 
presented in the introduction and individual chapters. The quotes highlight a few of the 
significant ideas in science education that have been explored by teachers and research-
ers. Throughout the book, discussions corresponding to selected ideas in Appendix C are 
noted by a superscript C, followed by the note number.
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The Practices of Science

Science is something we do, not something we know. The NGSS emphasize teaching sci-
ence as a practice. Learning to Read the Earth and Sky devotes nine chapters to examining 
the practices of science, offering sample earth science activities for the classroom and 
anecdotes that illustrate student challenges and misunderstandings. Our goal is to help 
students and teachers understand the basic tools and language of science: how to pro-
pose and investigate a question that can be answered through science, how to analyze 
and interpret data, how to create and use a scientific model, and how to explain and 
communicate a scientific theory. We explore how an experiment differs from a learning 
activity, how to use graphs and maps, what scientific modeling means, and how to rea-
son from evidence to theory.

The Language of the Earth

More than any other science, earth science is about stories: stories of Earth’s past, stories 
of how things work, stories of how we know. Most of the great discoveries of geology are 
hinged on learning how to read those stories. The key “content” is not the conclusions 
of scientific studies—models, theories, and natural “laws.” Rather, the key content is an 
understanding of how we read the stories. Many of these story-reading skills are unique 
to earth science—the place where it is set apart from chemistry, physics, and biology.

Learning to Read the Earth and Sky devotes five chapters to methods we use to read the 
stories written in the earth. Although the NGSS embeds these story-reading skills (the 
grammar of the earth, if you will) within the DCIs, we think there is a need, when apply-
ing these story-reading ideas in the classroom, to break them out. Without an under-
standing of these earth-reading concepts, any effort to examine Earth systems becomes 
an exercise in accepting the “facts” that someone gives without any real understanding 
of the underlying science. We consider in particular (1) how we read the story of Earth’s 
past as written in earth—the soil, sediments, and layers of rock that make up our planet; 
(2) how we figure out the nature of places we can never visit, such as distant stars and the 
Earth’s core; and (3) how we track down the movement of elements through the complex 
cycles and systems of the Earth.

Earth science emerged as people learned to read the stories of Earth’s past and pres-
ent written in its lithosphere, hydrosphere, atmosphere, and biosphere. Today, we apply 
these same language skills to reading the stories of other worlds written in their own 
“earthy” materials. In this book, we leave the first “e” in earth science lowercase to 
remind ourselves that the skills and practices of earth science now apply to more than 
planet Earth alone.
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YOU Can Do It!

We believe that teachers should do science with their students. Learning to Read the Earth 
and Sky devotes three chapters to examining the teacher’s role in this collaboration: 
teacher as curriculum narrator; teacher as guide in starting where you and your students 
are; and teacher as mentor, practitioner, and scholar.

The teacher, as curriculum narrator, can tie spontaneous and small-scale classroom 
exploration to the big ideas of science. The DCIs of the NGSS—and John Muir—tie 
everything in the universe to everything else, focusing our attention on the elegant way 
that the universe works in great systems and cycles.

Teachers can engage students where they are. We propose that students are most 
engaged with discovery when they investigate events and places that they know. 

Teachers can be mentors and practitioners of science. We argue that students should be 
neither rigidly directed by the curriculum nor allowed to flounder with too little guid-
ance. Instead, students should be provided a middle road where they make real choices 
in what investigations to pursue and how to pursue them, under the guidance of an 
expert mentor and practitioner of science—the teacher.

Scientists are sailors on the ship, not passengers, and understanding science is about 
understanding how to sail the ship. If we as teachers don’t do a bit of the sailing with our 
students, then neither we nor they can ever really understand what science is all about.

Safety Practices in the Science Laboratory and Field
Both inquiry-based classroom and laboratory/field activities that immerse students 
in the practices of science can be effective and exciting. To ensure the success of 
these activities, teachers must address potential safety issues relative to engineering 
controls (ventilation, eye wash, fire extinguishers, showers, etc.), administrative 
procedures and safety operating procedures, and use of appropriate personal 
protective equipment (indirectly vented chemical-splash goggles meeting ANSI/ISEA 
Z87.1 standard, chemical-resistant aprons and nonlatex gloves, etc.). When personal 
protective equipment is indicated for use in an activity’s safety notes, it is required 
for all phases of the activity, including setup, hands-on investigation, and takedown. 
Teachers can make it safer for students and themselves by adopting, implementing, 
and enforcing legal safety standards and better professional safety practices in 
the science classroom and laboratory/field. Throughout this book, safety notes are 
provided for activities and need to be adopted and enforced in efforts to provide for 
a safer learning/teaching experience.
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Teachers should also review and follow local policies and protocols used 
within their school district and/or school, such as a chemical hygiene plan and 
Board of Education safety policies. Additional applicable standard operating 
procedures can be found in the National Science Teachers Association’s (NSTA) 
Safety in the Science Classroom, Laboratory, or Field Sites (www.nsta.org/docs/
SafetyInTheScienceClassroomLabAndField.pdf). Students should be required to 
review this document or one similar to it under the direction of the teacher. Each 
student and parent/guardian should then sign the document to acknowledge that 
they understand the procedures that must be followed for a safer working/learning 
experience in the laboratory. An additional reference is available for teachers to 
further explore field trip safety considerations: Field Trip Safety by the NSTA Safety 
Advisory Board (www.nsta.org/docs/FieldTripSafety.pdf).

Disclaimer: The safety precautions for each activity are based in part on use of 
the recommended materials and instructions, legal safety standards, and better 
professional practices. Selection of alternative materials or procedures for these 
activities may jeopardize the level of safety and therefore is at the user’s own risk.
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4

ANALYZING AND 
INTERPRETING DATA, PART 1

GRAPHING

To understand a graph, it’s important to remember that graphs represent real-
world observations. Graphing is a language that turns an initially puzzling bliz-
zard of real-world data into a coherent story.

Back before stories went viral on Twitter, anonymous jokes circulated by e-mail. I 
(Russ) received one such e-mail on March 20, 1999, that illustrated the complexity of 
crunching through a large body of observations to reach a synthesizing conclusion.

Sherlock Holmes and Dr. Watson went on a camping trip. After a good meal and 
a bottle of wine they lay down for the night, and went to sleep. Some hours later, 
Holmes awoke and nudged his faithful friend.

“Watson, look up at the sky and tell me what you see.”

Watson replied, “I see millions and millions of stars.”

“What does that tell you?” says Holmes.

Watson pondered for a minute. “Astronomically, it tells me that there are millions 
of galaxies and potentially billions of planets. Astrologically, I observe that Saturn 
is in Leo. Horologically, I deduce that the time is approximately a quarter past 
three. Theologically, I can see that God is all powerful and that we are small and 
insignificant. Meteorologically, I suspect that we will have a beautiful day tomorrow. 
What does it tell you, Holmes?”

Holmes was silent for a minute, then spoke.

“Watson, you idiot. Someone has stolen our tent.”
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With the last sentence, obscure elements, such as why Holmes woke him up and how 
a unique solution to the question is possible, become clear. There is a point in an inves-
tigation when new observations are no longer bewildering but fit neatly into a growing 
understanding. At that point, we gain the ability to predict future observations.

ORGANIZING THE BEWILDERING
Graphs bring large numbers of bewildering observations together in a single, coherent 
picture. They provide a means to explain how variables are related to each other and can 
be a starting point for evaluating possible cause-and-effect relationships. They provide 
a way to make predictions based on correlations between variables, which can be used 
to test whether the correlations are causative or not. To develop those explanations and 
make those predictions, we need to understand the language of the graph.

In this chapter, we offer a quick journey through reading a graph. As you review the 
case study and the subsequent sections on working with graphs, pay attention to the 
habits of mind that you use and think about how you might guide students in develop-
ing those habits.C10

Considerations in Learning the Language of the Graph

• Does this graph plot variation in one parameter against another? Most graphs 
used in experimental science do, but bar graphs don’t.

• What are the labels on the axes? How do the values apply to the real world? 
Do you need students to explore any aspect of the labels? For example, on the 
Keeling Curve discussed in this chapter, would your students understand the 
idea of concentration in ppm?

• Is there a correlation or not?

• If there is a correlation, is the relationship linear or not linear? What does that 
mean in terms of real-world behavior?

• Is the slope positive or negative? What does that mean in the real world?

• What is the value of the slope? What does that mean in the real world?

• If there is a correlation, is there a causal relationship? What is your evidence? 
What predictions can we make from that causal relationship?

• If there appears to be a correlation, is it real—that is, is it greater than the 
uncertainty in the measurements? Is the scatter in the data around a correlation 
trend smaller than the change in value due to the correlation?
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A CASE STUDY IN GRAPH READING 
Let’s consider a classic graph from the earth sciences that continues to have a significant 
impact on national policy. The Keeling Curve shown in Figure 4.1 is a record of the con-
centration of carbon dioxide (CO2) measured at the top of Mauna Loa since 1958.

Figure 4.1
The Keeling Curve charting the measured change in carbon dioxide in the atmosphere at 
the summit of Mauna Loa in Hawaii 

Note: ppm = parts per million.  

Sources: Based on data from ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_mm_mlo.txt. Carbon dioxide data 
were collected by David Keeling of  the Scripps Institution of  Oceanography (SIO) before 1974 and by both the SIO 
and the Earth System Research Laboratory at the National Oceanic and Atmospheric Administration since then.

What does this graph tell us? We see that the amount of CO2, in parts per million 
(ppm), is plotted on the y-axis and time is plotted on the x-axis. The concentration of CO2 
since 1958 is not constant but increases to the right, telling us that the concentration of 
CO2 is increasing with time.

We can see that the trend is not linear, but rather the slope of the trend becomes steeper 
with time—notice that you can’t draw a single straight line through data for all years. 
This means that the rate of increase in CO2 has itself been increasing, which is consistent 
with humans burning more fossil fuels and making more cement in the 2000s than in the 
1960s (although this correlation does not prove that human activity is the only cause of 
this increase). We can see that the trend in the data does not intersect the y-axis at zero 
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on the left-hand side of the graph, meaning that some CO2 was already present in the 
atmosphere in 1958.

We also notice a peculiar sawtooth pattern to the variation in CO2 concentration. From 
the inset on the graph, we see that each rise and fall is exactly one year long. Each year, the 
concentration increases from about October (month 10) to May (month 5) and decreases 
from about May to October. Like Sherlock’s missing tent, this observation makes sense 
when we realize that from May to October, plants in the Northern Hemisphere are con-
suming CO2 during their growing season. The zigzag pattern of the Keeling Curve proves 
a strong correlation between variations in CO2 and time of year. When combined with other 
evidence for seasonal variations in CO2 due to plant respiration, this correlation provides 
a strong case that the zigzag variations are caused by seasonal variations in plant growth.

Discovery of the Carbon Dioxide Annual Cycle
In the mid-1950s, Charles David Keeling developed a system for measuring the carbon 
dioxide (CO2) concentration in air. As a postdoctoral fellow at the California Institute 
of Technology, he measured the CO2 concentration in forests and grasslands, places 
where the air would be more affected by natural biological activity than by human 
activity. He discovered that air impacted by the forests and grasslands showed a 
regular daily cycle in CO2. He was able to relate the cycle to respiring plants giving off 
CO2 at night.

In March 1958, Keeling and his team began making CO2 measurements on Mauna 
Loa. Unexpectedly, he found that the concentration of CO2 at Mauna Loa rose from 
March until May and then declined until October. The same pattern repeated in 1959. 
In Keeling’s own words: “We were witnessing for the first time nature’s withdrawing 
CO2 from the air for plant growth during summer and returning it each succeeding 
winter” (Scripps Institution of Oceanography 2016a, 2016b).

The Keeling Curve is often combined with measurements of world air temperature 
to show a correlation between CO2 concentration and average global temperature (see 
Figure 4.2). In this graph, we see a strong positive correlation between CO2 and tem-
perature. A positive correlation means that they are both increasing together. We might 
jump to the conclusion that the increase in CO2 is causing the increase in temperature. 
However, since these data come from field measurements and not from a controlled 
experiment in which only one variable is changed and another variable responds, the 
correlation does not necessarily imply causation.

The distinction between correlation and causation is an important one for students to 
consider. I (Russ) often present the difference this way: “Every morning I get up, and also 
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every morning the Sun rises. Every morning! A clear correlation. Wow. I must cause the 
Sun to rise!”

Correlation simply means that two things happen together. However, a correlation 
does present the possibility that one change causes the other. The possibility that I cause 
the sunrise can be tested by making a prediction and seeing if the prediction is born out: 
If my getting up in the morning causes the sunrise, then we predict that if I get up at dif-
ferent times of the day the sunrise should follow (I have tried this, and, disappointingly, 
it doesn’t work).  

For the correlation shown in Figure 4.2, the case for causation is strengthened by other 
experiments showing that CO2 absorbs infrared radiation—radiation that might other-
wise escape into space—and so could cause the temperature of Earth to rise. Testing for 
causation by making a prediction such as we did with me and the sunrise would require 
that we produce different amounts of CO2 over long periods of time and see how it 
affects world temperature. This is an experiment which, for better or worse, we are in 
the process of carrying out.

Figure 4.2
Correlation between the average annual concentration of carbon dioxide measured at the 
summit of Mauna Loa and average annual world surface air temperatures (T)

Sources: Based on data from http://data.giss.nasa.gov/gistemp/graphs_v3/Fig.A2.txt (for temperature) and ftp://
aftp.cmdl.noaa.gov/products/trends/co2/co2_annmean_mlo.txt (for carbon dioxide). Carbon dioxide data were 
collected by David Keeling of  the Scripps Institution of  Oceanography (SIO) before 1974 and by both the SIO and 
the Earth System Research Laboratory at the National Oceanic and Atmospheric Administration since then.
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From Figure 4.2, we can also get a feel for uncertainty in the data and how that uncer-
tainty affects our confidence in the correlation between temperature and CO2. Uncertainty 
is one of the most important ideas of science. It’s important for students to understand that 
correlations are never perfect, both because no measurement is ever exact and because real 
variation that is not explained by our correlation model might exist in natural data. Uncer-
tainty is an estimate of how imperfect our measurements or correlation models might be.  

As simplified in the following text, a graphical analysis of uncertainty can be done by 
students even without doing a lot of math. Although graphical statistics don’t have the 
rigor of mathematical analysis, students get a feel for what uncertainty means and how 
it can be inferred from data. 

Notice that values for temperature in Figure 4.2 vary from 13.8°C to 14.7°C and CO2 
concentrations vary from about 315 ppm to nearly 400 ppm. Although the variations in 
temperature and CO2 are correlated, they are not perfectly correlated—that is, we can’t 
draw a single smooth line or curve that passes through all the data points. We can think 
of the total variation as being the sum of the variation that goes along with the correla-
tion trend (the variation explained by a curve through the data), plus any “extra” scatter 
around that trend (the amount of variation from the curve).  This “extra” variation can 
be caused by many factors such as imprecisions in our measurements or real variation in 
the data that are correlated with other, unidentified causes. This extra variation gives us 
a feel for the uncertainty in the data.

You might have students consider the magnitude of the variation that is “explained” 
by the correlation and compare it with the magnitude of the remaining scatter around the 
trend. The smaller the magnitude of the scatter compared with the variation explained 
by the correlation, the more confidence we have that the correlation is real and not a 
random artifact of data variations. For example, in Figure 4.2 the total variation is a 
bit less than a degree, whereas the scatter is about 0.2 degrees. You might also have 
students draw a “maximum reasonable slope” line and a “minimum reasonable slope” 
line through the data. From these two trends, students can get a feel for how much the 
uncertainty might affect the slope of the trend.

NOT JUST A TECHNIQUE
Although students need to develop a number of technical skills to make graphs, such as 
proper scaling and proper plotting, the mechanics of drawing a graph are not the main 
point of data analysis, interpretation, and graphing as proposed by the Next Generation 
Science Standards (NGSS). For example, science and engineering practice 4 matrix for 
grades 6–8 in Appendix F of the NGSS includes this element: “Construct, analyze, and/
or interpret graphical displays of data and/or large data sets to identify linear and non-
linear relationships” (NGSS Lead States 2013).
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Nor do the technical mechanics of drawing a graph address the NGSS crosscutting con-
cept of Cause and Effect: Mechanism and Explanation, as described in NGSS Appendix G 
for grades 9–12: “students understand that empirical evidence is required to differentiate 
between cause and correlation and to make claims about specific causes and effects.”  

In our experience, students are much better at plotting graphs than at understanding 
what the graphs mean. This struggle that students experience in connecting graphical 
data to lab and field observation has been reported by teachers and education research-
ers for many years, as pointed out, for example, by Robert Beichner in his 1994 paper 
“Testing Student Interpretation of Kinematics Graphs.” Yet, deriving meaning from the 
graph is the main point of the graph. What does the slope represent? What does the 
y-intercept mean? How does the information on the graph relate to the natural system 
under study?

In 2014, I (Mary) had my students study graphs showing the rate of weathering of 
tombstones in Sydney, Australia (see Figure 4.3). I began with simple exercises such as 
considering whether the slope was positive or negative and what that might mean in 
terms of the rock changing through time. Then, I had students calculate the slope (milli-
meters per year). For technical reasons, some students ran into difficulties in calculating 
slope. In math, students sometimes determine slope by counting squares in a grid; some 

Figure 4.3
Weathering rate of marble tombstones in Sydney, Australia

Source: Graph and activity developed by Rebecca Teed and published as “How Fast Do Materials Weather” 
in Starting Point: Teaching Entry Level Geoscience, available at http://serc.carleton.edu/introgeo/interactive/
examples/weatrate.html.
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students couldn’t find slope because there was no grid on the graph. Other students 
tried to measure the rise and run with a ruler—not realizing that the scales of the two 
axes were quite different and plotted different types of values (millimeters vs. years). In 
science, graphs rarely plot dimensionless numbers against each other. To transfer math 
graphing skills to the science classroom, students need guidance in thinking about labels 
and scales on the axes.

Our conclusion is that students need to practice reading scientific graphs even if they 
know the mechanics for creating them. Students need practice thinking of numbers not 
as dimensionless values but as values connected to real-world measurements such as 
mass, temperature, and solubility. Students need practice relating trends on graphs to 
real-world processes and relationships.

We view reading a graph as a language skill, like learning to read a book, rather than 
a technical skill, like learning to write the letters of the alphabet. In the following section, 
we offer some ways to practice that language skill.

GRAPH-READING CHALLENGES 
In learning to read and write in the language of the graph, students might practice trans-
lating graphs into real-world understanding or translating real-world data into graphs.C11

For example, in the activity with the tombstones, after students calculated the slope 
and associated that slope with a rate of weathering (about 2 mm/100 years), one student 
commented that it didn’t seem like a very fast weathering rate. I (Mary) asked if the 
tombstone would still be there in a million years. That question launched the class into 
a calculation of how long it would take to weather the tombstone away completely, an 
activity that engaged them in translating the graphical information into a real-world 
application.

One way to practice going the other direction—translating observational data into 
a graph—is through the use of short graphing puzzles. I (Russ) often engage students 
in conceptual analysis of what observational data imply about the slope on a graph, or 
whether the observational data are most consistent with a positive or negative slope—
basic concepts of graph reading that students often struggle with most. These puzzles 
are easy for teachers to create and adapt to a variety of lessons and topics.

For example, most students understand that the Earth gets hotter as one goes deeper. 
This increase in temperature with depth is called geothermal gradient. However, not all 
locations have the same geothermal gradient. Yellowstone National Park has magma 
near the surface, resulting in a higher geothermal gradient in that area. With a graphing 
puzzle such as that presented in Figure 4.4, you might prompt your students by asking 
which trend represents the geothermal gradient at Yellowstone (the one that’s hottest 
close to the surface).  For follow-up, you might ask, “What would be the temperature 
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at the point the different trends converge?” and “What would be the physical meaning  
of the other trends?”

Figure 4.4
Conceptual graphing puzzle on the geothermal gradient at Yellowstone National Park

Prompt questions you might use with students include the following: Which line most closely portrays the high 
geothermal gradient present at Yellowstone National Park? What value for temperature or pressure do you expect 
where the lines converge? What is the real-world meaning of the other trends? Note that pressure is plotted on 
the y-axis—as you go deeper into the Earth, there is more rock above you and therefore greater pressure. The 
dashed line shows one particular depth, which can guide students in determining which trend shows the highest 
temperature at that depth.

When Experience Contradicts Learning
Many students have visited caves, usually on summer vacations with their families, 
and noticed that the air temperature decreases as they descend into the earth. It’s 
cold in the cave, especially in contrast to the hot summer weather. And especially if 
one ignores the signs that say “Cave is cold, bring a coat!”  

Students often ask how the Earth can get hotter with depth if caves are colder. Yeah. 
What’s going on here? Which is it? Hotter or colder as you go down into the Earth?  

Cave temperatures are often close to the average annual temperature outside the 
cave. They will indeed be cooler than the outside air in summer. But they are warmer 
in winter. 

In Chapter 2, “The Controlled Experiment,” we reported experiments for measuring 
the solubility of water vapor in air as a function of temperature. Suppose that you’re 
working on a similar unit. You might prompt your students with the following puz-
zle (see Figure 4.5, p. 62): “Consider the observation that on a hot, muggy day, water 
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condenses on a cold can of pop when you take it from the cooler out at the lake. If the 
water forms on the can of pop when the water condenses from the air, which trend line 
would represent how solubility of water vapor changes with temperature?” You might 
then ask these follow-up questions: “What would be the physical meaning of the other 
lines?” “Does a vertical line even make sense?” “Why or why not?”

Figure 4.5
Conceptual graphing puzzle on the temperature dependence of water vapor solubility in air

Prompt questions you might use with students include the following: Which of the lines best portrays the trend of 
solubility with temperature, given that water condenses on a cold can of pop on a hot, muggy day? What is the 
real-world meaning of the other trends (none of which actually occur in our dimensional reality)?  

The vertical line (line A in Figure 4.5) doesn’t make sense because it implies that only 
one temperature is possible and, at that temperature, water solubility in air simultane-
ously takes on all possible values. The horizontal line (line C in Figure 4.5) means that the 
water solubility does not change with temperature. Line D in Figure 4.5 implies that water 
vapor becomes more soluble with decreasing temperature, the opposite of the relation-
ship observed.

PAYING ATTENTION TO AXIS LABELS
You can’t know what a graph is telling you if you don’t know what’s been plotted on it. 
Students often automatically and wrongly assume that the axis labels will correspond to 
whatever data they are given in a classroom problem.

For example, finding the location of an earthquake epicenter is a common classroom 
activity in which data from the seismogram and the graph axis labels don’t match up. 
The input data are typically arrival times—the times when the P and S waves arrived at 
a seismograph—but the graph plots travel times—time elapsed between earthquake and 
arrival of the seismic wave at the seismograph.
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Seismic Travel Time Analogy
Measuring seismic arrival times is like noting that you saw a flash of lightning at 
2:00 p.m. (the P wave) and then heard the sound of thunder at 2:00:25 p.m. (the 
S wave). To figure the distance to the lightning bolt, you use the difference in the 
arrival times of the light and the sound. Given that sound travels at about one-fifth 
mile per second through our atmosphere (1 mile every five seconds), the hypothetical 
lightning bolt was 5 miles away. From this, you can calculate the time of the lightning 
strike (because the speed of light is so fast, this is essentially the same as the arrival 
time of the flash, about 2:00 p.m.). The travel time for the thunder was thus about 
25 seconds. 

To determine how far each seismograph is from an earthquake, students need to fig-
ure out how the arrival times at three seismograph stations can be applied to a graph 
that plots travel time versus distance from earthquake (Figure 4.6, p. 64). They then draw 
a circle on a map around each of the three seismograph stations with the radius deter-
mined from the graph. The epicenter is located at the point where the circles intersect. 
Younger students might use a graph that plots the difference in P and S arrival times 
instead of the travel times, making for a simpler problem. However, in either case, the 
values in the data sets given to the students (arrival times) do not directly correspond 
to what’s plotted on the graph (either travel time or difference in travel times). When 
students try to chart the arrival times on the axis labeled “travel time” (or “difference 
in travel times”), they get nonsensical results, which forces them to go back and rethink 
what the graph means.
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Figure 4.6 ❂
Graph of seismic wave travel times versus surface travel distance

Seismograph data provide arrival times for P and S waves from an earthquake. In figuring out how far each 
seismograph was from the earthquake, students need to realize that this graph does not plot arrival times, and 
adjust their strategy accordingly. They also need to realize that the dif ference in the travel times for the P and S 
waves and the dif ference in arrival times will be the same value.

Another way to give students a chance to think about axis labels is to let them choose 
how to plot their own data. Unless specifically directed otherwise, students tend to 
gravitate toward histograms, rather than the x-y scatter plots that show the correlations 
between two experimental variables. Not specifically telling students what kind of graph 
to use can introduce an opportunity to talk about different kinds of graphs.

One year, I (Russ) had college students measure the effect of viscosity and eruption 
rate on the slope and diameter of sugar-water volcanoes on the distant (imaginary) planet 
of Lollipop. Students were asked to determine the relationship between volcano diam-
eter and one of the following: composition of sugar water, eruption rate, or temperature.

Several groups chose to study the effect of melt composition (sugar acting as the proxy 
for silica concentration, which influences the viscosity of lava in volcanoes on Earth). 
Despite knowing the goal of the experiment, several groups didn’t initially include with 
their report an x-y graph showing the variation in diameter with composition. One group 
plotted volcano diameter versus the trial number for three different trials of each of three 
compositions, making a line graph as in Figure 4.7. This graph provided useful informa-
tion, just not the relationship between the dependent and independent variables the way 
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a scatter plot would. For example, the graph showed the reproducibility of their results, 
giving a feel for experimental uncertainty, and offered a way to consider if there were 
any unexpected trends with time in their measurements. The freedom to plot a variety 
of graphs gave us the opportunity to talk about the value of different types of graphs.

Figure 4.7
Student graphs from an experimental investigation of the relationships between melt 
composition and volcano diameter (at fixed flow volumes, flow rates, and melt 
temperature) on the imaginary world of Lollipop

The results are reported for three melt compositions (by mass): 20% water and 80% sugar, 25% water and 75% 
sugar, and 33% water and 67% sugar. Volcano diameter was plotted against trial number in the upper graph—a 
type of line graph—rather than plotting melt composition versus diameter in an x-y scatter plot. This provided 
an opportunity to talk about the value of dif ferent types of graphs. After discussing, students plotted the average 
diameter against melt composition (lower graph), but the lower graph plots categorical data along the x axis, 
ordered by time of experiment, making it no dif ferent in concept from a histogram—notice that there is no 
meaningful scale on this graph; rather, the data are simply plotted against the three dif ferent compositions.

FINAL THOUGHTS
Reading a graph requires paying attention to the details of the graph, including what 
variables are plotted against each other, whether the variables are correlated, and the 
slope of that correlation. Most important, reading a graph requires paying attention 
to what the graph means in the real world. In science, graphs are not simply abstract 
numerical constructs. Graphs represent real phenomena, and understanding a graph 
requires visualizing the real-world meaning of it.
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R. T. Rybak, a former mayor of Minneapolis, gave a presentation for the Minnesota 
Science Teachers Association in 2015. He recalled a story told by a colleague whose 
daughter taught math first in Los Angeles and then in Minnesota. She was surprised 
to find that her Minnesota students understood negative numbers much faster than her 
California students. Rybak associated that difference with Minnesota’s cold winters, and 
the corresponding mental image Minnesota kids have of a thermometer scale that goes 
both above and below zero. In fair disclosure, we Minnesotans are always on the lookout 
for reasons to think well of our winters, so maybe we should take the story with a grain 
of salt, but the value in associating numbers with life experience remains sound.

We might call this life connection to numbers experiential meaning. Reading and con-
structing graphs requires that we connect the content of the graphs to experiential mean-
ing. We need to think about how the graph—its slope, its values—relates to the world 
around us. We need to help our students do that.
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EXAMPLE ACTIVITY DESIGN
THE IMPACT-CRATERING EXPERIMENT

WhAt to GrAph, hoW to GrAph It, And hoW to mAkE prEdIctIons

The graphing activity we present here is a continuation of the experimental activ-
ity begun in Chapter 2. In Chapter 2, students identified questions to address, 
developed their experimental methods, made measurements, and organized their 

results into a table. Here we walk through how to coach students in analyzing and inter-
preting their experimental data using graphs.C12

TEACHER PREPARATION AND PLANNING
Look over the data your students derived from their cratering experiments. Make a 
graph or two of your own. Which are the independent and dependent variables? On 
which axes should they be plotted? Would it be better to combine some results onto a 
single plot? For example, you might plot drop height versus crater size for a variety of 
different masses or impactor size. Think about how you can encourage and guide your 
students as they construct their graphs without telling them exactly what to do. Think 
about any peculiarities in the students’ data so you are ready to facilitate discussion 
when they discover differences between groups.

EXAMPLE PROMPTS AND LIMITING OPTIONS
Taking a Look at the Data

You might get students started analyzing results by asking them to look at their data, still 
in table form. For example, you might give the following prompts: 

 • Can you spot any consistent trends? 

 • What variables appear to affect crater size and in what way? 

 • Do the trends appear linear or nonlinear? 

 • Are the results reproducible within each group, meaning are data similar for 
multiple trials of the same variable? 

 • Are the results reproducible between the groups that tested the same variable? 

 • Are the results what you expected? 
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 • Do the data make sense given the experimental observations and conditions? 

 • If there are differences in results between groups, can you identify possible 
reasons? For example, did someone measure in different units?

Preparing to Graph the Data

Talk about types of graphs and the kinds of data that are best plotted on them. In par-
ticular, talk about the difference between a bar graph (good for data that can be counted 
and put in bins) versus an x-y scatter plot (good for seeing correlations between two 
numerical variables). If students need a refresher on the mechanics of graphing, you can 
go through some simple examples. For example, you might ask students the following 
questions:

 • Which axis do you want to plot the variables on?  

 • Do you want to do one graph with all your data, or more than one graph?  

 • What scale do you want to choose for each axis?

Note: We don’t recommend using computer graphing routines, which choose the scales 
behind the scenes and make setting up the graph seem like magic, but if your goal is to 
also teach students how to use graphing software and you can spare the large upfront 
time to learn the technology, go for it.  

Graphing the Data

Have students graph their own results first, then perhaps graph the data from another 
group that measured the same variables, plotting it on their own graph. This can help 
bring home the value of clear data table formulation that other people have to read. 
It also gives students an opportunity to recognize any differences in results between 
groups. You might also have groups plot the results for other variables measured by 
other groups. At this point, it’s not necessary for students to draw any lines or “connect 
any dots” on their graphs.

Analyzing the Results

Remind students how to look for trends in their data. For example, you might ask the 
following questions:

 • Does it make the most sense to “connect the dots” of the data, or does 
drawing a smooth line (or curve) of best fit through the data make the most 
sense?
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 • If you were to draw a line or curve through your data, would it be linear or 
nonlinear?

 • Can you explain the meaning of the trends you see?

 • What does the trend tell you about the relationship between crater size and 
the variables that affect it?

Help students explore the difference between one group’s results and the results from 
another group who experimented with the same variables. Can they identify causes of 
the differences? Group members often respond to this kind of question by saying “we 
measured wrong.” Encourage students to think beyond this simplistic response. Let 
groups show one another how they arrived at their measurements. Prompt students’ 
discussions with these questions: 

 • Might someone have inadvertently introduced a new variable? 

 • Might differences in results be due to the coarseness of your measuring tools 
or differences in the way groups chose to do their measurements?

Help students develop a feel for the experimental uncertainty in their measurements. 
You might prompt them with these questions:

 • Based on the scatter in your data, how reproducible are your results?

 • Would a line or curve of best fit go exactly through each point, or would the 
line or curve take a path between points?

 • What does this mean about the measured values?

 • If there is a large amount of scatter compared with the overall trend, what 
does that mean for your confidence in the trend?

 • If there is a lot of scatter in the data around a trend, what does that mean for 
your confidence in the exactness of the measured values?

The Big Challenge—Making a Prediction

Valid science makes predictions that can be shown to be either true or false.  Discuss the 
idea that if their experiments show a causative relationship between variables, then they 
should be able to predict an outcome that was not directly tested in the experiments.

Tell students you are going to drop a ball of mass X from height Y. Give groups enough 
time to consider their graphs and data table and to write down their predictions for how 
big the new crater will be. You can do this for several different masses and drop heights. 
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We suggest considering only one variable at a time for any one prediction. For example, 
if a group varied the mass of impactors, not drop height, you would choose an impactor 
with a mass that is different from the ones the students used, but the same drop height. If 
a group varied drop height, but not mass, then choose a drop height different from their 
experimental ones but using the same mass. Maybe for one prediction you could mix it 
up by changing multiple variables and having them interpolate.

After each prediction, do the experiment two or three times and measure the crater 
diameter for each. Perhaps measure the crater diameter in two directions for each experi-
ment. Calculate an average of the multiple measurements so students understand the 
idea that repeated measurements decrease uncertainty. Tell the students the results and 
direct them to compare the measured value with their predicted value. Discuss how 
close the predicted value needs to be to the measured value to still be counted as “right.” 
For predictions that are way off, discuss possible explanations for the difference. 

For scoring and grading, you might choose the “right” answer to be anything within 
10% or even 20% of the predicted value. No one will ever predict the crater size exactly 
(you can’t even measure it exactly). This provides another chance to discuss experimen-
tal uncertainty if you choose. You can give credit for the accuracy of their prediction, 
giving higher scores to those who are closer, say in increments of 10%, which gives the 
students some “skin in the game” when they make their predictions.

EXAMPLE INTERACTION

Student question: When I draw the line on the graph do I just connect the dots?

Teacher prompt: Do the dots fall exactly along a perfect line or curve?

Student observation: Well, sort of, but they kind of bounce around a bit. The dots don’t 
really line up.

Teacher prompt: Do you think the not lining up reflects how velocity really affects the 
size of the crater?

Student interpretation: I think the bouncing around is probably because we didn’t 
measure it exactly right.

Teacher prompt: Why do you think that?

Student reasoning: Well, we redid this one experiment and one measurement is higher 
and the other measurement is lower, so it doesn’t seem like it’s a real difference. 

Teacher prompt: So do you think that connecting the dots gives you a better measure 
of how the real world behaves, or would a smooth curve do that?

Student conclusion: Probably the smooth curve.
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SUMMARY CHECKLIST FOR TEACHER AS PRACTITIONER OF SCIENCE

 • Plan time for students to discuss the meaning of their data before they start 
graphing.

 • Review types of graphs and talk about how and what to plot, depending on 
students’ background knowledge.

 • After students graph their own data, plan for discussions on what the graphs 
and data mean in terms of what students experienced and observed during 
their experiments.

 • Have students use graphed data to predict new impact crater sizes.

 • Find some way to give students some skin in the game—for example, through 
grading or class challenges. 

TEACHER REFLECTION
Consider ways to use your students’ newly exercised graphing skills in future units and 
lessons. For example, you might have students sketch conceptual graphs given a basic 
understanding of natural variations. How will air volume change as the temperature 
of air increases; what will the graph look like, in concept? Or you might take graphical 
data from real research or something in the news and have students interpret what the 
graphed data are telling us.

Tie your students’ experimental research to the big ideas and driving questions on 
which your curriculum is based. In what ways can your students’ experimental analy-
ses help them make sense of natural phenomena? For example, this cratering research 
project ties to our big idea that planets have a history of change; it also ties to the NGSS 
disciplinary core idea ESS1.C that we can learn about the history of our solar system by 
looking at asteroids, meteorites, and the cratered surfaces of other planetary bodies.

Copyright © 2017 NSTA. All rights reserved. For more information, go to www.nsta.org/permissions. 
TO PURCHASE THIS BOOK, please visit www.nsta.org/store/product_detail.aspx?id=10.2505/9781941316238



417LEARNING TO READ THE EARTH AND Sky

Page numbers in boldface type refer to figures or tables.

A
A Brief History of Time (Hawking), xiv
A Framework for K–12 Science Education, 

108, 120, 170, 199, 238, 275, 287, 319, 
369, 413
on argumentation, 155, 170
on fieldwork, 37, 41
on good experimental practice, 21
learning progressions in, 199
on mathematical modeling, 120
on spatial reasoning, 74–75
three dimensions of, 6, 318, 397 

(See also Crosscutting concepts; 
Disciplinary core ideas; Science and 
engineering practices)

A Tapestry of Time and Terrain map 
activity, 75–76, 289, 314, 358, 359, 360, 
363, 364, 366

Achenbach, Joel, 181
Adam, John A., 120
Afterword, xix, 355–356

resources for, 415–416
Agassiz, Louis, 10–11, 17, 25, 400–401
Age of the Earth, 35–36, 155, 215, 323, 

347, 364, 365, 373, 410
Air pressure, 1, 19, 20, 104–106, 106, 107, 

309, 360, 361, 367, 376
Alexander, Claudia, 347
Algorithms, creating and using, 130–134

for computational simulation of 
rainfall runoff, 145, 146

for cost of resource extraction, 132–133
Hubbert’s wasting asset model, 

130–131, 131
Allen, Diane, 37–38
American Meteorological Society, 21
Ammonite shells, 345, 353
Analyzing and interpreting data, xx, 

2–3, 6, 311
Graphing, 25, 53–71, 374
Maps and Cross-Sections, 73–94, 375
NGSS three dimensions and 

performance expectations related to, 
374–375

resources for, 401–403
science and engineering practices for, 3

Apollo space program, 5
Arguing from evidence, 2–3, 156, 160, 

170, 191–192, 246, 320, 325
Claim and Argument, 169–193
Focus on Evidence, 149–168
in historical science, 197–199
NGSS three dimensions and 

performance expectations related to, 
379–382

resources for, 405–408

Aristarchus, 183, 257, 258, 358, 388
Aristotle, 9
Armstrong, Neil, 5
Asking questions and defining 

problems, 2–3, 6
asking questions of observations, 6
vs. providing students with the right 

answer, 8–10
questioning the theories, 170

Assessment, 356
resources for, 415–416
standardized tests, 356

Asteroids, 71, 103, 108, 177
Asthenosphere, 151, 332
Atoms. See Stories Told by Atoms
Authentic questions, 335

Authentic Questions and Real Seismic 
Data, 253–255, 361, 367

Authentic science and the NGSS, 241
Authentic teachers, xvi–xvii, 7
Ayers Rock (Australia), 312

B
Baking soda–vinegar reaction, 278–280

safety note for study of, 279
Barometric pressure, 93, 94, 105–107, 

106–109
Basaltic rock, xv, 45, 115, 153, 200, 281, 

284, 287
Beichner, Robert, 59
Benchmarks for Science Literacy, xviii
Big ideas of science, xiv, xxi, 308, 312, 

316–318, 317, 322, 325, 355, 394. See also 
Disciplinary core ideas
developing in student-friendly 

language, 320–322, 321
Biogeology, 319, 384, 385, 390
Biosphere, xx, 128, 366
Biosphere 2, 284–286, 288, 337, 365, 366, 

390
Bogard, Don, 177
Bright Angel Shale, 230, 231
BSCS 5E Instructional Model, 318
Bully for Brontosaurus (Gould), 345
Buoyancy, 1, 95, 99–100, 101, 111–112, 

116, 118, 124, 216, 280, 298, 309, 312, 
393

Bybee, Rodger, 318

C
Carbon dioxide (CO2)

discovery of CO2 annual cycle, 57
graphing concentration at top of 

Mauna Loa, 55, 55–58, 57
role in global warming, 182, 184

Carroll, Kristoffer, 162

Cave temperatures, 61
Center for Geoscience and Society, 75
Cervantez, Sabrina, 38
Chamberlin, Rollin, 150
Channeled Scablands (WA), 122, 

129–130
Chemical changes, 278–280
Chemical partitioning, 288–295

application to large-scale geochemical 
modeling, 295

definition of, 288
example experimental activity: 

pesticide spill near well, 290–294, 
290–295, 338

in Great Salt Lake, 289
partition coefficient (D), 289

Claim and Argument, 169–193
arguing through the fog, 175–181

classroom examples of, 177–181, 
179

example activity design: The Columns 
of Pozzuoli, 187–193

class/group discussion on, 190–191
example interaction for, 191–192
example prompts and limiting 

options for, 189–190
example reading for, 187–188, 199
summary checklist for, 192
teacher preparation and planning 

for, 187
teacher reflection on, 192–193
writing assignment for, 191

finding a place to start, 172–175
heart of science is argument, not 

theory, 169–172
narrative evidence, 171
questioning the theories, 170

NGSS three dimensions and 
performance expectations related to, 
380–382

resources for, 407–408
tyranny of the answer key, 183–185
wrapping up the argument, 181–182

Climate, xviii, 319, 321, 336, 355, 370–
372, 374–376, 381, 390, 394
coastal, influence of oceans on, 9, 370
computer-assisted forecasting of, 134
limestone deposition and, 231
plate tectonics and, 150, 162, 167
wandering poles model and, 150, 162

Climate change, 182, 198, 214, 228, 251, 
268, 314, 337, 361, 362, 365, 367, 398, 
411–412
atmospheric carbon dioxide and, 22, 

277
global warming, 22, 182, 184–185, 312

INDEX

Copyright © 2017 NSTA. All rights reserved. For more information, go to www.nsta.org/permissions. 
TO PURCHASE THIS BOOK, please visit www.nsta.org/store/product_detail.aspx?id=10.2505/9781941316238



418 NATIONAL SCIENCE TEACHERS ASSOCIATION

INDEX

ice ages, 134, 135, 167
Coaching, xvii, 29, 49, 67, 136, 346–347, 

352, 403. See also Mentoring
Coal, 36, 73, 74, 92
Columbus, Christopher, 10, 257
The Columns of Pozzuoli (example 

activity design), 187–193
class/group discussion on, 190–191
example interaction for, 191–192
example prompts and limiting options 

for, 189–190
example reading for, 187–188, 199
summary checklist for, 192
teacher preparation and planning for, 

187
teacher reflection on, 192–193
writing assignment for, 191

Comer, James, 346
Common Core State Standards in English 

language arts, 351
Computational simulations, 134–135

computer-assisted modeling, 134
performance expectations for, 127–129
for rainfall runoff, 145–147, 146, 147

Computational thinking, 2–3, 120, 124, 
287, 311

Conceptual Models, 95–118
to construct understanding of what 

we cannot see or measure, 104–107, 
106–109

construction and use of, 95–97
constructivist learning and practice of 

science, 95, 98–104
building on a seed model, 100–104, 

102, 103
building on students’ existing 

notions, 99–100
safety notes for, 99
starting with the “wrong model,” 

98–99
definition of, 95
example activity design: Modeling 

Isostatic Equilibrium, 111–118
example interaction for, 117
example prompts and limiting 

options for, 112–116, 113, 116
safety notes for, 112
summary checklist for, 117–118
teacher preparation and planning 

for, 111
teacher reflection on, 118

final thoughts on NGSS disciplinary 
core ideas and, 108–110

NGSS three dimensions and 
performance expectations related to, 
376–377

purpose in teaching and research, 95–98
resources for, 403–404
teacher modeling of modeling, 97–98

Condensation, xviii, xiv, 1, 21, 22, 26, 
61–62, 62, 203, 285, 364

Conglomerate, 159, 200, 201
Conservation of energy, 382
Conservation of matter, 278–279. See also 

Mass balance
Constructing explanations and 

designing solutions, 2–3, 394
Constructivist learning through 

modeling, 95, 98–104
Continental crust, 111, 115, 117, 155, 363
Continental drift, Wegener’s evidence 

for, 77, 149–150, 360, 363, 364, 380
example activity design, 165–168

example interaction for, 167
example prompts and limiting 

options for, 165–166
summary checklist for, 167
teacher preparation and planning 

for, 165
teacher reflection on, 167–168

Contour mapping
isopach map, 132
with weather, 93–94, 94, 360, 367, 375

Controlled Experiment, 17–34
in earth science, 25
encouraging experimentation, 18–20

constraints for, 20
safety notes for, 20
start with play, 19–20
unexpected experiment, 18–19

example activity design: Impact 
Cratering, 28–34

beginning student experimentation 
for, 30–31

beginning student exploration for, 
29–30

example interaction for, 32–33
example prompts and limiting 

options for, 29
final experiments for, 31–32
goal of, 28
safety notes for, 30, 32
summary checklist for, 33
teacher preparation and planning 

for, 28–29
teacher reflection on, 33–34

experimental practice, 21–23
activity vs. experiment, 21–22
going from learning activity to 

experiment, 22–23, 23–24
final thoughts on, 25–26
NGSS three dimensions and 

performance expectations related to, 
371–372

quantitative experiments, 25
resources for, 398–399
standing on the shoulders of giants, 

23–24
Convection, 309, 310, 313, 323, 393

atmospheric, 84, 309
in Earth’s mantle, 150–151, 242, 309, 

310, 365
Crosscutting concepts (CCs), 51, 129, 

307, 313–314, 316, 318, 322, 324, 325–
326, 348, 397, 412
Cause and Effect, 6, 59, 307
chapter activities and anecdotes 

related to, xix, 369–396
Energy and Matter, 295, 307
Modeling, 143
Patterns, 6, 307
Scale, Proportion, and Quantity, 280, 307
Stability and Change: Cycling, 277
Systems and System Models, 123

Crosscutting relationships, 51, 329
sequencing features in rock based 

on, 213, 218, 220, 222, 225, 227, 231, 
314–315, 358, 363, 384

Crystallization, xiv, xv, 209, 211
of gold in magma, 302–303
of olivine from magma, 281–284, 

281–283
of salt, 299, 300
of thymol, xvi

Curiosity rover on Mars, 101, 102, 103, 
103, 158–159, 177, 202, 203, 268, 337

Cyclones, xiv, 320

D
Data analysis and interpretation, xx, 2–3, 

6, 311
Graphing, 53–71, 374
Maps and Cross-Sections, 73–94, 375
NGSS three dimensions and 

performance expectations related to, 
374–375

resources for, 401–403
science and engineering practices for, 3

Data collection, 39, 404
DeBenedictis, Erik, 134
Deep time, 196, 215, 228, 410

Reading Stories of Deep Time, 229–
233, 358, 359, 363, 366, 385

Density, 336, 365
of continental crust, 115
of Earth’s mantle, 115
of impactor, 29
isostatic equilibrium and, 111, 114–118, 

124–125
measurement of, 121, 123, 125
of molecules, barometric pressure and, 

106, 108
of ocean crust, 115
of rock, 173, 244
of water

Reynolds number and, 123
salty water, 101

Desmarest, Nicolas, xv, 5, 44, 44–45, 349
Developing and using models, xx, 1, 

2–3, 95–97, 98, 265, 311. See also Models
Conceptual Models, 95–118
Mathematical Modeling, 119–147

Devil’s Tower (WY), 199, 312
Dewey, John, 2
Dietrich, William, 158
Dinosaurs, 160–161

environments of deposition and, 200, 
201, 202, 358, 364, 366, 382

extinction of, 152, 169, 406
timeline of, 213, 215, 347

Disciplinary core ideas (DCIs), xiv, xv, 
xx, xxi, 28, 33, 71, 75, 254, 276, 295, 
308–310, 312–314, 316–326, 321
chapter activities and anecdotes 

related to, xix, 369–396
historical science in, 198, 199
learning progressions for, 199
math and, 129
modeling and, 108–110

Discrepant events, 329, 337
Doing of science, xiv, xvi, 152, 327–329, 

355. See also Practice(s) of science
by breaking big concepts into smaller 

chunks, xiv, xv, xvii–xviii
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Earth Science Where You Are, 327–343
teacher and students as colleagues and 

fellow scholars, xv, xvi–xvii, 335–336
Teacher as Mentor, Practitioner, and 

Scholar, xxi, 97, 345–353
by using experimental and 

observational studies, xv, xviii–xix
Dolphin, Glenn, 100
Dott, Jr., Robert H., 196

E
Earth

age of, 35–36, 155, 215, 323, 347, 364, 
365, 373, 410

core of, xix, xx, 154, 237, 241, 242, 246, 
247, 248, 248–251, 335

depth of, 237
inner, 248, 249–250, 348, 365, 387
outer, 181, 246–249, 248, 250, 348, 

365, 387
temperature of, 237

crust of, xix, 150, 152, 242, 248, 332, 333
breaks in, 81, 155
continental, 111, 115, 117, 155, 363
density differences in, 115, 117
high temperature and pressure 

within, 220
igneous rock within, 200, 221, 232
minerals of, 154
ocean, 83, 115, 117, 155, 157, 363
rising and sinking of, 115

distance to Moon from, 257, 388
distance to Sun from, 257, 261, 335
history of, 28, 198, 199, 315, 319, 370–

374, 378, 380, 382–385, 394
mantle of, xix, 83, 154, 176, 237, 242, 

248, 331, 332
convection in, 150–151, 242, 309, 

310, 365
density of, 115
isostatic equilibrium and, 115–116, 

116, 117, 118
orbit around Sun, 183, 258, 265

ice ages and, 134–135
place in universe, 108, 198, 258, 319
roles of water in surface processes of, 

122, 319, 366, 371–373, 376–378, 380, 
383, 391, 394, 395

shape of, 10, 257
Earth: An Intimate History (Fortey), 346
Earth and human activity, 198, 254, 319, 

394
Earth-centered models of solar system, 

265, 265–266, 266
Earth materials and systems, 319, 373, 

375, 378, 380–383, 386–388, 390, 391, 
394–396

Earth-reading concepts, xx
Earth Science Where You Are, 327–343

annex: A Game of Yes/No Questions, 
329, 330, 340–343

student event cards for day 2, 343
student worksheet for day 1, 342
teacher’s plan for, 341

final thoughts on, 338
NGSS three dimensions and 

performance expectations related to, 
395–396

resources for, 413–414
starting where you are, 329–338

discrepant events, 337
familiar activities, 331–334, 333, 334
items in the news, 337–338
location, 329–331, 330
present understanding, 335–336

stepping beyond the comfortable, 
327–329

EarthCache project, 177
Earthquakes, 181, 239–240, 242, 246, 248, 

251, 337, 349, 361, 367, 388
mapping location and depth of, 77–83, 

80–82
in New Zealand (1929), 249–250, 250
seismic waves from (See Seismic waves)
using online data about, 254

Eclipses
lunar, 108, 257, 258, 259, 358
solar, 108, 258, 358

Edmontosaurus, 200, 201, 202
Einstein, Albert, 97, 325
Elkins, Sean, 318
Energy and forces, relationship between, 

378
Engaging students with the world they 

know, xv–xvi, xxi
Engineering controls, xxi, 32
Enhancing Critical Thinking in the Sciences 

(Crow), 161
Environmental Literacy and Inquiry: 

Tectonics activity, 78
Evaporation, xiv, 18–19, 23, 24, 25, 93, 99, 

100–101, 184, 281, 289, 336, 360, 365, 
366, 376
Experimental Test of the Mathematical 

Model for Geochemical 
Differentiation, 297–300

case 1: concentration of salt in water 
as water evaporates, 297–298

case 1: concentration of salt in water 
where new water is added to 
replace evaporated water, 298–299

case 3: partitioning of salt back into 
solid phase, 299–300

safety notes for, 298, 299, 300
Evidence, arguing from, 2–3, 156, 160, 

170, 191–192, 246, 320, 325
Claim and Argument, 169–193
Focus on Evidence, 149–168
in historical science, 197–199
NGSS three dimensions and 

performance expectations related to, 
379–382

resources for, 405–408
Example activity design (EAD)

Claim and Argument: The Columns of 
Pozzuoli, 187–193

Conceptual Models: Modeling Isostatic 
Equilibrium, 111–118

Controlled Experiment: Impact 
Cratering, 28–34

Field Observation: Layer-Cake Rocks, 
47–51

Go and See: Geology in the Field, 12–15
Impact-Cratering Experiment: 

Identifying and Testing a 
Mathematical Model, 136–142

Impact-Cratering Experiment: What to 
Graph, How to Graph It, and How to 
Make Predictions, 67–71

Maps and Cross-Sections, 89–94
Exoplanet, spectroscopic measurement of 

atmosphere of, 270, 270–271, 362–363, 
389

Experimental Igneous Petrology With 
Thymol activity, 209–212, 359, 364, 383
background for, 209
experimental challenges that can 

launch true investigations, 211
experimental considerations for, 210
safety notes for, 209–210

Experimental Petrology With 
Downspouts activity, 205–208
background for, 205–206
Hjulström diagram, 205, 205
lab assignment for, 206–207
questions to help students identify 

experimental challenges, 207–208
safety notes for, 206
summary checklist for, 208

Explorations of the Colorado River of the 
West and Its Tributaries (Powell), 219, 
234–235

Exploring the Moon: A Teacher’s Guide With 
Activities for Earth and Space Science 
(Taylor), 28n

Extras page, online access to, xi

F
Fads in teaching, xviii
Falsifiability concept, 39
Field activities, 26, 176, 328, 329–331, 346, 

399–400
constructing topographic profiles and 

geological cross-sections, 85–87, 86, 
87, 89

on geochemical cycling, 275
Geology in the Field (example activity 

design), 12–15
graphing data from, 56, 59
locations for, 329–331
safety for, xxi–xxii, 51, 210
science and engineering practices for, 3
on stratigraphy, 47–51, 229, 233

Field Observations, 35–51
balance between student guidance and 

freedom for, 42–43
engaging students in fieldwork, 38–42

focused field discovery, 41–42
to reinforce classroom learning, 

38–39
to test a hypothesis, 39–41, 40

example activity design: Layer-Cake 
Rocks, 47–51

example interaction for, 50–51
example prompts and limiting 

options for, 49–50
field activity safety planning for, 

47–48
summary checklist for, 51
teacher preparation and planning 

for, 47–49
teacher reflection on, 51

final thoughts on, 45–46
mapping the world, 44, 44–45
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NGSS three dimensions and 
performance expectations related 
to, 373

resources for, 399–401
as visceral encounter with nature, 36–38

Field Trip Safety (NSTA), xxii
Flooding, 38, 42, 44, 85, 122–123, 129–130

mathematical modeling related to, 
143–147, 361, 365, 366, 368, 377, 378

megafloods, 122, 129, 130
Floods

of lava, 225, 227, 234–235
Desmarest’s studies of, 44, 44–45

of molten granite, 220, 235
Focus on Evidence, 149–168

definition of evidence, 149
difficulties students have in 

identifying evidence, 152–156
explaining model vs. citing 

evidence, 153–155
overgeneralization, 155
overvaluing strength of evidence, 

155–156
theories are based on observation, 

152–153
vagueness in identifying evidence, 

155
evidence and plate tectonics, 149–152
example activity design: Wegener’s 

Evidence for Continental Drift, 
165–168

example interaction for, 167
example prompts and limiting 

options for, 165–166
summary checklist for, 167
teacher preparation and planning 

for, 165
teacher reflection on, 167–168

final thoughts on, 162–164, 163
NGSS three dimensions and 

performance expectations related to, 
379–380

possible solutions to difficulties in 
identifying evidence, 156–162

charting the components of 
argument, 162

cultivating classroom culture of 
asking “what’s the evidence?”, 
161–162

language-of-the-argument 
challenges, 159–161, 161

start with evidence, not theory, 
156–157

“what is the evidence?” challenges, 
157–159

resources for, 405–407
Food labs, 203

Edible Tectonics, 332–334, 333, 334
safety note for, 332

Fortey, Richard, 346
Fosnot, Catherine T., 98
Fossil fuels, 55. See also Coal; Oil
Fossils, 13, 14, 39, 196, 228, 314, 345, 384, 

385
as evidence of continental drift, 165, 

167
as evidence of plate tectonics, 149, 150, 

157, 360

G
Gale Crater on Mars, 101–103, 102, 103, 

202, 203, 358, 376
Galileo, 109, 264–267, 267, 349
A Game of Yes/No Questions, 329, 330, 

340–343
student event cards for day 2, 343
student worksheet for day 1, 342
teacher’s plan for, 341

Geochemical cycling, 275–278, 280, 289, 
295, 297, 303

Geochemical differentiation, 196, 276–
278, 302
Experimental Test of the Mathematical 

Model for, 297–300, 359, 360, 361, 
366, 392

GeoForce project, 38
Geographic information systems (GIS), 

51, 74, 77, 375
Geology in the Field (example activity 

design), 12–15
example interaction for, 14–15
example prompts and limiting options 

for, 13–14
goal of, 12
summary checklist for, 15
teacher preparation and planning for, 

12
teacher reflection on, 15

Geospatial technology, 74, 86
Geothermal gradient, 60, 365, 374

in caves, 61
at Yellowstone National Park, 60–61, 

61
Glacial lakes, 10, 12, 39, 40
Glaciers, 13, 15, 17, 17, 25, 38, 85, 111, 

149, 167, 202, 228, 251, 400–401
Global circulation patterns, 84, 85, 101, 

310, 360, 367, 375
Global warming, 22, 182, 184–185, 312. 

See also Climate change
Go and See, 5–10, 17

asking prompt questions and limiting 
options for, 6–8

asking questions of observations, 6
example activity design: Geology in 

the Field, 12–15
example interaction for, 14–15
example prompts and limiting 

options for, 13–14
goal of, 12
summary checklist for, 15
teacher preparation and planning 

for, 12
teacher reflection on, 15

making science your own, 10–11
NGSS three dimensions and 

performance expectations related to, 
370–371

observations vs. providing students 
with the right answer, 8–10

resources for, 397–398
Goal of science education, 97, 156, 170, 

183, 323
Gold, Tommy, 5
Gold ore in South Africa, 237, 295, 301–

303, 302, 361, 391
Gould, Stephen Jay, 345

Grand Canyon, 175, 315, 316
geological cross-sections of, 87, 87, 229, 

229, 233
sequencing features in rock based 

on, 231–232
Great Unconformity in, 233
Powell’s observations of, 214–218, 219, 

287, 349, 358, 363, 384
evidence-and-interpretation chart 

for, 222
method for measuring thickness of 

rock, 226–227
understanding report of, 232–233
unit A rocks, 219–222, 221, 229
unit B rocks, 222–226, 222–224, 226, 

229
unit C rocks, 226–228, 229

sediment deposit patterns of, 230
Granite, 45, 200, 209, 216, 217, 220–221, 

221–223, 223–224, 225, 234, 235
Graphing, 25, 53–71, 374

analysis of uncertainty, 58
case study in graph reading, 55, 55–58, 

57
correlation and causation, 56–57
example activity design: Impact-

Cratering Experiment, 67–71
example interaction for, 70
example prompts and limiting 

options for, 67–70
summary checklist for, 71
teacher preparation and planning 

for, 67
teacher reflection on, 71

final thoughts about, 65–66
graph-reading challenges, 60–62, 61, 62
language of, 54
as more than a technique, 58–60
NGSS three dimensions and 

performance expectations related 
to, 374

to organize bewildering observations, 54
paying attention to axis labels, 62–65, 

64, 65
resources for, 401–402

Great Salt Lake, 289, 297, 298, 299, 314
Greenhouse gases, 22, 174–175, 182, 185, 

268
Grier, Joyce, 305, 345, 352–353

H
Hall, James, 209
Hands-on learning, xv, xxi, 21, 37
Hawking, Stephen, xiv
Hayes, Lynda, 238
Histograms, 64, 65
Historical science, 197–199
History of planet Earth, 28, 198, 199, 315, 

319, 370–374, 378, 380, 382–385, 394
Hjulström, Filip, 205
Hjulström diagram, 205, 205
Hooke, Robert, 9, 18
Hubbert, M. King, 130–131, 131
Huff, Ken, 331
Human impacts on Earth systems, 319, 

378, 395
Hume, David, 9
Humidity, 19, 21–22, 203
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Hurley, Patrick, 151
Hutton, James, 9, 35, 36, 410
Hydraulic gradient, 126
Hydrologic (water) cycle, xiv, xviii, 

25–26, 33–34, 285, 360, 366, 367, 398, 
412, xiv, xviii, 25–26, 33–34, 195, 285, 
360, 366, 367, 398, 412

Hydrology, 143
groundwater, 126
Reynolds number challenges, 122–123

Hydrosphere, xx, 128, 366
Hypothesis

definition of, 161, 162, 170, 405
vs. theory, 170

Hypothesis testing, 158, 171, 312, 355
with field observations, 39–41, 40, 44, 

45, 359, 360, 363, 373
for plate tectonics, 151

I
Ice ages, 134, 135, 167
Igneous rocks, xvi, 14, 47, 199, 203, 409

Experimental Igneous Petrology With 
Thymol, 209–212, 359, 364, 383

of Grand Canyon, 221, 222, 232
Impact Cratering (example activity 

design), 28–34
beginning student experimentation 

for, 30–31
beginning student exploration for, 29–30
example interaction for, 32–33
example prompts and limiting options 

for, 29
final experiments for, 31–32
goal of, 28
safety notes for, 30, 32
summary checklist for, 33
teacher preparation and planning for, 

28–29
teacher reflection on, 33–34

Impact-Cratering Experiment: 
Identifying and Testing a 
Mathematical Model (example design 
activity), 136–142
example interaction for, 140–141
example prompts and limiting options 

for, 136–140
connecting to a theoretical model, 

139–140, 140
getting data into a form to compare 

to models, 136–137
testing models against mass data, 

139
testing models against velocity 

data, 137, 137–139, 138
summary checklist for, 141
teacher preparation and planning for, 

136
teacher reflection on, 141–142

Impact-Cratering Experiment: What to 
Graph, How to Graph It, and How to 
Make Predictions (example activity 
design), 67–70
example interaction for, 70
example prompts and limiting options 

for, 67–70
analyzing results, 68–69
graphing data, 68

looking at data, 67–68
making predictions, 69–70
preparing to graph data, 68

teacher checklist for, 71
teacher preparation and planning for, 67
teacher reflection on, 71

Inquiry-based science, xviii–xix
Inscriptions, 36, 400
Invention process, 19, 98, 120, 208, 279, 

327, 356
Isopach map, 132
Isostatic equilibrium, 100, 360, 365, 366, 

376
example activity design: Modeling 

Isostatic Equilibrium, 111–118
example interaction for, 117
example prompts and limiting 

options for, 112–116, 113, 116
safety notes for, 112
summary checklist for, 117–118
teacher preparation and planning 

for, 111
teacher reflection on, 118

mathematical modeling of, 121, 
124–125

J
Jet stream, 73, 85
Johnson, Pratt, 177
Journey to the Center of the Earth (Verne), 

241, 242
Jupiter, 109

K
Kastens, Kim, 36–37, 84, 261
Keeling, David, 55, 56, 57
Keeling Curve, 54, 55, 55–56, 362, 365, 

366, 374
Kelvin, Lord, 35–36, 364, 365, 373
Klebanov, Ilya, 240
Koper, Keith, 239–241, 242, 251–252, 253, 

254, 307
Krajcik, Joe, 108, 259
Kursk submarine sinking, 239–241, 253, 

307

L
Lake Agassiz, 10, 39–40, 40
Lamont seamounts, 37
Landforms and Drainage of the 48 States 

map, 75
Language of the Earth, xi, xx, 195–196

Stories in Rock Layers, 213–235
Stories in Rocks, 197–212
Stories of Places We Can’t Go But Can 

See, 257–274
Stories of Places We Can’t See But Can 

Hear, 237–255
Stories Told by Atoms, 275–303

Language of the graph, 54
Lava, 10, 241, 251, 276

application of Reynolds number to, 122
composition in Hawaii, 281–282, 283, 

284
Desmarest’s mapping of old lava 

flows, 44, 44–45
in Powell’s unit B rocks, 222, 225–226, 

226

on Venus and the Moon, 34
viscosity of, 64

Layer-Cake Rocks (example activity 
design), 47–51
example interaction for, 50–51
example prompts and limiting options 

for, 49–50
field activity safety planning for, 

47–48, 51
summary checklist for, 51
teacher preparation and planning for, 

47–49
teacher reflection on, 51

Learner-Centered Teaching: Five Key 
Changes to Practice (Weimer), 98

Learning progressions, 199
Lehmann, Inge, 249–250, 250
Lepper, Jennifer, 171
Lightning, 63
Limestone, 49, 51, 90, 157

climate effects on deposition of, 231
Columns of Pozzuoli, 187
Muav Limestone, 230, 231

Line graphs, 64–65, 65
Lithosphere, xx
Locke, John, 9, 18
The Logic of Scientific Discovery (Logik der 

Forschung) (Popper), 39
Lombardi, Doug, 162
Longfellow, Henry Wadsworth, 10
Lyell, Charles, 35, 36, 187–188, 190, 191

M
Magma, xvi, 153, 164, 364, 366, 390

composition changes as minerals 
crystallize from, 281–283, 281–284

cooling of, 199, 222, 282
magmatic activity in South Africa, 

301–303, 302, 361
near surface in Yellowstone National 

Park, 60
Manning equation, 129, 143–145
Mapping, geological, 36

constructing cross-sections of, 87, 87
by Desmarest, xv, 44, 44–45
example activity design: Layer-Cake 

Rocks, 47–51
Maps, topographic, 7, 42–43, 47, 49, 49, 

75, 77, 85, 86, 89–92, 93, 94, 238
of Buffalo River (MN), 85–86, 86
of Lewis and Clark’s journey, 237–238
of sea floor, 78

Maps and Cross-Sections, 73–94
additional thoughts on, 83–84, 85
case study of spatial reasoning, 77–83, 

78, 80–82
constructing topographic profiles and 

geological cross-sections, 85–87, 86, 87
digging deeper: Contour Mapping 

With Weather, 87, 93–94, 94
example activity design: Maps and 

Cross-Sections, 89–94
example interaction for, 92
example prompts and limiting 

options for, 90–91
summary checklist for, 92
teacher preparation and planning 

for, 89, 90
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teacher reflection on, 92
importance of spatial reasoning, 74–75
introduction to spatial reasoning, 75–77
NGSS three dimensions and 

performance expectations related 
to, 375

resources for, 402–403
Mars

Curiosity rover on, 101, 102, 103, 103, 
158–159, 177, 202, 203, 268, 337

evidence for meteorites from, 176–177, 
182

evidence for stream channels on, 159, 
162

Gale Crater on, 101–103, 102, 103, 202, 
203, 358, 376

megafloods on, 130
rocks from, 101, 158–159, 202, 203, 268, 

358, 359, 364, 383
Mass balance, 278–288

application to large-scale geochemical 
modeling, 295

Biosphere 2, 284–286, 288
common geochemical misconception 

about, 279
definition of, 278
math and, 280–281
modeling and application to real data, 

281–283, 281–284
Oahu: dissolving from within, 287–

288, 288, 314
physical and chemical changes, 

278–280
Mathematical Modeling, 119–147

aim of, 120
of complicated concepts, 127–135

creating and using algorithms, 
130–134

creating and using computational 
simulations, 134–135

performance expectations for 
computational simulations, 
127–129

putting math into context of a 
bigger story, 129–130

deriving mathematical expressions, 
124–126

prompting with a list of variables, 
125–126

prompting with a starting 
relationship, 124–125

digging deeper: Mathematical 
Modeling Related to Flooding, 
143–147

computational simulation for 
rainfall runoff, 145–146, 146, 147

variables affecting stream 
discharge, 144–145

variables affecting stream velocity, 
143–144, 144

example activity design: Impact-
Cratering Experiment, 136–142

example interaction for, 140–141
example prompts and limiting 

options for, 136–140, 137, 138, 140
summary checklist for, 141
teacher preparation and planning 

for, 136

teacher reflection on, 141–142
implicit math activity, 127

safety notes for, 127
math-reading challenges: connecting 

math to nature, 121–123
Reynolds number, 122–123

NGSS three dimensions and 
performance expectations related to, 
377–378

relation to real world, 120
resources for, 404–405
as symbolic representation, 119
teaching students to make sense of, 121
testing against observational data, 135

Mathematics
mass balance and, 280–281
use of, 2–3, 119–120, 124, 287, 311

McSween, Hap, 176
Mentoring, xxi, 7, 12, 28, 29, 30, 43, 97, 

255, 306, 336, 346–350, 352, 355. See also 
Coaching

Mesa, Jennifer, 238
Mesosaurus, 165
Metamorphic rocks, 47, 200, 219, 222, 

234, 311, 409
Meteorites, 32, 33, 71, 152, 154, 364

Allan Hills (AH) 77005, 176, 182
from Mars, 176–177, 182

Milankovitch, Milutin, 134–135
Minnesota Earth Science Teachers 

Association, 329
Modeling Isostatic Equilibrium 

(example activity design), 111–118
example interaction for, 117
example prompts and limiting options 

for, 112–116
applying model to rocks, ocean 

basins, and continents, 115–116
making improvements to models, 

116, 116
making predictions, 114
measuring ice cubes at isostatic 

equilibrium, 113–114
modeling ice cube movement and 

balance of forces, 112–113, 113
playing with ice cubes, 112
testing models, 114–115

safety notes for, 112
summary checklist for, 117–118
teacher preparation and planning for, 

111
teacher reflection on, 118

Models, xx, 1, 2–3, 95–97, 98, 265, 311
Conceptual, 95–118
to construct understanding of what 

we can’t see or measure, 104–107, 
106–109

constructivist learning and practice of 
science, 95, 98–104

building on a seed model, 100–104, 
102, 103

building on students’ existing 
notions, 99–100

starting with the “wrong model,” 
98–99

definition of, 95
example activity design: Modeling 

Isostatic Equilibrium, 111–118

final thoughts on NGSS disciplinary 
core ideas and, 108–110

Mathematical, 119–147
physical, 105
purpose in teaching and research, 95–98
science and engineering practices for 

creation and use of, 3
teacher modeling of modeling, 97–98

Moon, 5, 177, 258, 351
chemical evolution of, xviii
in Copernican model of solar system, 

266
craters on, 6–8, 336
distance from Earth to, 257, 388
eclipses of, 108, 257, 258, 259, 358
orbit around Earth, 258, 259, 312
in Ptolemaic model of solar system, 266
size of, 257
space travel to, 237
surface of, 7, 34, 351, 358, 364, 370

Gold dust theory of, 5
Moon phases, 257, 258–264, 260, 312, 388

Constructing a Moon Phase Model 
From Observation, 272–273, 273–274, 
358, 389

dangers of pictorial and physical 
models of, 261–262, 358

murder mystery puzzle for, 262, 263, 
312, 338

times at different locations related to, 
264

Mountain building, 35, 157, 222, 225, 
301, 303, 333, 347

Muav Limestone, 230, 231
Muir, John, xiii, xxi
Murray, John, 187
Mythbusters, 337

N
National Aeronautics and Space 

Administration (NASA), 5, 158, 203, 
260, 264–267, 273

National Science Education Standards, 
xviii, 328

National Science Teachers Association 
(NSTA), 96, 105, 351
Listserv, 301, 331, 332
Safety Advisory Board of, xxii, 47
safety resources of, xxii, 210

Natural hazards, 319, 361, 367, 388
Natural resources, 92, 128, 195, 276, 319, 

355, 362, 367, 378, 390, 391
Nelson, S. T., 287
New Horizons spacecraft, 181
News items, investigations based on, 

337–338
Newton, Isaac, 23, 336
Next Generation Science Standards 

(NGSS), xiii–xv, xx, 39, 275, 276, 287, 
295, 306, 327, 346, 356
Appendix A of, 238, 276, 325–326
Appendix E of, 276
Appendix F of, 6, 21, 39, 58, 74–75, 98, 

249, 262
Appendix G of, 59, 123, 143, 295
Appendix H of, 389
arguing from evidence in, 170
authentic science and, 241
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big-picture goals of, xvii–xviii
chapter activities and anecdotes 

related to performance expectations 
in, 357–368

chapter activities and anecdotes 
related to three dimensions and 
performance expectations in, 369–396

modeling in, 95, 98–99, 143
performance expectations of, xix, 33
three dimensions of, 6, 318, 348, 397 

(See also Crosscutting concepts; 
Disciplinary core ideas; Science and 
engineering practices)

North, Anna, 347

O
Observations, xv, xviii, 3, 5–10, 17

asking questions of, 6
as basis for theories, 152–153
Constructing a Moon Phase Model 

From Observation, 272–273, 273, 274
Field Observations, 35–51
Go and See, 5–10, 17

example activity design: Geology 
in the Field, 12–15

graphing of, 53–74
science as a way of knowing, 18
testing mathematical models against, 

135
Obtaining, evaluating, and 

communicating information, 2–3, 
232–233, 249

Ocean(s)
deep trenches in, 150, 237, 242
global circulation of waters of, 101
movement of seafloor, 150
salty surface of, 100–101
temperature of, 9

Ocean crust, 83, 115, 117, 155, 157, 363
Oil, 241

drilling for, in Bakken formation (ND), 
73

flow in pipelines, 122
fracking for, 74, 130
Hubbert’s model of U.S. production of, 

130–131, 131
price of, 130
sources of, 92, 130.251
U.S. production of, 130

Oldham, Richard, 246–249, 247, 248, 251
Olkin, Cathy, 181
Organization of the Petroleum 

Exporting Countries (OPEC), 130
The Origins of Continents and Oceans 

(Wegener), 149

P
P waves

graphing of, 62–63, 64
Lehmann’s studies of, 249–250, 250, 

365, 387
Oldham’s studies of, 247, 248, 248

Pangea, 153
Partition coefficient (D), 289
Passmore, Cynthia, 323–324
Performance expectations (PEs), xix, 33, 

96, 122, 133, 242, 254, 258, 262, 301, 311, 
312, 313, 316–318, 317, 325

chapter activities and anecdotes 
related to, 357–368

chapter activities and anecdotes 
related to three dimensions and, 
369–396

for computational simulations and 
representations, 127–129

for modeling, 109, 265
for stratigraphy, 213–214

Permeability (P), 125–126
Perraudin, Jean-Pierre, 17
Perry, Randall, 98
Personal protective equipment (PPE), 

xxi, 32. See also safety notes for specific 
activities

Physical changes, 278–280
Planetary surfaces, xiv, 33–34, 322, 364
Planning and carrying out 

investigations, 2–3, 21, 39, 394
Plate tectonics, 118, 181, 251, 287, 312, 

319, 363, 365, 375–377, 379, 386, 396, 398
Edible Tectonics activity, 332–334, 333, 

334
evidence for, 149–155, 166, 170

arguing from, 172–173
maps and cross-sections of, 77–83, 78, 

80–83, 84
mountain-building events and, 222, 

225, 333
relation of mantle convection to, 309, 

310, 332
rifting in South Africa, 301
theory of, 151, 156–157, 170, 198
wandering poles model and, 162

Pliny the Elder, 100
Popper, Karl, 39
Powell, John Wesley, 214–228, 219, 229, 

229, 287, 349, 358, 363, 384
evidence-and-interpretation chart for 

explorations of, 222
gazing into the abyss of time, 215
identification of unconformities, 218, 

219, 222, 223, 227, 230, 233, 233
method for measuring thickness of 

rock, 226–227
passion for reading stories in rock, 

216–217
technical report of, 219, 234–235

helping students understand, 
232–233

unit A rocks, 219–222, 221, 229
unit B rocks, 222–226, 222–224, 226, 229
unit C rocks, 226–228, 229

Practice(s) of science, xiv, xv–xvi, 
xviii, xx, 17, 24, 75, 203, 213, 238, 306, 
307, 325, 369. See also Science and 
engineering practices
analyzing and interpreting data, xx, 

2–3, 6, 311
Graphing, 25, 53–71, 374
Maps and Cross-Sections, 73–94, 

375
arguing from evidence, 2–3, 156, 160, 

170, 191–192, 246, 320, 325
Claim and Argument, 169–193
Focus on Evidence, 149–168

asking questions and defining 
problems, 2–3, 6

constructing explanations and 
designing solutions, 2–3, 394

constructivist learning and, 98
Controlled Experiment, 17–34
developing and using models, xx, 1, 2–3, 

95–97, 98, 265, 311, 105, 143, 262, 322
Conceptual Models, 95–118
Mathematical Models, 119–147

Field Observations, 35–51
Go and See, 5–15, 17
obtaining, evaluating, and 

communicating information, 2–3, 
232–233, 249

planning and carrying out 
investigations, 2–3, 21, 39, 394

using mathematics and computational 
thinking, 2–3, 119–147, 287, 311

Practitioner of science, teacher as, xxi, 
97, 348–349

Precipitation, xiv, 93, 103, 412
of salt, 298

Principles of Geology (Murray), 187
Pringle, Rose, 238
Project Atmosphere, 21
Prompt questions, 6–8. See also specific 

activities
Pruitt, Stephen, 105, 351

Q
Quantitative experiments, 25
Quarry Hill Nature Center (Rochester, 

MN), 49, 49, 90

R
Radioactive decay, 36
Read, Herbert Harold, 38
Reading Stories of Deep Time, 229–233, 

358, 359, 363, 366, 385
arguing from evidence: sequencing 

features in rock based on 
crosscutting relationships, 231

arguing from evidence: translating 
rocks and features into a story line of 
events, 231–232

background for, 229, 229
exercise on “the present is the key to 

the past,” 230, 230–231
obtaining, evaluating, and 

communicating information: 
understanding Powell’s text, 232–233

summary checklist for, 233
Ready Set Science! (Michaels, Shouse, and 

Schweingruber), 238, 313
Red River Valley (MN), 39–40, 329
Reiser, Brian, 312
Resources, 397–416
Reynolds number, 122–123, 129, 144
Rhyolite, 200, 209
Roadside Geology book series, 12, 48
Rock cycle, 318, 366, 409
Rocks, xiii, xiv

basaltic, xv, 45, 115, 153, 200, 281, 284, 
287

bedrock, 12, 14, 51, 287, 327, 329
conglomerate, 159, 200, 201
contacts between layers of, 44, 50
example activity design: Geology in 

the Field, 12–15
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example activity design: Layer-Cake 
Rocks, 47–51

float, 12, 51
granite, 45, 200, 209, 216, 217, 220–221, 

221–223, 223–224, 225, 234, 235
igneous, xvi, 14, 47, 199, 203, 409

Experimental Igneous Petrology 
With Thymol, 209–212, 359, 364, 
383

of Grand Canyon, 221, 222, 232
layers of, 213–233

Layer-Cake Rocks (example 
activity design), 47–51

Powell’s explorations of Grand 
Canyon, 214–228, 287, 349, 358, 
363, 384

Stories in Rock Layers, 213–235
stratigraphy, 213, 214

limestone, 49, 51, 90, 157
Columns of Pozzuoli, 187
Muav Limestone, 230, 231

from Mars, 101, 158–159, 202, 203, 268, 
358, 359, 364, 383

metamorphic, 47, 200, 219, 222, 234, 
311, 409

rhyolite, 200, 209
safety note for working with, 200
sandstone, 35, 39, 49, 50, 51, 90, 101, 

157, 197–198, 200, 201, 230, 327
of Grand Canyon, 216, 219, 222, 

223, 225, 226, 226, 227, 230, 231, 
233, 234–235

Tapeats Sandstone, 230, 231, 233
of Wisconsin Dells, 231

sedimentary, 12, 39, 200, 202–203, 
205–206, 215, 219, 222, 409

Experimental Petrology With 
Downspouts activity, 205–208

particle size in, 202–203
shale, 35, 39, 49, 50, 51, 90, 157, 200, 

201, 230, 327
Bright Angel Shale, 230, 231
of Grand Canyon, 216, 219, 222, 

223, 230, 231, 234–235
Stories in Rocks, 197–212
trees growing from cracks in, 177–179
volcanic, xv, 44, 199–200, 227

Rodgers, John, 318
Rosetta mission to Comet 67P/

Churyunov-Gerasimenko, 347
Rybak, R. T., 66

S
S waves, 181

graphing of, 62–63, 64
Oldham’s studies of, 246–249, 247, 248

Safety in the Science Classroom, Laboratory, 
or Field Sites (NSTA), xxii, 210

Safety practices, xxi–xxii, 209–210. See 
also specific activities

Salzberg, Sharon, 171
Sanders-Fleming, Alison, 332
Sandstone, 35, 39, 49, 50, 51, 90, 101, 157, 

197–198, 200, 201, 230, 327
of Grand Canyon, 216, 219, 222, 223, 

225, 226, 226, 227, 230, 231, 233, 
234–235

Tapeats Sandstone, 230, 231, 233

of Wisconsin Dells, 231
Sauk Sea, 230–231
Schick, Jr., Theodore, 328
Scholar, teacher as, xxi, 97, 306, 350–352
Science and engineering practices 

(SEPs), xiv, xviii, xx, 2–3, 6, 21, 39, 
58, 74, 98, 124, 129, 170, 198, 209, 249, 
265, 287, 307, 316, 318, 325. See also 
Practice(s) of science
chapter activities and anecdotes 

related to, xix, 369–396
list of, 2

Science as a way of knowing, 18
Scientific method, 170–171, 203
Scientific theories, xx, 151, 152–153, 268
Seasons, xviii, 251, 258, 262, 358, 406
Sedimentary rocks, 12, 39, 200, 202–203, 

205–206, 215, 219, 222, 409
Experimental Petrology With 

Downspouts activity, 205–208
particle size in, 202–203

Seismic waves, 239–251
graphing of, 62–63, 64
Koper’s studies of Kursk submarine 

sinking, 239–241, 251–252, 253, 307
measurement of, 242–245, 243, 244
P waves: Lehmann’s studies of inner 

core, 249–250, 250
S waves: Oldham’s studies of outer 

core, 246–249, 247, 248
suggestions for designing an activity: 

Authentic Questions and Real 
Seismic Data, 253–255

background for, 253–254
sample questions for, 254
summary checklist for, 255

Selck, B., 287
Shale, 35, 39, 49, 50, 51, 90, 157, 200, 201, 

230, 327
Bright Angel Shale, 230, 231
of Grand Canyon, 216, 219, 222, 223, 

230, 231, 234–235
Shipley, Thomas, 84
Sibley, Bret, 162
Siccar Point in Scotland, 35, 36
Singler, Caroline, 332
Smith, William “Strata,” 73
Snow-layer activity, 331
Solar system, 71, 134, 152, 319, 364, 388. 

See also Earth; Moon; Sun
Aristarchus’s studies of, 183, 257, 258, 

358, 388
distances and scale properties of 

objects in, 257–258, 358
models of, 105, 108–109

Earth-centered, 265, 265–266, 266
phases of Venus predicted from, 

267
Sun-centered, 109, 183, 264–265, 

266
motion of orbiting objects in, 258, 363
planets outside, 270–271
reading the sky with a spectroscope, 

267–268
reading the sky with a telescope, 

264–267
reading the sky with the naked eye, 

258–264

role of gravity in, 358
suggestion for designing an activity: 

Constructing a Moon Phase Model 
From Observation, 272–273, 273, 274

South Africa, gold ore in, 237, 295, 301–
303, 302, 361, 391

Spatial reasoning, 74–83
case study of, 77–83, 78, 80–82
Contour Mapping With Weather, 

93–94, 94, 360, 367
importance of, 74–75
introduction to, 75–77
most important skills for, 84

Spectroscopy, 251, 258, 267–268, 268, 269, 
347, 362–363, 389
example puzzle 1: measuring the 

composition of a star, 269, 269
example puzzle 2: first measurement 

of the atmosphere of an exoplanet, 
270, 270–271

Stevenson, Robert Louis, 196
Stories in Rock Layers, 213–235

classroom lessons and challenges from 
the Grand Canyon, 218–228, 219

evidence-and-interpretation chart 
using Powell’s observations, 222

measuring the thickness of rock, 
226–227

Powell’s unit A rocks, 219–222, 221
Powell’s unit B rocks, 223, 223–226, 

224, 226
Powell’s unit C rocks, 226–228

final thoughts on, 228
gazing into the abyss of time, 215–216
NGSS three dimensions and 

performance expectations related to, 
384–385

Powell’s explorations at the Grand 
Canyon, 216–218

resources for, 409–410
stratigraphy, 213–214, 214
suggestions for designing activity: 

Reading Stories of Deep Time, 
229–233

arguing from evidence: sequencing 
features in rock based on 
crosscutting relationships, 231

arguing from evidence: translating 
rocks and features into story line 
of events, 231–232

background for, 229, 229
exercise on “the present is the key 

to the past,” 230, 230–231
obtaining, evaluating, and 

communicating information: 
understanding Powell’s text, 
232–233

summary checklist for, 233
Stories in Rocks, 197–212

arguing from evidence in historical 
science, 197–199

final thoughts on, 203
NGSS three dimensions and 

performance expectations related to, 
382–383

reading the stories, 199–203, 201, 203
dinosaurs and environments of 

deposition, 200, 201, 202
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safety note for working with rocks, 
200

resources for, 408–409
suggestions for designing activities: 

Experimental Igneous Petrology 
With Thymol, 209–212

background for, 209
experimental challenges that can 

launch true investigations, 211
experimental considerations for, 

210
safety for, 209–210, 212

suggestions for designing activities: 
Experimental Petrology With 
Downspouts, 205–208

background for, 205–206
Hjulström diagram, 205, 205
lab assignment for, 206–207
questions to help students identify 

experimental challenges, 207–208
safety notes for, 206
summary checklist for, 208

Stories of Places We Can’t Go But Can 
See, 257–274
Aristarchus’s studies of solar system, 

183, 257, 258, 358, 388
how we know is more important than 

what we know, 268–271
spectroscopy puzzle 1: measuring 

composition of a star, 269, 269
spectroscopy puzzle 2: first 

measurement of atmosphere of 
an exoplanet, 270, 270–271

NGSS three dimensions and 
performance expectations related to, 
388–389

reading the sky with a spectroscope, 
267–268

reading the sky with a telescope, 
264–267

reading the sky with the naked eye, 
258–264

resources for, 411
suggestion for designing an activity: 

Constructing a Moon Phase Model 
From Observation, 272–273, 273, 274

Stories of Places We Can’t See But Can 
Hear, 237–255
final thoughts on, 250–252
historical study data: Oldham and the 

outer core, 246–249, 251
argument from evidence, 246–249, 

247, 248
model development and revision, 

246
journey to the center of the Earth, 

241–242
measuring what we can’t see, 242–245, 

243, 244
elastic-band seismicity, 243–245
safety note for, 244
wave velocity, 243

NGSS three dimensions and 
performance expectations related to, 
386–388

reading scientific literature: Lehmann’s 
P waves and the inner core, 249–250, 
250

resources for, 411
science in the real world: witness to 

the unseen, 239–241
suggestions for designing an activity: 

Authentic Questions and Real 
Seismic Data, 253–255

background for, 253–254
sample questions for, 254
summary checklist for, 255

when you can’t look up the answer, 
237–239

Stories Told by Atoms, 275–303
application of mass balance and 

partitioning concepts to large-scale 
geochemical modeling, 295

chemical partitioning, 288–295
definition of, 288
example experimental activity: 

pesticide spill near well, 290–294, 
290–295

in Great Salt Lake, 289
partition coefficient (D), 289

digging deeper: Gold Ore in South 
Africa, 301–303, 302

fingerprints of the Earth, 276–278
geochemical cycling, 275–278, 280, 289, 

295, 297, 303
geochemical differentiation, 196, 276–

278, 302, 297–300
mass balance, 278–288

Biosphere 2, 284–286, 288
common geochemical 

misconception about, 279
definition of, 278
math and, 280–281
modeling and application to real 

data, 281–283, 281–284
Oahu: dissolving from within, 

287–288, 288, 314
physical and chemical changes, 

278–280
NGSS three dimensions and 

performance expectations related to, 
390–392

resources for, 411–412
suggestions for designing an 

activity: Experimental Test of 
the Mathematical Model for 
Geochemical Differentiation, 297–300

case 1: concentration of salt in 
water as water evaporates, 
297–298

case 2: concentration of salt in 
water where new water is added 
to replace evaporated water, 
298–299

case 3: partitioning of salt back into 
solid phase, 299–300

safety notes for, 298, 299, 300
Story-reading skills, xx
Stratigraphy, 213–214, 214, 250, 315

Layer-Cake Rocks (example activity 
design), 47–51

Powell’s explorations of Grand 
Canyon, 214–228, 287, 349, 358, 363, 
384

of snow layers, 331
Strube, Paul, 308

Sun, xiii, 57, 258–262, 270, 272–273, 312
as center of solar system, 109, 183, 

264–265, 266
distance from Earth to, 257, 261, 335
Earth’s orbit around, 183, 258, 265
eclipses of, 108, 258, 358
light reaching Earth from, 182
seismic wave studies of, 251
temperature related to distance from, 

173–174, 175
Superposition, principle of, 196, 218, 

222, 231
Surveyor 1 spacecraft, 5
Surveyor 3 spacecraft, 5

T
Tapeats Sandstone, 230, 231, 233
Taylor, G. J., 28n
Taylor, Larry, 5
Teacher and students as colleagues and 

fellow scholars, xv, xvi–xvii, 335–336
Teacher as Curriculum Narrator, xxi, 34, 

130, 307–326, 393–394
disciplinary core ideas, 308–310, 309
final thoughts on, 325–326
heart of scientific investigation, 307
between the hook and the ending: the 

heart of the story, 313–315, 315
NGSS three dimensions and 

performance expectations related to, 
393–394

planning and organizing the story, 
316–322

developing big ideas in student-
friendly language, 320–322, 321

structure and classification, 316–
319, 317

resources for, 412–413
story hook: awakening the inner 

scientist, 310–313
story theme: what’s the point?, 

322–325
Teacher as Mentor, Practitioner, and 

Scholar, xxi, 97, 345–353
importance of fresh thought and 

genuine excitement, 345–346
keeping your eye on the ball, 352–353
mentor and coach, 346–347
practitioner of science, xxi, 97, 348–349
resources for, 414–415
scholar, 350–352

TED talks, 284
Telescopes, 258, 264–267, 358, 389
Thermosphere, 336
Three-dimensional visualization of 

Earth data, 36, 47, 50, 365
Maps and Cross-Sections, 73–94
spatial reasoning, 74–83

Three dimensions of the Next Generation 
Science Standards, 6, 318, 397
chapter activities and anecdotes 

related to, 369–396
Thunderstorms, 1, 63, 251
Thymol

crystallizing in a petri dish, xvi
Experimental Igneous Petrology With 

Thymol activity, 209–212, 359, 364, 
383
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Topographic maps, 7, 42–43, 47, 49, 49, 

75, 77, 85, 86, 89–92, 93, 94, 238
of Buffalo River (MN), 85–86, 86
of Lewis and Clark’s journey, 237–238
of sea floor, 78

Tsunamis, 254, 337
Twain, Mark, 35–36
Tyndall, John, 182

U
Unconformities, 91

identified by Powell in Grand Canyon, 
218, 219, 222, 223, 227, 230, 233, 233

at Siccar Point in Scotland, 35
Using mathematics and computational 

thinking, 2–3, 120, 124, 287, 311. See 
also Mathematical Modeling

V
Velocity, 119, 156

impact cratering and, 29, 31, 32, 70, 
136–137, 137, 138, 139–142, 140

of seismic waves, 242, 243, 243–245, 244
stream, 143–144, 203

Manning equation for, 129, 143–145
Reynolds number and, 123
sediment deposition and, 205, 206, 

207
Venus

Copernican model of orbit around 
Sun, 266

lava flows on, 34
phases of, 265, 266–267, 267, 349

size changes with, 267
Ptolemaic model of orbit around 

Earth, 265, 265–266, 266

Verne, Jules, 237, 241, 242
Viscosity

effects of hot rock on, 115
of lava, 64
of water, 123, 355

Volcanic rock, xv, 44, 199–200, 227
Volcanoes, 232, 281, 337. See also Lava; 

Magma
Desmarest’s studies of, xv, 44, 44–45, 349
mapping data on, 77–81, 78, 80, 81, 83
models of, 64–65, 65, 95, 105
plate tectonics and, 150, 153

Voyager 1 spacecraft, 152

W
Wasting asset, Hubbert’s model of, 

130–131, 131
Water

condensation of (See Condensation)
density of

Reynolds number and, 123
salty water, 101

evaporation of (See Evaporation)
roles in Earth’s surface processes, 122, 

319, 366, 371–373, 376–378, 380, 383, 
391, 394, 395

turbulence of, 122–123
viscosity of, 123, 355

Water (hydrologic) cycle, xiv, xviii, 
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25–26, 61–62, 62, 351, 360, 365, 366, 372

Weather, xiv, 48, 95, 118, 158, 226, 313, 
319, 321, 322, 336, 370–372, 374–376, 
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computer-assisted forecasting of, 134
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314, 315, 337, 366
chemical, 279, 366
physical/mechanical, 177, 279
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360, 363, 364, 380

Wegener’s Evidence for Continental 
Drift (example activity design), 
165–168
example interaction for, 167
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for, 165–166
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summary checklist for, 167
teacher preparation and planning for, 

165
teacher reflection on, 167–168
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Learning to read  
the EARTH and Sky

Explorations supporting thE NGSS
GRADES 6–12

“Learning to Read the Earth and Sky is a wonderfully valuable book of background information, activities, historical 
and practical examples, and discussions of teaching. One particularly impressive feature is its presentation of science 
and engineering practices such as modeling and arguing from evidence. My recommendation: This is a book for your 
resource shelf.”

     —Rodger W. Bybee, author of The BSCS 5E Instructional Model: Creating Teachable Moments (NSTA Press, 2015)

If you have trouble getting students to take ownership of their earth science labs, it’s time to refresh your approach. This 
book is the multifaceted resource you need to bring authentic science—and true engagement—into your classroom. 
It offers inspiration for reaching beyond prepared curricula, engaging in discovery along with your students, and using 
your lessons to support the Next Generation Science Standards (NGSS). 

Three sections form the heart of the book:

1. The Practices of Science: Nine chapters help your students understand the basic tools and language of 
science, from proposing a question onward.

2. The Language of the Earth: Five chapters discuss reading the story of the Earth’s past (written in rocks and 
layers of rock), figuring out the nature of places we can never visit (such as distant stars and the Earth’s core), 
and tracking the movement of elements through the Earth’s complex cycles and systems.

3. YOU Can Do It! Three chapters describe your role as an expert mentor and practitioner of science.

Learning to Read the Earth and Sky also provides refreshing guidance on how to translate the sweeping core ideas 
of the NGSS into specific examples students can touch, see, and experience. Become a fellow investigator with your 
students as you involve them in real questions whose answers are not pre-ordained by the curriculum. With this book, 
you’ll help your students take ownership of their labs—not just follow a recipe.

Husband-and-wife co-authors Russ Colson and Mary Colson promote science as something to figure out, not just 
something to know. They write, “It is our hope that readers will find our book short on ‘edu-speak,’ long on the joy of 
doing science, and full of stories of students, classrooms, scientists, and earth and sky.”
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